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A B S T R A C T

A combination of Δ9-tetrahydrocannabinol (Δ9-THC) and cannabidiol (CBD) at non-psychoactive doses was
previously demonstrated to reduce cognitive decline in APP/PS1 mice, an animal model of Alzheimer's disease
(AD). However, the neurobiological substrates underlying these therapeutic properties of Δ9-THC and CBD are not
fully understood. Considering that dysregulation of glutamatergic activity contributes to cognitive impairment in
AD, the present study evaluates the hypothesis that the combination of these two natural cannabinoids might
reverse the alterations in glutamate dynamics within the hippocampus of this animal model of AD. Interestingly,
our findings reveal that chronic treatment with Δ9-THC and CBD, but not with any of them alone, reduces
extracellular glutamate levels and the basal excitability of the hippocampus in APP/PS1 mice. These effects are
not related to significant changes in the function and structure of glutamate synapses, as no relevant changes in
synaptic plasticity, glutamate signaling or in the levels of key components of these synapses were observed in
cannabinoid-treated mice. Our data instead indicate that these cannabinoid effects are associated with the control
of glutamate uptake and/or to the regulation of the hippocampal network. Taken together, these results support
the potential therapeutic properties of combining these natural cannabinoids against the excitotoxicity that occurs
in AD brains.
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Introduction

Alzheimer's disease (AD) is characterized by an initial memory
impairment and a progressive loss of other cognitive and mental abilities,
affecting one in nine people over 65 years of age [1]. Considering the
increased incidence of AD expected for the next few years [1] and the
modest, if any, clinically significant benefit of the current therapies
against AD [2,3], there is an urgent need to develop new agents designed
to prevent or to curb the progression of AD. Among the potential novel
therapeutic strategies against AD, cannabinoid compounds have attrac-
ted a growing interest during the last fifteen years because they might
offer a multi-faceted approach to the treatment of AD. Cannabinoid re-
ceptors are highly expressed in the brain and, when targeted by endog-
enous ligands such as 2-arachidonoyl glycerol (2-AG) and anandamide
(AEA) or cannabis derivatives including Δ9-tetrahydrocannabinol
(Δ9-THC) and cannabidiol (CBD), provide neuroprotection by reducing
neuronal damage, neuroinflammation and oxidative stress, as well as by
modulating neurotransmission and promoting intrinsic repair mecha-
nisms [4,5]. This pleiotropic activity of cannabinoid receptors sustains
their interest as potential targets for AD and other neurodegenerative
diseases [6,7]. Consistent with this hypothesis, our previous results
revealed that the combination of non-psychoactive doses of Δ9-THC and
CBD, which are the main components of a cannabis-based medicine
(nabiximols or Sativex®) already approved for other indications, reduces
cognitive decline in a mouse model of AD (double transgenic APP/PS1
mice) more efficiently than each compound alone [8,9].

However, the molecular mechanisms underlying these therapeutic
properties of Δ9-THC and CBD are not fully understood. Δ9-THC is a
partial agonist of cannabinoid CB1 and CB2 receptors (CB1R and CB2R),
while CBD acts on multiple targets beyond cannabinoid receptors [10].
To date, we have ruled out the possibility that CB2R plays a major role in
the therapeutic properties of Δ9-THC and CBD in APP/PS1 mice, as the
genetic deletion of this receptor did not impact on the cognitive
improvement induced by chronic treatment with these cannabinoids in
this AD model [11]. Our previous results indicated that the chronic
administration of these compounds reduced the levels of soluble Aβ1-42
peptide, the most toxic form of the amyloid-beta (Aβ) peptides, and also
decreased inflammatory processes triggered by this peptide [8,9]. Solu-
ble Aβ peptide overproduction is known to underlie synaptic dysfunction
in AD [12], predominantly affecting glutamatergic terminals in the hip-
pocampus [13,14] and consequently promoting neuronal hyperexcit-
ability at early stages of the disease [15]. This imbalance of the neuronal
network in the hippocampus leads to cognitive decline and increased
susceptibility to seizures in AD patients and animal models of AD [16,
17]. On the other hand, previous reports have demonstrated a key role
for cannabinoid receptors in the control of neuronal excitability and
epileptiform seizures in other conditions [18,19], as well as a contribu-
tion of altered 2-AG signaling in hippocampal glutamatergic synapses to
the cognitive decline in AD patients [20]. Thus, we hypothesize that the
Δ9-THC and CBD combination could reduce the impact of the soluble Aβ
peptide on excitatory neurotransmission and modulate the enhanced
excitability state in APP/PS1mice. To elucidate this question, the present
study aims to evaluate in APP/PS1 mice the effects of the combination of
Δ9-THC and CBD on extracellular glutamate dynamics and on certain
forms of neuronal plasticity previously demonstrated to be dependent on
excitatory/inhibitory balance in the hippocampus, a key brain area
related to cognitive processes and affected early in AD progression [21].

Materials and Methods

Animals

Male and female APP/PS1 mice and wild-type (WT, C57Bl/6j back-
ground) littermates aged 6months at the beginning of the treatment were
used for the study. The generation of mice expressing the humanmutated
APPswe and PS1dE9 has been described elsewhere [22]. Animals were
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housed in conventional polycarbonate cages, grouped 3–4 per cage in
mixed-genotype conditions and maintained under standard animal
housing conditions in a 12-h dark-light cycle with free access to food and
water. Environmental enrichment included nesting material. The geno-
type of the animals was analyzed with the polymerase chain reaction
technique using genomic DNA isolated from ear clips obtained after
postnatal day 21. Mice were randomly assigned to treatment groups and
the experiments were conducted under experimental blind conditions.
All animal procedures were carried out by following the ARRIVE
guidelines and the European Communities Council Directive
2010/63/EU, with the approval of the local ethical committees of the
University of Barcelona (Authorization number 11206) and the Center
for Neuroscience and Cell Biology-Coimbra (ORBEA_138/15072016). All
efforts were made to minimize animal suffering and the number of ani-
mals used.

Pharmacological treatment

Δ9-THC and CBD were purchased from Sigma-Aldrich (Merck, Sant
Louis, MO, USA) and Tocris Bioscience (Bristol, UK), respectively, and
were dissolved in 5% ethanol, 5% Tween and 90% saline. The combi-
nation of Δ9-THC þ CBD (0.5 mg/kg each), Δ9-THC (0.5 mg/kg), CBD
(0.5 mg/kg) or vehicle (VEH) were injected intra-peritoneally in a vol-
ume of 10 mL/kg body weight once a day for 5 weeks. The doses and
treatment period are based on our previous studies reporting cognitive
improvement in APP/PS1 mice [8,9].

In vivo microdialysis procedure and glutamate quantification

Extracellular glutamate concentrations were measured by in vivo
intracerebral microdialysis in freely moving mice as previously described
by our group [23,24]. The day after the end of the chronic treatment (to
avoid a potential acute effect of the compounds on the surgery procedure
or on the recovery period after the anesthetics), mice were anesthetized
with isofluorane (5% induction, 1.5% maintenance) and placed in a
stereotaxic apparatus with a flat skull. A small hole was drilled in the
skull and a concentric dialysis probe with a 2-mm long membrane
(Medicell Membranes Ltd, London, UK) was implanted directly in the
right hippocampus (AP, �3.0 mm; ML, �2.7 mm; DV, �2.8 mm from
bregma) according to the reference atlas [25], and then fixed to the skull
with dental cement and two anchor screws. One day after probe im-
plantation, freely moving animals were habituated to the experimental
environment and the dialysis system was stabilized during 3 h by
continuously perfusing probes with artificial cerebrospinal fluid (aCSF1:
125 mM NaCl, 2.5 mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2) at a constant
rate of 1.5 μL/minwith a CMA 402 syringe pump (CMAMicrodialysis AB,
Kista, Sweden) attached to a low-torque dual channel swivel (Instech,
Plymouth Meeting, PA, USA). After stabilization, four consecutive
20-min dialysis samples were collected for the determination of baseline
glutamate levels. Then, the voltage-gated sodium channels activator
veratridine (50 μM) was administered for 20 min through the dialysis
probe by reverse microdialysis and the collection of samples was
continued for additional 80 min after administration. On the second day
after probe implantation, 4 consecutive basal dialysis samples were
collected after stabilization and before infusing the glutamate transporter
1 (GLT-1) inhibitor dihydrokainic acid (DHK, 5 mM) for 2 h 20-min
dialysis samples were collected during the entire procedure. Glutamate
concentrations in hippocampal samples were determined by
high-performance liquid chromatography (HPLC) with fluorimetric
detection. The HPLC system consisted of aWaters 717plus autosampler, a
Waters 600 quaternary gradient pump, and a Nucleosil 5-μmODS column
(10 cm � 0.4 cm; Teknokroma, Spain). Dialysate samples were pre-
column derivatized with OPA reagent and all this process was carried out
by the autosampler. Briefly, 90 μL distilled water was added to a 10 μL
dialysate sample and this was followed by the addition of 15 μL of the
OPA reagent. After 2.5 min reaction, 80 μL of this mixture was injected
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into the column. Detection was carried out with a Waters 470 Scanning
Fluorescence Detector using excitation and emission wavelengths of 360
and 450 nm, respectively. The mobile phase consisted of 0.1 M sodium
acetate, 5.5 mM triethylamine (pH 5.5) containing 10–70% acetonitrile
and was pumped at 0.8 mL/min. The percentage of glutamate concen-
trations after veratridine or DHK challenge was calculated over basal
concentrations through an area under the curve (AUC) using a standard
trapezoid method [26]. The following equation was used: AUC¼ [0.5*(B
þ C1)*d þ 0.5*(C1 þ C2)*d þ 0.5* (C2 þ C3)*d þ… 0.5*(Cn-1 þ Cn)*d)],
where B is the average basal value, C1 to Cn are values during drug
challenge, and d is the duration of the sample (20 min in this case). At the
end of the experiments, animals were sacrificed, and brains were quickly
removed. One hemisphere was dissected on ice, immediately frozen, and
stored at �80 �C until used for protein determinations. The other
hemisphere was fixed in 4% paraformaldehyde and processed for
immunohistochemistry and hematoxilin staining to confirm the probe
placement. Only those animals with correct probe placements were used
in the study.

Gel electrophoresis and western blotting

Hippocampal samples were homogenized in 50 mM Tris-HCl buffer
(pH 7.4) containing protease and phosphatase inhibitors (Roche Molec-
ular Systems, Pleasanton, CA, USA). The homogenates were centrifuged
for 10 min at 1000 g to remove cellular debris. The supernatant was
recovered and centrifuged at 16100 g for 30 min. The pellet was used as
membrane protein samples and the supernatant as cytosolic fractions. All
samples were kept on ice and centrifugations were performed at 4 �C.
Protein concentration was determined with the BCA method (Thermo
Scientific, Waltham,MA, USA). Equal amounts of protein (10 μg) for each
sample were loaded and separated by electrophoresis on sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (10%) gels and
transferred onto PVDF membranes (Millipore, Burlington, MA, USA).
Non-specific binding was blocked by incubation in 3% albumin (VWR
lnternational Eurolab, Llinars del Vall�es, Spain) in PBS containing 0.05%
Tween for 1 h at room temperature. Membranes were incubated over-
night at 4 �C with the primary antibodies against AMPAR subunit GluA1
(1:1000, MAB2263, Millipore), NMDAR subunit GluN1 (1:1000,
ab109182, Abcam, Cambridge, UK), metabotropic glutamate type 5 re-
ceptor (1:1000, mGlu5R) (Af-300, Nittobo Medical, Chiyoda-ku, Tokyo,
Japan), phospho-eEF2 (1:1000, Thr56) (#2331, Cell Signalling, Danvers,
Massachusetts, USA), eEF2 (1:1000, #2332, Cell Signalling), Fyn
(pY528)/c-Src(pY530) (1:2500, 612668, BD Transduction Laboratories,
Franklin Lakes, NJ, USA), Fyn (610163, BD Transduction Laboratories),
EAAT3 (1:1000, 12686-1-AP, Proteintech, Rosemont, IL, USA), GLT-1
(1:2000, AB1783, Millipore). Membranes were then incubated for 1 h
with the appropriate horseradish peroxidase (HRP)-conjugated second-
ary antibodies and immunocomplexes were revealed using a chem-
iluminescence reagent (Immobilon, Merck). Protein loading was
monitored using an antibody against β-tubulin-HRP (1:2000, ab21058,
Merck). Densitometric quantification was carried out with ImageJ soft-
ware (NIH, Bethesda, MA, USA).

Electrophysiological recordings

Another batch of 6-months old WT and APP/PS1 mice chronically
treated with VEH orΔ9-THCþ CBDwas used for the electrophysiological
recordings, essentially carried out as previously described [27]. After
brief anesthesia under halothane or isoflurane atmosphere, mice were
sacrificed by decapitation and their brain was quickly removed and
placed in ice-cold, oxygenated (95% O2, 5% CO2) aCSF (aCSF2: 124 mM
NaCl, 3 mMKCl, 1.25 mMNa2HPO4, 26mMNaHCO3, 2mMCaCl2, 1 mM
MgCl2, 10 mM glucose). Slices (400 μm-thick) were cut transverse to the
long axis of the hippocampus using a McIlwain tissue chopper and
allowed to recover in gassed aCSF for 1 h at 32 �C and another 40 min at
room temperature. A slice from the dorsal hippocampus was then
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transferred to a submerged recording chamber and continuously
perfused with gassed aCSF2 (3 mL/min). The stimulation was performed
using either a Grass S44 or a Grass S48 square pulse stimulator (Grass
Technologies, RI, USA), every 20 s with rectangular pulses of 0.1 ms,
delivered through a bipolar concentric electrode placed in the proximal
CA1 stratum radiatum for stimulation of the Schaffer collaterals. The
extracellular recording of field excitatory post-synaptic potentials
(fEPSP) was performed with a glass recording electrode, filled with 4 M
NaCl (1–2 MΩ resistance), that was placed in the CA1 stratum radiatum
targeting the distal dendrites of pyramidal neurons. After amplification
(ISO-80, World Precision Instruments, Hertfordshire, UK), the recordings
were digitized (BNC-2110, National Instruments, Newbury, UK), aver-
aged in groups of 3, and analyzed using the WinLTP version 2.10 soft-
ware (WinLTP Ltd., Bristol, UK). The intensity of stimulation was chosen
between 30 and 50% of maximal fEPSP response, determined on the
basis of input/output curves in which the fEPSP slope was plotted versus
stimulus intensity. Long-term potentiation (LTP) was induced by high
frequency stimulation (HFS) consisting of one train of 100 Hz pulses for
1 s or by a Theta-Burst Stimulation (TBS) consisting of 10 bursts of four
pulses of 100 Hz with an inter-burst interval of 200 ms, repeated seven
times at 0.03 Hz. The magnitude of LTP was calculated by comparing the
average of fEPSP slopes between 50 and 60 min after HFS/TBS train with
the average of the fEPSP slopes in the 10 min before the HFS/TBS
(baseline). Paired-pulse facilitation ratio (PPF) was calculated as the ratio
of the fEPSP slopes evoked by two consecutive pulses (ratio of P2/P1)
with inter-pulse intervals of 25, 50 or 100 ms.

Fiber photometry for glutamate evaluation in anesthetized mice

Animals were anesthetized with 4% isoflurane and maintained at
1.5% isoflurane during stereotaxic surgery. Ears and mouth were fixed to
maintainmouse head in place, and skull was exposed and perforated with
a microdrill to allow viral vector injection. 300 nL of pssAAV-5/2-hSyn1-
SF_iGluSnFR(A184S)-WPRE-SV40p(A) glutamate biosensor (iGluSnFR,
5.3 � 1012 vg/mL, v350, ETH Viral Vector Facility, University of Zurich,
Switzerland) was infused into ventral hippocampus (AP -3 mm; ML -2.7
mm from bregma; DV -3 mm from skull). Injections were performed
using a 2 μL microsyringe (Hamilton Neuros, Giarmata, Romania) and a
syringe pump (Quintessential Stereotaxic Injector, Stoelting, USA) at 100
nL/min. After infusion, the microsyringe was left in place for 5 min to
allow proper diffusion. Four to six weeks after viral vector transduction
(1 day after the end of chronic treatment for treated animals), mice were
anesthetized (4% isoflurane induction, 1.5% maintenance) and placed in
the stereotaxic apparatus for acute fiber photometry recordings. An optic
fiber cannula (4.5 mm, 400 μm core diameter and 0.5 NA) (RWD Life
Science) was attached to a bipolar electrode (Plastics One Inc, Virginia,
USA) and placed over the viral delivery area. Photometry data acquisi-
tion was performed at a sampling rate of 1204 samples per second with
Doric Fiber Photometry Console and Neuroscience Studio V6 (Doric
Lenses, Quebec, Canada). Changes in glutamate levels were recorded as
variations in fluorescence emission at 500–550 nm, based on excitation
by light source at 460–490 nm. The emission light was optically filtered
and registered using the built-in photodetectors of the Doric Minicubes (5
ports Fluorescence Mini Cube, Doric). Digital data was low-pass filtered
(10 Hz) and downsampled (10x). Then, mice were subjected to an elec-
trical stimulation protocol consisting in 200 ms sequences of 2 ms pulses
of 4 mA, delivered at increasing frequencies of stimulation (10 Hz–100
Hz) with an inter event interval of 1 min. Photometry signals were pro-
cessed using MATLAB. Briefly, raw signal was normalized to correct
fluorescence decay by fitting the decay to a biexponential equation (F0),
using the formula dF/F0¼(Fraw-F0)/F0. The corrected signal was then
analyzed to isolate glutamate elicited peaks using the MATLAB function
findpeaks and to quantify the amplitude of the peaks (dF/F0 normalized to
100 Hz) and the decay time (time to return to the 90% of the baseline)
using custom MATLAB codes. At the end the recordings, mice were
sacrificed, brains immediately removed and fixed in 4%



N. S�anchez-Fern�andez et al. Neurotherapeutics 21 (2024) e00439
paraformaldehyde. Then, brains were sliced for viral vector expression
confirmation by fluorescence microscopy. Animals without proper or
misplaced viral vector expression were excluded from the analysis.
DiI ballistic staining of dendritic spines

Hippocampal neurons from fixed brains of WT and APP/PS1 mice
treated with Δ9-THC þ CBD or VEH were labeled using the Helios Gene
Gun System (165–2431, Bio-Rad, Hercules, CA, USA). A suspension
containing 3 mg of DiI (Molecular Probes, Eugene, OR, USA) dissolved in
100 μL of methylene chloride (Sigma-Aldrich) and mixed with 50 mg of
tungsten particles (1.7 mm diameter; Bio-Rad) was spread on a glass slide
and air-dried. The mixture was resuspended in 8 mL distilled water and
sonicated. Subsequently, the mixture was placed into Tefzel tubing (Bio-
Rad) and then removed to allow tube drying during 5 min under nitrogen
gas flow. The tube was then cut into 13-mm pieces to be used as gun
cartridges. Coronal sections (200 μm thick) of paraformaldehyde-fixed
brain samples were shot at 80 psi through a membrane filter with 3 μm
pore size and 8 � 10 pores/cm2 (Millipore, Burlington, MA, USA) to
deliver dye-coated particles in the hippocampus. Sections were mounted
in Everbrite hardset mounting medium (VWR). CA1 hippocampal pyra-
midal neurons were imaged using a Zeiss LSM880 confocal microscope
Fig. 1. Extracellular glutamate levels in the hippocampus of chronically treated WT a
Δ9-THC þ CBD (orange symbols) significantly decreased glutamate extracellular leve
min infusion with the depolarizing agent veratridine (50 μM) on fractions 6 and 7. (B
veratridine infusion from fraction 5 to 8 (colored area in A) revealed a similar treatme
hippocampal glutamate extracellular levels, an increase significantly lower in mice
(white symbols) mice at fractions 6, 7 and 10. A genotype effect was also significa
after DHK infusion from fraction 5 to 10 (colored area in C), revealing a similar treatm
WT Δ9-THC þ CBD n ¼ 6 males þ 8 females; APP/PS1 VEH n ¼ 4 males þ 5 female
0.05; T**: Treatment effect, p < 0.01; G*: Genotype effect, p < 0.05. (For interpretatio
version of this article.)
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(Carl Zeiss AG, Jena, Germany). The spine density and morphology were
examined in DiI-labeled segments of apical secondary dendrites of CA1
hippocampal pyramidal neurons. Confocal z-stacks including the entire
volume of the dendrite were taken with a lateral resolution of 1024 �
1024 pixels. Quantification was conducted under blind experimental
conditions using ImageJ. Spines were classified as stubby, mushroom,
filopodia, thin or branched depending on their morphology [28].
Statistics

Data are presented as mean � standard error of mean (SEM) with
statistical significance set at P < 0.05. The number of samples (n) in each
experimental condition is indicated in the legend of the corresponding
figure. All the comparisons were performed using three-way factor
analysis of variance (ANOVA) with sex, genotype and treatment as be-
tween factors followed by Tukey's multiple comparisons post hoc test
when interaction between any factors was significant, except for the
input-output curve in which a three-way ANOVA with genotype and
treatment as between factors and stimulus intensity as repeated measures
was applied considering male and female mice in the same experimental
groups. In all the cases, GraphPad Prism 9 software was used for statis-
tical analysis.
nd APP/PS1 mice measured by in vivo microdialysis. (A) Chronic treatment with
ls when compared to vehicle (VEH)-treated animals (white symbols) after the 20
) Area under the curve (AUC) values for the glutamate extracellular levels after
nt effect. (C) Infusion during 2 h with the GLT-1 inhibitor DHK (5 mM) increased
chronically treated with Δ9-THC þ CBD (orange symbols) than in VEH-treated
nt in fractions 9 and 10. (D) AUC values for the glutamate extracellular levels
ent effect. Data are expressed as mean � SEM (WT VEH n ¼ 7 males þ 4 females;
s; APP/PS1 Δ9-THC þ CBD n ¼ 2 males þ 5 females). T*: Treatment effect, p <

n of the references to color in this figure legend, the reader is referred to the Web
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Results

Chronic combined treatment with Δ9-THC and CBD reduces extracellular
glutamate levels in the hippocampus of WT and APP/PS1 mice

We evaluated the extracellular glutamate levels in the hippocampus
of WT and APP/PS1 mice chronically treated with Δ9-THC þ CBD or
vehicle after the exposure to drugs known to increase the glutamate
levels in the synapses. Three-way ANOVA revealed a significant effect of
chronic treatment (fraction 6 and 7, p< 0.05; fraction 8, p¼ 0.056; AUC,
p < 0.01), but without genotype or sex effect or interaction between
factors, in the increased extracellular glutamate levels induced by the
depolarizing agent veratridine perfused for 20 min in the hippocampus of
mice (Fig. 1A–B). Regarding the results obtained in the hippocampal
extracellular glutamate levels of chronically treated animals during the
perfusion of the GLT-1 inhibitor DHK (Fig. 1C–D), three-way ANOVA
revealed a significant genotype (fraction 10, p < 0.05; AUC, p ¼ 0.050)
and treatment effects (fraction 6 and AUC, p < 0.05; fraction 7, p ¼
0.069), but no sex effect or interaction between factors. Statistical details
are included in Supplementary Table 1.

Δ9-THC or CBD alone are not effective therapies to reduce the extracellular
glutamate levels in the hippocampus of APP/PS1 mice

To evaluate the specific contribution ofΔ9-THC and CBD in the effects
observed on glutamate levels in mice chronically treated with the com-
bination of both natural cannabinoids, we performed similar in vivo
microdialysis experiments in WT and APP/PS1 chronically treated only
with Δ9-THC or CBD. Our results revealed that neither Δ9-THC (Sup-
plementary Fig. 1) nor CBD (Supplementary Fig. 2) administered alone
were able to reduce the increase induced by veratridine and/or DHK in
extracellular glutamate levels in mice. In fact, chronic exposure to Δ9-
THC induced the opposite effect than the observed after the
Fig. 2. (A) Representative immunoblots for EAAT3, GLT-1, GluA1, GluN1, mGlu5R
glutamate transporters EAAT3 (B), GLT-1 (C) and glutamate receptors subunits GluA
bars) and WT (white bars) mice chronically treated with Δ9-THC þ CBD or vehicl
β-tubulin and referred to vehicle-treated WT mice. (F) Individual values and mean �
females; APP/PS1 VEH n ¼ 3 males þ 3 females; APP/PS1 Δ9-THC þ CBD n ¼ 2 ma

5

administration of the Δ9-THC and CBD combination. Thus, a significant
treatment effect (fraction 7 and AUC, p < 0.01; fraction 8, p ¼ 0.07) on
the glutamate levels in the hippocampus of mice during the perfusion
with veratridine (Supplementary Fig. 1A and B) was observed. Moreover,
a genotype effect (fraction 7, p < 0.01) and an interaction between ge-
notype and treatment (fractions 5, 6, 8, 9, 10 and AUC, p < 0.05) were
observed in mice chronically treated with Δ9-THC and perfused with
DHK (Supplementary Fig. 1C and D). In the case of CBD, no significant
effect of sex, genotype, treatment or interaction between factors was
observed during veratridine perfusion (Supplementary Fig. 2A and B). In
contrast, perfusion with DHK induced a significant sex (fractions 8, 9 and
AUC, p< 0.01; fractions 7 and 10, p< 0.05), genotype (fractions 7 and 8,
p< 0.05; fraction 9, p< 0.01; AUC, p< 0.001) and treatment (fraction 9,
p < 0.05) effects and interaction between sex and genotype (AUC, p <

0.01), sex and treatment (fractions 8 and 9, p < 0.05), genotype and
treatment (AUC, p < 0.05) and interaction between all three factors
(fraction 5, p < 0.05) in those animals (Fig. 3D). Thus, Tukey's post hoc
test revealed that chronic CBD treatment induced in female APP/PS1
mice a higher glutamate levels than in female WT littermates in response
to DHK perfusion (AUC, p < 0.001). Statistical details are included in
Supplementary Table 2 (Δ9-THC) and 3 (CBD).

Hippocampal protein levels of different glutamate signaling components

We evaluated the protein levels of several components of the gluta-
mate signaling in the hippocampus of mice chronically treated with the
combination of Δ9-THC and CBD. First, we quantified in the membrane
fractions the levels of certain glutamate receptors and the two main
glutamate transporters: the neuronal excitatory amino acid transporter 3
(EAAT3) and the GLT-1 (also known as EAAT2), which is mainly located
in astroglial cells and is the target of the DHK used in the microdialysis
experiments [29]. Two-way ANOVA revealed a significant treatment
effect on EAAT3 levels (p < 0.05; Fig. 2A), but no significant genotype
and β-tubulin as loading control. Quantification by western blotting of the main
1 (D), GluN1 (E) and mGlu5R (F) in hippocampal samples from APP/PS1 (black
e (VEH). Densitometric quantifications of each protein are normalized respect
SEM (WT VEH n ¼ 2 males þ 3 females; WT Δ9-THC þ CBD n ¼ 4 males þ 2

les þ 4 females) are presented in the bar graphs. T*: Treatment effect, p < 0.05.



Fig. 3. (A) Representative immunoblots for peEF2, eEF2, pFyn, Fyn and β-tubulin as loading control. Quantification by western blotting of the phosphorylated and
total forms of the glutamate signaling mediators eEF2 (B–C) and Fyn (E–F) in hippocampal samples from APP/PS1 (black bars) and WT (white bars) mice chronically
treated with Δ9-THC þ CBD or vehicle (VEH). Densitometric quantifications of each protein are normalized respect β-tubulin and referred to vehicle-treated WT mice.
(D) and (G) show the ratio between the phosphorylated and the total form of each signaling mediator. Individual values and mean � SEM (WT VEH n ¼ 3 males þ 1
females; WT Δ9-THC þ CBD n ¼ 5 males þ 5 females; APP/PS1 VEH n ¼ 2 males þ 2 females; APP/PS1 Δ9-THC þ CBD n ¼ 2 males þ 5 females) are presented in the
bar graphs. T*: Treatment effect, p < 0.05; G*: Genotype effect, p < 0.05; G**: Genotype effect, p < 0.01.

Fig. 4. (A) Input–output curves obtained in hippocampal slices of vehicle- (VEH) and Δ9-THC þ CBD-treated WT and APP/PS1 mice are displayed as the relationship
between fEPSP slope (ordinates) and stimulus intensity (abscissa). Δ9-THC þ CBD chronic treatment induced a significant reduction in the maximum fEPSP slope in
both genotypes. (B) Paired pulse ratio (PPR) showed a paired-pulse facilitation (PPR >1) with an interpulse interval of 50 ms with no differences between groups. (C)
Time-course of the variation of the slope of fEPSPs, expressed as percentage of baseline values, in the CA1 stratum radiatum upon stimulation of afferent Schaffer
collateral fibers, before and after induction of a long-term potentiation (LTP) with a train of high-frequency stimulation (HFS, 5 trains of 100 Hz for 1 s, arrow). No
significant differences due to genotype or chronic treatment were observed. The inserts show representative recordings of the fEPSPs obtained for the indicated
experimental groups. (D) Bar graph of LTP amplitude at 50–60 min after HFS. No significant differences due to genotype or chronic treatment were observed. In-
dividual values and mean � SEM (WT VEH n ¼ 1 male þ 5 females; WT Δ9-THC þ CBD n ¼ 5 females; APP/PS1 VEH n ¼ 3 males þ 2 females; APP/PS1 Δ9-THC þ
CBD n ¼ 2 males þ 5 females) are presented in the bar graphs. *p < 0.05, **p < 0.01 Tukey's post hoc test respect WT vehicle (VEH) group.
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effect or interaction between factors. No genotype, treatment or inter-
action effects were observed on GLT-1 levels (Fig. 4B), or in the levels of
the ionotropic glutamate AMPA and NMDA receptors subunits GluA1 and
GluN1, respectively (Fig. 2C–D). In the case of the mGlu5R, two-way
ANOVA revealed a significant treatment effect (p < 0.05) but no geno-
type or interaction between factors (Fig. 2E).

Next, we evaluated the NMDA- and mGlu5-dependent eukaryotic
elongation factor 2 (eEF2) and the mGlu5-dependent Fyn pathways as
glutamate signaling mediators in the cytosolic fraction of hippocampal
samples from treated mice (Fig. 3). Two-way ANOVA revealed a signif-
icant genotype effect on total eEF2 levels (Fig. 3B, p < 0.01) and a ten-
dency in the levels of phosphorylated eEF2 (Fig. 3A, p ¼ 0.0715) but no
treatment effect or interaction between both factors despite to a tendency
to a treatment effect on phosphorylated eEF2 levels (p ¼ 0.0845).
Similarly, two-way ANOVA revealed a significant genotype effect in the
levels of total and phosphorylated Fyn (Fig. 3D–E, p < 0.05) but without
treatment effect or interaction between both factors. However, a signif-
icant treatment effect was observed in the ratio between the phosphor-
ylated and total form of eEF2 (Fig. 3C, p < 0.05). Supplementary Table 4
includes all the statistical details related to the quantifications of the
levels of the different proteins analyzed. Sex was not included as a be-
tween factor in the statistical analysis due to the limited number of
samples from each sex included in the immunoblots.
Chronic combined treatment with Δ9-THC and CBD reduces basal
excitability but not synaptic plasticity in the hippocampus

Since synaptic plasticity of glutamatergic synapses is considered the
neurophysiological basis of memory processes [30] and deficits of glu-
tamatergic synapses and glutamatergic synaptic plasticity are present in
animal models of AD [31], we evaluated the effects of the chronic
combined treatment with the Δ9-THC and CBD in basal synaptic trans-
mission (Fig. 4A), in a short-term form of presynaptic plasticity (pair-
ed-pulse facilitation, PPF, Fig. 4B) and in a long-term form of synaptic
Fig. 5. (A) Representative dendrites of CA1 pyramidal neurons from vehicle- and Δ9

Quantitative analysis showing dendritic spine density per micrometer of dendritic len
months of age. A significant reduction in the dendritic spine density in female WT an
Density of each morphological type of dendritic spine in male treated mice. A signific
treated APP/PS1 respect treated WT mice. (D) No significant differences due to gen
treated mice, in spite of a significant treatment effect in the density of stubby spines
males þ 4 females; WT Δ9-THC þ CBD n ¼ 4 males þ 4 females; APP/PS1 VEH n ¼ 4 m
**p < 0.01 respect control groups.
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plasticity (long-term potentiation, LTP, Fig. 4C–D) in the CA1-Schaffer
collateral pathway in WT and APP/PS1 mice. In our experimental con-
ditions, we did not observe any significant genotype-related differences
in either basal synaptic transmission (assessed as input-output curve,
Fig. 4A), PPF (Fig. 4B) or in the magnitude of LTP induced by HFS
(Fig. 4C–D) or TBS (data not shown). Interestingly, chronic treatment
reduced the maximum fEPSP slope of the input-output curve in both
genotypes, suggesting a reduction in the proportion of synapses activated
when the highest stimulus intensities were applied (Fig. 4A). Thus,
three-way ANOVA revealed significant effects of stimulus intensity (F(5,
87) ¼ 136.7, p < 0.001), treatment (F(1, 20) ¼ 13.54, p < 0.01) and
interaction between stimulus intensity, treatment and genotype (F(5, 87)
¼ 7.866, p < 0.0001) and between stimulus intensity and genotype (F(5,
87) ¼ 2.863, p < 0.05), but no genotype effect or interaction between
genotype and treatment or between stimulus intensity and genotype.
Subsequent Tukey's post hoc tests revealed a significant reduction in the
maximum fEPSP slope in WT (p < 0.01) and APP/PS1 (p < 0.05) treated
with Δ9-THC þ CBD with respect to VEH-treated WT mice. No treatment
effect or interaction between factors was observed in any other electro-
physiological parameter evaluated.
Chronic combined treatment with the Δ9-THC and CBD does not reverse the
decreased dendritic spine density in male APP/PS1 mice

We analyzed the density and morphology of dendritic spines labeled
with DiI in CA1 hippocampal pyramidal neurons of WT and APP/PS1
treated mice (Fig. 5A, representative images of the analyzed dendrites).
Three-way ANOVA revealed a significant interaction between genotype
and sex in the total dendritic spine density (p < 0.01). Tukey's post hoc
test revealed a significant reduction in the dendritic spine density in fe-
male WT VEH when compared to male WT VEH littermates (p < 0.05)
and in male APP/PS1 VEH mice (p < 0.05) when compared to male WT
VEH littermates (Fig. 5B). The specific analysis for each type of spine
revealed a significant genotype (mushroom-type spines, p < 0.05),
-THC þ CBD-treated male WT and APP/PS1 mice. Scale bars represent 5 μm. (B)
gth in CA1 pyramidal neurons from male and female WT and APP/PS1 mice at 6
d male APP/PS1 mice was observed when compared to male WT littermates. (C)
ant decrease in the density of mushroom spines was observed in Δ9-THC þ CBD-
otype or treatment were observed in the total dendritic spine density in female
. Data are expressed as mean � SEM (n ¼ 45–55 dendrites from WT VEH n ¼ 4
ales þ 4 females; APP/PS1 Δ9-THC þ CBD n ¼ 3 males þ 3 females). *p < 0.05,
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treatment (stubby-type spines, p < 0.05) effects and interaction between
sex and genotype (filopodia, p < 0.01 and mushroom-type spines, p <

0.05), and between sex, genotype and treatment (stubby-type spines, p <

0.05). Subsequent Tukey's post hoc test revealed a tendency to a reduction
in the mushroom-type spines (p ¼ 0.0684) in VEH-treated APP/PS1male
mice compared to VEH-treated male WT and a lower density of mush-
room spines in Δ9-THC þ CBD-treated male APP/PS1 than in treated
male WT mice (p < 0.01) (Fig. 5C). In female mice, no statistical dif-
ferences between groups were observed (Fig. 5D). Supplementary
Table 5 includes all the statistical details about dendritic spines analyses.
Glutamate uptake deficit in the hippocampus of APP/PS1 mice is reversed
by chronic combined treatment with Δ9-THC and CBD

We characterized the kinetics of electrically-evoked glutamate release
in chronically treated WT and APP/PS1 mice using fiber photometry and
the glutamate biosensor iGluSnFR. Three-way ANOVA revealed a sig-
nificant effect of sex (30 Hz, p < 0.05; 40, 50, 60 and 80 Hz, p < 0.01),
but not genotype or treatment effect, nor interaction between factors in
the glutamate peak amplitude normalized to the maximum dF/F0 signal
(100 Hz) (Fig. 6B–C). In contrast, a significant genotype effect (30 Hz, p
< 0.05) and an interaction between sex and treatment (30 Hz, p < 0.01;
80 Hz, p < 0.05) and between genotype and treatment (20, 30, 40, 50,
60, 80, 100 Hz, p < 0.05; 30 Hz, p < 0.01) were observed in the decay
time of the peaks (Fig. 6B, D). Subsequent Turkey's post hoc test revealed
a significant increase in the decay time in male APP/PS1 VEH mice when
compared to APP/PS1 chronically treated with Δ9-THC þ CBD (30 Hz, p
< 0.05, 80 Hz, p ¼ 0.0796). Supplementary Table 6 includes all the
Fig. 6. (A) Diagram showing the ventral hippocampal area where glutamate biose
electrode were placed for photometry recordings (upper panel). Lower panel shows
iGluSnFR signal after electrical stimulation of the hippocampus in WT (upper panel)
lines) or Δ9-THC þ CBD (orange lines). (C) Chronic treatment with Δ9-THC þ CBD
reversed the increased decay time observed in APP/PS1 treated with VEH (D). Data ar
n ¼ 5 male þ 3 females; APP/PS1 VEH n ¼ 2 males þ 3 females; APP/PS1 Δ9-THC
interpretation of the references to color in this figure legend, the reader is referred
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statistical details related to the fiber photometry results. Comparisons
between male and female are not included in Supplementary Table 6
because some experimental groups have a limited number of individuals
of each sex and they are not the main focus of this study, but in all the
cases there is a trend to higher decay time values in female than male
mice.

Discussion

This study provides novel insights into the potential utility of the
combination of the two main natural cannabinoids, Δ9-THC and CBD, in
AD-like conditions. Specifically, our data reveal that a chronic treatment
with non-psychoactive doses of Δ9-THC þ CBD, when administered in
combination but not individually, effectively reduces the increase in
glutamate extracellular levels induced by the depolarizing agent verat-
ridine and by the GLT-1 inhibitor DHK in the hippocampus of WT and,
more importantly, of APP/PS1 mice. Moreover, the chronic Δ9-THC þ
CBD treatment reduces the basal excitability of CA1 hippocampal syn-
apses, as indicated by the lower maximum synaptic response achieved
when recording the input/output response in Schaffer collaterals-CA1
synapses, and reverses the deficiencies in glutamate reuptake observed
in transgenic mice. These findings could be of relevance considering that
hippocampal hyperactivity has been associated with the neurodegener-
ative progression in AD animal models and patients [32–35]. Thus,
mitigating glutamate-induced hippocampal hyperactivity might provide
therapeutic benefits in AD.

Glutamatergic homeostasis in the central nervous system encom-
passes three key functional components, namely the pre- and post-
nsor (iGluSnFr) was injected and the optic fiber cannula attached to a bipolar
a representative slide expressing iGluSnFr sensor. (B) Representative traces of
and APP/PS1 (lower panel) mice chronically treated with vehicle (VEH, black
did not affect dF/F0 measurements for the elicited peaks at any frequency, but
e expressed as mean � SEM (WT VEH n ¼ 4 male þ 3 females; WT Δ9-THCþCBD
þCBD n ¼ 5 males þ 4 females). *p < 0.05 respect APP/PS1 VEH group. (For
to the Web version of this article.)
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synaptic neuronal compartments along with glial cells, which are defined
together as the tripartite synapse [36]. At the presynaptic level, gluta-
mate neurotransmission can be regulated by modulating the vesicular
glutamate transporters that store glutamate into vesicles and/or by
regulating the mechanisms that mediate neurotransmitter release after
neuronal depolarization. Our data on the reduced extracellular glutamate
levels in response to veratridine and DHK in treated mice could be
interpreted as an evidence for the ability of the Δ9-THCþ CBD treatment
to mitigate neurotransmitter release from presynaptic glutamatergic
terminals in the hippocampus. However, our electrophysiological re-
cordings revealed that Δ9-THC þ CBD did not modify a form of
short-term presynaptic plasticity (PPF) in either WT or APP/PS1 mice. In
fact, an unaltered PPF reveals a preserved release probability, suggesting
the lack of major presynaptic modifications that affect glutamate release
between genotypes (WT vs APP/PS1 mice) or upon Δ9-THC þ CBD
treatment. Thus, the decreased extracellular glutamate levels observed in
the hippocampus of chronically treated mice could be instead a conse-
quence of cannabinoid-induced modifications in the excitator-
y/inhibitory network regulating hippocampal activity, as suggested by
the input/output response curves, in which we observed a reduction in
the proportion of synapses recruited in response to a series of increasing
electrical stimuli.

We also evaluated a long-term form of synaptic plasticity (i.e. LTP),
which represents an intrinsic adaptive modification of glutamatergic
synapses modification directly related to learning and memory. Unlike
some previous reports [37,38], but consistent with others [39], we did
not observe alterations in the magnitude of LTP in Schaffer collateral
fibers-CA1 pyramidal synapses in APP/PS1 mice, regardless of chronic
treatment with Δ9-THC þ CBD. This suggests that modifications in syn-
aptic plasticity within the CA1 area in this AD model are inconsistent,
which are probably strain-dependent [40], age-related [41,42] or depend
on the proximity to amyloid plaques [43]. In line with the preserved LTP
magnitude observed in APP/PS1, no major alterations of some post-
synaptic components of glutamatergic signaling were observed in our
experimental conditions. Specifically, we focused on the ionotropic
AMPA and NMDA receptors, which are altered during AD progression
[44], and the metabotropic mGlu5R, which can interact with Aβ oligo-
mers to cause the disruption of normal glutamatergic activity that con-
tributes to cognitive decline and excitotoxicity in AD brains [45]. Our
immunoblotting results indicate that the chronic treatment with the
combination of the natural cannabinoids did not alter the levels of the
most common subunits of these receptors in the cell membrane nor their
associated eEF2 or Fyn signaling pathways in APP/PS1 mice.

Dendritic spines are actin-rich protrusions where most excitatory
synapses occur and whose density and morphology determine the
strength and activity of the synapse, being consequently crucial in syn-
aptic plasticity [46]. A decrease in dendritic spine density and alterations
in its morphology have been observed in the hippocampus of certain AD
models [47,48] and patients [49]. For these reasons, we performed an
analysis of dendritic spine density and spine morphology in the CA1
hippocampal pyramidal neurons of mice chronically treated with
Δ9-THCþ CBD. Interestingly, we observed a sex-dependent deficiency in
dendritic spine density in APP/PS1 mice. Thus, only male APP/PS1 mice
exhibited a reduced dendritic spine density in the hippocampal neurons
as previously reported in other AD models [47,48]. The total dendritic
spine density decrease observed in male APP/PS1 mice was mainly due
to a reduction in the number of mushroom-type spines, which are
considered more mature and stable structures [28]. However, chronic
treatment with Δ9-THC and CBD was unable to reverse this deficiency,
reinforcing the suggestion that these cannabinoids have no direct effect
on hippocampal synaptic plasticity in APP/PS1 mice.

In general, these findings indicate that the effects of the chronic
treatment with Δ9-THCþ CBD in APP/PS1 mice are not linked to a direct
control of glutamatergic synapses. Instead, these effects may be related to
the regulation of hippocampal network activity. Thus, the effects of the
chronic treatment with these cannabinoids on the increased levels of
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extracellular glutamate induced by the depolarizing agent veratridine
both in WT and APP/PS1 mice suggest a reduction in the overall over-
excitation of the neuronal network caused by Aβ peptides in the hippo-
campus [15], which in turn leads to glutamatergic excitotoxicity and
ultimately to cognitive impairment [50]. An additional major finding of
the present study was the ability of chronic treatment with the Δ9-THC
and CBD combination to control glutamate uptake depending on the
activity of high-efficiency transporters located mainly on astrocytes but
also in neurons [29]. Thus, our data reveal that the increase in the
extracellular glutamate levels induced by the GLT-1 inhibitor DHK,
which is tendentially higher in APP/PS1 mice, was significantly attenu-
ated in mice chronically treated with the combination of Δ9-THC and
CBD. We discard that these effects were due to a direct effect of canna-
binoid treatment on the levels of GLT-1. A slight decrease in the levels of
EAAT3, the second most abundant glutamate transporter in the brain,
was observed in the hippocampus of cannabinoid-treatedmice. However,
considering that GLT-1 accounts for around 95% of the total glutamate
uptake activity in the brain [29], we consider that such an effect on
EAAT3 levels could play a minor role in the modulation of the extra-
cellular glutamate levels observed in mice chronically treated with
Δ9-THC and CBD. Thus, the results observed during the infusion with
DHK support the hypothesis that the combination of Δ9-THC and CBD
critically controls the uptake of glutamate, likely by acting at the astro-
cytic level, thus regulating the extracellular levels of glutamate, and
consequently impacting on the overall excitability of hippocampal net-
works rather than directly modifying glutamatergic synapses. To confirm
this hypothesis, we performed fiber photometry experiments by using a
glutamate biosensor, a technique with much higher temporal resolution
than in vivo microdialysis. To gain control over glutamate temporal dy-
namics we performed local electrical stimulation on anesthetized mice.
Remarkedly, chronic treatment with Δ9-THC and CBD reversed the
increased decay time of the electrically-induced glutamate peaks
observed in APP/PS1 mice under basal conditions in the hippocampus,
which instead reflects the system's capacity to re-uptake the glutamate
released. Considering the robust data revealing how astrocytic activity
affects hippocampal-dependent learning and memory deficits and its role
in AD [51], as well as the increasing evidence about the presence and
functional relevance of cannabinoid receptors in astrocytes [52], our data
suggest that the cognitive benefits of the chronic treatment with Δ9-THC
and CBD in AD may rely on their action on astrocytes to control the
glutamate dynamics. Additional experiments would be required to
confirm this hypothesis and to identify the molecular mechanisms un-
derlying such cannabinoids effects.

To note, our study provides additional evidence about the fact that
the combination of Δ9-THC and CBD exhibits a better therapeutic profile
against AD than each cannabis component alone, as previous data indi-
cated [8]. Thus, chronic treatment with either Δ9-THC or CBD alone
caused completely different effects than the combination of both on the
extracellular glutamate levels in the hippocampus of WT and APP/PS1
mice. Specifically, Δ9-THC induced higher extracellular glutamate levels
in WT mice, while CBD induced an increase in glutamate levels in
APP/PS1 mice during DHK infusion. Intriguingly, both Δ9-THC and CBD
appear to delay the veratridine-induced peak of extracellular glutamate.
Further experiments will be required to find a mechanistic explanation
for these findings and to explore the translational relevance that they
could have for chronic consumption of purified extracts in healthy aging.
Nevertheless, these results support a synergistic interaction between
Δ9-THC and CBD, as has been proposed for other cannabis derivatives
[53], and underline the higher potential utility of multi-cannabinoid
treatment strategies against AD [54].

Considering our present results, we can conclude that the chronic
treatment with the combination of Δ9-THC and CBD reduces extracel-
lular glutamate levels and the basal excitability of the hippocampus in
APP/PS1 mice. We excluded the possibility that the chronic treatment
with Δ9-THC and CBD could affect the function and structure of gluta-
mate synapses. Our data instead suggest that these cannabinoid effects
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could be related to the control of glutamate uptake, which is mainly
carried out by astrocytes, and/or to the regulation of hippocampal
network. These results support the potential therapeutic properties of the
combination of these natural cannabinoids against the excitotoxicity
occurring in AD brains and stimulate further research to untangle Δ9-
THC and CBD mechanisms of action.
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