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Abstract

The endocannabinoid system is an essential intercellular signaling mechanism with a
decisive role in many physiological functions of the brain. Endocannabinoids (eCBs),
directly acting on presynaptic neuronal CB1 receptors (CB1Rs), can inhibit
neurotransmitter release. In addition, they can potentiate adjacent synapses, inducing
lateral regulation of synaptic transmission through astrocyte CB1Rs. In contrast to most,
if not all, neurotransmitter systems, the eCB system involves two distinct ligands,
Anandamide and 2-Arachidonoylglycerol (AEA and 2AG), and a single receptor (CB1R).
The physiological meaning of this particularity remains unknown. Here we show that
different eCBs are signaling both astrocytes and neurons, inducing distinct and
contrasting synaptic regulation. Combining two-photon with a pharmacological and
optogenetic approaches and transgenic mice for the synthesis enzyme of both eCBs,
we have found that the absence of 2-AG synthesis abolished the inhibitory effect, which
was mediated exclusively by neuronal mechanisms. However, the absence of AEA
synthesis prevents the lateral potentiation mediated by astrocyte calcium mobilization.
Together this indicates that 2-AG signals to neurons, decreasing neurotransmitter
release, while AEA signals to astrocytes and induces lateral potentiation. Additionally,
AEA synthesis is required for the synaptic potentiation induced by spike-timing-
dependent plasticity, as well as astrocyte CB1R, indicating that distinct eCBs-signaling
influences neuronal plasticity. We conclude that 2-AG and AEA induce distinct and

contrasting synaptic regulation through CB1R in different cell types.
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Introduction

The endocannabinoid system is a significant intercellular signaling system with crucial
function in the regulation of synaptic plasticity and control of behavior throughout the
central nervous system (Ahn et al., 2008; Alger & Kim, 2011; Castillo et al., 2012; Di
Marzo, 2009; Marcus et al.,, 2020; Martin-Fernandez et al., 2017a; Ohno-Shosaku &
Kano, 2014; Piomelli, 2003; Robin et al., 2018; Serrat et al., 2022; Skupio et al., 2023).
The increase in postsynaptic activity induces the mobilization of intracellular
postsynaptic calcium causing the synthesis of 2-Arachidonoylglycerol (2-AG) by
diacylglycerol lipase (DGL) and anandamide (AEA) by N-
acetylphosphatidylethanolamine-hydrolysing phospholipase D (NAPE-PLD), the most
prominent endocannabinoids (eCBs) in the central nervous system (CNS) (Noriega-
Prieto et al.,, 2023). The particular retrograde action of eCBs is exerted through
presynaptic cannabinoid receptor type 1 (CB1R) expressed by neurons resulting in a
decrease in release of neurotransmitter (Castillo et al., 2012). Additionally, eCBs can
regulate synaptic function through astroglial CB1R inducing lateral regulation (Baraibar
et al., 2022; Covelo & Araque, 2018; Martin et al., 2015; Martin-Fernandez et al., 2017a;
Navarrete & Araque, 2010a). Ultimately, eCB signaling concludes by the reuptake of the
eCBs and the enzymatic degradation of 2-AG by monoacylglycerol lipase (MGL) (Dinh
et al., 2002) and AEA by fatty acid amide hydrolase (FAAH) (Cravatt et al., 1996; Hillard
et al., 1995; McKinney & Cravatt, 2005).

Astrocytes are active cells that participate in the regulation of synaptic physiology and
information processing. They sense neurotransmitters expressing a plethora of G
protein-coupled receptors in the membrane, which induce intracellular calcium
variations, producing, in turn, the release of gliotransmitters such as glutamate, d-serine
and ATP (Andrade-Talavera et al., 2016; Covelo & Araque, 2018; Martin-Fernandez et
al., 2017a; Navarrete & Araque, 2010a; Robin et al., 2018). The astrocytic release of
gliotransmitters activates neuronal receptors, regulating synaptic transmission and
plasticity. Astrocytes respond to eCBs through activation of PTX-insensitive G protein
CB1Rs expressed in their membrane, which is a prominent modulatory mechanism
(Navarrete & Araque, 2008, 2010a). It has been described that eCB-induced astrocyte
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activation produces lateral regulation of synaptic plasticity in different brain areas with
behavioral repercussions (Navarrete and araque 2010, martin et al., 2015, Martin-
Ferandez et al.(Baraibar et al., 2022; Covelo & Araque, 2018; Martin et al., 2015;
Martin-Fernandez et al., 2017a; Navarrete & Araque, 2010a), which define a differential,

but not exclusive, astrocytic vs. neuronal mechanism induced by eCBs.

In contrast to most, if not all, neurotransmitter systems that involve a single ligand and
numerous receptor types, the eCB system involves two distinct ligands (AEA and 2AG)
and a single receptor (CB1Rs). The physiological meaning of this particularity remains
unknown. Despite the rising evidence demonstrating that eCB can signal either
astrocytes or neurons (Noriega-Prieto et al., 2023), the cellular mechanism is still
unknown. We investigated the differential eCBs signaling to astrocytes and neurons
through neuronal and astrocytic CB1R at hippocampal CA1 pyramidal neurons. Using
electrophysiological recordings, two-photon calcium imaging, pharmacological and
optogenetic approaches and transgenic mice targeting the synthesis enzyme of both
eCBs, 2-AG and AEA, we performed paired recordings from CA1l pyramidal neurons,
monitored astrocyte Ca2+ levels, and stimulated Schaffer collaterals using the minimal
stimulation technique that activates single or very few presynaptic fibers (Dobrunz &
Stevens, 1997; Isaac et al.,, 1996; Perea & Araque, 2007; Raastad, 1995). We have
found that AEA specifically signals to astrocytes and 2-AG to neurons leading to distinct
and contrasting synaptic regulation in single hippocampal synapses. In addition, the
distinct astrocyte-driven signaling impacts synaptic plasticity induced by spike-timing
dependent plasticity (STDP) which further supports the idea that astrocyte function
influences synaptic activity through eCB signaling.

Materials and Methods

Ethics Statement

All animal care and sacrifice procedures were approved by the University of Minnesota
Institutional Animal Care and Use Committee (IACUC) with compliance to the National

Institutes of Health guidelines for the care and use of laboratory animals. Mice were
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housed under 12/12-h light/dark cycle and up to five animals per cage. The following
animals (males and females) were used for the present study C57BL/6J, NAPE-
PLD-/-and DAGLa-/- (generously donated by Dr. Cravatt), CB1R flox/flox and

IP3R2-/-. Adult (=6 weeks) mice were used.
Method Details
Slice Preparation

Animals were decapitated, and the brains were submerged in cold (4°C) cutting solution
containing the following (in mM): 189.0 sucrose, 10.0 glucose, 26.0 NaHCO3; 3.0 KCl,
5.0 Mg,S0Oq4, 0.1 CaCl,, and 1.25 NaH,P0O4.2H,0. Coronal slices (350 um thick) were
cut using a vibratome (model VT 1200S, Leica), and incubated (>1 h, at 25-27°C) in
artificial CSF (ACSF) containing the following (in mM): NaCl 124, KCI 2.69,
KH,PO4 1.25, MgSO,4 2, NaHCO3 26, CaCl, 2, and glucose 10, and oxygenated with
95% O,/ 5% CO; (pH = 7.3-7.4). Slices were placed in an immersion recording
chamber and superfused (3 mL/min) with oxygenated ACSF at 32-34 °C and visualized
with an Olympus BX50WI microscope (Olympus Optical, Japan), a custom made
confocal microscope (Thorlabs) or a two-photon microscope (model DM6000 CFS

upright multiphoton microscope with TCS SP5 MP Laser, Leica).
Electrophysiology

The whole-cell patch clamp technique was used to make electrophysiological recordings
of CA1 neurons of the hippocampus. When filled with an internal solution containing (in
mM): KGluconate 135, KCI 10, HEPES 10, MgCl 1, ATP-Na2 2 (pH = 7.3) (pH = 7.3),
patch electrodes resistance ranged between 3-10 MQ. The membrane potential was
held at =70 mV. Series and input resistances were monitored throughout the experiment
using a -5mV pulse. Signals were recorded with PC-ONE amplifiers (Dagan
Instruments, MN, US) and fed to a Pentium-based PC through a DigiData 1440A
interface board. Signals were filtered at 1 KHz and acquired at 10 KHz sampling rate.
The pCLAMP 11 (Molecular Devices) software was used for stimulus generation, data

display, acquisition and storage.
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Synaptic stimulation and drug application

Synaptic currents were evoked using bipolar theta capillaries filled with ACSF placed in
the brain region of study (CAl of the hippocampus). Paired pulses (1 ms duration with
50 ms interval) were continuously delivered at 0.33 Hz using a stimulator S-910 (Dagan
Instruments) through an isolation unit. Excitatory post-synaptic currents (EPSCs) were
isolated using picrotoxin (50 uM) and CGP5462 (1 uM) to block GABAAR and GABAgR,
respectively. The parameters analyzed were mean amplitude of EPSC response and
paired pulse ratio (PPR = 2" EPSC/1% EPSC). EPSC amplitudes were grouped in 10 s
time bins, baseline mean EPSC amplitude was obtained by averaging mean values
obtained within 3 min of baseline recordings and mean EPSC amplitudes were
normalized to baseline. Stimulus effects were statistically tested comparing the
normalized EPSCs recorded 30 s before and after the stimulus to assess changes in
EPSC amplitude and PPR.

Ca?* imaging

Cytoplasmic Ca?* levels in astrocytes in the CA1 of the hippocampus were monitored
using two photon and confocal microscopy. Cells were illuminated during 100-200 ms
with a laser at 488 nm (Thorlabs) and images were acquired every 1-2 s. The laser and
the CCD camera were controlled and synchronized by the MetaMorph software
(Molecular devices). Two photon or Confocal imaging utilized an Olympus BX61WI
microscope (Olympus Optical, Japan) controlled by Leica SP5 multi-photon microscope
(Leica Microsystems, USA) or BX51WI controlled by the ThorlmagelLS software. For
control and pharmacology experiments Ca® was monitored before and after
optostimulation of CA1 pyramidal neurons, using the genetically encoded Ca** indicator
dye GCaMP6 under the GfaABC1D promoter to specifically target astrocytes. For
optical stimulation of CA1l pyramidal neurons, a fiber optic connected to an LED
(595 nm) was placed over the CA1l and a 5 s duration light was applied, using the
channelrhodopsin ChrimsonR under the neuronal promoter synapsin. Note that
Ca** experiments were performed in the presence of a cocktail of neurotransmitter
receptor antagonists containing: CNQX (20 uM), AP5 (50 uM), MPEP (50 uM),
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LY367385 (100 pM), picrotoxin (50 uM), CGP5462 (1 uM), atropine (50 uM), CPT
(10 pM), suramin (100 pM) and flupenthixol (30 pM).

Videos were obtained at 512(1x 1512 resolution with a sampling interval of 1-2s. A
custom MATLAB program (Calsee: https://www.araquelab.com/code/) was used to
quantify fluorescence level measurements in astrocytes. Ca?* variations recorded at the
soma and processes of the cells were estimated as changes of the fluorescence signal
over baseline (AF/Fg), and cells were considered to show a Ca®*" event when the
AF/Fq increase was at least two times the standard deviation of the baseline. The
astrocyte Ca®" signal was quantified from the Ca®* event probability, which was
calculated from the number of Ca?" elevations grouped in 10 s bins recorded from 2-50
astrocytes per field of view. For each astrocyte analyzed, values of 0 and 1 were
assigned for bins showing either no response or a Ca** event, respectively, and the
Ca?* event probability was obtained by dividing the number of astrocytes showing an
event at each time bin by the total number of monitored astrocytes. To examine the
difference in Ca*" event probability in distinct conditions, the basal Ca® event
probability (10 s before a stimulus) was averaged and compared to the average

Ca?* event probability (10 s after a stimulus).
Stereotaxic Surgery

Adult mice were anesthetized with a ketamine (100 mg/kg)/ xylazine (10mg/kg) cocktail.
Viral vectors (0.5 ul-1 pl) were injected bilaterally using a Hamilton syringe attached to a
29-gauge needle at a rate of 0.1 pl/min. The viral constructs AAV5-GfaABC1D-
cytoGCaMP6f (Addgene) was targeted to CA1l astrocytes (anterior-posterior [AP]: -
2.3 mm; medial-lateral [ML]: +/- 1.5 mm; dorsal-ventral [DV]: —=1.2 mm) of C57BL/6J,
NAPE-PLD-/-, DAGLa-/- and CB1R flox/flox. The AAV8-GFAP-mCherry-Cre or AAV8-
GFAP-mCherry (UMN vector core) were targeted to CB1R flox/flox astrocytes. The
AAV5-Syn-ChrimsonR-tdT (Addgene) was also targeted to CAl neurons in the

hippocampus of all strains. Mice were used = 2 weeks after stereotaxic surgeries.
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Drugs

4-[3-[2-(Trifluoromethyl)-9H-thioxanthen-9-ylidene]propyl]-1-piperazineethanol

dihydrochloride (flupenthixol dihydrochloride) from abcam. [S-(R*R*)]-[3-[[1-(3,4-
Dichlorophenyl)ethyllamino]-2-hydroxypropyl](cyclohexylmethyl) phosphinic acid (CGP
54626 hydrochloride) and (S)-(+)-a-Amino-4-carboxy-2-methylbenzeneacetic acid
(LY367385) from Tocris. 8,8'-[Carbonylbis[imino-3,1-phenylenecarbonylimino(4-methyl-
3,1-phenylene)carbonylimino]]bis-1,3,5-naphthalenetrisulfonic acid hexasodium salt
(suramin hexasodium salt) from Thermo Fisher Scientific. N-(Piperidin-1-yl)-5-(4-
iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM 251), D-(-
)-2-Amino-5-phosphonopentanoic acid (D-AP5), 6-Cyano-7-nitroquinoxaline-2,3-dione
disodium (CNQX disodium salt), and 2-Methyl-6-(phenylethynyl)pyridine hydrochloride

(MPEP hydrochloride) were purchased from Cayman. Picrotoxin from Sigma-Aldrich.
Quantification and Statistical Analysis

Data are expressed as mean = standard error of the mean (SEM). For electrophysiology
comparisons number of neurons was used as the sample size; for in vitro Ca®* signal
comparisons the number of slices was used as the sample size. At least 3 mice per
experimental group were used. Data normality was tested using a Shapiro-Wilk test.
Results were compared using a two-tailed Student’s t test or ANOVA (a = 0.05). One-
way ANOVA with a Holm-Sidak's multiple comparisons test post hoc was used for
normal distributed data and Kruskal-Wallis One-Way ANOVA with Dunn’s method post
hoc was used for non-normal distributed data. Statistical differences were established
with p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).

Results

2-AG but not AEA Transiently Decreases Neurotransmitter Release at

Hippocampal CA3-CAl Synapses

The endocannabinoids (eCBs) have been described to signal to both astrocytes and
neurons inducing phenomena called “endocannabinoid-mediated the synaptic
potentiation” (eSP) and depolarization-induced suppression of excitation (DSE),

respectively, through the CB1R activation (Covelo & Araque, 2018; Navarrete & Araque,
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2010a). While the role of 2-AG in inducing DSE in various regions of the central nervous
system (CNS) has been well-documented, the modulation of synaptic transmission by

anandamide (AEA) is still not fully understood.

We conducted pair recordings in CA1 pyramidal neurons of the hippocampus (Fig. 1A)
to assess synaptic efficacy of EPSCs induced by minimal stimulation in both neurons.
After establishing a stable baseline of EPSCs, we depolarized (ND) one neuron to 0 mV
for 5 seconds to elicit the release of endocannabinoids (eCBs). This depolarization (ND)
resulted in depolarization-induced suppression of excitation (DSE) in the stimulated
neuron or homoneuron (from 98.93 + 2.82 to 66.73 + 5.61% of peak amplitude, n=26,
***n<0.001; Fig. 1B and C). To confirm that DSE was mediated by CB1R activation, we
blocked the CB1R receptor using the antagonist AM-251, which abolished the DSE
effect (from 100.70 £+ 2.82 to 100.61 + 5.52% of peak amplitude, n=7, p=0.99; Fig. 1E;
AM-251). To investigate the involvement of astrocytes in DSE, we selectively deleted
the CB1R receptor in hippocampal astrocytes (GFAP-CB1R-/- mice) using a Cre/lox
approach via viral injection. Interestingly, DSE was still induced both in GFAP-CB1R+/+
(from 107.8 £ 3.88 to 67.97 + 4.15% of peak amplitude, n=5, ***p<0.001; Fig. 1E;
GFAP-CB1R+/+) and GFAP-CB1R-/- (from 99.34 + 0.65 to 60.29 + 4.94% of peak
amplitude, n=5, **p<0.001; Fig. 1E; GFAP-CB1R-/-) mice. These findings suggest that

astrocytic CB1R is not involved in mediating DSE.

Previous studies have demonstrated that 2-AG is responsible for inducing
depolarization-induced suppression of excitation (DSE) (Ohno-Shosaku & Kano, 2014).
2-AG is synthesized from diacylglycerol (DAG), with DAGLa being the isoform involved
in mediating 2-AG-mediated synaptic transmission in the adult brain (Murataeva et al.,
2014). In our study, we aimed to investigate the specific endocannabinoid (eCB)
involved in DSE. By using the antagonist of DAGLa (Fig. 1D, DAGLa) which is the
synthesis enzyme for 2-AG, known as THL (Fig. 1D; THL), we were able to prevent the
occurrence of DSE (from 100.05 + 3.44 to 104.83 £ 6.29% of peak amplitude, n=5,
p=0.63; Fig. 1E; THL). Additionally, we observed the absence of DSE in DAGLa-/- mice,
which further confirms the role of 2-AG as the essential eCB for DSE (from 104.77 +
2.23 t0 94.62 = 5.87% of peak amplitude, n=9, p=0.11; Fig. 1E; DAGLa-/-). Interestingly,
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the presence of the NAPE-PLD blocker (Fig. 1D, NAPE-PLD), which is the synthesis
enzyme of AEA, namely LEI 401 (Fig. 1D, LEI 401), did not affect DSE (from 101.69 +
2.32 to 73.92 £ 2.94% of peak amplitude, n=6, **p<0.01; Fig. 1E; LEI 401), and this
observation was further confirmed in NAPE-PLD-/- mice (from 105.01 = 2.58 to 57.14 +
8.06% of peak amplitude, n=5, **p<0.01; Fig. 1E; NAPE-PLD-/-). Additionally, the
transient reduction of synaptic transmission exhibited presynaptic expression, as
indicated by the change in paired-pulse ratio (PPR) (from 102.25 + 2.98 to 132.63 +
7.96%, n=26, **p<0.01; Supplementary Fig. 1A). These findings suggest that the
postsynaptic induction of 2-AG release is exclusively due to neuronal signaling, leading
to DSE (Fig. F). Furthermore, it indicates that AEA does not participate in DSE in this

specific synapse.

AEA but not 2-AG Transiently Potentiates Neurotransmitter Release through

Hippocampal Astrocytes

Our previous findings in 2010 established the fundamental understanding of
endocannabinoid-induced synaptic potentiation (eSP) mediated through astrocyte
CB1R in the hippocampus (Navarrete & Araque, 2010a). This phenomenon, known as
eSP, has been subsequently observed in various brain regions, including the basal
ganglia, amygdala, and cortex, indicating it as a widespread mechanism of synaptic
regulation (Baraibar et al., 2022; Martin et al., 2015; Martin-Fernandez et al., 2017a).
However, the specific endocannabinoid responsible for inducing this lateral regulation of

synaptic transmission remains unknown.

To address this question, we conducted pair recordings of CA1 pyramidal neurons in the
hippocampus and examined the synaptic efficacy of the adjacent heteroneuron (Fig.
1G). Following a baseline measurement of EPSCs, depolarization (ND) resulted in an
increase in synaptic efficacy of the heteroneuron (from 98.61 + 0.69 to 147.32 + 9.80 %
of peak amplitude, n=25, ***p<0.001; Fig. 1H and I). This increase was blocked by the
CB1R antagonist, AM-251 (from 98.01 + 1.74 to 94.92 + 8.75 % of peak amplitude, n=5,
p>0.99; Fig. 1J; AM-251), indicating that e-SP was induced through CB1R activation.
However, while e-SP persisted in GFAP-CB1R+/+ mice (from 90.03 + 3.94 to 143.97 +
8.29 % of peak amplitude, n=7, *p<0.05; Fig. 1J; GFAP-CB1R+/+), it was absent in mice
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with specific removal of CB1R in hippocampal astrocytes (from 106.65 * 8.65 to 108.16
+ 7.62 % of peak amplitude, n=6, p>0.99; Fig. 1J; GFAP-CB1R-/-).

Furthermore, we observed that e-SP was still induced in the presence of THL, a blocker
of the synthesis enzyme for 2-AG (from 93.76 + 4.53 to 140.12 = 7.71 % of peak
amplitude, n=6, ***p<0.001; Fig. 1J; THL), and in DAGLa-/- mice, which lack the isoform
involved in 2-AG synthesis (from 101.01 + 3.24 to 179.68 = 15.63 % of peak amplitude,
n=10, **p<0.01; Fig. 1J; DAGLa-/-). Interestingly, the antagonist of NAPE-PLD, LEI-401,
abolished e-SP (from 96.77 = 2.68 to 102.89 = 7.99 % of peak amplitude, n=6, p=0.55;
Fig. 1J; LEI-401), as well as in NAPE-PLD-/- mice, which lack the synthesis enzyme of
AEA (from 107.89 + 3.26 to 109.08 + 10.40 % of peak amplitude, n=7, p=0.91; Fig. 1J;
NAPE-PLD-/-). These findings suggest that the postsynaptic induction of AEA release
signals to astrocytes and mediates e-SP through astrocyte activation. Additionally, the
change in the paired-pulse ratio (PPR) indicates a presynaptic origin of the expression
of e-SP (from 102.50 £ 1.90 to 85.06 + 4.34 % of peak amplitude, n=25, **p<0.01;
Supplementary Fig. 1B).

In summary, our findings suggest that when the postsynaptic neuron is stimulated, it
leads to the release of AEA, which then activates astrocytes through the CB1R. This
activation of astrocytes results in a temporary increase in the release of glutamate from

neurons.

Optogenetic  Stimulation of Pyramidal Neurons Induces Astrocyte

Ca®* Mobilization.

Previous studies have demonstrated that astrocytes have a relatively low expression of
CB1 receptors (CB1Rs) (Covelo et al.,, 2021). However, the functionality of astrocytic
CB1Rs is crucial for various physiological changes in synaptic transmission, synaptic
plasticity, and behavior (Baraibar et al., 2022; Covelo & Araque, 2018; Gomez-Gonzalo
et al., 2015; Martin-Fernandez et al., 2017a; Navarrete & Araque, 2010a; Robin et al.,
2018; Serrat et al., 2022; Skupio et al., 2023). Activation of CB1Rs in astrocytes and the
subsequent mobilization of intracellular calcium play a vital role in modulating synaptic
transmission and plasticity (Covelo & Araque, 2018; Gémez-Gonzalo et al., 2015;

Martin-Fernandez et al., 2017b; Navarrete & Araque, 2010b). In our experiment, we
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employed specific tools to investigate the role of astrocytes in calcium activity and
synaptic potentiation. We used the genetically encoded calcium sensor GCaMP6f under
the astrocyte-specific promoter GfaABC1D to monitor calcium activity in astrocytes.
Additionally, we utilized ChrimsonR, a light-gated cation channel, as an optogenetic tool
to depolarize neurons simultaneously monitoring several synapsis, and induce synaptic
potentiation (Fig. 2A and B) (Klapoetke et al., 2014). Through this setup, we observed
an increase in synaptic potentiation from 109.46 + 3.65 to 168.80 + 10.35% of amplitude
(n=3, *p<0.05; Supplementary. Fig. 2). To ensure that the observed effects were
specifically due to astrocyte calcium activity, we employed a cocktail of neurotransmitter
receptor antagonists (CNQX [20 uM], AP5 [50 pM], MPEP [50 uM], LY367385 [100 uM],
picrotoxin [50 uM], CGP5462 [1 uM], atropine [50 uM], CPT [10 uM], suramin [100 pM],
and flupenthixol [30 uM]). Prior to optogenetic stimulation, we monitored spontaneous
calcium events in astrocytes. After 60 seconds of baseline activity, the optogenetic
stimulation led to an increase in astrocyte calcium activity (Fig. 2C and D). Furthermore,
we observed that optogenetic activation of CA1 neurons led to an increase in the
probability of calcium events both in the somas and processes of astrocytes (Somas:
from 106.25 + 8.87 to 270.83 £ 52.49% of baseline, n=8, *p<0.05. Processes: from
86.97 £+ 11.04 to 303.54 + 34.93% of baseline, n=8, **p<0.01; Fig. 2E). Importantly, this
increase was abolished when the inverse agonist of CB1R, AM-251, was present (from
82.64 £ 10.78 to 98.96 = 21.27% of baseline, n=5, p=0.52; Fig. 2F; AM-251).
Additionally, in mice lacking astroglial CB1R (GFAP-CB1R-/-), the calcium elevations in
response to optogenetic stimulation were absent, while in GFAP-CB1R+/+ mice (GFAP-
CB1R+/+; wild type), the calcium elevations were still observed (from 107.90 + 6.67 to
272.01 £51.21% of baseline, n=9, ***p<0.001; Fig. 2F; GFAP-CB1R+/+). This suggests
that astrocyte CB1Rs are responsible for mediating the astrocyte calcium mobilization in
response to optogenetic stimulation of CA1 pyramidal neurons. To further investigate
the mechanism of eCB-mediated calcium mobilization, we conducted optostimulation
experiments using pharmacological and transgenic mouse approaches. In the presence
of the synthesis enzyme antagonist of 2-AG, THL, an increase in calcium elevations was
observed (from 99.68 + 13.10 to 252.01 + 29.27% of baseline, n=6, *p<0.05; Fig. 2F;
THL). Similarly, in DAGLa-/- mice (mice lacking the DAGLa enzyme responsible for 2-
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AG synthesis), calcium elevations were observed (from 88.33 + 17.92 to 274.20 *
38.69% of baseline, n=6, **p<0.01 for DAGLa-/-; Fig. 2F; DAGLa-/-). However, when we
used the antagonist LEI-401 (which inhibits the synthesis enzyme of AEA) or employed
NAPE-PLD-/- mice (mice lacking the NAPE-PLD enzyme responsible for AEA
synthesis), the optogenetic stimulation-induced calcium elevations were abolished (LEI-
401: from 89.64 + 8.59 to 86.23 + 20.68% of baseline, n=10, p=0.99; Fig. 2F; LEI-401;
NAPE-PLD-/-: from 106.3 £ 24.21 to 84.38 + 32.02% of baseline, n=6, p=0.99 for
NAPE-PLD-/-; Fig. 2F; NAPE-PLD-/-). This indicates that the synthesis of AEA, induced
by neuronal optogenetic stimulation, is responsible for the mobilization of intracellular
calcium in astrocytes. Consequently, the activation of neurons induces calcium
elevations in astrocytes. However, these elevations are inhibited when the astrocyte

CB1R is non-functional or when the synthesis enzyme for AEA, NAPE-PLD, is absent.
AEA Mediates Long-Term Synaptic Potentiation (LTP) Induced by STDP

Spike timing-dependent plasticity (STDP) is a biological process that occurs when there
are precise temporal correlations between the spikes of pre- and postsynaptic neurons.
This process adjusts the strength of connections between neurons in the brain and is
believed to play a crucial role in learning and information storage (Feldman, 2012).
Traditionally, it has been understood that NMDARs (N-methyl-D-aspartate receptors) in
the postsynaptic neurons act as coincidence detectors, and their involvement in STDP
has been extensively studied from both the pre- and postsynaptic perspectives
(Feldman, 2012) (Supplementary Fig. 3; D-AP5). However, more recent research has
demonstrated that metabotropic glutamate receptors (mGIuRs) also function as
detectors of coincident activity, particularly during repetitive pairings that occur within a
specific time window (5-10 ms), similar to the time frame of STDP (Feldman, 2012;
Markram et al., 2012) (Supplementary Fig. 3; MPEP+LY).

To investigate the involvement of 2-AG and AEA in synaptic plasticity mediated by spike
timing-dependent plasticity (STDP), we conducted experiments using an STDP protocol.
This protocol consisted of a subthreshold postsynaptic potential (PSP) followed by a
backpropagating action potential (AP) with a delay of 10 ms. The protocol was repeated

100 times at a frequency of 0.2 Hz in CA1 pyramidal neurons of the hippocampus (Fig.
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3A and B). Under control conditions, the 100 pairings of the STDP protocol induced
long-term potentiation (LTP) (from 101.20 + 2.31 to 161.40 + 15.18% of peak amplitude,
n=8, ***p<0.001; Fig. 3C, D, and G; control).

Previous studies have demonstrated that eCB signaling to astrocytes plays a crucial
role in controlling synaptic plasticity induced by spike timing-dependent plasticity
(STDP) in different brain areas (Andrade-Talavera et al., 2016; Falcon-Moya et al.,
2020; Min & Nevian, 2012). To investigate the involvement of astrocytes in STDP-
induced long-term potentiation (LTP), we employed various experimental approaches.
First, we utilized the calcium chelator BAPTA in the internal solution of a single
astrocyte. BAPTA can diffuse through the extensive network of astrocytes connected by
gap junctions (Covelo & Araque, 2018; Navarrete & Araque, 2010a; Perea & Araque,
2007). After 20-30 minutes of BAPTA diffusion, the induction of LTP failed to occur (from
94.68 + 1.64 to 93.88 £ 15.27% of peak amplitude, n=6, p=0.99; Supplementary Fig. 4;
aBAPTA). Additionally, LTP was absent in mice lacking IP3 receptor type 2 (from 100.90
+ 2.05 to 109.70 %= 8.69% of peak amplitude, n=6, p=0.99; Supplementary Fig. 4; IP3R2-
/-), indicating the essential role of astrocytes in LTP induction. Next, we investigated the
involvement of astrocyte CB1R by conducting experiments in mice lacking astroglial
CB1R. While LTP was still observed in GFAP-CB1R+/+ mice (from 101.30 + 1.58 to
150.8 £ 9.58% of peak amplitude, n=7, *p<0.05; Fig. 3G, GFAP-CB1R+/+), it was
abolished in GFAP-CB1R-/- mice (from 102.20 + 1.17 to 92.98 + 6.12% of peak
amplitude, n=5, p=0.99; Fig. 3G, GFAP-CB1R-/-), demonstrating the essential role of
astroglial CB1R in LTP induction. Furthermore, we investigated the specific eCB
involved in LTP by blocking the synthesis enzyme for 2-AG, DAGLa, using the THL
antagonist. The inhibition of DAGLa with THL did not affect the induction of LTP (from
107.01 £ 5.31 to 185.20 + 22.96% of peak amplitude, n=5, ***p<0.001; Fig. 3C and G,
THL). Similarly, LTP was still observed in mice lacking DAGLa (from 101.70 = 3.47 to
153.90 + 12.51% of peak amplitude, n=7, *p<0.05; Fig. 3D and G, DAGLa-/-), indicating
that 2-AG synthesis is not necessary for LTP induction. The blockade of the enzyme
responsible for synthesizing AEA, NAPE-PLD, using LEI-401 or in NAPE-PLD knockout
mice, resulted in the prevention of LTP induction (LEI-401: from 98.60 + 0.95 to 96.44 +
6.02% of peak amplitude, n=6, p=0.99; Fig. 3C and G, LEI401; NAPE-PLD-/-: from
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105.30 + 3.44 to 93.04 + 12.62% of peak amplitude, n=5, p=0.99; Fig. 3D, E and G,
NAPE-PLD-/-). These findings suggest that AEA signaling is crucial for this form of
neuronal plasticity. Taken together, the results demonstrate that AEA synthesis through
astrocyte CB1R activation plays a critical role in the induction of LTP in CA1 pyramidal
neurons of the hippocampus. These findings highlight the importance of eCB signaling

and astrocyte involvement in synaptic plasticity processes such as STDP-induced LTP.
Discussion

Using a combination of two-photon imaging and pair-recordings of CA1 pyramidal
neurons, employing a minimal stimulation technique, our research has uncovered an
unexpected finding. We have observed that the release of endocannabinoids (eCB)
induces endocannabinoid-mediated synaptic potentiation (e-SP) through the
involvement of astrocytes, even in synapses located at a considerable distance from the
source (Covelo & Araque, 2018; Martin et al., 2015; Martin-Fernandez et al., 2017a;
Navarrete & Araque, 2010a). Our investigations revealed that the occurrence of e-SP
was effectively prevented when the NAPE-PLD enzyme, responsible for eCB synthesis,
was pharmacologically or genetically deleted, as well as in the absence of astroglial
CB1 receptors. These results strongly indicate that anandamide (AEA) serves as the
specific eCB responsible for signaling to astrocytes. Interestingly, the e-SP phenomenon
persisted despite the pharmacological or genetic blockade of the synthesis enzyme for
2-arachidonoylglycerol (2-AG), DAGLa. Moreover, we observed that depolarization-
induced suppression of excitation (DSE) was abolished when DAGLa activity was either
pharmacologically or genetically prevented, suggesting that 2-AG specifically signals to
neurons, inducing DSE. Furthermore, our findings demonstrated that only the
inactivation of NAPE-PLD or the deletion of astroglial CB1 receptors prevented the
mobilization of intracellular calcium in astrocytes in response to eCB release induced by
neuronal activation. This implies a distinctive signaling pattern for 2-AG and AEA,
resulting in contrasting synaptic regulation mediated by the same neuronal and

astroglial CB1 receptors.
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Lastly, we discovered that astrocyte-driven synaptic plasticity relies on AEA synthesis
and functional astrocytic CB1 receptors for long-term potentiation (LTP) induced by
spike-timing-dependent plasticity (STDP). These results provide compelling evidence
that 2-AG and AEA induce distinct and contrasting synaptic regulations through the

same CB1 receptors across different cell types.

The findings presented in this study challenge the conventional understanding of
neurotransmitter systems, which typically involve one principal agonist acting on
multiple receptor types. In contrast, our research demonstrates that the
endocannabinoid (eCB) system employs a distinctive signaling mechanism, utilizing the
same CB1l receptor but with different agonists, AEA and 2-AG, to selectively
communicate with either astrocytes or neurons. This expands our understanding of

neuromodulation in the brain.

Previous studies have established that eCBs exert their inhibitory effects over short
distances (<20 pm), as documented in research by Chevaleyre et al. (2006),
Chevaleyre & Castillo (2004), Piomelli (2003), Wilson & Nicoll (2002). Additionally, eCBs
can also transmit signals over long distances through the spreading of astrocytic
calcium signals, subsequently leading to the release of gliotransmitters in more distant
synapses (Covelo & Araque, 2018; Martin et al., 2015; Martin-Fernandez et al., 2017a;
Navarrete & Araque, 2010a). However, the specific eCB responsible for both
phenomena has not been thoroughly investigated. In this study, we provide the
description of 2-AG signaling to neurons, inducing depolarization-induced suppression
of excitation (DSE) through presynaptic CB1 receptors. Simultaneously, AEA selectively
signals to astrocytes, triggering endocannabinoid-mediated synaptic potentiation (e-SP)
via astroglial CB1 receptors and subsequent mobilization of astrocytic calcium. Overall,
our findings challenge the traditional notion of neurotransmitter systems and
demonstrate the intricate and distinct roles played by AEA and 2-AG in modulating

neuronal and astrocytic signaling through the CB1 receptor.

The involvement of 2-AG in both short-term and long-term synaptic plasticity, regulated
exclusively through neuronal mechanisms, has been extensively studied and well-

documented across various brain regions (Castillo et al., 2012; Kano et al., 2009;
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Katona & Freund, 2012; Ohno-Shosaku et al., 2012; Piomelli, 2014). Previous research
has demonstrated that depolarization-induced suppression of inhibition (DSI),
depolarization-induced suppression of excitation (DSE), and endocannabinoid-induced
short-term potentiation (STP) are all inhibited by pharmacological and genetic deletion
of DAGLa, the enzyme responsible for 2-AG synthesis (Gao et al., 2010; Hashimotodani
et al.,, 2013; Tanimura et al., 2010; Yoshino et al., 2011). Conversely, studies have
shown that blocking FAAH, the degradation enzyme of AEA, does not impact these
synaptic plasticity mechanisms (Hashimotodani et al., 2007). These previous findings
align with our present data, which indicate that the deletion of DAGLaq, the synthesis
enzyme of 2-AG, abolishes DSE. Furthermore, we demonstrate that blocking NAPE-
PLD or using mice lacking astroglial CB1 receptors in the hippocampus does not affect

synaptic transmission.

While 2-AG is widely recognized as the primary player in most forms of homo- and
heterosynaptic short-term depression, as well as certain forms of long-term depression
(Heifets & Castillo, 2009; Kano et al., 2009), AEA has also been shown to act through
CB1 receptors in various neurobiological contexts (Clapper et al., 2010; Kinsey et al.,
2009; Straiker et al., 2011). AEA mediates specific forms of synaptic regulation through
presynaptic CB1 receptors (Ade & Lovinger, 2007; Adermark & Lovinger, 2007,
Gerdeman et al., 2002; Kim & Alger, 2010). Our research, employing pair-recordings of
CA1 pyramidal neurons and a minimal stimulation technique, has uncovered that the
release of eCBs by neurons induces endocannabinoid-mediated synaptic potentiation
(e-SP) through the involvement of astrocytes, even in distant synapses (Covelo &
Araque, 2018; Martin et al., 2015; Martin-Fernandez et al., 2017a; Navarrete & Araque,
2010a). We have established that the occurrence of e-SP is prevented when NAPE-
PLD, the enzyme responsible for AEA synthesis, is pharmacologically or genetically
deleted, or when astroglial CB1 receptors are absent. This indicates that AEA
specifically signals to astrocytes, inducing e-SP. However, the e-SP phenomenon
persists despite pharmacological and genetic blockade of DAGLa, the enzyme involved
in 2-AG synthesis. This suggests a differential signaling mechanism for 2-AG and AEA,
resulting in contrasting synaptic regulation mediated by the same neuronal and

astroglial CB1 receptors.
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The involvement of endocannabinoid (eCB) signaling to astrocytes in certain forms of
synaptic plasticity, such as spike-timing dependent plasticity (STDP), holds significant
implications. Traditionally, eCBs were primarily studied for their canonical retrograde
signaling role in neuronal communication (Markram et al., 2011). However, the
emerging understanding of eCB signaling to astrocytes in this specific type of synaptic
regulation highlights the crucial involvement of astrocyte activation in the induction of
synaptic plasticity underlying associative learning and information storage in the brain
(Andrade-Talavera et al., 2016; Falcon-Moya et al., 2020; Min & Nevian, 2012). Our
research findings demonstrate the critical role of anandamide (AEA) in the induction of
long-term potentiation (LTP) triggered by STDP. Furthermore, the functionality of
astroglial CB1 receptors was found to be decisive for this particular form of synaptic
plasticity. The distinct roles of AEA and 2-AG may be reflected in their functional or
spatial segregation within the brain. Thus, by acting from different synapses and
influencing distinct microcircuits, AEA and 2-AG can be considered specialized

neuromodulators, redefining our understanding of neuromodulation.

To summarize, our findings demonstrate that 2-AG predominantly signals to neurons
and leads to a decrease in synaptic efficacy through exclusively neuronal mechanisms.
On the other hand, AEA primarily signals to astrocytes and enhances synaptic efficacy
through the activation of astrocyte CB1 receptors. The cumulative results emphasize
that different endocannabinoids exhibit distinct signaling patterns to astrocytes and
neurons, resulting in diverse and contrasting forms of synaptic regulation. These
findings challenge the traditional perspective of neurotransmitter systems and pave the

way for a new conceptualization of neuromodulation in brain function.

Figure legends

Figure 1. 2-AG signals to neurons and depresses excitatory synaptic
transmission and AEA signhals to astrocytes and enhances excitatory synaptic

transmission in CAl synapses.

(a) left. Biocytin loading CA1 pyramidal neuron image. Right, schematic representation

of the experimental design. (b) EPSCs evoked by minimal stimulation showing EPSC
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amplitudes and failures of synaptic transmission (20 consecutive stimuli) (top traces)
and averaged EPSCs (n = 20 stimuli, including successes and failures; bottom red
traces) before (basal) and after homoneuron ND. (Scale bars: 4 pA, 20 ms for EPSCs
and 2 pA, 20 ms for average traces). (c) Time course of synaptic efficacy before and
after ND in control condition of the homoneuron. (d) Schematic representation of
synthesis profile of 2-AG and AEA. (e) Relative changes from control basal values of
synaptic efficacy before and after homoneuron ND in control conditions, AM251, GFAP-
CB1R", GFAP-CB1R™, THL, DAGLa™, LEI401 and NAPE-PLD™. (f) Schematic
drawing representing that after neuronal depolarization (ND), 2-AG release signals to
neurons through presynaptic CB1R and induces DSE. (g) left. Biocytin loading CA1l
pyramidal neurons image. Right, schematic representation of the experimental design of
neuronal pair recording. (h) EPSCs evoked by minimal stimulation showing EPSC
amplitudes and failures of synaptic transmission (20 consecutive stimuli) (top traces)
and averaged EPSCs (n = 20 stimuli, including successes and failures; bottom red
traces) before (basal) and after ND of the heteroneuron. (Scale bars: 4 pA, 20 ms for
EPSCs and 2 pA, 20 ms for average traces). (i) Time course of synaptic efficacy before
and after ND in control condition of the heteroneuron. (j) Relative changes from control
basal values of synaptic efficacy before and after heteroneuron ND in control conditions,
AM251, GFAP-CB1R"*, GFAP-CB1R™, THL, DAGLa”, LEI401 and NAPE-PLD™. (k)
Schematic drawing representing that AEA signals to astrocytes and induces e-SP. AEA

released activates astroglial CB1Rs, decreasing neurotransmitter release.

Figure 2. AEA released by optogenetic stimulation induces astrocyte Ca2+

mobilization.

(a) Schematic representation of viral vectors injected into the CA1 of the hippocampus.
(b) Fluorescence image showing ChrimsonR expression in neurons (left image),
GCaMP6f in astrocytes (middle image) and merge (right image) in the CAl of the
hippocampus. (c) Pseudocolor images showing fluorescence intensities in CAl
astrocytes before and after ND. Scale bar, 10 um. (d) left, representative traces of
astrocytic calcium levels before and after optogenetic stimulation (red bar). Scale bars,

20% and 10 s. Right, heat map showing Ca”**-based fluorescence levels showing
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Ca”* events to optogenetic stimulation (red arrow), in control conditions. (e) Relative
calcium event probability before and after optogenetic stimulation at time O in somas
and processes in control conditions. (f) Relative calcium event probability before and
after optogenetic stimulation in control conditions, AM251, GFAP-CB1R"*, GFAP-CB1R
", THL, DAGLa™, LEI401 and NAPE-PLD™".

Figure 3. AEA-Induced astrocyte activation is necessary for LTP induced by STDP.

(a) Schematic representation of the experimental design. (b) left. Representative
EPSCs before (left) and after (right) PSP followed by an AP with a 10 ms delay and a
frequency of 0.2 Hz (middle). (c) Time course of EPSC amplitude before and after 100
pairing for STDP in control (black circles), in the presence of THL (empty blue circles)
and in the presence of LEI401 (empty pink circles). (d) Time course of EPSC amplitude
before and after 100 pairing for STDP in control (black circles), in DAGLa™ (blue circles)
and in NAPE-PLD™ (pink circles). (e) left. Representative EPSCs traces before (black
trace) and after (red trace) 100 pairing for STDP in NAPE-PLD” mice. (f) EPSC
amplitude during baseline (blue bars) and after 100 pairings (pink bars) in different
experimental conditions: Control, IP3R2" GFAP-CB1R""*, GFAP-CB1R™ THL, DAGLa™
, LEI401, NAPE-PLD™.

Supplementary Figure 1. Pair pulse ratio of EPSC from CA1 pyramidal neurons in

different experimental conditions.

(a) Pair pulse ratio of the EPSCs before and after homoneuron ND in control conditions,
AM251, GFAP-CB1R"*, GFAP-CB1R™, THL, DAGLa”, LEI401, NAPE-PLD™. (a) Pair
pulse ratio of the EPSCs before and after heteroneuron ND in control conditions,
AM251, GFAP-CB1R"*, GFAP-CB1R", THL, DAGLa", LEI401, NAPE-PLD™

Supplementary Figure 2. Enhanced synaptic efficacy by optogenetic stimulation

of CAl1 pyramidal neurons.

(a) Drawing showing viral vectors injected into the CA1l of the hippocampus. (b)
schematic representation of the experimental design. (c) Neuronal response to

optogenetic stimulation of CA1 pyramidal neuron expressing the opsin crimsonR (red
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trace) and empty virus (black trace). (d) Synaptic efficacy of EPSC during baseline

(black bar) and after opto-stimulation (red bar).

Supplementary Figure 3. STDP-induced LTP depends on NMDA and Group |
mGIuR.

(a) Time course of the LTP induced by STDP in control condition (black circles; control),
under NMDAR antagonist, D-AP5 (light grey circles; D-AP5), and in the presence of
group | mGIuR antagonists, MPEP and LY (dark grey circles; MPEP + LY). (b) Bargraph
of the LTP induced by STDP in control condition (black graph; control), under NMDAR
antagonist, D-AP5 (light grey graph; D-AP5) and in the presence of group | mGIuR
antagonists, MPEP and LY (dark grey graph; MPEP + LY). Note that LTP is abolished in
the presence of D-AP5 and MPEP + LY, demonstrating that LTP depends on NMDAR
and Group | mGIuRs.

Supplementary Figure 4. STDP-induced LTP depends on intracellular calcium

mobilization in astrocytes.

(a) Time course of the LTP induced by STDP in control condition (black circles; control),
in calcium chelator BAPTA loading astrocytes (white circles; aBAPTA), and in IP3R2-/-
(red circles; IP3R2-/-). (b) Bargraph of the LTP induced by STDP in control condition
(black circles; control), in calcium chelator BAPTA loading astrocytes (white circles;
aBAPTA), and in IP3R2-/- (red circles; IP3R2-/-). Note that LTP is prevented in BAPTA
loading astrocyte network and in IP3R2-/-, demonstrating the necessary role of

astrocytes activation LTP induction.
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