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The type-1 cannabinoid receptor (CB;R) is widely expressed in excitatory and
inhibitory nerve terminals, and by suppressing neurotransmitter release, its
activation modulates neural circuits and brain function. While the interaction
of CB;R with various intracellular proteins is thought to alter receptor signal-
ing, the identity and role of these proteins are poorly understood. Using a high-
throughput proteomic analysis complemented with an array of in vitro and
in vivo approaches in the mouse brain, we report that the C-terminal, intra-
cellular domain of CBsR interacts specifically with growth-associated protein
of 43 kDa (GAP43). The CB;R-GAP43 interaction occurs selectively at mossy
cell axon boutons, which establish excitatory synapses with dentate granule
cells in the hippocampus. This interaction impairs CB;R-mediated suppression
of mossy cell to granule cell transmission, thereby inhibiting cannabinoid-
mediated anti-convulsant activity in mice. Thus, GAP43 acts as a synapse type-
specific regulatory partner of CB;R that hampers CB;R-mediated effects on
hippocampal circuit function.

The endocannabinoid system comprises cannabinoid receptors, their and anandamide, as well as the exogenous cannabinoid A’-
lipid ligands (the so-called endocannabinoids), and the enzymatic tetrahydrocannabinol (THC), the main psychoactive component
machinery required for endocannabinoid synthesis, deactivation, of cannabis, bind to and activate type-1 and type-2 cannabinoid recep-
and bioconversion'?, The endocannabinoids 2-arachidonoylglycerol  tors (CB;R and CB;R, respectively), which are evolutionarily-conserved
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members of the G protein-coupled receptor (GPCR) superfamily'?. CB;R
is one of the most abundant GPCRs in the mammalian central nervous
system, and its activation mediates retrograde suppression of neuro-
transmitter release in a short- and long-term manner**. Thus, CB;R
regulates a plethora of body functions, including learning and memory,
emotions, feeding and energy metabolism, pain response, and motor
behavior®. Despite the vast number of reports on CB;R-modulated
neurobiological processes, studies addressing the precise molecular
mechanisms and signaling partners of CB;R at the synapse level
remain scarce. CB,R triggers a wide range of downstream cascades
that regulate synaptic function and neuronal activity in a markedly
context-dependent manner’. We and others have previously proposed
that the interaction of CB;R with various cytoplasmatic proteins*®’,
as well as plasma-membrane GPCRs"", may fine-tune CBR
signaling in vivo. However, the precise functional relevance of these
CB;R protein-protein interactions in the brain has not been yet fully
elucidated.

CB;Rs are present in both excitatory and inhibitory nerve terminals
and their activation can modify the excitatory/inhibitory balance. Stu-
dies conducted on conditional CB;R knockout and genetic-rescue mice
have revealed that CB;Rs located on excitatory presynaptic boutons,
despite their moderate levels of expression compared to GABAergic
terminals®>'*", act as a synaptic circuit breaker that is crucial for the
control of brain excitability'”. Thus, activation of glutamatergic-
neuron CB;Rs mediates key (endo)cannabinoid-evoked processes such
as hyperphagia'®, anxiolysis”, neuroprotection'®, and anti-convulsion®.
Uniquely high levels of glutamatergic-neuron CB;Rs occur in the axon
boutons of hilar mossy cells (MCs) of the dentate gyrus (DG)>"*%, a
region that critically processes information from the entorhinal cortex
(EC) to the hippocampal formation. MC boutons are located in the
inner molecular layer (IML) and form excitatory synapses with the
proximal dendrites of granule cells (GCs), the main excitatory neurons
in the DG. In turn, GCs project back to MCs, thereby establishing an
associative GC-MC-GC excitatory circuit that gates information transfer
from the EC to CA3, and is involved in processing various forms of
memory and driving hyperexcitability-evoked epileptic seizures™*.
Unlike CB;Rs located on EC-projecting axon boutons, whose activation
can even potentiate excitatory synaptic transmission®, activation of
CB;Rs located on MCs suppresses synaptic transmission and hinders
long-term potentiation of MC-GC synaptic transmission and GC
output?**, thus supporting an anti-convulsant action®.

Here, using a high-throughput proteomic approach com-
plemented with a wide array of in vitro and in vivo assays, we unveil
that CB;R interacts specifically with growth-associated protein of
43 kDa (GAP43; aka neuromodulin), a major presynaptic protein that is
involved in neurite outgrowth, axonal regeneration, and synaptic
plasticity?®. Moreover, we show that the CB;R-GAP43 interaction is
enhanced by GAP43 phosphorylation, occurs selectively in MC axons
impinging on GC dendrites, hampers CB;R-mediated depression at
MC-GC synapses, and impairs cannabinoid-evoked anti-convulsant
activity. Thus, our findings identify GAP43 as a CB;R-interacting pro-
tein that regulates receptor function in a synapse-specific manner.

Results

Identification of GAP43 as a CB;R-interacting protein

We initially identified GAP43 as a potential CB;R-interacting protein in
a high-throughput screening conducted by affinity chromatography
and subsequent proteomic analysis. As the large C-terminal domain
(CTD) encompasses the bulk of the cytoplasmic domain of CB;R, we
used recombinant hCB;R-CTD (amino acids 408-472) as bait. A sheep
whole-brain homogenate, aimed to allow a large amount of starting
biological material, was passed through a lectin-hCB;R-CTD Sepharose
4B column. After washing and elution with lactose, the resulting pro-
teins were digested and subjected to tandem mass spectrometry
(Fig. 1a). We obtained a list of ~-50 potential CB;R-interacting candidate

proteins (Supplementary Table 1). While some of the hits, such as
plasma membrane Ca** ATPases, G-protein o« subunits (specifically,
Gai), Na* and Cl-dependent GABA transporters, heat shock protein
70, and mitogen-activated protein kinase family members coincided
with those found in similar high-throughput studies”*, our list also
included the pleiotropic protein GAP43/neuromodulin. A Gene
ontology (GO) enrichment-based cluster analysis of the list of proteins
was performed using the STRING Database and MCL Clustering. We
identified two enriched functional GO terms, both including CB;R and
GAP43: GO.0008037-Cell recognition (with matching proteins CNR1,
CRTACI, GAP43 and MFGES), and GO.0008038-Neuronal recognition
(with matching proteins CNR1, CRTACI and GAP43) (p=0.0384 for
each GO term). Based on its presynaptic localization and anatomical
distribution in the central nervous system (see below), which raised the
possibility of a functional interaction with CB;R, we focused our fur-
ther analyses on GAP43.

As afirst approach to validate a potential CB;R-GAP43 interaction,
we used a fluorescence polarization-based binding assay to detect
direct protein-protein interactions in vitro’ (Fig. 1b). We tested a fixed
concentration of purified, 5-(iodoacetamido)fluorescein-labeled
hCB;R-CTD, and increasing concentrations of purified, unlabeled
hGAP43. A saturating polarization curve with K;=38.2+10.8uM (n=3
independent experiments) was obtained, which supports a direct,
specific, and high-affinity interaction between GAP43 and CB,R-CTD.
To assess the CB;R-GAP43 interaction in neural tissue, we performed
co-immunoprecipitation assays in primary mouse hippocampal neu-
rons (Fig. 1c, upper panel) and in mouse whole-hippocampus extracts
(Fig. 1c, lower panel). These experiments indicated that endogenous
GAP43 and CB;R interact in the mouse brain in vivo. As both GAP43 and
CB,R are predominantly located on presynaptic boutons**, we sub-
sequently tested whether they interact at this particular subcellular site
using synaptosomal preparations isolated from the mouse hippo-
campus. Immunostaining of synaptosomes revealed that GAP43 and
CB;R were present in 19.7 + 3.1% (GAP43) or 20.1 + 4.3% (CB;R) of total
synaptophysin 1-positive boutons, and that 8.2 +1.8% of total synap-
tophysin 1-positive boutons were double-positive for GAP43 and
CB;R (n=5 independent synaptosomal preparations; Fig. 1d). When
restricting these analyses to the GAP43-positive pool of synaptosomes
(synaptophysin-1/GAP43 double-positive) or the CB;R-positive pool of
synaptosomes (synaptophysin-1/CB;R double-positive), we observed a
higher percentage of colocalization between GAP43 and CB,R (within
GAP43-positive synaptosomes, 41.6 +5.1% were double-positive for
GAP43 and CB;R; and within CB;R-positive synaptosomes, 40.4 +1.1%
were double-positive for GAP43 and CB;R; n=5 independent synap-
tosomal preparations). These data point to a restricted location of
CB;R-GAP43 complexes within the whole hippocampus. Moreover, to
evaluate a potential protein—protein interaction in synaptosomes, we
performed in situ proximity ligation assay (PLA) experiments, which
allow the immunofluorescence-based detection of protein complexes
in fixed biological material. Hippocampal synaptosomal preparations
from WT mice showed an overt CB;R-GAP43 PLA-positive signal,
which was significantly reduced in synaptosomes from CB;R-deficient
(CnrI”") mice (Fig. 1e). Taken together, these observations support a
physical interaction between GAP43 and CBsR at a selective pool of
mouse hippocampal presynaptic boutons.

Phosphorylation of GAP43 at S41 facilitates its interaction

Previous studies have shown that phosphorylation of GAP43 at S41 by
protein kinase C (PKC) is critical for its biological activity*****°. We thus
designed two mutant versions of GAP43 (harboring a phospho-resistant
S41A or phospho-mimetic S41D point mutation, respectively) to mod-
ulate the activation state of the protein (Fig. 2a). First, PLA was con-
ducted in HEK293T cells co-transfected with a myc-tagged CB;R plus the
different forms of GAP43, namely, GFP-GAP43(WT), GFP-GAP43(S41D)
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Fig. 1| GAP43 interacts with CBIR. a Schematic workflow of the affinity pur-
ification and tandem MS/MS experiment conducted. A sheep whole-brain homo-
genate was loaded onto a lectin-hCB;R-CTD-bound Sepharose 4B column. After
washing, elution with lactose, eluted-fraction separation by SDS-PAGE, and diges-
tion with trypsin, peptides were subjected to nLC/MS-MS proteomic analysis.

b Fluorescence polarization (FP)-based protein-protein binding experiments using
5-1AF-labeled CB;R-CTD and increasing amounts of unlabeled GAP43. FP was
expressed as milli-FP units. Each point represents the mean + SEM of 3 independent
experiments. ¢ Co-immunoprecipitation experiments in (top) primary mouse hip-
pocampal neurons or (bottom) mouse hippocampal tissue. Immunoprecipitation
(IP) was conducted with anti-GAP43 antibody or control IgG. Arrowheads point to
specific precipitated bands. Whole-cell lysates (WCL) from 3-month-old WT and
control CnrI”~ mice are shown. A representative experiment is shown. The
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experiment was repeated independently 3 times with similar results. d Top,
Representative confocal images of hippocampal synaptosomes of WT mice
immunostained for synaptophysin 1 (Syn1), GAP43 and CB,R. Arrowheads point to
representative triple-colocalizing synaptosomes. Bottom, Quantification of the
percentage of Synl+ synaptosomes that colocalize with either CB;R only, GAP43
only, or both CB;R and GAP43 (means + SEM; n =5 independent synaptosomal
preparations; two-tailed unpaired Student’s ¢ test). e PLA for CB;R and GAP43 was
performed in hippocampal synaptosomes from WT mice and CnrI”" mice as con-
trol. Representative confocal images of CB;R-GAP43 complexes appearing as red
signal (top), and quantification of PLA-positive signal per synaptosome (bottom;
means + SEM; n =3 independent synaptosomal preparations per genotype; two-
tailed unpaired Student’s ¢ test). Source data are provided as a Source data file.

or GFP-GAP43(S41A). GAP43(WT)-CB,R and GAP43(S41D)-CB,R com-
plexes were readily detectable and quantified as PLA-positive puncta in
GFP-positive cells, while remarkably lower complex levels were found
in cells transfected with GFP-GAP43(S41A) (Fig. 2b). Second, cells wer-
e co-transfected with HA-CB;R and each of the GAP43 mutants. Upon

HA-CB;R immunoprecipitation using anti-HA antibody and blotting
with an anti-pan-GAP43 antibody, GAP43(S41D) was the predominant
co-immunoprecipitated form of the protein (Fig. 2¢). Third, biolumi-
nescence resonance energy transfer (BRET) experiments, which allow a
dynamic and highly sensitive detection of protein-protein interactions

Nature Communications | (2023)14:2303



Article

https://doi.org/10.1038/s41467-023-38026-2

a
PKC phosphorylation site
1 Ser41 Alad1 (S41A)
Membrane- _AATKIQASFRGHITRKKLKGEKKG  ger41 Asp41 (S41D)
anchoring
domain =— hGAP43
1-31 32-52 67-238
N-terminal Effector C-terminal
domain domain domain
b
p=0.0313
1
p=0.0495
3007
GAP43(WT) GAP43(S41D) GAP43(S41A) 2 o
25 um :
g 2007 5
P
S 100
<
-
o
O_
&
PLA signal DAPI @
&
¥ K
[©)
OV‘
(o3
p=0.0218
_
. a 2 . a 2 8- p=0.0104
E T 3 E T T . o
S 33 =3 8 5.l s
o ® O o O o (o]
¥ < < < < 5
a o a a o q 3
< < < < < < N 44
kba & 0O O 0 O O 5
e ] ; £
50'|m|| - |GAP43 ZB 24 ©
50 T H 0- = ~
ST
& F S
50 a-tubulin S SO
SOPRNC A &
F & L
WCL (0.02%) HA-IP o O
d e
— CB,R-Rluc + GFP-GAP43(WT) — CB,R + control + WIN
— CB,R-Rluc + GFP-GAP43(S41D) — CBR + GAP43(WT) + WIN
— CB,R-RIuc + GFP-GAP43(S41A) — CB;R + GAP43(S41D) + WIN
— CB,R + GAP43(S41A) + WIN
801
~ 60+ 300+
=) = o —
o = = €
E 404 S 200+
T 3
& S 100
n  20- o3 1
0 Y 2
0= © o
T T T T T 1
0 20 40 60 0 1000 2000
GFP / Rluc Time (s)

in live cells, were conducted with an RLuc-tagged version of CB;R
(Fig. 2d). We found a positive and saturating BRET signal for CB;R-RLuc
plus GFP-GAP43(WT) or GFP-GAP43(S41D), indicating a specific
protein—protein interaction. Quantitative analysis of the BRET curves
supported a higher affinity of CB;R-RLuc for GFP-GAP43(S41D) than
for GFP-GAP43(WT) [Fig. 2d; values of RLuc/GFP ratio that give half-
maximal BRET effect (BRETso), GFP-GAP43(WT): 1518 +4.53, n=3
experiments; GFP-GAP43(S41D): 7.08 £ 2.51, n=3 independent experi-
ments; ¢4 = 4.216; p = 0.0135 by two-tailed unpaired Student’s ¢ test]. In

contrast, the pair CB;R-RLuc/GFP-GAP43(S41A) gave a linear, non-spe-
cific BRET signal, indicating an absence of protein-protein interaction
(n=3 independent experiments).

We next asked whether GAP43 binding affects CB;R activity.
To this end, we performed dynamic mass redistribution (DMR) assays
to quantify changes in the overall signaling triggered by agonist-
evoked receptor activation (Fig. 2e). We and others have previously
used this approach to evaluate CB;R signaling in response to various
manipulations’™. When HEK293T cells expressing CB,R were treated
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Fig. 2 | Phosphorylation of GAP43 at S41 facilitates its interaction with CBIR.
a Scheme of the mutant constructs aimed to modify GAP43 activation state. b PLA
for CB,R and GAP43 was performed with anti-c-myc and anti-GFP antibodies in
HEK293T cells transfected with CB;R-myc plus GFP-GAP43(WT), GFP-GAP43(S41D)
or GFP-GAP43(S41A). Left, Representative confocal microscopy images show
CB;R-GAP43 complexes appearing as red dots. Cell nuclei were stained with DAPI
(blue). Right, Quantification of PLA-positive dots per GFP-transfected cell. Values of
GFP-GAP43(S41A) were set at 100% (means + SEM; n = 6 independent experiments;
one-way ANOVA with Tukey’s multiple comparisons test). ¢ Left, Co-
immunoprecipitation experiments in HEK293T cells co-transfected with HA-tagged
CB;R and GAP43(WT), GAP43(S41D), GAP43(S41A). Whole-cell lysates (WCL) are
shown. Right, Quantification of optical density (O.D.) values of co-

immunoprecipitated GAP43 relative to those of HA-CB;R are shown. Values of GFP-
GAP43(S41A) were set at 1 (means + SEM; GAP43(WT) n = 6 independent experi-
ments, GAP43(S41D) n =7 independent experiments, GAP43(S41A) n="7 indepen-
dent experiments; one-way ANOVA with Tukey’s multiple comparisons test).

d BRET saturation experiments in HEK293T cells expressing CB;R-RLuc and
increasing amounts of GFP-GAP43(WT), GFP-GAP43(S41D) or GFP-GAP43(S41A).
BRET is expressed as milli-BRET units (mBU) (means + SEM; n =3 independent
experiments). € DMR assays in HEK293T cells transfected with CB;R plus
GAP43(WT), GAP43(S41D), GAP43(S41A) or a control empty vector, and exposed to
100 nM WIN-55,212-2 (WIN). A representative experiment is shown (n =3 inde-
pendent experiments). Source data are provided as a Source data file.

with WIN-55,212-2, a widely used synthetic cannabinoid full agonist
that exhibits a high affinity, efficacy, and potency on CB;R’, we
found that both GAP43(WT) and GAP43(S41D) blunted CB;R action,
conceivably by physically interacting with the receptor, while
this inhibitory effect was not evident with the non CB;R-interacting
mutant GAP43(S41A) [Fig. 2e; values of DMR-signal shift at
peak (DMRy,ax), Control: 262.6 +8.0 pm, n=3 independent experi-
ments; GAP43(WT): 133.8 £18.6 pm, n=3 independent experiments;
GAP43(S41D): 167.9+38.1pm, n=3 independent experiments;
GAP43(S41A): 263.5 £12.4 pm, n =3 independent experiments; F3 g =
26.2; Control vs GAP43(WT) p=0.0005 or vs GAP43(S41D) p = 0.0037,
and GAP43(S41A) vs GAP43(WT) p=0.0005 or vs GAP43(S41D)
p=0.0035, by one-way ANOVAL. All these findings indicate that GAP43
and CByR interact specifically in vitro, which requires GAP43 phos-
phorylation at S41 and inhibits CB;R.

GAP43 interacts with CB;R in mossy cell axon boutons of the
dentate gyrus

To map the CB;R-GAP43 interaction in the mouse brain, we first per-
formed immunofluorescence colocalization assays. Consistent with
previous studies™'*?°**?, we found that GAP43 and CB,R were densely
expressed in the IML of the DG (Supplementary Fig. 1a). To evaluate the
neurochemical identity of the immunolabeled presynaptic boutons,
we used conditional knockout mice in which the CB;R-encoding gene
(Cnrl) had been selectively deleted from forebrain GABAergic neurons
(hereafter GABA-Cnr1”~ mice)" or dorsal telencephalic glutamatergic
neurons (hereafter Glu-CnrI”~ mice)”. We found abundant double-
positive puncta for GAP43 and (conceivably glutamatergic-neuron)
CByR in the IML of GABA-CnrI”~ mice, while colocalization between
GAP43 and (conceivably GABAergic-neuron) CB;R was essentially
absent in Glu-CnrI”~ animals (Supplementary Fig. 1b). The glutama-
tergic boutons of the IML likely correspond to MC axons impinging on
proximal dendrites of GCs*. Thus, triple-positive puncta for (con-
ceivably glutamatergic-neuron) CB;R, GAP43, and calretinin (a well-
known MC marker?) were visible in high-magnification micrographs of
the IML of GABA-Cnr1”~ mice (Supplementary Fig. 1c).

We subsequently conducted PLA experiments in the IML of GABA-
CnrI”" and Glu-CnrI”™ mice to seek for CB;R-GAP43 complexes. Con-
sistent with our immunostaining data, an overt PLA signal, visualized as
positive puncta, was found in Cnr#/" and GABA-CnrI”~ mice, notably
diminishing in Glu-CnrI”~ and full Cnr1”~ animals (Fig. 3a). To
unequivocally ascribe CB;R-GAP43 complexes to glutamatergic bou-
tons, we used a Cre-mediated, lineage-specific CB;R genetic rescue
strategy from a CnrI-null background (hereafter Stop-Cnrl mice;
Fig. 3b)****. Thus, we rescued CB;R expression selectively in dorsal
telencephalic glutamatergic neurons (hereafter Glu-CnrI-RS mice) or
forebrain GABAergic neurons (hereafter GABA-CnrI-RS mice). As a
control, a systemic CB;R expression-rescue was conducted (hereafter
CnrI-RS mice). The PLA signal of CB;R-GAP43 complexes was markedly
restored in CnrI-RS and Glu-Cnr1-RS mice. In contrast, no significant
rescue of complex expression was observed in GABA-CnrI-RS or Stop-
Cnrl animals. Altogether, these findings support that the CB;R-GAP43

interaction occurs at glutamatergic neurons in the IML, presumably on
MC axon boutons.

Phosphorylated GAP43 inhibits CB,R function at mossy cell to
granule cell synapses

CB;Rs at the MC-GC synapse mediate a form of short-term plasticity
known as depolarization-induced suppression of excitatory transmis-
sion (DSE), and tonic suppression of glutamate release***>,
We therefore examined whether these CB;R-mediated effects
could be impacted by GAP43 interaction. To this end, we generated
AAV1/2 vectors encoding phospho-mimetic GAP43 [AAV1/2-CBA-
GAP43(S41D)-CFP] and phospho-resistant GAP43 [AAV1/2-CBA-
GAP43(S41A)-CFP] fused to the fluorescent reporter CFP. An empty
vector (AAV1/2-CBA-CFP) was used as control. These viral vectors were
injected unilaterally into the hilus of the DG—where MC somata are
located—of 3-4-week-old WT mice, and electrophysiological record-
ings were then performed in the contralateral DG to activate com-
missural MC axons expressing the vectors®. We confirmed the
presence of CFP-positive fibers selectively in the IML of the con-
tralateral DG (Fig. 4a). Three weeks after viral injection, whole-cell
patch-clamp recordings were performed from GCs, and excitatory
postsynaptic currents (EPSCs) in GCs were evoked by electrical sti-
mulation in the IML. First, we observed that both paired-pulse ratio
[Fig. 4b PPR, Control: 1.16 + 0.06, n=9 cells; GAP43(S41A): 1.15+ 0.05,
n=8 cells; GAP43(S41D): 0.92 + 0.04, n=12 cells; F,, 2¢) = 8.146; Con-
trol vs GAP43(S41D) p=0.0044, and GAP43(S41A) vs GAP43(S41D)
p=0.0087, by one-way ANOVA] and coefficient of variation
[Fig. 4b CV, Control: 0.29+0.02; GAP43(S41A): 0.30+0.02;
GAP43(S41D): 0.20+0.01; F, 26) = 13.77; Control vs GAP43(S41D)
p=0.0007, and GAP43(S41A) vs GAP43(S41D) p = 0.0003, by one-way
ANOVA] were decreased in GAP43(S41D) compared to control vector
or GAP43(S41A)-injected mice, suggesting that phosphorylation of
GAP43 increases glutamate release probability at MC-GC synapses.
To test this possibility, we applied the CB;R inverse agonist AM251
(5 1M for 10 min) to block constitutively active CB;Rs and measure the
effect on basal transmission. Blocking tonic CB;Rs potentiated MC-GC
transmission in control vector or GAP43(S41A)-injected mice [Fig. 4c,
Control: 134 +3.6% of baseline, n=35 cells; ¢4, = 10.70, p=0.0004 by
two-tailed paired Student’s ¢ test; GAP43(S41A): 140 + 7.9% of baseline,
n=5 cells; t4) = 4.67, p=0.0095 by two-tailed paired Student’s ¢ test].
In contrast, AM251 did not induce any potentiation in GAP43(S41D)-
expressing MC-GC synapses [Fig. 4c, GAP43(S41D): 103+2.1% of
baseline, n =8 cells; ¢, = 0.91, p = 0.3911 by two-tailed paired Student’s
t test; F, 15 = 22.80; Control vs GAP43(S41D) p=0.0003, and
GAP43(S41A) vs GAP43(S41D) p < 0.0001, by one-way ANOVA]. Toge-
ther with the reduction in PPR and CV (Fig. 4b), this observation
strongly suggests that the GAP43(S41D)-mediated repression of CB;R
constitutive activity occludes the potentiation mediated by AM251. In
addition, the magnitude of DSE was reduced in GAP43(S41D)-injected
mice compared to control vector-injected or GAP43(S41A)-injected
mice [Fig. 4d, Control: 69.3 +1.8% of baseline, n=8 cells; ¢ = 11.70,
p<0.0001 by two-tailed paired Student’s t test; GAP43(S41A):
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Fig. 3 | GAP43 interacts with CBIR in MC axon terminals of the DG. PLA
experiments were performed in hippocampal sections from 3-month-old mice of
different genotypes. CB;R-GAP43 complexes are shown as PLA-positive red dots.
Nuclei are stained with DAPI (blue). a Representative images of DG-IML sections
from Cnri"", GABA-CnrI”", Glu-Cnr1”", and full Cnr1”~ mice. Arrowheads point to
some of the complexes. Inset magnifications are included for each genotype.
Quantification of PLA-positive dots per field is shown (right, means + SEM; CnrF?*

n=>5 mice, GABA-Cnr1”” n=5 mice, Glu-CnrI”~ n=>5 mice, Cnrl”” n= 6 mice; one-
way ANOVA with Tukey’s multiple comparisons test). b Representative images of
DG-IML sections from Stop-Cnrl, GABA-CnrI-RS, Glu-Cnr1-RS, and Cnr1-RS mice.
Arrowheads point to some of the complexes. Inset magnifications are included for
each genotype. Quantification of PLA-positive dots per field is shown (right,
means + SEM; n =7 mice per group; one-way ANOVA with Tukey’s multiple com-
parisons test). Source data are provided as a Source data file.

69.9+4.4% of baseline, n=9 cells; ¢5) = 6.91, p=0.0001 by two-
tailed paired Student’s t test; GAP43(S41D): 91.0 +2.8% of baseline,
n=10 cells; £y = 5.38, p = 0.0004 by two-tailed paired Student’s ¢ test;
F(>, 24y = 15.48; Control vs GAP43(S41D) p = 0.0002, and GAP43(S41A)
vs GAP43(S41D) p=0.0002, by one-way ANOVA].

To directly assess CB;R function, we tested the effect of the CB;R
agonist WIN-55,212-2 on extracellular MC-GC synaptic responses (i.e.,
extracellular field excitatory postsynaptic potentials, or fEPSPs) recor-
ded in the IML. While WIN-55,212-2 (5 uM for 25 min) decreased MC-GC
fEPSP amplitude in control vector-injected or GAP43(S41A)-injected
mice, this effect was attenuated in GAP43(S41D)-injected mice [Fig. 4e,
Control: 76.9 + 3.1% of baseline, n = 8 slices; t7) = 7.59, p = 0.0001 by two-
tailed paired Student’s ¢ test; GAP43(S41A): 77.1+3.0% of baseline,
n=8 slices; ¢ = 7.83, p=0.0001 by two-tailed paired Student’s ¢ test;
GAP43(S41D): 87.3 +2.5% of baseline, n = 8 slices; ¢ = 4.85, p=0.0019
by two-tailed paired Student's ¢ test; Fp, 2 = 5.695 Control vs
GAP43(S41D) p=0.0201, and GAP43(S41A) vs GAP43(S41D) p = 0.0225,

by one-way ANOVAL. In contrast, the WIN-55,212-2-mediated reduction
of inhibitory synaptic responses (i.e., extracellular field inhibitory post-
synaptic potentials, or fIPSPs) recorded in the IML was unaltered under
any condition [Fig. 4f, Control: 84.8 +2.3% of baseline, n =5 slices; t4) =
6.06, p=0.0037 by two-tailed paired Student’s ¢ test; GAP43(S41A):
88.8 £2.3 of baseline, n=>5 slices; ), = 3.98, p=0.0163 by two-tailed
paired Student’s t test; GAP43(S41D): 84.5 +2.6% of baseline, n =7 slices;
te = 6.11, p=0.0009 by two-tailed paired Student’s ¢ test; F14) =
0.7654, p=0.4836 by one-way ANOVA]. Taken together, these obser-
vations strongly suggest that GAP43, when phosphorylated at S41,
inhibits CB;R function at MC-GC synapses.

GAP43 genetic deletion from mossy cells enhances CBR
synaptic function

To further characterize the effect of endogenous GAP43 on CB;R
function at the MC-GC synapse, we generated Gap43™" mice (Supple-
mentary Fig. 2a, b, steps i and ii; Supplementary Fig. 2c) and selectively
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knocked-out Gap43 from MCs. Briefly, a mix of AAV5-CaMKII-Cre-
mCherry and AAV-DG-FLEX-ChIEF-tdTomato was injected in the hilus
of Gap43™ mice. This manipulation allowed us to selectively
and optically stimulate commissural MC axons that lack GAP43 (Gap43
cKO) and express a fast version of channelrhodopsin (ChIEF). WT mice
injected with the same mix of viral vectors were used as control
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(Fig. 5a). Cre recombinase activity was confirmed by the reduction of
GAP43 labeling at infected MC axon boutons in IML-containing con-
tralateral hippocampal sections (Fig. 5b). Four weeks post-injection,
whole-cell patch-clamp recordings were performed from GCs and
EPSCs (0-EPSCs) were evoked by optically stimulating MC axons in the
IML of the contralateral DG. GAP43-lacking MC-GC synapses displayed

Nature Communications | (2023)14:2303



Article

https://doi.org/10.1038/s41467-023-38026-2

Fig. 4 | Phosphorylated GAP43 inhibits CBIR function at MC-GC synapses.

a Schematic diagram illustrating the injection of AAV1/2-CBA-CFP (control), AAV1/
2-CBA-GAP43(S41A)-CFP or AAV1/2-CBA-GAP43(S41D)-CFP in the hilus of 3-week-
old WT mice. Electrophysiological recordings were performed in the contralateral
DG. Infrared differential interference contrast (left) and fluorescence (right) images
showing CFP expression in the commissural MC axon terminals in the contralateral
DG. Note the presence of CFP-positive fibers in the IML and its absence in the GC
layer. This CFP-expression pattern was observed in all injected animals with similar
results. b Whole-cell patch-clamp recordings were performed on GCs from injected
mice. Representative traces (top) and quantification bar graph (bottom) for basal
PPR and CV are shown (means + SEM; c = cells; one-way ANOVA with Tukey’s
multiple comparisons test). ¢ EPSCs recorded from injected mice upon AM251 bath
application (5 uM, 10 min). Representative EPSC traces, before and after AM251
application (top), and time-course summary plot (bottom) are shown [means +
SEM, c = cells, m = mice; shaded areas indicate the time intervals at which the
statistical analysis was conducted; one-way ANOVA with Tukey’s multiple

comparisons test]. d DSE magnitude in injected mice. Representative traces (top)
and time-course summary plot (bottom) are shown [means + SEM; c = cells, m =
mice; shaded areas indicate the time intervals at which the statistical analysis was
conducted; one-way ANOVA with Tukey’s multiple comparisons test]. e fEPSPs
recorded from injected mice upon WIN-55,212-2 bath application (WIN; 5 pM,

25 min). Representative fEPSP traces, before and after WIN application (top), and
time-course summary plot (bottom) are shown [means + SEM; s = slices, m = mice;
shaded areas indicate the time intervals at which the statistical analysis was con-
ducted; one-way ANOVA with Tukey’s multiple comparisons test]. f fIPSPs recorded
from injected mice upon WIN bath application (5 pM, 25 min). Representative fIPSP
traces, before and after WIN application (top) and time-course summary plot
(bottom) are shown (means + SEM; s = slices, m = mice; shaded areas indicate the
time intervals at which the statistical analysis was conducted; n.s. by one-way
ANOVA with Tukey’s multiple comparisons test). Source data are provided as a
Source data file.
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Fig. 5 | GAP43 genetic deletion from MCs enhances CBIR function at MC-GC
synapses. a Schematic diagram illustrating the injection of a mix of AAV5-CamKII-
Cre-mCherry and AAV-DG-FLEX-ChIEF-tdTomato in the hilus of 3-week-old Gap43™*
and WT mice. Light pulses of 0.5-2.0 ms were used to evoke EPSCs driven by the
ChIEF-expressing axons originating from commissural MCs. b Reduced GAP43
immunoreactivity (green) in AAV-infected tdTomato + (red) fibers of the con-
tralateral IML from injected Gap43 cKO mice compared to WT mice. Arrowheads
point to colocalizing boutons in WT mice. Representative images and quantifica-
tion of GAP43/tdTomato colocalization are shown (means + SEM; WT n =3 mice,
Gap43 cKO n =4 mice; two-tailed unpaired Student’s ¢ test). ¢ Whole-cell patch-

Time (min)

Time (min)

clamp recordings of GCs were performed in Gap43 cKO and WT mice. Repre-
sentative traces (top) and quantification bar graph for basal PPR and CV (bottom)
are shown (means + SEM; ¢ = cells; n.s. by two-tailed unpaired Student’s ¢ test).

d Representative traces (top) and time-course summary plot (bottom) for DSE are
shown (means + SEM; c = cells, m = mice; shaded areas indicate the time intervals at
which the statistical analysis was conducted; n.s. by two-tailed unpaired Student’s ¢
test). e Representative traces (top) and time-course summary plot (bottom) for
0-EPSC amplitude upon WIN-55,212-2 bath application (WIN; 5 M, 20 min)
(means = SEM; ¢ = cells, m = mice; WT vs Gap43 cKO at timel5 min, p = 0.0187 by
two-tailed unpaired Student’s ¢ test). Source data are provided as a Source data file.

normal PPR (Fig. 5c, WT:1.09 + 0.07, n =7 cells; Gap43 cKO: 1.14 + 0.09,
n=9 cells; ty4) = 0.4248; p = 0.6775 by two-tailed unpaired Student’s ¢
test), CV (Fig. 5c, WT: 0.27 +0.04; Gap43 cKO: 0.33+0.04; tqq) =
0.9890; p=0.3395 by two-tailed unpaired Student’s ¢ test), and DSE
(Fig. 5d; WT: 62.0 + 7.1% of baseline, n =7 cells; ¢, = 3.42, p = 0.0141 by

two-tailed paired Student’s ¢ test; Gap43 cKO: 57.4 + 4.4% of baseline,
n=12 cells; tq1) = 7.09, p= 0.0001 by two-tailed paired Student’s ¢ test;
WT vs Gap43 cKO, tq7 = 0.5926, p=0.5612 by two-tailed unpaired
Student’s ¢ test). However, WIN-55,212-2-mediated suppression of MC-
GC synaptic transmission was faster in GAP43-deficient compared to
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WT MC-GC synapses (Fig. 5e, WT: 81.2 + 9.0% of baseline, n=5 cells at
time 15 min; Gap43 cKO: 40.3 +10.5% of baseline, n=5 cells at time
15 min; ¢g) = 2.941; p = 0.0187 by two-tailed unpaired Student’s ¢ test),
supporting that loss of endogenous GAP43 enhances CB;R function at
MC-GC synapses.

Enhanced anti-convulsant response to THC in Glu-Gap43~~ mice
Next, we aimed to unveil the behavioral relevance of the CB;R-GAP43
interaction. To delete endogenous GAP43 from restricted neuronal
subpopulations, we generated conditional knockout mouse lines in
which the GAP43-encoding gene was selectively inactivated in dorsal
telencephalic glutamatergic neurons or forebrain GABAergic neurons
(hereafter Glu-Gap43”~ and GABA-Gap43”~ mice, respectively; Sup-
plementary Fig. 2a, b, step iii). Both lines (especially Glu-Gap437")
showed reduced levels of GAP43 protein in the whole hippocampus by
Western blot analysis (Supplementary Fig. 2d). This reduction was
particularly evident in glutamatergic presynaptic boutons of the IML,
as evidenced by immunofluorescence microscopy (Supplementary
Fig. 2d). Glu-Gap43” and GABA-Gap43” mice exhibited no noticeable
dysmorphology or alteration in survival, growth, and fertility.
Both lines, at 8 weeks of age, had normal overall brain morphology
(Supplementary Fig. 3a), body weight (Supplementary Fig. 3b), body
temperature (Supplementary Fig. 3c), gait pattern (Supplementary
Fig. 3d), pain response (Supplementary Fig. 3e), and anxiety-like
behavior (Supplementary Fig. 3f). In line with the previously described
memory alterations evoked by hippocampal GAP43 inactivation*****,
we found a deficit of long-term novel object recognition memory in
Glu-Gap437" mice that was not evident in GABA-Gap43”7 animals
(Supplementary Fig. 3g). Notably, hippocampal CB;R levels and num-
ber of MCs (as identified by calretinin staining) were not affected in any
of the two mouse lines (Supplementary Fig. 3h).

Hippocampal MC-GC circuits?**®, GAP43**“°, and glutamatergic-
neuron CB;Rs" have all been implicated in the control of epileptic
seizures. Specifically, activation of CB;Rs with THC and other can-
nabinoids, under specific therapeutic windows, protects mice*™*
and other mammals*** against seizures. We therefore evaluated the
role of CB;R-GAP43 complexes in this process by using a combined
pharmacological and genetic approach. We first tested two doses of
the pro-convulsant drug kainic acid (KA; 20 or 30 mg/kg; single i.p.
injection), a well-established model of temporal lobe epilepsy*’, to
induce excitotoxic epileptic seizures in WT mice (Supplementary
Fig. 4a). Administration of THC (10 mg/kg; single i.p. injection) 15 min
before KA transiently reduced the mild behavioral seizures induced
by 20 mg/kg KA (Supplementary Fig. 4b) but was unable to coun-
teract the more severe pro-epileptic phenotype induced by 30 mg/kg
KA (Supplementary Fig. 4c). Hence, we selected the dose of 30 mg/kg
KA to be tested in Glu-Gap43” (Fig. 6a) and GABA-Gap43”7" mice
(Supplementary Fig. 5a), aiming to a protective response to THC in
the (conceivably CB;R-disinhibited) Glu-Gap43”~ animals. As expec-
ted, no difference in KA-induced seizures over time was evident
between vehicle and THC-treated control Gap43™ mice (Fig. 6b and
Supplementary Fig. 5b). In contrast, THC reduced seizure progres-
sion in Glu-Gap43” mice (Fig. 6b), while it exerted no protective
action in GABA-Gap43”" animals (Supplementary Fig. 5b). Consistent
with this observation, THC reduced seizure severity (Fig. 6¢) and
increased latency to seizures (Fig. 6d) in Glu-Gap43”~ mice but had
no effect in GABA-Gap43” animals (Supplementary Fig. 5c, d).

Lastly, to further support the behavioral-seizure data, we mon-
itored electroencephalographic (EEG) activity in the DG following KA
administration (30 mg/kg; single i.p. injection). While EEG seizure
activity (epilepsy-like spikes; Fig. 6e) was induced in all animals, THC
injection increased the latency to tonic-seizure onset (Fig. 6f) and
decreased interictal-spike frequency (Fig. 6g) selectively in Glu-Gap43™”
mice compared to vehicle-treated littermates. No differences in spike
duration were observed between the four experimental groups

(Fig. 6h). Collectively, these findings strongly suggest that, upon
selective inactivation of GAP43 in glutamatergic neurons, a disinhibited
CB;R reduces the KA-induced pro-convulsant phenotype of mice.

Discussion

Here, we discovered that GAP43, a protein known for decades for its
functions in axonal plasticity, is a CB;R-binding partner. This study also
unveils the anatomical and functional CB;R-GAP43 interaction at a
particular mouse-brain synapse, thus supporting the notion that CB;R
action can be controlled in a synapse-specific manner. We (present
study) and others?”?® have used MS proteomic-based approaches to
define the CB;R interactome. We were not able to detect various
cytoplasmic proteins that have been previously reported to interact
with CB;R-CTD, such as CRIP1a, GASPI1, SGIP1, FAN and WAVEI com-
plex, likely owing to differences in the experimental conditions and/or
because they were minor components compared to other cellular
proteins in our starting brain sample. GAP43 and CB;R are mainly
sorted to presynaptic boutons and anchored in lipid rafts'*?%*%%,
conceivably making them prone to interact. Studies on other potential
CBsR interactors reported to date”**°, including the seminal studies
on CRIP1a’*?, have been mostly conducted with transfected cell lines
in culture. Here, we added several molecular techniques to provide a
detailed characterization of the interaction of CB;R with WT and
mutant forms of GAP43 in various in vitro and in vivo systems. Phos-
phorylation of GAP43 by PKC at a unique site (S41) is known to con-
stitute the most relevant modification of GAP43 biological activity®. In
the present study, we provide robust evidence supporting that the
CB;R-GAP43 interaction is dependent on the phosphorylation status of
GAP43-S41, in line with previous studies on the interaction of GAP43
with proteins such as SNAP25, syntaxin, F-actin, and rabaptin-5"°,

We acknowledge that GAP43(WT) and GAP43(S41D) exhibited a
slightly different activity on CB;Rs depending on the particular
protein—protein interaction technique. Specifically, PLA -and, func-
tionally- DMR experiments revealed a similar effect of both constructs
on the receptor, while co-immunoprecipitation and BRET experiments
suggested that GAP43(S41D) had a stronger effect than GAP43(WT) on
the receptor. These observations likely reflect the specific features of
each technique. Thus, BRET and PLA detect proteins in very close
proximity, the former in a dynamic and highly sensitive fashion in
live cells, and the latter as a snapshot on fixed cells requiring a signal-
amplification process. In contrast, co-immunoprecipitation may
uncover more prominent and stable protein complexes involving
direct and indirect protein-protein interactions, while DMR provides
an overall agonist-evoked, functional response that conceivably
relies on multiple phosphorylation-dephosphorylation cycles and the
crosstalk between various signal-transduction cascades. These issues
notwithstanding, the phosphorylation-resistant mutant GAP43(S41A)
always had a negligible effect on CB;R irrespective of the technique
used, thus supporting the necessity of GAP43 phosphorylation at S41
to enable its binding to CB;R. Regarding the mapping of CB;R and
GAP43 expression, we found that both proteins reside in close proxi-
mity in the DG, showing a high abundance at MC axon boutons of the
IML and an absence of expression in GCs. This distribution pattern
defines a highly restricted, synapse type-selective occurrence of
CB;R-GAP43 complexes in the mouse hippocampus. Nonetheless, we
cannot rule out that these complexes exist in other brain regions and/
or in diseased states.

Previous reports have also used GAP43-S41 phospho-mimetics to
investigate the biological role of GAP43. Of note, compared to WT
counterparts, mutant mice with a generalized expression of
GAP43(S41D) showed enhanced levels of Hebbian LTP as induced in
the perforant path (PP) of the DG in vivo®, as well as at Schaffer
collaterals-CAl synapses, together with an enhanced PPR*®. In contrast,
the expression of GAP43(WT), GAP43(S41A) or a form of GAP43 with a
deletion of the entire effector domain did not affect the level of
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LTP**%, On the other hand, LTD was not affected by GAP43(S41D)
overexpression®®, and the induction of LTD in WT animals led to a
reduction in GAP43 phosphorylation status™. Distinctively, instead of a
generalized transgenic model, our approach with AAV-mediated
delivery ensures the specific transgene expression at presynaptic
boutons of MC axons. Our findings show an inhibitory effect on WIN-

Gap43™"

Gap43” Gap43"  Gap43”

55,212-2-mediated depression of neurotransmission and DSE upon
GAP43(S41D) but not GAP43(S41A) expression. The GAP43(S41D)-
mediated effects appear remarkably robust despite the coexistence of
the GAP43 mutant form with the endogenous protein. The observation
that the phospho-resistant GAP43(S41A) construct behaves just like a
control empty vector may indicate that, in vivo, the CB;R-GAP43
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Fig. 6 | Enhanced anti-convulsant response to THC in Glu-Gap43” mice.

a Timeline of the experiments. Vehicle or THC (10 mg/kg, i.p.; 1 injection) was
administered to 3-month-old Glu-Gap43”~ mice and their corresponding Gap43™
littermates. Kainic acid (KA; 30 mg/kg, i.p.; 1 injection) was administered 15 min
later, and behavioral score (b-d) or hippocampal EEG recording (e-h) was mon-
itored continuously for 120 min. b Behavioral scoring of seizures using a modified
Racine scale (means + SEM; number of mice in parentheses; the shaded area indi-
cates all the time points at which p < 0.05 by two-way ANOVA with Sidak’s multiple
comparisons test;). ¢ Integrated seizure severity, expressed as normalized per-
centage from Gap43"%/Vehicle group (means + SEM; Gap43""/Vehicle n =17 mice,
Gap43"™/THC n =18 mice, Glu-Gap43”-/Vehicle n =17 mice, Glu-Gap437/THCn=16
mice; two-way ANOVA with Tukey’s multiple comparisons test). d Latency to sei-
zures (means + SEM; Gap43"/Vehicle n =17 mice, Gap43""/THC n =18 mice, Glu-

Gap43”/Vehicle n=17 mice, Glu-Gap43”/THC group n =16 mice; two-way ANOVA
with Tukey’s multiple comparisons test). e EEG recordings of representative Glu-
Gap43” mice treated with vehicle (top) or THC (bottom). Epileptic-like spikes
appeared after KA injection (insets: detail of individual spikes). The corresponding
sonograms (frequency spectrum along recording time) are shown below each
recording. fLatency to EEG seizure onset (means + SEM, n =10 mice per group; two-
way ANOVA with Tukey’s multiple comparisons test). g Interictal frequency
(means + SEM; Gap43™/Vehicle n=9 mice, Gap43"/THC n=9 mice, Glu-Gap43”/
Vehicle n=10 mice, Glu-Gap43”/THC n=10 mice; two-way ANOVA with Tukey’s
multiple comparisons test). h Average spike duration (means + SEM; Gap43"'/
Vehicle n=9 mice, Gap43"“"/THC n=9 mice, Glu-Gap43”-/Vehicle n=10 mice,
Glu-Gap43”/THC n=10 mice; n.s. by two-way ANOVA with Tukey’s multiple
comparisons test). Source data are provided as a Source data file.

interaction does not stand as a constant interaction but rather occurs
under specific biological triggers (e.g., those relying on high-activity
regimes associated with PKC activation). Therefore, the CB;R-GAP43
interaction would most likely reflect a transient functional state.

The high CB;R expression at MC axon boutons supports a robust
negative control of MC-GC synaptic transmission and LTP>*, Remark-
ably, LTP at PP-GC synapses is associated with increased GAP43 mRNA
expression in MCs*. Thus, activity-dependent upregulation of GAP43
phosphorylation and levels, and the resultant inhibition of CB;R sig-
naling, could be a mechanism by which information transfer is fine-
tuned in the DG, possibly contributing to DG-dependent learning. To
complement the GAP43-overexpression approach, we combined Cre-
mediated promotor-driven recombination and optogenetics to allow a
precise spatiotemporal modulation of MC axon boutons lacking GAP43.
We found that the selective deletion of endogenous GAP43 in MCs
markedly enhanced the CB;R-mediated inhibition of MC-GC synaptic
transmission but had no significant effect on DSE. While phosphorylated
GAP43 strongly suppressed MC-GC basal transmission and DSE (Fig. 4),
consistent with a reduction in CB;R function, removing GAP43 alone
using a conditional knockout approach was not sufficient to strongly
disinhibit CB;R function in acute brain slices (Fig. 5). These observations
suggest that the CB;R-GAP43 interaction alone may not be sufficient to
inhibit CB;R function, and that GAP43 must be phosphorylated to
effectively control CB;Rs. In addition, the mild synaptic phenotype
observed in our GAP43-deficient MCs could result from compensatory
changes (e.g., by other CB;R-modulating proteins) and/or incomplete
GAP43 deletion (e.g., due to deficient Cre recombination).

GAP43 has previously been implicated in epileptogenesis*’.
GAP43 expression levels increase at MC axon boutons of the IML upon
seizure induction prior to mossy fiber sprouting®**’. Moreover, MCs
regulate GC activity directly through innervation or indirectly through
modulation of GABAergic interneurons®?*. MC-evoked excitation of
GCs is normally weak, but becomes significantly strengthened fol-
lowing pro-convulsant insults*>*°. On the other hand, CB;Rs can dam-
pen overactive neural circuits. For example, glutamatergic-neuron
CB;R in the DG is crucial for attenuating the KA-induced epileptic
phenotype in mice, presumably by stabilizing the recurrent GC-MC-GC
circuitry”. A specific down-regulation of CB;R protein and mRNA on
glutamatergic but not GABAergic axon terminals has been reported in
epileptic human hippocampal tissue®. In addition, somatic transfer of
the CB;R-encoding gene to hippocampal glutamatergic neurons was
sufficient to protect mice against acute seizures and neuronal
damage®. CB,R agonists can act as anti-convulsants in various animal
models of hyperexcitability and epilepsy, presumably by decreasing
glutamatergic transmission*>*>*>¢*, Here, we used a dose of THC lower
than the EDsq values of previous studies, which had reported a mild
anti-convulsant activity of the drug in various seizure models™*,
Remarkably, only by deleting GAP43 selectively from glutamatergic
neurons, including MCs, we were able to achieve an unambiguous
THC-mediated anti-convulsant effect, as assessed by both behavioral
and EEG assays. It has been reported that THC may also induce pro-

convulsant actions at high doses, likely via CB;R-dependent inhibition
of GABAergic neurons™®, thus highlighting the relevance of the neu-
ron population-specificity of CB;R action. Understanding this specifi-
city of multimodal cannabinoid signaling may be important to gain
further insight into the unwanted effects of cannabis abuse, and to
design personalized interventions aimed to enhance or depress CB;R
activity in selective pathological situations.

Methods

Animals

Experimental procedures were performed in accordance with the
guidelines and approval of the Animal Welfare Committees of Uni-
versidad Complutense de Madrid, Universidad Autobnoma de Madrid
and Comunidad de Madrid, the directives of the Spanish Government
and the European Commission, as well as the guidelines of NIH and
Albert Einstein College of Medicine Institutional Animal Care and Use
Committee. Throughout the study, animals had unrestricted access to
food and water. They were housed (typically, 4-5 mice per cage) under
controlled temperature (range, 20-22 °C), humidity (range, 50-55%)
and light/dark cycle (12h/12h). Animal housing, handling, and
assignment to the different experimental groups was conducted by
standard procedures’. Adequate measures were taken to minimize
pain and discomfort of the animals. Both males and females, at
approximately 1:1 ratio within each experimental group, were used in
this study. We employed C57BL/6) wild-type mice (Charles River) for
GAP43-AAV injections and subsequent acute hippocampal slice pre-
paration (Fig. 4; see below). The rest of the experiments were con-
ducted with the following mutant-mouse lines, all of them generated in
C57BL/6N background: Cnrdfoexed (Cnr1"M) mice, Cnrploxedfiexedciv-re
(CnrI”") mice, conditional CnrpexedfioxedNextCre (Glu-Cnr1™”) mice, and
conditional CnrpexedfoxedDis/oCre (GABA-Cnrl”") mice, to allow CB;R
gene deletion from a WT background'****’; as well as Stop-CnrI mice,
Stop-CnrIf@ (Cnr1-RS) mice, conditional Stop-Cnri***“¢ (Glu-Cnrl-
RS) mice, and conditional Stop-CnrI®*¥*“¢ (GABA-Cnr1-RS) mice, to
allow CB;R gene-expression rescue from a CB;R-null background®**,
As for GAP43 animal models, we purchased B6Dnk;B6Brd;B6N-Tyrc-
Brd Gap43miaEucommwsivisisiat mice from the EMMA Mouse Repository
(MGI ID #5700649). This mouse line contains a LacZ cassette and a Neo
cassette with a Stop codon flanked by Frt sites, followed by the Gap43
exon 2 flanked by LoxP sites. These mice were crossed with mice car-
rying a constitutive expression of Flp recombinase under the control
of the constitutive promoter ACTB (The Jackson Laboratory, strain
#005703; kindly provided by Dr. Rui Benedito, CNIC, Madrid, Spain),
thus allowing a rescued, conditional-ready floxed allele (Gap43™%).
Subsequent crossing with NexI-Cre or DIx5/6-Cre-expressing mice"
yielded the corresponding conditional knockout mouse lines
(Glu-Gap437~ and GABA-Gap43”", respectively). All the generated
Gap43 conditional knockout mice were backcrossed in C57BL/6N
background for at least 8 generations before use. The following pri-
mers were used for the genotyping of these mice (5'-3’ sequence;
F: Forward, R: Reverse): LacZF ATCACGACGCGCTGTATC, LacZR
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ACATCGGGCAAATAATATCG, Gap43 Frt. F TGGACGCTTAGGGGAGAG
AG, Gap43 Frt R TTCCAGGGCTCAAGAAAAGG, CAS R TCGTGGTATCG
TTATGCGCC, Gap43 WT/floxed_F TGACACAAACTGGGGTCAGA, GAP
43 WT_R GGGATGAAAGGCTATTAGATCTGT, Gap43 floxed_R GGCGAG
CTCAGACCATAACT, Flp F CTAATGTTGTGGGAAATTGGAGC, Flp R
CTCGAGGATAACTTGTTTATTGC. The main characteristics of all these
Cnrl and Gap43 genetically-modified mouse lines, and which experi-
ments they were used in, are shown in Supplementary Table 2.

Affinity-based proteomics

A whole sheep brain was homogenized by mechanical disaggregation
in RIPA buffer (50 mM Tris-HCI, 150 mM NacCl, 1% v/v Triton X-100, 0.1%
w/v deoxycholic acid, 0.1% w/v SDS, pH 7.35). The soluble fraction of
the homogenate was loaded onto a Sepharose 4B column after
extensively washing the column with 100 mM Tris-HCI, 200 mM NacCl,
pH 7.0. The eluted soluble fraction was then collected and loaded onto
the Sepharose 4B column saturated with purified hCB;R-CTD bound to
lectin. Purified lectin-empty plasmid was expressed in an additional
Sepharose 4B column as a control. After washing with RIPA and TBS
buffer (50 mM Tris-HCI, 150 mM NaCl, pH 7.0), the bound fraction was
eluted with 200 mM lactose. Proteins were then subjected to nLC/MS-
MS proteomic analysis. Briefly, the samples were loaded on a 12%
acrylamide gel and a denaturing electrophoresis was carried out. Once
samples had reached the resolving gel, electrophoresis was stopped,
and the gel was died with Coomassie Colloidal Blue overnight. After
fading, the region of the gel containing the sample was cut just above
the recombinant protein, this piece being divided into smaller frac-
tions that were thereafter digested with trypsin. The resulting peptide
fragments were retained in an Acclaim PepMap 100 precolumn
(Thermo Scientific, Waltham, MA, USA) and then eluted in an Acclaim
PepMap 100 C18 column, 25-cm long, 75 ym-internal diameter, and
3-um particle size (Thermo Scientific). The peptides were separated in
a gradient for 110 min (90 min 0-35% of Buffer B; 10 min 45-95% Buffer
B; 9 min 95% Buffer B; and 1 min 10% Buffer B; Buffer B supplemented
with 0.1% formic acid in acetonitrile) at 250 nL/min in a nanoEasy nLC
1000 (Proxeon) coupled to an ionic source with nanoelectrospray
(Thermo Scientific) for electrospray ionization. Mass spectra were
acquired in an LTQ-Orbitrap Velos mass spectrometer (Thermo Sci-
entific) working in positive mode, which measures the mass-to-charge
ratio (m/z) of ionized particles and detects the relative number of ions
at each m/z ratio. Mass spectra corresponding to a full screening (m/z
400 to 2000) were obtained with a resolution of 500,000-60,000
(m/z=200), and the 15 most intense ions from each screening were
selected for fragmentation by cleavage at peptide bonds via collision
with a gaseous matrix by collision-induced dissociation with the
energy of collision normalized to 35%. lons with unique charge or no
charge were discarded. A dynamic exclusion of 45-s duration was
conducted. The masses of the fragments were then determined by ion
trap to define the amino acid sequence of the peptides. Proteomic
spectrum files were challenged to data bases and Uniprot of sheep
(Ovis aries) (UPID: UP000002356) and other mammals (Mammalian)
[taxonomy_id:40674] using Proteome Discoverer software version
1.4.1.14 (Thermo Scientific) and the searching tool SEQUEST (built-in
version of Proteome Discoverer version 1.4.1.14). In the searching cri-
teria, carbamide methylation, cysteine nitrosylation and methionine
oxidation were established as dynamic modifications. Tolerance to
precursor selection and product ions was fixed at 10 ppm and 0.5 Da,
respectively. Peptide identification was validated by the Percolator
algorithm (built-in version of Proteome Discoverer version 1.4.1.14)
using g < 0.01 (g-value being the p value additionally adjusted to the
False Discovery Rate).

Acute hippocampal slice preparation
Viral vectors were stereotaxically injected into the hilus of 3-4-week-
old C57BL/6) mice. Briefly, mice were anesthetized with isoflurane

(up to 5% for induction and 1-2% for maintenance) and either AAV1/2-
CBA-CFP, AAV1/2-CBA-GAP43(S41A)-CFP or AAV1/2-CBA-GAP43(S41D)-
CFP were injected into the hilus (1 L at a flow rate of 0.1 uL/min) using
the following coordinates (mm to bregma): antero-posterior -2.18,
medio-lateral 1.5, dorso-ventral —2.2 from dura. Coordinates were
adjusted according to the bregma to lambda distance for each mouse.
At 3 weeks post-injection, acute hippocampal slices were prepared.
Animals were anesthetized with isoflurane, and brains were removed
and rapidly transferred into ice-cold cutting solution containing (in
mM): 110 choline chloride, 25 NaHCO3, 1.25 NaH,PO,, 2.5 KCI, 0.5
CaCl,, 7 MgCl,, 25 D-glucose, 11.6 sodium L-ascorbate, and 3.1 sodium
pyruvate. Hippocampi were isolated and sliced (300-um thick) using a
VT1200S microslicer (Leica Microsystems Co.). Slices were then
transferred and incubated for 30 min in a chamber placed at 33-34 °C
and with artificial cerebrospinal fluid (ACSF) solution containing
(in mM): 124 NaCl, 26 NaHCO;3, 10 p-glucose, 2.5 KCI, 1 NaH,PO,,
2.5 CaCl,, and 1.3 MgSO,. Slices were kept at room temperature for at
least 45 min prior to experiments. All solutions were maintained at 95%
0,/5% CO, (pH 7.4).

Electrophysiology

All recordings were performed at 28+1°C in a submersion-type
recording chamber perfused at ~2 mL/min with ACSF supplemented
with GABA, receptor antagonist picrotoxin (100 uM), except for
inhibitory synaptic transmission that was monitored in the presence
of D-APV (50puM) and NBQX (10 uM). Whole-cell patch-clamp
recordings were made from GCs voltage clamped at -60 mV using
a patch-type pipette electrode (~3-4 MQ) containing (in mM): 131 Cs-
gluconate, 8 NaCl, 1 CaCl,, 10 EGTA, 10 p-glucose, and 10 HEPES, pH
7.2 (285-290 mOsm). Series resistance (~8-28 MQ) was monitored
throughout all experiments with a -5 mV, 80 ms voltage step, and
cells that exhibited a change in series resistance (>20%) were exclu-
ded from analysis. Extracellular field recordings (fEPSPs and fIPSCs)
were performed using a patch-type pipette filled with 1M NaCl
and placed in the IML. All experiments were performed in an inter-
leaved fashion—i.e., control experiments were performed every test
experiment on the same day.

The stimulating patch-type pipette was filled with ACSF and
placed in the IML (<50 um from the border of the GC body layer) to
activate MC axons. To elicit synaptic responses, paired, monopolar
square-wave voltage pulses (100-200 us pulse width, 4-25V) were
delivered through a stimulus isolator (Isoflex, AMPI) connected to a
broken tip (10-20 um) stimulating patch-type pipette filled with ACSF.
Stimulus intensity was adjusted to get comparable magnitude synaptic
responses across experiments (e.g., 50-100 pA EPSCs at Vh=-60 mV
or 5mV fEPSPs). Stimulation was achieved by delivering paired pulses
100 ms apart. PPR was defined as the ratio of the amplitude of the
second EPSC, to the amplitude of the first EPSC. CV was calculated as
the standard deviation of EPSC amplitude divided by the mean of EPSC
amplitude. Both PPR and CV were measured during 10-min baseline. In
drug-delivery experiments, stimulation was triggered every 20 s, and
every 10 s in DSE experiments. DSE was induced with 5-s depolarizing
voltage step (from -60mV to OmV) to trigger endocannabinoid
release from GCs. The magnitude of DSE was determined as the per-
centage change between the mean amplitude of 3 consecutive EPSCs
preceding DSE and the mean amplitude of 3 consecutive EPSCs fol-
lowing depolarization. For WIN-55,212-2-mediated depression, the
magnitude of depression was calculated by comparing the 10-min
baseline responses with the 10-min responses at the end of WIN-55,212-
2 application (specifically, from 5 min before washout to 5 min after
washout). Representative traces were obtained by averaging 15 indi-
vidual traces.

Electrophysiological data were acquired at 5kHz, filtered at
2.4kHz, and analyzed using IgorPro software version 7.01 (Wave-
metrics, Inc.)”. Picrotoxin, WIN-55,212-2, AM251, D-APV and NBQX
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were purchased from Tocris-Cookson Inc. (Ellisville, MO, USA) and
dissolved in water or DMSO. Total DMSO in the bath solution was
maintained at 0.1% in all experiments.

Optogenetics

Gap43™ mice were anesthetized with isoflurane (up to 5% for induction
and 1-2% for maintenance). A mix of AAV5-CaMKII-Cre-mCherry and
AAV-DG-FLEX-ChIEF-tdTomato viruses (ratio 1:2) was stereotaxically
injected into the hilus, using the same coordinates as mentioned above.
Acute hippocampal slices were prepared as described above 4 weeks
after viral injection, and whole-cell patch clamp recordings were per-
formed in the contralateral DG. Pulses of blue light (0.5-2 ms) were
provided by using a 473-nm LED (Thorlabs, Inc.) through the micro-
scope objective (x40, 0.8 NA), and centered in the IML.

Behavioral tests

Adult (ca. 3-month-old) Glu-Gap43” and GABA-Gap43” mice, as well as
their respective Gap43"* control littermates, were used for behavioral
tests. Animals were assigned randomly to the different treatment
groups, habituated to the experimental room, and handled 1 week
before testing. All the behavioral tests were video-recorded for sub-
sequent blind analysis by a different trained observer, using Smart3.0
Software (Panlab, Barcelona, Spain). Body weight and temperature
were measured, the latter with a thermo-coupled flexible probe
(Panlab, Madrid, Spain) located in the rectum for 10 s. Analgesia was
evaluated by the hot-plate paradigm. The test consisted of placing a
mouse on an enclosed hot plate (Columbus Instruments, Columbus,
OH, USA) and measuring the latency to lick one of the paws. Walking
patterns were monitored with ink-painted paws (blue, fore; red, hind)
on 70-cm long paper sheets. Anxiety-like behaviors were assessed in the
elevated plus-maze test. The maze consisted of a cross-shaped plastic
device with two 30-cm long, 5-cm wide opposite open arms, and two
30-cm long, 5-cm wide, 16-cm high opposite closed arms, connected by
a central structure (5 x 5 cm) and elevated 50 cm from the floor. First, a
5-min observation session was performed, in which each mouse was
placed on the central neutral zone facing one of the open arms. The
cumulative time spent in the open and closed arms was then recorded.
One arm entry was considered when the animal had placed at least both
forelimbs in the arm. Data are represented as the number of visits to the
open arms. For the novel object recognition task, mice were habituated
for 9min in an L-maze®. Twenty-four hours later, mice were first
exposed to two identical objects located at the edges of the maze arms
and allowed exploration for 9 min during the training session. After an
inter-trial interval of 24 h, mice were placed back again for a 9-min test
session in which one of the familiar objects had been replaced by a
novel object. Object exploration was defined as the mouse directing its
nose to the object (>2 cm) and being involved in active exploration.
Mice did not show preference for any object before trials. A dis-
crimination index (/4) was calculated to measure recognition memory
as (tnew object L(familiar object))/(tnew object T L(familiar object))' being the
denominator the total exploration time. Mice showing total exploration
times below 15 s were excluded from the analyses.

For induction of acute excitotoxic seizures, KA (Sigma) was dis-
solved in isotonic saline, pH 7.4. Seizures were induced by injecting
20 mg/kg or 30 mg/kg of KA i.p. in a volume of 10 mL/kg body
weight'>®’, An i.p. injection of vehicle (1% v/v DMSO in 1:18 v/v Tween-
80/saline solution) or 10 mg/kg THC (THC Pharm) was administered
15 min prior to KA injection. Right after, mice were placed in clear
plastic cages and recorded and monitored continuously for 120 min—
or, occasionally, until death—for seizure behavior. The higher score
reached in each 5-min interval was given according to the following
modified Racine scale:*” immobility (stage 1); forelimb and/or tail
extension, rigid posture (stage 2); repetitive movements and head
bobbing (stage 3); rearing and falling (stage 4); continuous rearing and
falling, jumping, and/or wild running (stage 5); generalized tonic-clonic

seizures (stage 6); and death (stage 7)". Integrated seizure severity was
determined’® by the formula Seizure severity = 2(all scores of a given
mouse)/time of experiment. The latency to seizures was assessed as
the time from KA injection to reach stage 3 of Racine scale.

Hippocampal electroencephalograhy (EEG)
Adult (ca. 3-month-old) Glu-Gap43” and their Gap43™* control litter-
mates were anesthetized with urethane (1.6 g/kg body weight, i.p.) and
placed on the stereotaxic apparatus, in which body temperature was
kept at 37 °C throughout the experimental process with a water-heated
pad (Gaymar T/Pump, Orchard Park, NY, USA). The sagittal midline of
the scalp was sectioned and retracted, and a small craniotomy was
drilled over the hippocampus. Hippocampal EEG was recorded in the
right brain hemisphere through tungsten macroelectrodes (1 MQ; A-M
Systems, Sequim, WA, USA) that were stereotaxically implanted in the
DG at the following coordinates (mm to bregma): antero-posterior
-2.4, medio-lateral 1.5, dorso-ventral —2.0 from dura. Field potentials
were filtered in the 0.3-100 Hz interval and amplified using a DAM50
preamplifier (World Precision Instruments, Sarasota, FL, USA). Signals
were sampled at 200 Hz through an analog-to-digital converter (Power
1401 data acquisition unit, Cambridge Electronic Design, Cambridge,
UK) and analyzed with Spike2 software version 10 (Cambridge Elec-
tronic Design).

Each experiment began with 5 min of basal recording, followed by
15 min of recording after treatment with either vehicle or THC (10 mg/
kg; single i.p. injection). KA (30 mg/kg; single i.p. injection) was sub-
sequently administered to induce epileptic discharges, and the hippo-
campal field potential was recorded continuously for the next 120 min—
or, occasionally, until death. An epileptic-like spike was defined as a
spontaneous potential change of short duration (<100 ms) and a high
amplitude (at least twice the standard deviation of the field potential
baseline; typically, >20 pV). The latency to seizure onset was defined as
the time from KA injection to the beginning of tonic epileptic dis-
charges. The frequency of interictal spikes was measured 60 min after
KA injection in a 5-min interval of continuous recording. Spike duration
was determined 60 min after KA injection as the average duration of
50 spikes. Power spectra were calculated after vehicle or THC injection
and before KA administration using the fast Fourier transform algo-
rithm to characterize hippocampal frequency bands. Owing to anes-
thesia, these power spectra showed a clear predominance (>80%) of
delta waves (frequency <4 Hz) over other hippocampal frequencies,
with no overt differences being observed between the different animal
genotypes or pharmacological treatments.

Other methods

The rest of the experimental procedures used in this study are
extensively described in Supplementary Methods. That section pro-
vides precise details on gene constructs, protein expression and pur-
ification, fluorescence polarization, cell culture and transfection,
Western blotting and co-immunoprecipitation, synaptosomes pre-
paration, immunofluorescence, PLA, BRET, DMR assays, and recom-
binant AAV1/2 production. Uncropped scans of all gels and blots are
shown in the Source data file (blots of the main figures) and the Sup-
plementary Information (gels and blots of the supplementary figures;
Supplementary Figs. 6 and 7, respectively).

Statistics

Data are presented as mean + SEM, and the number of experiments is
indicated in every case. Statistical analysis was performed with Graph-
Pad Prism version 8.0.1 (GraphPad Software, San Diego, CA, USA).
All variables were first tested for normality (Kolmogorov-Smirnov’s
and Shapiro-Wilk’s test) and homocedasticity (Levene’s test) before
analysis. When variables satisfied these conditions, one-way or two-way
ANOVA with Tukey’s or Sidak’s post hoc test, or two-tailed paired or
unpaired Student’s ¢ test, was used as appropriate and indicated in
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every case. We considered p values <0.05 as statistically significant.
Power analysis was performed with IBM SPSS software version 28 (IBM,
Bois-Colombes, France).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during the study are included in this
article, its Supplementary Information, and its Source data file. Pro-
teomic spectrum files were challenged to data bases and Uniprot of
sheep (Ovis aries; UPID: UP000002356) and other mammals [Mam-
malian; taxonomy_id: 40674] using Proteome Discoverer software
version 1.4.1.14 (Thermo Scientific) and the searching tool SEQUEST
(built-in version of Proteome Discoverer version 1.4.1.14). Source data
are provided with this paper.

Code availability
We did not use any new, unreported computer code or algorithm in
the study.
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