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A B S T R A C T   

Cannabinoids exert pleiotropic effects on the brain by engaging the cannabinoid CB1 receptor (CB1R), a pre
synaptic metabotropic receptor that regulates key neuronal functions in a highly context-dependent manner. We 
have previously shown that CB1R interacts with growth-associated protein of 43 kDa (GAP43) and that this 
interaction inhibits CB1R function on hippocampal excitatory synaptic transmission, thereby impairing the 
therapeutic effect of cannabinoids on epileptic seizures in vivo. However, the underlying molecular features of 
this interaction remain unexplored. Here, we conducted mechanistic experiments on HEK293T cells co- 
expressing CB1R and GAP43 and show that GAP43 modulates CB1R signalling in a strikingly selective 
manner. Specifically, GAP43 did not affect the archetypical agonist-evoked (i) CB1R/Gi/o protein-coupled sig
nalling pathways, such as cAMP/PKA and ERK, or (ii) CB1R internalization and intracellular trafficking. In 
contrast, GAP43 blocked an alternative agonist-evoked CB1R-mediated activation of the cytoskeleton-associated 
ROCK signalling pathway, which relied on the GAP43-mediated impairment of CB1R/Gq/11 protein coupling. 
GAP43 also abrogated CB1R-mediated ROCK activation in mouse hippocampal neurons, and this process led in 
turn to a blockade of cannabinoid-evoked neurite collapse. An NMR-based characterization of the CB1R-GAP43 
interaction supported that GAP43 binds directly and specifically through multiple amino acid stretches to the C- 
terminal domain of the receptor. Taken together, our findings unveil a CB1R-Gq/11-ROCK signalling axis that is 
selectively impaired by GAP43 and may ultimately control neurite outgrowth.   

1. Introduction 

The psychoactive components from the hemp plant Cannabis sativa, 
exemplified by Δ9-tetrahydrocannabinol, and their endogenous ana
logues, the so-called endocannabinoids, bind to and activate the CB1 and 
CB2 cannabinoid receptors (CB1R and CB2R, respectively), which are 
members of the seven transmembrane G protein-coupled receptor 
(GPCR) superfamily (Pertwee et al., 2010; Piomelli, 2003). CB1R is one 

of the most abundant GPCRs in the mammalian central nervous system, 
where it regulates a plethora of neurobiological functions, including 
learning and memory, emotions, feeding and motor behaviour (Katona 
and Freund, 2008), as well as brain development (Maccarrone et al., 
2014). These diverse CB1R-modulated processes rely on a complex array 
of receptor-evoked signal transduction events (Pertwee et al., 2010). 
Canonically, CB1R couples to heterotrimeric Gi/o proteins, thus inhibit
ing adenylyl cyclase (AC), decreasing cAMP levels and reducing protein 
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kinase A (PKA) activation (Pertwee et al., 2010; Howlett et al., 1986). 
CB1R also activates mitogen-activated protein kinase (MAPK) super
family members, including extracellular signal-regulated kinase 1/2 
(ERK1/2), with the concerted regulation of downstream transcription 
factors and gene expression. Other intracellular signalling platforms 
controlled by CB1R include voltage-gated calcium channels and G 
protein-coupled inwardly-rectifying potassium channels, phospholi
pases C and A2, and small GTPases such as Ras homolog gene family 
member A (RhoA) and Ras-associated protein 1 (Rap1) (Pertwee et al., 
2010; Howlett and Abood, 2017; Nogueras-Ortiz and Yudowski, 2016). 

CB1R-evoked signalling is highly pleiotropic and relies largely on 
specific temporal and spatial contextual constraints. Ligand-biased 
agonism has been widely reported for CB1R, and different G proteins 
can be recruited by the receptor in a ligand and cell type-dependent 
manner (Nogueras-Ortiz and Yudowski, 2016; Diez-Alarcia et al., 
2016; Leo and Abood, 2021). Differential cell signalling pathways may 
also be triggered by the interaction of CB1R with other membrane re
ceptors, such as the adenosine A2 receptor, as well as with specific 
cytoplasmic proteins, such as cannabinoid receptor-interacting protein 
1a (Oyagawa and Grimsey, 2021; Oliver et al., 2020). To date, however, 
most of the studies on these putative protein-protein heterocomplexes 
had provided only subtle effects in vivo. Very recently, we have reported 
that growth-associated protein of 43 kDa (GAP43; also termed neuro
modulin), a cytoskeleton-associated, membrane-bound protein highly 
abundant in excitatory pre-synapses, is a physiologically relevant 
CB1R-interacting protein (Maroto et al., 2023). Using mass-spectrometry 
proteomic analysis and different in vitro and in vivo approaches, we 
showed that the C-terminal, intracellular domain of CB1R interacts 
specifically with phosphorylated (active) GAP43 at a unique residue 
(S41), and that this interaction strongly inhibits receptor function in 
particular glutamatergic synapses of the mouse hippocampus, thus 
impairing one of the most prominent therapeutic effects of cannabi
noids, namely their anti-convulsant activity (Maroto et al., 2023). 
However, that original report on the CB1R-GAP43 interaction lacked an 
insight of the cell-signalling consequences and molecular patterns of the 
protein-protein association. Hence, the present study was undertaken to 
examine the cell-signalling consequences of the GAP43-mediated inhi
bition of CB1R. We unveil that GAP43 does not affect canonical 
CB1R/Gi/o protein-coupled signalling but selectively impairs an atypical 
CB1R-Gq/11 protein-Rho-associated coiled-coil containing protein kinase 
(ROCK) signalling axis, which may ultimately control neurite 
outgrowth. We also provide an NMR-based characterization of the 
amino acid stretches of GAP43 that preferentially interact with CB1R. 
Taken together, these findings may contribute to understanding the 
contextual factors that control the promiscuous CB1R-evoked signalling 
in the brain and may shed light on the molecular determinants that drive 
the anti-convulsant activity of cannabinoids. 

2. Materials and methods 

2.1. Gene constructs 

The pEGFP-C2 plasmid was purchased to ClonTech, and we gener
ated pEGFP-hGAP43 by standard cloning procedures. The cDNA 
encoding hGAP43 was acquired from DNAsu (Clone ID 
HsCD00042260). The pcDNA3.1(+) plasmid was purchased from Invi
trogen. pcDNA3.1-hCB1R and pcDNA-hGAP43 were built by PCR and 
restriction cloning. The 3XFLAG-tagged version of pcDNA3.1-hCB1R 
was obtained by using IVA cloning. All gene constructs were validated 
by Sanger sequencing before use (Maroto et al., 2023; Costas-Insua et al., 
2021). 

2.2. Cell culture, transfection and drug treatments 

The human HEK293T cell line was purchased from the American 
Type Culture Collection (Manassas, VA, USA). Cells were grown in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 
foetal bovine serum (FBS) (v/v), 1 mM sodium pyruvate, 2 mM L- 
glutamine and 1% streptomycin/penicillin. Cells were maintained at 
37 ◦C in an atmosphere with 5% CO2 and were periodically checked for 
the absence of mycoplasma contamination. Cells were transiently 
transfected with the corresponding cDNA plasmid using poly
ethylenimine (Sigma, Steinheim, Germany) in a 4:1 mass ratio to DNA, 
except for immunofluorescence experiments, in which Lipofectamine 
2000 (Thermo Fisher Scientific) was used. For Western blot analysis, 48 
h after transfection, cells were transferred to 6-well dishes, FBS-starved 
overnight, and treated for 5 min with vehicle (DMSO, 0.1% v/v final 
concentration) or WIN 55,212–2 (WIN; 100 nM, Sigma). For analysing 
PKA phosphorylated substrates, forskolin (0.5 μM, Tocris, Bristol, 
United Kingdom) or vehicle was added right after WIN/vehicle and 
maintained for an additional 10-min period. To block Gαq/11 proteins, 
YM-254890 (1 μM; MedChem, NJ, USA) (or vehicle as control) was 
added to cells 30 min before WIN or vehicle (5-min further incubation). 
Cells were washed in ice-cold PBS and directly frozen for further ana
lyses. For immunofluorescence, 12-μm diameter coverslips were coated 
with 0.1 mg/ml poly-D-Lysine for 1 h at 37 ◦C. Cells were seeded on the 
coverslips at a density of 25,000 cells/cm2 and transfected with the 
corresponding plasmid. Forty-eight h after transfection, cells were 
serum-starved overnight, treated, and fixed in paraformaldehyde solu
tion (PFA; 4% in PBS) during 15 min at room temperature. Every con
dition was assayed in triplicate within each individual experiment. 

Primary hippocampal neurons were obtained from 0-2-day old 
C57BL/6N mice of mixed sexes. The experimental procedures were 
performed in accordance with the guidelines and approval of the Animal 
Welfare Committees of Universidad Complutense de Madrid and 
Comunidad de Madrid, and the directives of the Spanish Government 
and the European Commission. Dissection was followed by mechanical 
disaggregation and a papain dissociation procedure (Worthington, Co
lumbus, OH, USA). Cells were nucleofected with 3 μg of the aforemen
tioned pcDNA3.1 empty plasmid or pcDNA3.1-hGAP43 plasmid using 
the Amaxa mouse neuron Nucleofector kit (Lonza, Basel, Switzerland). 
Cells were seeded on plates precoated with 0.1 mg/ml poly-D-Lysine and 
3 μg/ml laminin at a density of 200,000 cells/cm2 in Neurobasal me
dium supplemented with 10% FBS (v/v), 1 mM sodium pyruvate, 0.5 
mM L-glutamine and 1% streptomycin/penicillin. Three hours later, FBS 
was substituted with B27 supplement (Blázquez et al., 2011). This media 
was renewed every two days adding cytosine arabinoside (10 μM; 
Sigma, Steinheim, Germany) to block glial cell growth. At 7 days in vitro 
(DIV), neurons were treated with WIN or vehicle for 5 min and then 
fixed or frozen for immunofluorescence or Western blot assays, respec
tively. Every condition was assayed in triplicate within each individual 
experiment. 

2.3. Western blot 

As previously described (Maroto et al., 2023; Costas-Insua et al., 
2021), snap-frozen HEK293T cells or primary cultured neurons were 
homogenized and lysed for protein extraction in ice-cold lysis buffer 
containing 50 mM Tris, 0.1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 
50 mM NaF, 10 mM sodium β-glycerophosphate, 5 mM sodium pyro
phosphate and 1 mM sodium orthovanadate (pH 7.5), supplemented 
with 0.1 mM phenylmethane-sulphonylfluoride, 0.1% β-mercaptoetha
nol and 1 μM microcystin. Samples were cleared by centrifugation at 12, 
000g for 15 min at 4 ◦C, and the supernatants were collected. Protein 
concentration was determined by the Bradford method. Then, 20-30-μg 
aliquots of total protein were mixed with 5X SDS sample buffer and 
boiled at 95 ◦C for 5 min (except for CB1R detection, whose samples 
were heated at 55 ◦C for 10 min). Equal amounts of protein samples 
were resolved on 12% SDS–PAGE, and subsequently transferred to 
polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Madrid, Spain). 
After incubation for at least 1 h in blocking buffer containing 5% w/v 
bovine serum albumin (BSA) in Tris buffered saline-0.1% Tween 20 
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(TBS-T), membranes were blotted overnight at 4 ◦C with the following 
primary antibodies and dilutions: rabbit anti-PKA phospho-substrates 
(1:1000, CST, #9621), rabbit anti-phospho-ROCK2 (1:750, Gene Tex, 
#GTX122651), mouse anti-ROCK2 (1:750, SCB, #sc-398519), rabbit 
anti-phospho-cofilin (1:1000, CST, #3313), mouse anti-cofilin (1:1000, 
SCB, #sc-376476), rabbit anti-phospho-ERK1/2 (1:1000, CST, #9101), 
mouse anti-ERK1/2 (1:1000, CST, #4696), mouse anti-α-tubulin (1:10, 
000, Sigma-Aldrich, #T9026), mouse anti-pan-GAP-43 (clone 7B10; 
1:1000, Santa Cruz Biotechnology, #sc-33705), mouse anti-FLAG M2 
(1:1000, Sigma-Aldrich, #F3165), mouse anti-GFP (1:1000, Thermo 
Fisher Scientific, #MA5-15 256). PVDF membranes were then rinsed 3 
times with TBS-T and incubated with the corresponding mouse or rabbit 
secondary antibodies (mouse IgG HRP-linked antibody, 1:5000, 
Sigma-Aldrich, #NA-931-1; rabbit IgG HRP-linked antibody, 1:5000, 
Sigma-Aldrich, #NA-934V) coupled to horseradish peroxidase for 1.5 h 
at room temperature. After washing 3 times for 10 min with TBS-T, 
membranes were developed using an enhanced chemiluminescence kit 
(Bio-Rad, Madrid, Spain). Densitometric analysis of the relative 
expression of the protein of interest versus the corresponding loading 
control was performed with FIJI ImageJ opensource software (NIH, 
Bethesda, MD). Western blot images were cropped for clarity. Electro
phoretic migration of molecular weight markers is depicted on the 
left-hand side of each blot. Full-length, uncropped blots are shown in 
Suppl. Fig. 1. 

2.4. Determination of cAMP concentration 

Homogeneous time-resolved fluorescence (HTRF) energy transfer 
assays were performed using the Lance Ultra cAMP kit (PerkinElmer) as 
previously reported (Costas-Insua et al., 2021; Moreno et al., 2014). 
HEK293T cells (1000 per well) were seeded in medium containing 50 
μM zardeverine in white ProxiPlate 384-well microplates (PerkinElmer) 
at 25 ◦C and stimulated with 100 nM WIN or vehicle for 15 min before 
adding 0.5 μM forskolin or vehicle, which were kept for an additional 
15-min period. Fluorescence at 665 nm was analysed on a PHERAstar 
Flagship microplate reader equipped with an HTRF optical module 
(BMG Lab technologies, Offenburg, Germany). cAMP values from basal 
stimulation in the absence of forskolin or agonists were subtracted from 
cAMP values obtained in each condition. cAMP values are expressed as 
the percentage of the forskolin-treated cells in each condition. Every 
condition was assayed in triplicate within each individual experiment. 

2.5. Antibody-capture [35S]GTPγS scintillation proximity assay 

To obtain the membrane fraction, HEK293T cell pellets (approxi
mately 500-mg weight) were homogenized in 50 mM Tris-HCl, 1 mM 
EGTA, 3 mM MgCl2 and 1 mM DTT, pH 7.4, supplemented with 250 mM 
sucrose, and centrifuged at 1000g for 15 min at 4 ◦C. Supernatants were 
recovered and centrifuged at 40,000g for 10 min at 4 ◦C. The pellets 
obtained were resuspended in 10 vol of homogenization buffer and 
recentrifuged at 40,000g for 10 min at 4 ◦C. The homogenates were 
centrifuged twice at 1,100g and at 40,000g for 10 min at 4 ◦C. The 
resultant pellets were resuspended in fresh cold centrifugation buffer 
(50 mM Tris-HCl, 1 mM EGTA, 3 mM MgCl2 and 1 mM DTT, pH 7.4) and 
centrifuged. Protein content was determined by the Bradford method. 
Specific activation of different subtypes of Gα protein subunits was 
determined using a homogeneous protocol of [35S]GTPγS scintillation 
proximity assay coupled to the use of the following anti-Gα antibodies: 
mouse monoclonal anti-Gαi1 (1:20, SCB, #sc-56536), mouse monoclonal 
anti-Gαo (1:40, SCB, #sc-393874), mouse monoclonal anti-Gαq/11 (1:20, 
SCB, #sc-515689), rabbit polyclonal anti-Gαs (1:20, SCB, #sc-377435) 
and rabbit polyclonal anti-Gαz (1:60, Antibodies on-line #ABIN653561), 
as previously described (Diez-Alarcia et al., 2016; Costas-Insua et al., 
2021). [35S]GTPγS binding was performed in 96-well Isoplates (Perki
nElmer Life Sciences, Maanstraat, Germany) with 200 μl of buffer (1 mM 
EGTA, 3 mM MgCl2, 100 mM NaCl, 0.2 mM DTT, 50 mM Tris–HCl, pH 

7.4), 0.4 nM [35S]GTPγS, 10 μg of protein per well, and different con
centrations of GDP depending on the Gα subunit subtype tested. After a 
2-h incubation period at 30 ◦C, 20 μl of Igepal 1% + SDS 0.1% was added 
to each well, and plates were incubated at 22 ◦C for 30 min with gentle 
agitation. Then, the specific antibody for the Gα subunit was added to 
each well before an additional 90-min incubation period at room tem
perature. Polyvinyltoluene SPA beads coated with protein A (Perki
nElmer, Madrid, Spain) were then added (0.75 mg of beads per well), 
and plates were incubated for 3 h at room temperature with gentle 
agitation. Finally, plates were centrifuged (5 min at 1000g), and bound 
radioactivity was detected on a MicroBeta TriLux scintillation counter 
(PerkinElmer, Madrid, Spain). To test their effect on the [35S]GTPγS 
binding to the different Gα subunit subtypes in the different experi
mental conditions, a single submaximal concentration (10 μM) of WIN 
was tested. Nonspecific binding was defined as the remaining [35S] 
GTPγS binding in the presence of 10 μM unlabelled GTPγS. Specific [35S] 
GTPγS binding values were transformed to the percentage of basal [35S] 
GTPγS binding (in the absence of any exogenous drug) obtained for each 
Gα protein. Every condition was assayed in triplicate within each indi
vidual experiment. 

2.6. Dynamic mass redistribution (DMR) 

The overall cell signalling signature was determined using an EnS
pire® Multimode Plate Reader (PerkinElmer, Waltham, MA, USA) by a 
label-free technology. Refractive waveguide grating optical biosensors, 
integrated in 384-well microplates, allow extremely sensitive measure
ments of changes in local optical density in a detecting zone up to 150 
nm above the surface of the sensor. Cellular mass movements induced 
upon receptor activation were detected by illuminating the underside of 
the biosensor with polychromatic light and measured as changes in 
wavelength (in pm) of the reflected monochromatic light, which is a 
sensitive function of the index of refraction. The magnitude of this 
wavelength shift is directly proportional to the amount of DMR. Briefly, 
24 h before the assay, HEK293T cells expressing FLAG-CB1R were 
seeded at a density of 10,000 cells per well in 384-well sensor micro
plates with 30 μl growth medium and cultured for 24 h (37 ◦C, 5% CO2) 
to obtain 70–80% confluent monolayers. Prior to the assay, cells were 
preincubated for 30 min with vehicle, Y-27632 (10 μM; MedChem, NJ, 
USA) or YM-254890 (1 μM). Then, cells were washed twice with assay 
buffer (HBSS with 20 mM HEPES, pH 7.15) and incubated for 2 h in 30 μl 
of assay-buffer per well with 0.1% DMSO in the reader at 24 ◦C. Here
after, the sensor plate was scanned, and a baseline optical signature was 
recorded before adding 10 μl of WIN at 100 nM dissolved in assay buffer 
containing 0.1% DMSO. Then, the resulting shifts of reflected light 
wavelength (pm) or DMR responses were monitored for at least 2000 s. 
Kinetic results were analysed using EnSpire Workstation Software v 
4.10. 

2.7. Immunofluorescence and receptor internalization assays 

For immunofluorescence, as previously reported (Maroto et al., 
2023), fixed cultured cells were permeabilized and blocked in PBS 
containing 0.25% Triton X-100 (Sigma) and 5% goat serum (Pierce 
Biotechnology, Rockford, IL, USA) for 1 h at room temperature. Primary 
antibodies were diluted directly into the blocking buffer and coverslips 
were incubated overnight at 4 ◦C with the following primary antibodies: 
rabbit anti-EEA1 antibody (1:100, CST, #2411), mouse anti-FLAG M2 
antibody (1:1000, Sigma-Aldrich, #F3165), rabbit anti-LAMP1 antibody 
(1:750, Abcam, Ab24170), mouse anti-pan-GAP43 (1:1000, SCB, 
#sc-33705), guinea pig anti-CB1R (1:500, Frontier Institute, 
#CB1-GP-Af530), rabbit anti-βIII-tubulin (1:500, BioLegend, #802001), 
mouse anti-βIII-tubulin (1:500, Chemicon, #MAB1637), rabbit 
anti-phospho-ROCK2 (1:500, Gene Tex, #GTX122651). After 3 washes 
with PBS plus 0.25% Triton X-100 for 10 min, samples were subse
quently incubated for 2 h at room temperature with the appropriate 
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cross-adsorbed AlexaFluor 488 goat anti-mouse IgG (Invitrogen, 
#A-28175), AlexaFluor 488 goat anti-rabbit IgG (Invitrogen, 
#A-11008), AlexaFluor 546 goat anti-mouse IgG (Invitrogen, 
#A-11030), AlexaFluor 546 goat anti-rabbit IgG (#A-11035), Alexa
Fluor 647 goat anti-mouse IgG (1:1000, Invitrogen, #A-21235), Alexa
Fluor 647 goat anti-guinea pig IgG (Invitrogen, #A-21450) at 1:500 or 
1:1000 depending on the dilution of the primary antibody, and the 
nuclear marker 4’,6-diamidino-2-phenylindole (DAPI) (1:10,000) to 
visualize nuclei (all from Invitrogen, Carlsbad, CA, USA) diluted in 
blocking buffer. After washing 3X in PBS 0.25% Triton X-100 for 10 min, 
coverslips cell-side down were mounted onto microscope slides using 
Mowiol® mounting media. 

The protocol for quantification of receptor internalization in 
HEK293T cells expressing FLAG-CB1R was described in (Zhuang and 
Matsunami, 2008). Briefly, for live-cell immunofluorescence, cells 
seeded on coverslips were transferred from their culture dishes to a new 
150-mm dish cell-side up and placed on ice. Mouse anti-FLAG M2 
antibody (1:1000, Sigma-Aldrich, #F3165) diluted in a staining solution 
containing Minimum Essential Media (MEM) with 10 mM HEPES, sup
plemented with 15 mM NaN3 to minimize receptor endocytosis during 
sample handling (Zhuang and Matsunami, 2008). One hundred μl of the 
solution was applied per coverslip and incubated on ice for 1 h. At the 
end of the incubation, the cover glasses were carefully transferred back 
to its original 150-mm dish and washed three times with cold washing 
solution for live-cell immunocytochemistry composed of Hank’s 
Balanced Salt Solution (HBSS) with 10 mM HEPES and 15 mM NaN3. 
The corresponding secondary antibody AlexaFluor 647 goat anti-mouse 
IgG (1:1000, Invitrogen, #A-21235) was diluted as well in staining so
lution and incubated for 30 min on ice. Afterwards, coverslips were 
washed again three times. Finally, the washing solution was replaced 
with 4% PFA for 15 min to fix the cells. A subsequent immunostaining 
step was performed as described above. Cells were permeabilized with 
PBS containing 0.25% Triton X-100 and 5% goat serum for 1 h. Rabbit 
anti-CB1R primary antibody (1:500, Frontier Institute, #CB1-Rb-Af380), 
raised against the C-terminal domain of CB1R, and AlexaFluor 546 goat 
anti-rabbit IgG (1:1000, Invitrogen, #A-11035) as secondary antibody 
were used. Every condition was assayed in triplicate within each indi
vidual experiment. 

Confocal fluorescence images were acquired by using LAS-X software 
version 3.4.2.18368 with a SP8 confocal microscope (Leica Micro
systems, Mannheim, Germany). All quantifications were obtained from a 
minimum of 3 fields per condition. Immunoreactive positive area was 
measured using FIJI ImageJ open-source software establishing a 
threshold to measure only specific signal. For colocalization assays, the 
resulting binary mask was then used along the built-in measure function 
to acquire the total immunoreactive area among all the pixels inside the 
binary mask overlaid on top of the original image. The obtained value 
was then normalized to the number of DAPI-positive cell nuclei. Data 
were then expressed as normalized to control. In primary neuron cul
tures, neurite length was measured systematically in 4 fields of 1 mm2 

per condition (in triplicate) using the free Image J plugin NeuronJ, and 
the mean value (in mm) was normalized to the control condition (in 
triplicate). None of the secondary antibodies produced any signal in 
preparations incubated in the absence of the corresponding primary 
antibodies. Representative images for each condition were prepared for 
figure presentation by applying brightness and contrast adjustments 
uniformly. 

2.8. Nuclear magnetic resonance (NMR) 

GAP43 was produced recombinantly in a bacterial expression system 
with pBH4 plasmid encoding 6xHis-tagged hGAP43 following standard 
immobilized-metal affinity chromatography (IMAC) purification. For 
the NMR experiments, GAP43 was expressed in minimal M9 medium, 
supplemented with 15N-NH4-Cl and purified likewise (Maroto et al., 
2023). NMR spectra were acquired using a Bruker 700 MHz 

spectrometer equipped with 5 mm triple channel inverse (TCI) cryo
probe for 1H/13C/15N/2D with Z gradient coil. Spectra were analysed 
using TopsSpin version 3.5 and CcpNmr Analysis 3.0 (Skinner et al., 
2016; Mureddu et al., 2020). 1H-15N heteronuclear single quantum 
coherence (HSQC)-based titrations were performed using 15N-labelled 
GAP43 in 20 mM phosphate buffer (pH 6.0) with 40 mM NaCl and 10% 
D2O at 298 K. HSQC resonances were identified based on 
repository-deposited assignments (Biological Magnetic Resonance Bank 
code 19246 (Flamm et al., 2016) https://bmrb.io/data_library/summar 
y/index.php?bmrbId=19246). Peaks were transferred to the most likely 
nearest neighbour using the software CCPN (Mureddu et al., 2020). 
Ambiguities were omitted from the analysis. Chemical shift perturba
tions caused by the interaction of GAP43 with an unlabelled hCB1R 
C-terminal peptide were calculated and mapped to the sequence to 
identify possible interacting domains. The hCB1R peptide (sequence 
CLHKHANNAASVHRAAESSIKSTVKIAK; amino acids 431–458; C449 of 
wild-type CB1R was replaced with S449 to reduce peptide reactivity) 
was synthesised by the Proteomics Unit of Madrid Complutense 
University. 

2.9. Statistics 

Data are presented as means ± SEM and the number of biological 
replicates is indicated in every case. Graph elaboration and statistical 
analysis were performed with GraphPad 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 homo
scedasticity (Levene’s test) before analysis. The particular statistical 
tests applied are indicated in each figure legend. We considered p-values 
<0.05 as statistically significant. The number of technical replicates is 
provided in the corresponding Material and Methods subsection. 

3. Results 

3.1. GAP43 does not affect CB1R-Gαi/o protein-evoked signalling in 
HEK293T cells 

We have previously shown that GAP43 interacts directly with CB1R 
and inhibits receptor function at hippocampal excitatory synapses 
(Maroto et al., 2023). To identify the precise signalling cascades affected 
by this protein-protein interaction, we first evaluated the effect of 
GAP43 on the classical CB1R-mediated inhibition of the cAMP pathway 
(Howlett et al., 1986). Thus, HEK293T cells expressing FLAG-tagged 
CB1R were co-transfected with GFP-labelled GAP43 or a GFP control 
vector (Suppl. Fig. 2A). Then, cells were pretreated with vehicle or the 
synthetic CB1R agonist WIN 55,212-2 (WIN; 100 nM, 15 min) and 
subsequently treated with vehicle or the AC activator forskolin (FSK; 0.5 
μM, 15 min) to induce cAMP formation (F(2, 12) = 49.71; FSK vs vehicle 
p < 0.0001, FSK + WIN vs FSK p = 0.0023). We observed that GAP43 
expression did not affect the expected WIN-mediated reduction of 
FSK-induced cAMP concentration (F(2, 12) = 49.71; FSK vs vehicle p <
0.0001, FSK + WIN vs FSK p = 0.0037; Fig. 1A). To further support this 
observation, we evaluated the levels of PKA phosphorylated substrates 
by Western blot and found that the expected WIN-mediated reduction of 
FSK-triggered PKA-substrates phosphorylation (F(3, 24) = 21.29; FSK vs 
vehicle p < 0.0001, FSK + WIN vs FSK p = 0.0002) was not changed by 
GAP43 expression (F(3, 24) = 21.29; FSK vs vehicle p = 0.0088, FSK +
WIN vs FSK p = 0.0004; Fig. 1B). 

Another classical Gαi/o-mediated downstream effector of CB1R is 
ERK1/2 (Pertwee et al., 2010). We therefore evaluated WIN-evoked 
ERK1/2 phosphorylation (activation) in HEK293T cells in the presence 
or absence of GAP43. WIN challenge (100 nM, 5 min) caused a 
remarkable increase in ERK1/2 phosphorylation in control conditions 
(F(1, 16) = 27.74, WIN vs vehicle p = 0.0046) and once again, GAP43 
expression did not affect agonist-evoked CB1R action (F(1, 16) = 27.74, 
WIN vs vehicle p = 0.0174; Fig. 1C). We next measured the coupling of 
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CB1R to Gαi/o proteins in the absence or presence of GAP43. We con
ducted [35S]GTPγS scintillation proximity assays coupled to immuno
precipitation with specific antibodies raised against archetypical Gαi/o 
subunits. In HEK293T cells expressing only CB1R, we observed a 
cannabinoid agonist-mediated activation of Gαi1 protein (t(8) = 3.394; p 
= 0.0094) but not of Gαo protein (t(8) = 0.1361; p = 0.8951; Fig. 1D), as 
might be expected in this cell type (Anavi-Goffer et al., 2007; Burford 
et al., 1998). This activation of Gαi1 was preserved in the presence of 
GAP43 (Gαi1: t(8) = 4.404; p = 0.0023; Gαo: t(8) = 0.5823; p = 0.5762; 
Gαi1 control vs Gαi1 GAP43 p = 0.6817, Gαo control vs Gαo GAP43 p =
0.9113; Fig. 1D). 

Taken together, these data support that classical CB1R-Gαi/o protein- 
coupled signalling pathways are not affected by GAP43. 

3.2. GAP43 does not affect CB1R internalization and recycling in 
HEK293T cells 

GAP43 can control the internalization of plasma membrane re
ceptors (Han et al., 2013). Hence, we next evaluated the effect of GAP43 
expression on agonist-evoked CB1R internalization. For this purpose, we 
used HEK293T cells expressing an N-terminally FLAG-tagged CB1R, 
which allows immunolabelling cell-surface receptors and relating them, 
after membrane permeabilization, to total cell receptors as stained with 
an anti-CB1R-C-terminal antibody. Cells were transfected with GAP43 
fused to GFP or a GFP control vector and incubated with vehicle or WIN 
(100 nM, 10 or 40 min) (Fig. 2A). At the shorter incubation time of 10 

min, WIN did not alter the levels of cell-surface CB1Rs compared to 
vehicle, and this value was then taken as a reference to calculate the 
fold-change of WIN over vehicle for each time interval. At the longer 
incubation time of 40 min, WIN caused a similar ~50% receptor inter
nalization in either control vector-transfected (F(1, 20) = 35.88, p =
0.0056) or GAP43 vector-transfected cells (F(1, 20) = 35.88, p = 0.0008; 
Fig. 2A), thus indicating that GAP43 does not impact CB1R 
internalization. 

Internalized CB1R tends to be localized primarily in early endosomes 
(Fletcher-Jones et al., 2020). Accordingly, after WIN challenge for 10 
min, we found a residual extent of internalization to early endosomes, as 
assessed by the colocalization of FLAG-CB1R (facing the luminal side of 
the endocytosis vesicle) and the early endosome antigen 1 (EEA1) (F(1, 

20) = 5.576, WIN vs vehicle in control p = 0.6564, WIN vs vehicle in 
GAP43 p = 0.1639; Fig. 2B). In line with our aforementioned observa
tions, CB1R showed an increased localization to early endosomes upon a 
40-min WIN exposure, that was similar for control vector-expressing and 
GAP43-expressing cells (F(1, 20) = 29.10, WIN vs vehicle in control p =
0.0032, WIN vs vehicle in GAP43 p = 0.0095). From early endosomes, 
CB1R can be recycled to the plasma membrane or targeted to lysosomes 
for degradation (Martini et al., 2007). After either 10 or 40-min WIN 
application, we found no change in the co-localization between 
FLAG-CB1R and the lysosomal-associated membrane protein 1 (LAMP1) 
marker (at 10 min: F(1, 8) < 0.0001, WIN vs vehicle in control p > 0. 
9999, WIN vs vehicle in GAP43 p > 0. 9999; at 40 min: F(1, 8) = 0.0737, 
WIN vs vehicle in control p > 0. 9999, WIN vs vehicle in GAP43 p =

Fig. 1. GAP43 does not affect CB1R-Gαi/o protein- 
evoked signaling in HEK293T cells. A. HEK293T 
cells transfected with CB1R, and a control vector or a 
GAP43-encoding vector, were treated with vehicle or 
WIN (100 nM, 15 min) and subsequently with for
skolin (FSK; 0.5 μM, 15 min) to determine cAMP 
concentration (means ± SEM, n = 3 experiments, **p 
< 0.01 from vehicle and ##p < 0.01 from FSK by two- 
way ANOVA with Tukey’s multiple comparison test). 
B. HEK293T cells transfected with CB1R, and a con
trol vector or a GAP43-encoding vector, were treated 
with vehicle or WIN (100 nM, 5 min) and subse
quently with FSK (0.5 μM, 10 min). Representative 
Western blots and quantification of optical density 
(O.D.) values of PKA phosphorylated substrates rela
tive to those of the loading control are shown (means 
± SEM, n = 4 experiments; **p < 0.01 from vehicle 
and ##p < 0.01 from FSK by two-way ANOVA with 
Tukey’s multiple comparison test). C. HEK293T cells 
transfected with CB1R, and a control vector or a 
GAP43-encoding vector, were treated with vehicle or 
WIN (100 nM, 5 min). Representative Western blots 
and quantification of optical density (O.D.) values of 
phosphorylated ERK1/2 relative to those of the 
loading control are shown (means ± SEM, n = 5 ex
periments; *p < 0.05, **p < 0.01 by two-way ANOVA 
with Tukey’s multiple comparison test). D. [35S] 
GTPγS scintillation proximity assays coupled to 
immunoprecipitation with specific antibodies against 
Gαi1 and Gαo subunits were conducted in membrane 
homogenates from HEK293T cells transfected with 
CB1R and a control vector or a GAP43-encoding 
vector. Data are shown as percentage of [35S]GTPγS 
basal binding values obtained for each specific sub
unit upon WIN application (means ± SEM, n = 9 
experiments, 100% indicated with a dashed line, *p 
< 0.05 from basal by one sample Student’s t-test and 
n. s. from control by two-tailed unpaired Student’s t- 
test).   
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0.9837; Fig. 2C), both in the presence and in the absence of GAP43, thus 
indicating that, at least under these conditions, a negligible 
WIN-mediated trafficking of CB1R to lysosomes occurs independently of 
GAP43 expression levels. 

Taken together, these data show that GAP43 does not modulate 
agonist-evoked CB1R internalization and subsequent intracellular 
sorting. 

3.3. GAP43 blocks CB1R-evoked ROCK signalling in HEK293T cells 

Given the prominent role of GAP43 in cytoskeletal remodelling and 
presynaptic plasticity (He et al., 1997; Holahan, 2017), we next aimed to 
analyse the status of the CB1R-activated RhoA/ROCK signalling cascade. 
First, we performed dynamic mass redistribution (DMR) assays, a 
technique that allows quantifying changes in overall signalling activity 
triggered by a receptor agonist (Fang et al., 2007), in CB1R-expressing 
HEK293T cells (Maroto et al., 2023). Changes in light diffraction were 
detected at the bottom 150 nm of a cell monolayer. After a baseline 
period, cells were treated with WIN (100 nM, 0–2000 s) and a specific, 
saturable response was registered (Fig. 3A). When cells were pre-treated 
with the ROCK inhibitor Y-27632 (10 μM, 30 min), the WIN-mediated 
response was partially blocked, thus suggesting that ROCK activation 
contributes to the global agonist-evoked CB1R signalling process. 

We next conducted Western blot assays to evaluate the effect of 
GAP43 on this CB1R-activated cascade (Fig. 3B). WIN (100 nM, 5 min) 
increased the phosphorylation (activation) of ROCK2, the ROCK isoform 

that is mainly expressed in the nervous system (Liu et al., 2015), 
compared to vehicle-treated cells (F(1, 28) = 0.5642, WIN vs vehicle p =
0.0316). Of note, this effect was abolished upon GAP43 co-expression 
(F(1, 28) = 0.5642, WIN vs vehicle p = 0.2628). Similar data were 
observed for phosphorylated cofilin (F(1, 25) = 1.539, WIN vs vehicle in 
control p = 0.0233, WIN vs vehicle in GAP43 p = 0.5899; Fig. 3C), a 
well-established downstream effector of the ROCK cascade (Liu et al., 
2015) (Fig. 3B). 

Taken together, these data support that the CB1R-mediated activa
tion of the ROCK cascade is selectively impaired by GAP43. 

3.4. GAP43 blocks CB1R-evoked ROCK signalling in HEK293T cells by 
impairing Gαq/11 protein activation 

We have shown above that GAP43 inhibits CB1R-evoked ROCK sig
nalling but does not affect Gαi/o protein coupling to the receptor. Hence, 
we next aimed at exploring the possible participation of other, non-Gαi/o 
protein subunits. We thus conducted [35S]GTPγS scintillation proximity 
assays for Gαq/11, Gαs and Gαz, which have been previously shown to 
associate with CB1R (Lauckner et al., 2005; Finlay et al., 2017; Garzón 
et al., 2009), and observed an overt WIN-mediated activation of Gαq/11 
proteins in CB1R-expressing HEK293T cells (Gαq/11: t(4) = 5.081; p =
0.0071; Gαs: t(3) = 0.2251; p = 0.8364; Gαz: t(3) = 3.163; p = 0.0507) 
that was abolished by GAP43 co-expression (Gαq/11: t(4) = 0.5059; p =
0.6395; Gαs: t(4) = 0.8676; p = 0.4346; Gαz: t(3) = 1.580; p = 0.2122; 
Gαq/11 control vs Gαq/11 GAP43 p = 0.0095, Gαs control vs Gαs GAP43 p 

Fig. 2. GAP43 does not affect CB1R internalization and recycling in HEK293T cells. A. HEK293T cells expressing an N-terminally FLAG-tagged CB1R, and transfected 
with a GFP control vector or a GAP43-GFP-encoding vector, were incubated with vehicle or WIN (100 nM, 10 or 40 min). Representative confocal images of GFP 
control and GAP43-GFP expressing cells upon WIN application (100 nM, 40 min; left). Quantification of internalization is expressed as the percentage of surface to 
total CB1R, normalized to vehicle (right; means ± SEM, n = 6 experiments, **p < 0.01 by two-way ANOVA with Tukey’s multiple comparison test). B. Representative 
confocal images showing colocalization of CB1R with early endosome antigen 1 (EEA1) upon WIN application (100 nM, 40 min; left). Quantification of CB1R-EEA1 
colocalization after 10 or 40-min WIN challenge (right; means ± SEM, n = 6 experiments, **p < 0.01 by two-way ANOVA with Tukey’s multiple comparison test). C. 
Quantification of CB1R-lysosomal-associated membrane protein 1 (LAMP1) colocalization after 10 or 40-min WIN challenge (means ± SEM, n = 3 experiments, n. s. 
by two-way ANOVA with Tukey’s multiple comparison test). 

Fig. 3. GAP43 blocks CB1R-evoked ROCK signaling in HEK293T cells. A. DMR assays in HEK293T cells transfected with CB1R pretreated with vehicle or Y-27632 
(10 μM, 30 min) and further challenged with WIN (100 nM). The resulting shifts of reflected light wavelength (in pm) were monitored over time (in s). A repre
sentative experiment is shown (n = 3 experiments). B. HEK293T cells transfected with CB1R, and a control vector or a GAP43-encoding vector, were treated with 
vehicle or WIN (100 nM, 5 min). Representative Western blots and quantification of optical density (O.D.) values of phosphorylated ROCK2 relative to those of the 
loading control are shown (means ± SEM, n = 8 experiments; *p < 0.05 by two-way ANOVA with Tukey’s multiple comparison test). C. Representative Western blots 
and quantification of optical density (O.D.) values of phosphorylated cofilin relative to those of the loading control are shown (means ± SEM, n = 7 experiments; *p 
< 0.05 by two-way ANOVA with Tukey’s multiple comparison test). 
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= 0.5701, Gαz control vs Gαz GAP43 p = 0.8234; Fig. 4A). We subse
quently performed DMR experiments in cells that were pre-treated with 
vehicle or the Gαq/11 inhibitor YM-254890 (1 μM, 30 min). We found an 
attenuation of the WIN-mediated response by YM-254890 (Fig. 4B), thus 
supporting that at least part of the global CB1R signalling activity is due 
to the coupling of CB1R to Gαq/11 proteins. 

Then, we pretreated CB1R-expressing HEK293T cells with vehicle or 
the Gq/11 inhibitor YM-254890 (1 μM, 30 min), and subsequently chal
lenged them with vehicle or WIN (100 nM, 5 min), followed by Western 
blot experiments of ROCK2 and cofilin phosphorylation (Fig. 4C). In 
control conditions, as observed above, WIN increased the phosphory
lation extent of ROCK2 (F(1, 40) = 9.111; WIN vs vehicle p = 0.0210) and 
cofilin (F(1, 20) = 6.163; WIN vs vehicle p = 0.0476). Of note, this in
crease was abolished by YM-254890 (ROCK2: F(1, 40) = 9.111; WIN vs 
vehicle p = 0.6109; cofilin: F(1, 20) = 6.163; WIN vs vehicle p = 0.9004), 
thus mimicking the effect of the ectopic expression of GAP43 and sup
porting a common mechanism of action. 

Taken together, these data indicate that GAP43 reduces agonist- 
evoked CB1R signalling in a selective manner by occluding Gq/11 
protein-mediated ROCK pathway activation. 

3.5. GAP43 impedes CB1R-evoked ROCK signalling and neurite collapse 
in primary hippocampal neurons 

Both GAP43 and CB1R are highly abundant in the central nervous 
system (Benowitz et al., 1988; Kano et al., 2009; Herkenham et al., 
1990) and interact at a subpopulation of hippocampal excitatory bou
tons (Maroto et al., 2023). Hence, primary cultures of newborn-mouse 
hippocampal neurons were prepared and analysed after a differentia
tion period of 7 days in vitro (DIV7). A marked overlapping was observed 
between CB1R and GAP43, largely at growing neural processes as 
labelled with βIII-tubulin (Fig. 5A). To study the effect of GAP43 on 
CB1R signalling, these DIV7 neuronal cultures were nucleofected with a 
control vector or a GAP43-encoding vector (Suppl. Fig. 2B) and 

subsequently treated with vehicle or WIN (100 nM, 5 min). We observed 
a WIN-mediated increase in phosphorylated ROCK2 by Western blot 
(F(1, 16) = 1.574; p = 0.0416; Fig. 5B) as well as by immunofluorescence 
assays (F(1, 8) = 7.838; p = 0.0247; Fig. 5C). This effect was abrogated in 
cells overexpressing GAP43 (F(1, 16) = 1.574; p = 0.6460, Fig. 5B; F(1, 8) 
= 7.838; p = 0.9940, Fig. 5C), in agreement with the aforementioned 
observations in HEK293T cells. 

Both CB1R and GAP43 are actively involved in the control of neurite 
outgrowth (Maccarrone et al., 2014; Holahan, 2017; Strittmatter, 1992). 
Hence, we aimed to evaluate a possible crosstalk between CB1R and 
GAP43 in this process. For this purpose, we measured the length covered 
by all processes per neuron, as labelled with βIII-tubulin, in our DIV7 
primary cultures that had been nucleofected with a control vector or a 
GAP43-encoding vector. We found a decrease in the mean neurite length 
upon treatment with WIN (100 nM, 5 min) compared with 
vehicle-treated neurons, and this effect was abrogated by GAP43 over
expression (F(1, 18) = 0.3007; WIN vs vehicle in control p = 0.0210, WIN 
vs vehicle in GAP43 p = 0.1542; Fig. 5D). 

Taken together, these data indicate that GAP43 impedes CB1R- 
evoked ROCK signalling in mouse hippocampal neurons, thereby 
blocking the neurite-growth collapsing effect of the receptor. 

3.6. Multiple regions of GAP43 participate in its interaction with CB1R 

We finally aimed to dissect the regions of GAP43 that participate in 
its interaction with CB1R. For this purpose, we obtained the HSQC 
(1H-15N) spectrum of GAP43 with and without a hCB1R C-terminal 
stretch (red and blue in Fig. 6A, respectively). The spectrum confirmed 
the intrinsically disordered nature of GAP43, consistent with the 
inability of AlphaFold2 software to predict accurately most of its tertiary 
structure (Suppl. Figs. 3A–C) (Flamm et al., 2016). The addition of the 
CB1R C-terminal peptide (Suppl. Fig. 3D) did not produce a global 
rearrangement of the protein, which remained disordered (Fig. 6A). The 
chemical shift perturbation analysis of GAP43 signals upon peptide 

Fig. 4. GAP43 bocks CB1R-evoked ROCK signaling by 
impairing Gαq/11 protein activation in HEK293T cells. 
A. [35S]GTPγS scintillation proximity assays coupled 
to immunoprecipitation with specific antibodies 
against non-Gαi/o subunits were conducted in mem
brane homogenates from HEK293T cells transfected 
with CB1R, and a control vector or a GAP43-encoding 
vector. Data are shown as percentage of [35S]GTPγS 
basal binding values obtained for each specific sub
unit upon WIN application (means ± SEM, n = 3–5 
experiments, 100% indicated with a dashed line, *p 
< 0.05 from basal by one sample Student’s t-test and 
##p < 0.01 from control by two-tailed unpaired Stu
dent’s t-test). B. DMR assays in HEK293T cells 
transfected with CB1R pretreated with vehicle or YM- 
254890 (10 μM, 30 min) and further challenged with 
WIN (100 nM). The resulting shifts of reflected light 
wavelength (in pm) were monitored over time (in s). 
A representative experiment is shown (n = 3 experi
ments). C. HEK293T cells transfected with CB1R, and 
a control vector or a GAP43-encoding vector, were 
treated with vehicle or YM-254890 (YM; 1 μM, 30 
min) and then with vehicle or WIN (100 nM, 5 min). 
Representative Western blots and quantification of 
optical density (O.D.) values of phosphorylated 
ROCK2 (means ± SEM, n = 11 experiments; *p <
0.05 by two-way ANOVA with Tukey’s multiple 
comparison test) and cofilin (means ± SEM, n = 6 
experiments; *p < 0.05 by two-way ANOVA with 
Tukey’s multiple comparison test) relative to those of 
the loading control are shown.   
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addition showed alterations located at both the N-terminal and the 
C-terminal domains. However, the residues at the N-terminal domain 
displayed moderate perturbations (most of them with Δδ ≈ 0.02 ppm) 
compared to the residues at the C-terminal domain (six HNs display Δδ 
≈ 0.18 ppm). (Fig. 6B). Hence, two main regions of GAP43 seemed to be 
involved in the binding to the CB1R C-terminal domain: a weakly 
interacting N-terminal stretch, involving residues around position 28 

and 62–66, and a more strongly interacting C-terminal stretch, involving 
residues mainly around position 220 (Fig. 6B and Suppl. Fig. 3C). These 
data provide further support to the notion (Maroto et al., 2023) that the 
inhibitory effect of GAP43 on CB1R is due to a direct and specific 
physical interaction of the two proteins. 

Fig. 5. GAP43 impedes CB1R-evoked ROCK signaling and neurite collapse in primary hippocampal neurons. A. Confocal images of mouse hippocampal primary 
neurons at DIV7 immunolabeled for CB1R and GAP43. The dotted line depicts the high-magnification inset shown in the right column. The arrowhead points to a 
sample growth cone where both proteins colocalize. B. DIV7 primary neurons nucleofected with a control vector or a GAP43-encoding vector were treated with 
vehicle or WIN (100 nM, 5 min). Representative Western blots and quantification of optical density (O.D.) values of phosphorylated ROCK2 relative to those of the 
loading control are shown (means ± SEM, n = 5 experiments, *p < 0.05 by two-way ANOVA with Tukey’s multiple comparison test). C. Representative confocal 
images of DIV7 neurons immunolabelled with phosphorylated ROCK2 and β-tubulin III (left). Quantification of pROCK2 immunoreactivity (right, means ± SEM, n = 3 
experiments, *p < 0.05 by two-way ANOVA with Tukey’s multiple comparison test). D. Representative confocal images of DIV7 neurons immunolabelled with 
β-tubulin III. Arrowheads point to sample neurites (left). Quantification of mean neurite length (right, means ± SEM, n = 6–5 experiments, *p < 0.05, **p < 0.01 by 
two-way ANOVA with Tukey’s multiple comparison test). 

Fig. 6. NMR-based structural analysis of the interaction of GAP43 with the CB1R C-terminal domain. A. HSQC (1H-15N) spectrum of GAP43 with and without a CB1R 
C-terminal peptide (red and blue, respectively) (left). Cross-peak displacement of representative residues are shown (right). B. Chemical shift perturbation mapping of 
the GAP43 (1H-15N) signals upon addition of a hCB1R C-terminal peptide (amino acids 431–458). 
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4. Discussion 

Various studies have aimed at discovering proteins that interact with 
CB1R and modulate receptor-evoked signalling in a spatiotemporal- 
selective manner (Leo and Abood, 2021; Oyagawa and Grimsey, 2021; 
Oliver et al., 2020). We have previously identified a new CB1R-inter
acting protein, namely GAP43, long known for its functions in structural 
plasticity, as an excitatory synapse-specific inhibitor of CB1R action 
(Maroto et al., 2023). Here, we went one step ahead by showing that 
GAP43 modifies CB1R-mediated signalling activity in a very particular 
manner. Specifically, our data unveil that the classical CB1R-associated 
Gi/o protein-coupled signalling cascades, such as cAMP/PKA and ERK, 
are not affected by GAP43 interaction. In contrast, strikingly, GAP43 
selectively modulates an alternative CB1R-associated Gq/11 
protein-coupled ROCK pathway, thus inducing a delicate bias of the 
receptor signalling profile. 

Previous evidence has shown a functional link between CB1R and 
RhoA/ROCK signalling in both neurons (Berghuis et al., 2007; Día
z-Alonso et al., 2016) and non-neural cells (Mai et al., 2015). ROCK 
belongs to the serine/threonine protein kinase superfamily and is the 
most relevant downstream effector molecule of the small GTPase Rho, 
which removes ROCK auto-inhibition. Activated ROCK then phosphor
ylates its substrates to induce cytoskeletal reorganization. Specifically, 
LIM kinase is a ROCK downstream substrate that phosphorylates the 
actin-binding protein cofilin, which then becomes inactivated by phos
phorylation, turning incapable of depolymerizing actin chains and of 
promoting neurite/filopodia extension (Liu et al., 2015). GAP43 is 
usually considered another actin-binding protein owing to its involve
ment in the lateral interaction and stabilization of long F-actin filaments 
(He et al., 1997; Moss et al., 1990). GAP43 interacts as well with other 
cytoskeleton-associated proteins to favour an actin-polymerization 
environment (Riederer and Routtenberg, 1999), and can regulate the 
activity of Rho family members (Aarts et al., 1998). Our findings show 
that GAP43 abrogates the agonist-evoked CB1R activation of ROCK and 
subsequent inactivation of cofilin, which further supports the 
growth-promoting functions of GAP43 in neurons. 

We also show that the pharmacological blockade of Gq/11 proteins 
reduces cannabinoid-evoked ROCK and cofilin phosphorylation, thus 
acting in the same direction as GAP43, which impairs CB1R-mediated 
Gq/11 protein activation. This is the first report supporting that CB1R 
couples to a Gq/11-ROCK signalling axis and that GAP43, conceivably by 
interacting with the receptor, blocks that process. A previous report 
showed that a biased agonism of WIN and anandamide at CB1R triggered 
Ca2+ mobilization from intracellular stores by a preferential activation 
of Gαq/11 proteins in HEK293T cells, which might ultimately participate 
in the control of cytoskeletal dynamics (Lauckner et al., 2005). Likewise, 
the specific pattern of G protein subunit activation in the mouse brain 
cortex was found to depend on the cannabinoid agonist used (Die
z-Alarcia et al., 2016; Costas-Insua et al., 2021). Regions homologous to 
the putative CB1R-C-terminal domain α-helix 9 have been suggested to 
bind Gαq/11 in rhodopsin (Murakami and Kouyama, 2008) and the 
bradykinin B2 receptor (Piserchio et al., 2005). According to our data, it 
would be possible that GAP43 bound to that domain, thus occluding the 
Gαq/11-binding site. In fact, we detected by NMR spectroscopy the 
interaction of GAP43 with a CB1R C-terminal peptide comprising amino 
acids 431–458, which partially overlaps with the proposed 
CB1R-C-terminal domain α-helix 9 (amino acids 440–461, Suppl. Fig. 3D 
(Stadel et al., 2011)). It has also been suggested that the CB1R-C-ter
minal domain α-helix 9 stabilizes CB1R at the membrane (Fletcher-Jones 
et al., 2019), unlike the most distal part of the CB1R-C-terminal domain, 
that has been largely implicated in receptor internalization processes 
(Stadel et al., 2011; Hsieh et al., 2002). This aligns with our finding that 
GAP43 does not affect agonist-evoked CB1R internalization and endo
somal trafficking. 

We have previously reported that, like GAP43, the Hsp70 chaperone- 
family member BiP also interacts with CB1R and impairs receptor- 

evoked Gαq/11 protein activation, although, unlike GAP43, BiP acts in 
GABAergic neurons rather than in glutamatergic neurons (Costas-Insua 
et al., 2021; Gómez-Almería et al., 2021). Hence, a set of CB1R-inter
acting proteins might operate in a spatiotemporal-selective manner to 
fine-tune different CB1R/Gαq/11-mediated biological processes. In 
addition, Gα12/13 protein association to CB1R, presumably through 
binding to the intracellular loop 3 of the receptor rather than to its 
C-terminal domain (Inoue et al., 2019), can modulate Rho activity and 
cytoskeletal architecture in neurons (Dalton et al., 2013; Roland et al., 
2014). Moreover, there is evidence supporting that Gα12/13 and Gαq/11 
can trigger neurite collapse by distinct signaling pathways (Roland et al., 
2014; Kranenburg et al., 1999; Katoh et al., 1998). Thus, it is possible 
that different mechanisms are triggered in neurons compared to 
HEK293T cells, and we cannot exclude a potential cooperation between 
Gαq/11, Gα12/13 and/or their respective βγ subunits (Dalton et al., 2020) 
in a neuronal system in which integration of signals from different G 
proteins determines cytoskeletal dynamics. 

On neurobiological grounds, CB1R was reported to colocalize with 
GAP43 on axonal cones of extending myelin fibers in the developing rat 
brain (Gómez et al., 2008). CB1R activation induces neurite collapse and 
repulsive growth cone turning, at least in vitro (Berghuis et al., 2007; 
Argaw et al., 2011; Zhou and Song, 2001; Rueda et al., 2002). The 
molecular mechanism of CB1R action on the cytoskeletal rearrange
ments associated to growth cone dynamics was proposed to involve 
RhoA/ROCK (Berghuis et al., 2007; Roland et al., 2014) among other 
cascades (He et al., 2005; Bromberg et al., 2008). In fact, the ROCK 
inhibitor Y-27632 increased the number of long projections in human 
SH-SY5Y neuroblastoma cells stably expressing CB1R (Lyons et al., 
2020). On the other hand, GAP43, when phosphorylated at the classical 
PKC-dependent S41 residue, is an archetypical marker of expanding 
growth cones (Strittmatter et al., 1995). It responds to several extra
cellular attractive signals to direct the functional behaviour of growth 
cones (Meiri et al., 1998; Neve et al., 1991). The levels of phosphory
lated GAP43 are low in actively retracting branches (Dent and Meiri, 
1998), and interfering with GAP43 activation inhibits neurite outgrowth 
(Benowitz and Routtenberg, 1997). We have previously reported that 
phosphorylation of the GAP43-S41 residue is required for the interaction 
with CB1R and the resulting inhibition of receptor synaptic function 
(Maroto et al., 2023). It is therefore possible that more extensive 
changes in the protons surrounding GAP43-S41 could be observed in the 
NMR spectrum if that residue was phosphorylated in the recombinant 
protein. As CB1R and GAP43 show opposed functions in regulating 
growth cone advance, an inhibitory effect of S41-phosphorylated GAP43 
on CB1R-evoked activation of ROCK signalling fits well in this scenario. 
CB1R and GAP43 could likely crosstalk at neuronal processes in response 
to extracellular signals coming from the niche. Other cytoskeletal pro
teins such as WAVE1 family members also interact with CB1R and 
modulate its function on neurite growth and development (Njoo et al., 
2015). Hence, it is conceivable that a subset of the CB1R interactome is 
composed by various cytoskeleton-associated proteins that assist the 
receptor in regulating cytoskeletal dynamics at growth cones and 
remodelling nerve terminals. Further studies would be required to fully 
understand the intricate spatiotemporal role of CB1R-GAP43 complexes 
at extending neural fibres in the normal and pathological brain. 
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three different cannabinoid receptor agonists in mouse brain cortex. Front. 
Pharmacol. 7, 415. https://doi.org/10.3389/fphar.2016.00415. 

Fang, Y., Li, G., Ferrie, A.M., 2007. Non-invasive optical biosensor for assaying 
endogenous G protein-coupled receptors in adherent cells. J. Pharmacol. Toxicol. 
Methods 55, 314–322. https://doi.org/10.1016/j.vascn.2006.11.001. 

Finlay, D.B., Cawston, E.E., Grimsey, N.L., et al., 2017. Gαs signalling of the CB1 receptor 
and the influence of receptor number. Br. J. Pharmacol. 174, 2545–2562. https:// 
doi.org/10.1111/bph.13866. 
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long-lasting desensitization of brain CB1 receptors and is essential for cross-tolerance 
with morphine. Mol. Pain 5, 11. https://doi.org/10.1186/1744-8069-5-11. 
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