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Actomyosin-mediated inhibition of synaptic vesicle release
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Long-term synaptic plasticity is critical for adaptive function of the brain, but presynaptic mechanisms of functional plasticity
remain poorly understood. Here, we show that changes in synaptic efficacy induced by activation of the cannabinoid type-1
receptor (CB;R), one of the most widespread G-protein coupled receptors in the brain, requires contractility of the neuronal
actomyosin cytoskeleton. Specifically, using a synaptophysin-pHluorin probe (sypH2), we show that inhibitors of non-muscle
myosin Il (NMII) ATPase as well as one of its upstream effectors Rho-associated kinase (ROCK) prevent the reduction of synaptic
vesicle release induced by CB;R activation. Using 3D STORM super-resolution microscopy, we find that activation of CB;R induces a
redistribution of synaptic vesicles within presynaptic boutons in an actomyosin dependent manner, leading to vesicle clustering
within the bouton and depletion of synaptic vesicles from the active zone. We further show, using sypH2, that inhibitors of NMIl
and ROCK specifically restore the release of the readily releasable pool of synaptic vesicles from the inhibition induced by CB;R
activation. Finally, using slice electrophysiology, we find that activation of both NMIl and ROCK is necessary for the long-term, but
not the short-term, form of CB;R induced synaptic plasticity at excitatory cortico-striatal synapses. We thus propose a novel
mechanism underlying CB;R-induced plasticity, whereby CB;R activation leads to a contraction of the actomyosin cytoskeleton
inducing a reorganization of the functional presynaptic vesicle pool, preventing vesicle release and inducing long-term depression.

Translational Psychiatry (2024)14:335; https://doi.org/10.1038/s41398-024-03017-4

INTRODUCTION
The cannabinoid type-1 receptor (CBR) is a G-protein coupled
receptor (GPCR) known widely to mediate the psychoactive effects
of cannabinoids such as THC. As part of the neuromodulatory
endocannabinoid system, it is also a key player in the endogenous
regulation of mood, appetite, and pain perception, and has long
been considered as a target of therapeutic treatment for various
disorders including multiple sclerosis and epilepsy [1, 2]. How CB4R
can regulate these effects at the neuronal level is mainly attributed
to the known forms of synaptic plasticity induced by its activation.
Indeed, activation of CB;R is known to lead to both short-term
depression (STD) and long-term depression (LTD) of synaptic
transmission [3], whereby activation of CB;R at the presynaptic
terminal decreases transmission during neuronal activity by
inhibiting synaptic vesicle (SV) release. By affecting synaptic
plasticity, CB;R can affect the computations of multiple neural
networks, leading to changes in behavioral outputs ranging from
cognition to fine movement control and emotional regulation, as it
is not only highly expressed in both the limbic system and
cerebellum, but also present throughout the cortex [4-6].

Like other mechanisms of presynaptic plasticity, how CB;R
activation may lead to inhibition of release during long-term
plasticity remains poorly understood. This paucity in knowledge

stems partly from the complexity of the molecular interactions
required for synaptic vesicle exocytosis and recycling, essential
steps in neurotransmission. However, recent studies have started
to shed light on the mechanisms that might be at play. In
particular, CB4R activation leads to a decrease in synaptic vesicles
docked at the active zone (AZ), observed with electron microscopy
both at hypoglossal terminals [7] and at cerebellar granule cell
synapses [8, 9]; a recent study finds opposite effects in human
cultured neurons [10]. Nonetheless, an increase in docked vesicles
was reported in CB;R-KO mice [11], suggesting CB4R plays a role in
regulating SV pool distribution. CB;R-induced synaptic depression
may thus result from a depletion of docked synaptic vesicles from
the active zone (AZ). However, although these studies provide a
structural mechanism explaining the prevention of SV release
under CB4R, a direct molecular pathway tying CB;R activation to
SV redistribution remains debated.

An additional difficulty in the study of GPCR-induced mechan-
isms stems from the complexity of G-protein subunit molecular
interactions, known to interact directly or indirectly with countless
downstream effectors. CB4R has typically been reported to interact
with the main inhibitory G protein pathway associated to Gy, [3],
known to inhibit the cAMP/PKA molecular pathway. However,
how inhibition of this pathway may prevent vesicle release
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remains to be determined. Several studies have also shown
recruitment of the actomyosin cytoskeleton and its upstream
activators under CB;R during neural development [12-14]. We
have previously shown this same pathway recruited downstream
of CB4R through Gy ,/;3 recruitment during axonal pathfinding [14].
Furthermore, pharmacological stabilization of actin filaments
impairs CB,R-LTD in the hippocampus [15], suggesting that
preserving the dynamics of the actomyosin cytoskeleton may be
essential in CB,R-induced effects at mature synapses.

Increasing evidence is bringing to light a role for the
actomyosin cytoskeleton in the regulation of synaptic vesicle
release. Disruption of the actin cytoskeleton has been found to
prevent recovery of the readily releasable synaptic vesicle pool
(RRP) under high frequency stimulation without affecting release
under low frequency stimulation [16-20], suggesting actin
filaments may be necessary to preserve SV repletion from the
reserve pool. Emphasizing this hypothesis, depolymerization of
the actin cytoskeleton has been found to increase vesicle mobility
within presynaptic terminals [21, 22] and stabilization of the
cytoskeleton can prevent relocation of SVs to the AZ [23], to
inhibit vesicle cycling [24], and to reduce sustained vesicle release
during prolonged stimulation [23, 25]. Recruitment of actomyosin
by CB;R may therefore explain the effects of CB;R on vesicle
depletion from the AZ, although this link has not yet been
explored.

Here, we investigated the role of non-muscle myosin Il (NMII),
the main myosin protein responsible for the contraction of the
actin cytoskeleton in non-muscle cells, on three of the established
effects of CB4R at the synapse: redistribution of synaptic vesicles,
inhibition of SV release and synaptic plasticity. We found that the
inhibition of SV release, and, more specifically, release of the

NH‘C

A

Baseline

KCI
I
I

i 256

readily releasable pool (RRP) of vesicles, under CB4R activation is
dependent on both NMIl and one of its direct upstream effectors,
Rho-associated protein kinase (ROCK). By imaging clusters of the
vesicular protein VAMP2 at presynaptic boutons with STORM
super-resolution microscopy, we show that SV distribution is
altered upon CB1R activation and that this redistribution is
prevented under inhibition of NMII. Finally, we found that both
NMII and ROCK inhibition prevent excitatory CB;R-LTD at cortico-
striatal synapses, without impacting short-term plasticity, suggest-
ing a ROCK/NMII dependent mechanism of SV redistribution
during CB;R-induced long-term plasticity.

RESULTS

NMII and ROCK inhibition prevent the reduction of vesicle
release induced by CB1R activation

We first tested the influence of the actomyosin cytoskeleton on
CB;R-induced inhibition of SV cycling by using synaptophysin-
pHluorin (sypH2) [26, 27], a pH-sensitive GFP variant tagged to the
intra-vesicular domain of synaptophysin, and an established
reporter of SV release. SypH2 was transfected into primary
hippocampal cultures and release was imaged at 15-20 days in
order to image mature synapses.

Sustained depolarization (2 min) of neurons with high concen-
trations of potassium chloride (KCl - 50 mM) induced a significant
increase in fluorescence as compared to baseline (Fig. 1A-C),
indicating vesicle cycling. Furthermore, alkalinizing intracellular
compartments with ammonium chloride (NH4Cl - 50 mM) induced
a compounded increase in fluorescence, relating to the total pool
of vesicles within the axonal bouton (Fig. 1A, B). Measuring the
fluorescence increase after addition of KCl as a percentage of the
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Fig. 1 Actomyosin contractility mediates cannabinoid-induced suppression of vesicle release. A Neuron expressing the vesicle release

marker sypH2. Example SypH2 fluorescence levels in a control (Veh) and a WIN55,212-2-treated (WIN, 1 uM; 10 min) axon before stimulation
(Baseline), after stimulation (KCl, 50 mM, 2 min), and after terminal superfusion with NH4Cl (50 mM, 2 min). Fluorescence intensity (arbitrary
units) increases during stimulation in control conditions while WIN decreases this effect. B Experimental paradigm and example traces of
normalized axonal bouton SypH2 fluorescence € Cumulative probability distributions of the released vesicle pool fractions under control
conditions (+£0.92%; n =337 over 4 independent experiments), or after treatment with WIN: (16.94 + 0.84%; n =323 over 4 independent
experiments; P <0.0001), pBlebb+WIN: (pBlebb: 25 uM; 20 min; 31.14+1.15%; n=173 over 3 independent experiments; P <0.0001);
Y-27632 + WIN (Y27: 10 uM; 20 min; 30.35 + 1.03%; n = 168 over 3 independent experiments; P < 0.0001;. ****p < 0.001); ns not significant as
compared to vehicle, Kruskal-Wallis test. Scale bar: 5 um.
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fluorescence peak after alkalinization gave us a measure of the
fraction of vesicles released upon sustained depolarization. In our
paradigm, this fraction was on average about 30% of the total
pool (29.47 £1.81% - Fig. 1B, C), which scales well with other
studies having used similar paradigms [28, 29], as well as measures
of recycling pool sizes [30].

Bath application of the CB;R selective agonist WIN55,212-2 (WIN
- 1 uM) for 10 min prior to depolarization significantly reduced the
fraction of vesicles released (Fig. 1A-C) (16.94 + 1.67%; p < 0.0001).
To test the role of actomyosin contractility in this effect, we
applied the light-resistant form of blebbistatin, para-
nitroblebbistatin (pBlebb - 25 uM), a selective non-muscle myosin
Il (NMII)-ATPase inhibitor [31], to our paradigm. pBlebb prevented
CB;R -induced inhibition when applied with the CB;R agonist (Fig.
10), indicating that contractility of the actomyosin cytoskeleton is
implicated in the inhibition of vesicle cycling under CB;R
activation.

To further probe the link between CB;R and NMII, we chose to
inhibit the RhoA associated kinase ROCK, one of the kinases
capable of activating NMII through phosphorylation of its myosin
light chain (MLC) [32], and which was shown to be recruited by
CB,R during axonal pathfinding [13, 14]. Pretreatment with the
ROCK selective inhibitor Y27632 (Y27 - 10pM) significantly
prevented the inhibition of vesicle cycling after CB;R activation
(Fig. 1C). Taken together these results provide evidence towards
both the recruitment of the actomyosin cytoskeleton under CB;R
activation at mature synapses and the involvement of the
actomyosin cytoskeleton in the effects of CB;R on the inhibition
of synaptic activity.

CB;R activation does not affect AZ and post-synaptic density
(PSD) size
SV release requires a series of complex mechanisms leading to the
recruitment of SV to the AZ, exocytosis of SV for release of
neurotransmitters and endocytosis of vesicles for replenishment
of the SV pool [33]. Interruption of any of these stages would
result in a reduction of sustained release. Although our sypH2
assay shows that the actomyosin cytoskeleton plays a role in
preventing synaptic vesicle release under CB;R activation, it does
not allow us to determine which stage of the SV cycle is affected.
Prolonged activation of CB;R has been found to reduce the size
of presynaptic AZs [15]. A reduction in the size of the AZ could
potentially induce a reduction in the number of SV release sites
which would lead to a reduction of SV available for release.
Therefore, we first chose to test the effect of CB;R activation on
synaptic morphology in our paradigm. We treated neuron cultures
with either a DMSO vehicle or the CB4R agonist WIN for 10 min.
Neurons were then fixed and stained for both the presynaptic AZ
scaffolding protein Bassoon and the excitatory PSD scaffolding
protein Homer1 as a postsynaptic reference (Fig. 2A). We then
imaged neurons using 2-color 3D Stochastic Optical Reconstruc-
tion Microscopy (STORM) [34], which allows for high resolution
imaging below 50nm resolution, allowing for more precise
measurement of subsynaptic structures relative to conventional
microscopy. Synapses positive for both Bassoon and Homer1 were
selected visually along neuronal dendrites identified in recon-
structed STORM images (Fig. 2A). Appositions were then clustered
through DBSCAN clustering of the 3D STORM coordinates for each
channel, and the size of each apposition was estimated by fitting
an ellipsoid to the coordinates of the identified clusters (Fig. 2B).
Using this method, we found that AZ size, as determined by the
spread of Bassoon staining, did not significantly differ between
vehicle and WIN treated neurons, neither in length (Veh: n=11,
460 £ 25 nm; WIN: n =8, 500 + 25 nm; p = 0.539) nor in total area
(Fig. 2C). Homer1 spread did not change either with treatment
(Fig. 20), indicating no significant change in PSD size from CB;R
activation, which was expected due to the presynaptic locus of
CB;R. Thus, it is unlikely that the inhibition of release induced by
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CB;R activation as seen in our paradigm is due to structural
modification of the AZ.

Actomyosin contraction under CB;R redistributes SV within boutons.
As described previously, a redistribution of synaptic vesicles within
axonal bouton terminals has been shown following both CB;R
activation [7-10] and disruption of the actin cytoskeleton [21-23].
By inducing a contraction of the actomyosin cytoskeleton, it is
therefore possible that NMII activation through CB4R could induce
SV redistribution away from the AZ, preventing vesicle availability
during release.

In order to investigate SV distribution under CB;R activation in
our paradigm, we chose to count the number of SVs close to the
AZ by imaging vesicles immuno-stained with the vesicular SNARE
protein VAMP2 with 3D STORM. VAMP2 has been estimated to
have one of the highest copy numbers per vesicles [35] relative to
other vesicular proteins, making it appropriate in the localization
of individual vesicles in our paradigm.

We first attempted to stain both VAMP2 and Bassoon, as a
reference for AZ scaffolding. However, imaging simultaneously
both Bassoon and VAMP2 yielded a considerable amount of
crosstalk between the two imaged channels, likely due to both
cross-activation of closely positioned activation and emitter dyes
as well as mis-registration of STORM localizations from opposing
channels. This cross-talk made it impossible to distinguish Bassoon
clusters from VAMP2 stained vesicles (data not shown).

As pre- and post-synaptic compartments have to be precisely
aligned in order to ensure sensitive and efficient detection of
synaptic events [36], the sizes of AZ and PSD synaptic scaffoldings
tend to be highly correlated [37], suggesting that AZ location may
be precisely predicted from the position of the PSD scaffold. In
order to verify this empirically, we measured the length, width,
and depth of Homer1 and Bassoon appositions using the principal
axes of ellipsoids fitted to Homer1 and Bassoon (Fig. 2D, E;
Supplementary Methods). All parameters were significantly
correlated between corresponding appositions (Fig. 2D, E). This
size relationship was not affected by CB;R activation, as Bassoon
to Homer1 length and width ratios did not differ with WIN
treatment (Fig. 2D, E). Furthermore, distances between Homer1
and Bassoon appositions varied very little between synapses and
were not affected under CB,R activation with WIN. Based on these
properties, we were successfully able to infer the nanoscale 3D
location of the presynaptic AZ volume (Fig. 2F) based on
postsynaptic Homer1 clusters. Indeed, on an independent sample,
95% of Bassoon locations were contained within our predicted AZ
volume on average over all appositions tested (Fig. 2G).

We therefore applied this method to estimate the number of SV
proximate to the active zone. Neuronal cultures were immunola-
beled with both VAMP2 and Homer1 as a PSD/AZ reference (Fig. 3A;
Supplementary Methods). VAMP2/Homer1 positive synapses were
visually selected along identified dendrites (Fig. 3A) and pre- and
post-synaptic appositions were clustered using DBSCAN as afore-
mentioned (Fig. 3B; Supplementary Methods). VAMP2 labeled
vesicles were then automatically identified within presynaptic
bouton clusters by automating a nested version of our clustering
algorithm (Fig. 3B; Supplementary Methods). SV identified in this
manner over 59 boutons had a mean diameter of 67 nm (+8 nm)
per bouton. This average diameter is above the localization
uncertainty expected from single protein localization with our
imaging resolution (<50 nm), and corresponds well to the diameter
expected from the length added by primary and secondary
antibodies (about 15 nm each) to a 30 nm vesicle, suggesting the
structures identified with VAMP2 staining were indeed synaptic
vesicles. By identifying SV in this manner, and estimating the AZ
location using Homer1, we were able to count the number of SV
proximal to the AZ under different treatment conditions (Fig. 3B-F).
While total SV number did not significantly differ between
treatments (Fig. 3C), we strikingly found fewer SV in the estimated
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Fig.2 STORM imaging shows CB,R activation does not affect pre- or post-synaptic scaffolding ultrastructure. A STORM reconstruction of
the pre-synaptic scaffolding protein Bassoon (red) and the post-synaptic scaffolding protein Homer1 (green) in cultured hippocampal
neurons. Scale bar: 1 pm Top right: magnified image of the synapse squared on the left, bottom right: Cartoon showing synaptic locations of
Bassoon and Homer1. B Left: Bassoon (red) and Homer1 (green) synaptic appositions of the synapse shown in A identified with DBSCAN
clustering. Right: 3D angled view of the same synapse showing the axes resulting from 3D ellipsoid fitting of Homer1 localizations. C Mean
Bassoon and Homer1 cluster areas per neuron for control (Veh) or after CB;R activation (WIN). CB;R activation did not have a significant effect
on either Homerl (Veh: 0.159+0.012 pym? n=11; WIN: 0.189+0.019 pym? n=8; p=0.236, Mann-Whitney test) or Bassoon (Veh:
0.128+0.011 pm?, n=11; WIN: 0.16 £ 0.017 ym?, n = 8; p = 0.205, Mann-Whitney test) area. D Left: Homer1 versus Bassoon cluster lengths
per synapse. Homer1 length is strongly correlated to Bassoon length both in control (Veh: n = 105, Spearman’s rho = 0.6165, 95% confidence
interval: 0.478-0.726; p <0.0001) and WIN treated synapses (WIN: n =100, Spearman’s rho = 0.755, 95% confidence interval: 0.6517-0.830;
p <0.0001). Right: Mean ratio of Bassoon over Homer1 cluster lengths per neuron under control and WIN treatment conditions. CB;R
activation does not alter the ratio of Bassoon versus Homer1 lengths (Veh: n=11, 0.891 +0.038; WIN: n=8, 0.91+0.033; p=0.891,
Mann-Whitney test). E Left: Homer1 versus Bassoon cluster widths per synapse. Homer1 width is strongly correlated to Bassoon length both
in control (Veh: n =105, Spearman’s rho = 0.557, 95% confidence interval: 0.404-0.68; p < 0.0001) and WIN treated synapses (WIN: n =100,
Spearman’s rho = 0.594, 95% confidence interval: 0.445-0.711; p < 0.0001). Right: Mean ratio of Bassoon over Homer1 cluster widths per
neuron under control and WIN treatment conditions. CB;R activation does not alter the ratio of Bassoon versus Homer1 widths (Veh: n =11,
0.976 £ 0.027; WIN: n =8, 1.00 + 0.045; p = 0.891, Mann-Whitney test). F Example of an AZ prediction volume at an individual synapse. Left:
Side-view of the synapse, showing the fitted axes (projection axes) and the estimated AZ location for that synapse (AZ prediction). Projection
distance (125 nm) is based on the median measured distance between Bassoon and Homer1 appositions for all analyzed synapses. Right:
angled view of the same synapse showing the 3D prediction volume. G Percentage of Bassoon localizations contained within the predicted
AZ per synapse (n =55, median: 95.5%; 25th percentile: 84.3%; 75th percentile: 99.4%). AZ active zone, PSD post-synaptic density, Bsn
Bassoon, ns not significant.

AZ volume under WIN treatment, whereas pretreatment with
pBlebb significantly prevented this effect
(Fig. 3A), indicating that actomyosin contraction is necessary for
depletion of AZ vesicles during CB;R activation.

The actomyosin cytoskeleton is distributed throughout the
presynaptic terminal [24, 38, 39] where it binds to SV via synapsin
[38, 39]. As such, it is possible that contraction of the actomyosin
cytoskeleton may lead to a clustering of synapsin-tethered vesicles
within the bouton and away from the AZ, preventing release.
Indeed, deletion of synapsin has previously been shown to reduce
SV clustering within presynaptic terminals [40-42], and CB4R has
recently been found to promote the actin-bound form of synapsin
in hippocampal synapses, along with increasing vesicle clustering
within terminals [10]. We therefore tested whether actomyosin
contraction under CB,R activation could affect clustering of vesicles
within boutons. To do this, we looked at nearest neighbor distances

SPRINGER NATURE

between SV in each treatment condition (Fig. 3F-H). We found that
for increasing neighbors, up to the 12th nearest, SV were further
apart under control conditions than under WIN (Fig. 3G), indicating
increased clustering of vesicles under CB4R activation. By compar-
ing the median distance of each vesicle to its 12th nearest
neighbor, we found that in boutons treated with WIN, SVs were
significantly regrouped as compared to control (Fig. 3F-H). To avoid
a potential effect of differences in SV number between different
boutons biasing our results, we further normalized these distances
by the density-based radius expected for each bouton under a
uniform distribution of SV (Supplementary Methods). This normal-
ization did not affect the clustering effect observed under WIN
treatment as compared to control (Fig. 3H), indicating the vesicle
clustering observed in this condition is due to an active regrouping
of vesicles within boutons by CB;R-activation, regardless of bouton
size or total SV number. Furthermore, this effect was prevented

Translational Psychiatry (2024)14:335
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Fig. 3 STORM imaging shows that actomyosin contractility is necessary for CB;R-induced redistribution of synaptic vesicles within the
presynaptic bouton. A STORM reconstruction of cultured hippocampal neurons stained against VAMP2 (magenta) and Homer1 (green).
B DBSCAN clustering results for VAMP2 and Homer1 synaptic appositions of the synapse shown in (A). Left: side view of the synapse showing
presynaptic clustering of VAMP2 and postsynaptic clustering of Homer1. Right: 3D angled view of the synapse showing the estimated AZ
volume and the synaptic vesicles identified from VAMP2 localizations. C Representative examples of SVs contained within the estimated active
zone (AZ) volume under Vehicle and WIN treatment conditions. Vesicles contained within the volume are in magenta, those outside are in
dark gray, Homer1 postsynaptic apposition is in green. D Normalized number of identified synaptic vesicles (SVs) per synapse for each
condition tested. Neither WIN nor pBlebb significantly affect the total number of SVs located within boutons (Veh: n =59, 255 + 10 SVs; WIN:
n =70, 269 + 10 SVs; pBlebb: n =98, 280 + 8 SVs; p =0.119 Kruskal-Wallis test with Dunn’s multiple comparisons correction) E Normalized
number of SVs identified within the estimated AZ volume per synapse over different treatment conditions. Numbers were normalized to the
mean AZ volume estimated over all synapses (Fig. 2F). Inhibition of actomyosin contraction with pBlebb prevents the reduction in SVs
contained within the AZ volume measured under CB4R activation (Veh: n =59, 2.24 +0.27 SVs; WIN: n =70, 1.16 + 0.14 SVs; pBlebb: n =98,
1.87 £0.16 SVs; p = 0.0008 Kruskal-Wallis test with Dunn’s multiple comparisons correction) F Representative examples of SV clustering within
boutons per treatment condition. G Graph showing median distance of SVs to their nth nearest neighbor under Veh and WIN treatments.
Error bars: SEM. H Normalized SV 12th nearest neighbor distances (nnd) per bouton for each treatment condition. pBlebb treatment
significantly prevents the SV clustering observed under CB+R activation (Veh: n =59, 0.664 +0.013; WIN: n =70, 0.617 + 0.012; pBlebb: n =98,
0.662 +0.01; p = 0.0022 Kruskal-Wallis test with Dunn’s multiple comparisons correction) I. Schematic representing the observed redistribution
of SV through actomyosin contraction under CB;R activation.

sypH2 assay to specifically measure the turnover of the RRP by
repeated and rapid electrical stimulation of synapses.

when pretreating neurons with pBlebb (Fig. 3H). These results
indicate that actomyosin contraction induced by CB;R activation

leads to a redistribution of SV within presynaptic boutons that may
prevent accessibility of vesicles to the active zone (Fig. 3I).

NMII and ROCK activation are necessary for the full inhibition of the
readily releasable pool of vesicles (RRP) induced by CB;R. Our
STORM assay shows that CB;R activation leads to a reduction in the
number of SVs proximal to the AZ. This reduction could suggest a
reduction of the RRP, which would explain the inhibition of synaptic
activity typically associated with CB;R activation. While we have
shown that SV cycling is decreased after CB;R activation when
neurons are depolarized with high potassium in our paradigm, the
strong stimulation likely recruits several pools of vesicles, including
both the RRP and the recycling pool. We therefore modified our

Translational Psychiatry (2024)14:335

Firstly, we increased acquisition frequency to be able to image
separate release events, allowing us to compare SV turnover before
and after application of inhibitors within single synapses, giving us
more precise and reliable measurements. Secondly, instead of KCl,
release was evoked through field stimulation of the transfected
neurons using trains of 20-40 stimulations at 20 Hz to limit release
to the RRP [43]. Stimulation of cultures in this manner yielded
reliably stable release events (Fig. 4A-C; Supplementary Fig. 1). As
fewer stimulations evoked smaller fluorescence peaks in the same
boutons (Supplementary Fig. 1), these release events most likely
result from the release of a steady RRP.

With this method, a strong reduction of release was observed as
early as 30 s after bath application of WIN (1 uM), and persisted over
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Fig. 4 Actomyosin contractility through ROCK is necessary for CB;jR-induced inhibition of the SV readily releasable pool (RRP).
A Representative image of an axonal bouton transfected with sypH2 at baseline (top) and during 20 Hz train stimulations (40 APs - bottom)
under different treatment conditions B Representative trace of bouton fluorescence responses in control conditions throughout the
stimulation paradigm. Neurons were stimulated every 30 s with trains of 40 stims (APs) at 20 Hz C Top: Representative traces of 3 averaged
normalized fluorescence responses to stimulation per treatment condition (time points correspond to the circles over the traces on the
bottom): 1. no treatment (control - black), 2. treatment (dark gray), and 3. post-treatment (light gray). Bottom: Average normalized peak
fluorescence intensities per stimulation train over time in each treatment condition. D Fluorescence peak areas as a percentage of control for
all boutons tested. AM251 (AM), para-nitroblebbistatin (pBlebb), and Y-27632 (Y27) all significantly recovered vesicle release from inhibition by
WIN (WIN: 15.12 £ 0.6, n = 25; Vehicle: 101.1 £4.56, n =15, vs WIN: p <0.0001; AM + WIN: 86.85 + 6.6, n =25, vs WIN: p <0.0001; pBlebb +
WIN: 64.27 +3.13, n =25, vs WIN: p < 0.0001; Y27 + WIN: 69.72 + 2.72, n = 25, vs WIN: p < 0.0001; Kruskal-Wallis test with Dunn’s correction for
multiple comparisons) indicating that WIN inhibition is both CB;R dependent and dependent on actomyosin contraction through ROCK.
E Schematic showing the molecular pathway tested linking CB;R activation to actomyosin contraction during synaptic vesicle release at an
axonal bouton. SypH2: synaptophysin-pHluorin; Veh: Vehicle; WIN: WIN55,212-2; AM: AM251; pblebb: para-nitroblebbistatin; Y27: Y-27632.

the duration of the experiment (10 min) (Fig. 4C; Supplementary
Fig. 2). Application of the agonist with the CB;R inverse agonist
AM251 (AM - 10uM) significantly recovered release from inhibition,
indicating that the inhibition of the RRP under WIN application was
specific to CB4R activation (Fig. 4; Supplementary Fig. 2).

Applied alone, pBlebb (2 pM) caused a mild inhibition in release:
a difference in median of 8% in comparison to a Vehicle control
(Supplementary Fig. 3). Nonetheless, both pBlebb and Y27 (10 uM)
substantially reversed CB;R-induced inhibition when applied with
the CB4R agonist (Fig. 4C-E; Supplementary Fig. 2), indicating that
contractility of the actomyosin cytoskeleton is at least partly
necessary for inhibition of the RRP under CB;R.

As both NMIl and ROCK inhibition produce a substantial reversal
of the effects of direct activation of CB;R on the RRP, these results
extend our observations with STORM, suggesting that, just as
actomyosin contractility is necessary for the physical redistributions
of vesicles away from the AZ under CB4R activation, it is also
responsible for inhibiting the release of the RRP after CB;R
activation.

Actomyosin contractility is necessary for CB;R-induced LTD at

glutamatergic cortico-striatal synapses. We have so far shown in
neuronal cultures that actomyosin recruitment under CB;R

SPRINGER NATURE

activation occludes SV release and induces a redistribution of SV
within pre-synaptic boutons at glutamatergic synapses. One of the
main physiological roles of CB4R in the CNS is in the mediation of
both short- and long-term forms of synaptic plasticity. This
plasticity is accomplished through the post-synaptic production
and release of endocannabinoids (eCB), the endogenous agonists
of CB;R. While short-term CB4R plasticity has been established to
occur through the inhibition of presynaptic voltage-gated calcium
channels (VGCC) and activation of inwardly rectifying potassium
channels, likely through the recruitment of the (/y G-protein
subunits under CB;R activation (reviewed in [3]), the long-term
effects are comparatively less understood. We therefore tested
whether recruitment of actomyosin contractility under CB;R could
play a role in CB;R-induced LTD.

The induction of CB;R-dependant forms of plasticity are known
to be sensitive to both the molecular environment and activity
history of the synapse [44], conditions which may differ at
different synapse types [45] and which, to our knowledge, have
not yet been described in cell culture models. We therefore chose
to test our hypothesis in a known model of CB1R LTD, the
glutamatergic cortico-striatal synapse at medium-sized spiny
neurons (MSNs) of the dorsolateral striatum (Fig. 5A). MSNs
express eCB-mediated and CB;R-dependent STD, namely a

Translational Psychiatry (2024)14:335
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Fig. 5 Pre-synaptic actomyosin contractility mediates eCB-LTD at excitatory cortico-striatal synapses. A Schematic of a whole-cell
recording of a MSN in the dorsal striatum with stimulation in the somatosensory cortical layer V. (MSN: medium-sized spiny neurons). B The
eCB induced DSE following a 10 s depolarization at 0 mV (white circles, 81 + 4% of baseline, n = 13, p = 0.0003) was unaffected by blebbistatin
(black circles, 79 + 3% of baseline, n =11, p=0.0001 with baseline; p = 0.8039 with control DSE, n = 13). Average sample traces before and
10 s after the depolarization are shown on the right. C The selective CB1R antagonist AM251 inhibited LTD induced with LFS (control: 58 + 2%
of baseline, n =7, p < 0.0001 with baseline; AM251: 107 £ 10% of baseline, n =5, p = 0.5244 with baseline, p < 0.0001 with control), indicating
the LTD was eCB-mediated. D The eCB-LTD following a LFS (white circles, control-DMSO: 56 + 7% of baseline, n =9, p=0.0002, p =0.8217
with control without DMSO) was abolished in the presence of blebbistatin (black circles, 95 + 3% of baseline, n = 10, p = 0.1201 with baseline,
p < 0.0001 with control LTD) but was unaffected by the inactive enantiomer of blebbistatin (gray circles, 10 pM, 52 £ 4% of baseline, n=11,
p < 0.0001 with baseline, p=0.0556 with control LTD). Average sample traces are shown on top at the time point before (1) and after the
stimulation protocol (2). E 50 ms inter-stimuli intervals induced significant paired-pulse facilitation (PPF) in control (p = 0.0203, n = 5), control-
DMSO (p =0.0120, n = 8), inactive blebbistatin (p =0.0023, n = 5) and active blebbistatin (p = 0.0375, n = 4) conditions (ANOVA: p = 0.6291
and F(3, 18) =0.5905). F PPF plasticity/baseline displayed significant increase in control (PPF plasticity/baseline = 1.30+0.10, p =0.0397,
n =5), control-DMSO (PPF plasticity/baseline = 1.34+0.13, p =0.0335, n = 8) and inactive blebbistatin (PPF plasticity/baseline=1.19 £ 0.07,
p =0.0493, n =5; ANOVA: p = 0.6630 and F(2, 15) = 0.4225) but not for active blebbistatin (PPF plasticity/baseline=1.00 + 0.03, p = 0.8697,

=4). G The ROCK inhibitor Y-27632 abolishes eCB-LTD (black circles, 98 + 11% of baseline, n =7, p = 0.7204 with baseline, p = 0.0038 with
control LTD, n = 6). Average sample traces are shown on top for time points (1) and (2). Student’s t-test. Values: mean + SEM.

depolarization-induced suppression of excitation (DSE), and LTD not implicated in the short-term plasticity induced by CB4R.

[46, 47]. Here, a sustained depolarization of MSNs induced a DSE We then tested the striatal eCB-LTD induced after cortical low
(Fig. 5B), which was not significantly affected by blebbistatin frequency stimulation (LFS) [47, 48]. This LTD was indeed
(10 uM) treatment (Fig. 5B), indicating actomyosin contraction is CB;R-mediated as it was prevented by treatment with the CB;R
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specific inhibitor AM251 (3 pM) (Fig. 5C). Actomyosin contraction
was found to be necessary for corticostriatal eCB-LTD, which was
prevented by treatment with blebbistatin, but not with the
inactive blebbistatin enantiomer (Fig. 5D). This effect was not due
to alterations in basal transmission as we found no significant
change in PPR for 50 ms intervals inter-stimuli in any tested
condition (Fig. 5E).

We further evaluated whether the effect of blebbistatin on
eCB-LTD was pre- or post-synaptic by measuring the paired-
pulse facilitation (PPF) ratio before and after LFS (PPFyjasticity/
pbaseline)- We found a significant increase in PPF in control
conditions, whereas no significant variation of PPF was found
following treatment with active blebbistatin (Fig. 5F), indicating a
pre-synaptic action of actomyosin contraction under eCB-LTD.
The specific ROCK inhibitor Y-27632 (10 uM) also impaired eCB-
LTD induction (Fig. 5G). Therefore, activation of CB;R by eCBs in
cortico-striatal glutamatergic synapses induces LTD, but not
short-term depression, through ROCK-mediated presynaptic
actomyosin contraction.

DISCUSSION

In this study, we show that CB,R activation inhibits the release of
the presynaptic RRP in cultured neurons through ROCK activation
and actomyosin contractility. Through STORM super-resolution
imaging, we show that actomyosin recruitment induces a spatial
reorganization of excitatory presynaptic vesicle pools under CB;R
activation, providing a mechanistic explanation for the inhibitory
effects of CB4R on SV release. We further show that actomyosin
recruitment is necessary for CB;R-LTD at glutamatergic synapses
in the striatum, while leaving short-term plasticity unaffected.
Taken together, these results suggest a novel model explaining
CB;R-induced long-term plasticity, whereby recruitment of the
actomyosin cytoskeleton induces clustering of SV pools, hindering
access of vesicles to the AZ for release, thereby inhibiting synaptic
transmission. Our results significantly extend the suggested roles
for the pre-synaptic actin cytoskeleton (Rust & Maritzen, 2015),
advancing toward a more complete model of regulation of SV
release.

CB;R-induced recruitment of actomyosin and SV release
Here, we show the direct involvement of both NMIl and ROCK in
the modulation of synaptic neurotransmission by CB;R. Specific
recruitment of NMII through CB;R has previously been found to be
necessary for the chemorepulsive effects of cannabinoids during
axonal pathfinding in development [13, 14]. However, recruitment
of this pathway in synapses had not yet been studied. By using a
sypH2 assay, we show that ROCK and NMII can specifically be
recruited pre-synaptically to enact the inhibition of SV release
induced by CB;R.

CB;R has been shown to interact with the actin cytoskeleton
at mature neurons. Indeed, a proteomic study has shown that
CB+R can interact with WAVE1, an F-actin modulating protein
complex, at mature neurons [49] and Monday et al. [15]. show
that the synthesis of WAVE1 and its downstream effector Arp2/3
is decreased upon CB;R activation. However, the pre-synaptic
locus of this modulation is unclear, as it was found that CB4R
modulation of WAVET may induce decreases in dendritic spine
volumes [49]. Monday et al. [15]. further show that the activation
of Racl1, an important promoter of actin polymerization, is
critical in CB4R-LTD, and its inhibition induces a concomitant
decrease in PPR, suggesting that the recruitment of Rac1 under
CB4R is presynaptic and directly affects synaptic vesicle release.
They also find that stabilization of the actin cytoskeleton with
jasplakinolide precludes CB;R-LTD. Taken together with the
present study, these results provide strong evidence for the
importance of actomyosin dynamics in the inhibition of release
induced by CB4R.

SPRINGER NATURE

CB;R, actomyosin and the SV pool

We show through STORM microscopy that CB;R activation can
induce a redistribution of SV within presynaptic terminals, and
that actomyosin contractility is necessary for these effects.
Several electron microscopy studies have previously shown a
redistribution of vesicle pools under CB;R activation and CB;R
knock-out at various synapses [7-11]. Our results here further
extend these findings by bringing forth actomyosin contractility
as a key mechanistic driver in CB;R-induced synaptic vesicle
redistribution. Notably, a recent study has shown that CB;R
activation increases SV pool clustering within presynaptic
terminals [10], similarly to our results. Interestingly, they suggest
this clustering may result from the activation of synapsin, as they
find that CB;R activation increases the dephosphorylated state of
synapsin at presynaptic terminals. Structurally, dephosphory-
lated synapsin reversibly tethers SV [38, 39], particularly vesicles
of the recycling and/or resting pool [50], to the actomyosin
cytoskeleton. Increasing SV tethering to the actin cytoskeleton
through synapsin may further amplify the clustering effect of
actomyosin contraction we find in the present study. Future
studies should clarify the extent to which synapsin recruitment
and actomyosin contractility may contribute synergistically to
the effects of CB;R activation.

Results from previous studies support a role for actomyosin
dynamics in the regulation of synaptic vesicle pool distribution.
Firstly, actin filaments are located to restrict vesicle movement as
they are found intertwined within presynaptic vesicle pools
[38, 39], where they can reversibly bind to vesicles through
synapsin [38, 39]. Furthermore, alteration of actomyosin dynamics,
either through F-actin stabilization [23] or through MLCK
inhibition [7] leads to a redistribution of SV away from the active
zone. Importantly, a recent superresolved microscopy study
reported, in addition to intertwined filaments, actin corrals around
SV pools [24]. Together, these findings suggest a ‘barrier’ role of
the actomyosin cytoskeleton, whereby actin filaments can restrict
SV movement within and out of recovery pools to modulate
replenishment of the RRP. Our results confirm this model as we
find that activation of actomyosin contraction through CB;R
induces a clustering of SV within presynaptic terminals and a
depletion of vesicles from the AZ.

Actomyosin and CB,R-induced short- and long-term
depression

By showing that both NMIl and ROCK are necessary for CB;R-LTD
at glutamatergic synapses, our findings provide a novel mechan-
ism explaining CB;R-LTD. Taken together, our results suggest a
mechanism whereby actomyosin contractility causes a clustering
of SV within the presynaptic compartment and away from the AZ,
precluding SV long-term release. Notably, we did not observe an
effect of either NMIl or ROCK inhibition on DSE, the short-term
form of CB;R-induced synaptic plasticity at glutamatergic
synapses. CB;R has been shown to inhibit SV release through
inhibition of N-type voltage-gated calcium channels and activa-
tion of GIRK channels via Gg,, subunits [51, 52]. This pathway is
mostly thought to be implicated in short-term plasticity. Our
results confirm this since both NMII and ROCK inhibitors
substantially reversed the inhibition of SV release seen with
CB4R activation, both in culture and in brain slices, while not
having comparable effects on transmission applied on their own.
This implies that NMIl and ROCK inhibitors do not have a
substantial effect on calcium channel activity and therefore, that
the reversal effect of NMIl and ROCK inhibition directly pertains to
affecting actomyosin contractility. Furthermore, CB;R-STD occurs
very rapidly (<1s), following brief activation of CB;Rs while a
longer CB;R activation (>5min) is necessary for CB;R-LTD
induction [45]. This longer activation period may be needed to
engage actomyosin contraction which was found to occur over
several minutes in non-muscular cells [53].
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CB;R-induced presynaptic activation of actomyosin
contractility
How does CB;R activation lead to the activation of the actomyosin
cytoskeleton? In the present study, we show that the activation of
ROCK, an upstream regulator of myosin contractility, is necessary for
the inhibition of SV release and CB;R-LTD, suggesting the recruitment
of a specific molecular pathway linking CB;R to NMIl. We have
previously shown that axonal growth cone collapse under CBR
activation is dependent on the activation of RhoA, ROCK and NMII,
and preventing the expression of G;,/;3 proteins with small interfering
RNA prevented these effects [14]. This study therefore provided a full
molecular pathway linking CB4R activation to actomyosin contraction
in axonal growth cones through the recruitment of Ga;,,13 subunits.
Although here we do not explore the full molecular pathway, the
effects of ROCK inhibition in the present study suggest a similar
pathway could be at play in the presynaptic terminal. Our results
however do not preclude the involvement of other G-protein a
subunits under CB;R activation. Previous studies have noted the
involvement of the G;,, /cAMP/PKA molecular pathway in the effects
of CB;R on SV pool distribution and release [8, 9] and CB;R-LTD
[54, 55]. Inhibition of PKA through G, also best explains the
dephosphorylation of synapsin seen under CB;R activation [10]. While
the RhoA-mediated activation of ROCK has typically been associated
to the activation of G;,13 [56], there is evidence in non-neuronal cells
that PKA can inhibit RhoA/ROCK activity [57-59]. There is a possibility,
therefore, that the activation of ROCK and NMIl that we observe
under CB4R activation in our study may be induced by Gj/.
Another possibility combining these two theories is the parallel
recruitment of both Gy,/43 and G;,, during prolonged activation of
CB;R. As mentioned above, CB;R-LTD induction requires the
prolonged activation of CB;R over several minutes [45]. While
CB;R has been found to preferentially associate to G; subunits in
neuroblastoma cells [60], it is also capable of coupling to other Ga
subunits [14, 61-63]. Notably, it was found that exacerbating G;/,
availability could induce the recruitment of other Ga subunits by
CB;R [61]. It is possible therefore that the prolonged activation of
CB;R necessary for LTD increases the probability of Gjys
recruitment concomitant to Gj,. Further investigations using
targeted pharmacological and genetic modulation of G-protein
subunits specifically in the presynaptic terminals are needed to
establish their respective role in the mediation of CB;R effects.
In conclusion, our findings identify a major actin binding/
structuring protein, the contractile NMIl, mechanistically explain-
ing, through the dynamic redistribution of SV, the generation of
cannabinoid-induced long-term presynaptic plasticity. Our results,
by reporting a conceptually novel molecular mechanism of
synaptic plasticity downstream of CB;R, an important target of
both endocannabinoids and marijuana, a known risk factor in
schizophrenia [64], open novel perspectives in the understanding
of cognitive function and neuro-psychiatric disease.

MATERIALS AND METHODS

Animals

Experiments were performed in accordance with local animal welfare
committee (Center for Interdisciplinary Research in Biology and EU
guidelines; directive 2010/63/EU). Rats and mice (Charles River, L'Arbresle,
France) were housed in standard 12 h light/dark cycles and food and water
were available ad libitum.

Antibodies and Chemicals

Rabbit polyclonal Homer1 (Cat. No. 160 003) and mouse monoclonal VAMP2
(Cat. No. 104 211) antibodies were obtained from Synaptic Systems
(Goettingen, Germany). Bassoon mouse monoclonal antibody (Cat. No.
ab82958) was obtained from Abcam (Paris, France). Paired fluorophore-
conjugated secondary antibodies were made as previously described [65].
WIN 55212-2 and (RS)-3,5-DHPG were from Tocris. Carbachol, Y-27632, active
(S)-(—)-blebbistatin and inactive (R)-(+)-blebbistatin enantiomers and para-
Nitroblebbistatin were from Calbiochem, Sigma and Optopharma. None of
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the bath-applied drugs had a significant effect on basal IPSC and EPSC
amplitudes, in our experimental conditions.

Primary cultures of hippocampal neurons and transfections
Dissociated neurons obtained from hippocampi of day 17-18 Sprague-
Dawley rat embryos were plated on Poly-D-Lysine-coated coverslips at a
density of approximately 100,000 cells per coverslip (18 mm) and
subsequently cultivated at 37°C, 5% CO, in Neurobasal™ (LifeTech)
medium supplemented with 2% B27 (LifeTech), 0.5 mM L-glutamine, 10 U/
mL penicillin G and 10mg/mL streptomycin containing conditioned
medium, obtained by incubation with cortical glial cultures (from 4 days
old rat pups, 70-80% confluence) for 24 h as described previously [14].
Neurons were transfected at 6-7 DIV, either with synaptophysin-pHluorin
2x (sypH2) [26], a kind gift from Dr. Stefan Krueger (Dalhousie University,
Halifax, NS, Canada), and LifeAct-mCherry, kind gift of G. Montagnac and P.
Chavrier (Institut Curie, Paris, France), or with sypH2 alone, by using the
Lipofectamine 2000™ method (Life Tech).

Time-lapse microscopy of primary cultured neurons with
chemical stimulation

For the experiments of Fig. 1, transfections and imaging were performed as
previously described [14], with a couple of exceptions. Time-lapse
microscopy was performed between DIV 16 to 19 and images were
acquired every minute. Neurons were depolarized by 50 mM KCl for 2 min,
followed by 50 mM NHA4CI treatment. Pretreatments and treatments were
applied at 30 min and 10 min before KCl, respectively, after acquisition of a
10 min baseline without treatment for normalization. Dimethylsulfoxide
vehicle concentrations ranged from 0.02% to 0.1%. Image stacks were
realigned using ImagelJ. SypH2 fluorescence intensity was measured in
round ROIs of approximately 3 x 3 um, placed manually around visually
identified axonal boutons, with mean basal axonal fluorescence intensity
subtracted for each timepoint. Axonal boutons were selected for analysis if
SpH response to NH4Cl was superior to that of KCL and if baseline
fluorescence was within 2x the standard deviation around baseline
population mean. Typical statistical analyses used Kruskal-Wallis test with
Dunn’s post-hoc Multiple Comparison Test, n indicates the number of
axonal boutons analyzed. Values are mean + SEM.

Time-lapse microscopy of primary cultured neurons with
electrical stimulation

For the measuring RRP, time-lapse microscopy and quantifications of
synaptic function were performed by electrical field stimulations of
hippocampal neurons according to an adapted method using sypH2
fluorescence changes [43]. We used a custom modified Warner RC-49MFSH
perfusion chamber equipped with several injection canulas, and two
platinum wires passing through the seal gasket holding the 18 mm
coverslip (to maintain a fixed geometry of the chamber). To maximize the
number of synapses stimulated in a single field, we used a Nikon DS-Qi2
wide field camera driven by the NIS 4.30.01 software on a Nikon i2 Eclipse
microscope (60 X objective) equipped with a 37 °C chamber. Neurons were
monitored in a video buffer containing 136 mM NaCl, 2.5 mM KCl, 2 mM
CaCly, 1.3 mM MgCl,, 10 mM p-glucose and 10 mM Hepes, at pH 7.4. To
avoid indirect stimulations of the neurons and establish the synchronicity
of synaptic responses with electrical stimulations, the postsynaptic
component was inhibited by the NMDA receptor antagonist AP5 (50 uM)
and the AMPA receptor antagonist CNQX (25 uM) in all solutions. Electrical
field stimulations with controlled parameters were provided by a Grass
S48 stimulator (Grass Instruments, Quincy, MA). Experiments were usually
performed between 17 and 25 DIV (11-19 days post transfection) when
enough synapses were mature to ensure robust sypH2 signals. A constant
concentration of 0.1% BSA and 0.3% Dimethysulfoxide (vehicle) was
maintained during all experiments. Stimulations were typically performed
with the following parameters: the quantitative release of the Readily
Releasable Pool (RRP) of synaptic vesicles was obtained with a train of 40
Action Potentials (APs) of 1ms at 20Hz with a voltage of 100V. The
complete recovery of the RRP was usually obtained after a time lapse of
30s. The quantitative release of the Recycling Pool (RP) was obtained with
a train of 900-1000 APs of 1 ms at 20 Hz (100 V) with a recovery time of
several minutes.

Videos of axons were performed with a time-lapse of 300 ms. A single
field (200 x 200 pm) usually contained several tens to several hundreds of
responding synapses. Image stacks were analyzed using ImageJ software
[66]. SypH2 fluorescence intensity was measured in round ROIls of
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approximately 3-4 um, placed manually around visually identified axonal
boutons. Fluorescence profiles for each synapse were plotted and peak
areas were used for the quantification of synaptic response to electrical
stimulations. Unless otherwise noted, statistical analyses were performed
using a Kruskal-Wallis test with Dunn’s post-hoc multiple comparisons
correction, n indicates the number of axonal boutons analyzed, and values
indicated mean + SEM.

Immunocytochemistry and STORM imaging

Cultured neurons between 18-22 DIV were pretreated with either a
DMSO Vehicle (0.001%) or with para-nitroblebbistatin (25 uM) in
videomicroscopy medium for 20 min. Either WIN (1 uM) or a DMSO
Vehicle (0.0001%) was subsequently added to the wells for 10 min.
Neurons were then immediately fixed with a preheated solution of 4%
PFA and 4% sucrose in 0.1 M phosphate buffered saline (PBS) for 15 min
at room temperature (RT), permeabilized after wash for 5 min at RT with
0.1% Triton X in PBS, and blocked for 1 h at RT with blocking buffer (4%
BSA in PBS). Primary and secondary antibodies were applied in blocking
buffer, primary antibodies being applied overnight at 4 °C and secondary
antibodies being applied subsequently, after a PBS wash, for 2 h at RT.
After washing out the secondary antibody, neurons were post-fixed with
4% PFA and 4% sucrose in PBS for 5 min, washed and stored in PBS at
4°C before imaging.

STORM images were acquired on a N-STORM microscope (Nikon
Instruments), outfitted with 405 nm, 561 nm, and 647 nm solid-state lasers,
a 100X NA 1.49 objective and an Ixon DU-897 camera. Imaging was
performed as previously described [65]. Briefly, visually identified dendrites
labeled with activator-reporter fluorophore pairs (Alexa Fluor 405 - Alexa
Fluor 647 and Cy3 - Alexa Fluor 647) were imaged using sequences of one
activator frame (405 or 561 nm) followed by three reporter frames (647 nm)
[34]. A cylindrical lens was placed across the optical path in order to
acquire 3D information [67].

STORM image processing

STORM localizations were identified using the ThunderStorm plugin [68] in
ImageJ software [66]. Images were filtered with a B-spline wavelet filter of
order 3 and scale 2. Approximate localization of molecules was performed
by local maximum within an 8-connected neighborhood after thresholding
at 2.5 * the standard deviation of the first wavelet level of the wavelet filter
[69]. Sub-pixel localization of molecules was then performed by Maximum
likelihood fitting with an elliptical Gaussian. Subsequently, activator-
reporter allocation and drift correction were performed using custom
ImageJ macros and R scripts.

Electrophysiological recordings and analysis from
corticostriatal slices

330 um horizontal brain slices containing the somatosensory cortex and
the corresponding corticostriatal projection field in the dorsolateral
striatum were prepared from P25-35 male rats as previously described
[48]. Brains were sliced in a 95% CO,/5% O,-bubbled, ice-cold cutting
solution containing (in mM) 125 Nadl, 2.5 KCl, 25 glucose, 25 NaHCO3, 1.25
NaH,PO,, 2 CaCl,, 1 MgCl,, 1 pyruvic acid, and then transferred into the
same solution at 34 °C for one hour and then moved to room temperature
before patch-clamp whole-cell recordings (at 34 °C).

Patch-clamp recordings were performed as previously described [48].
Briefly, borosilicate glass pipettes of 4-6 MOhms resistance contained for
whole-cell recordings (in mM): 105 K-gluconate, 30 KCl, 10 HEPES, 10
phosphocreatine, 4 ATP-Mg, 0.3 GTP-Na, 0.3 EGTA (adjusted to pH 7.35
with KOH). The composition of the extracellular solution was (mM): 125
NaCl, 2.5 KCI, 25 glucose, 25 NaHCOs, 1.25 NaH,PO,, 2 CaCly, 1 MgCly,
10 mM pyruvic acid bubbled with 95% O, and 5% CO,. Signals were
amplified using EPC10-2 amplifier (HEKA Elektronik, Lambrecht, Germany).
All recordings were performed at 34°C and slices were continuously
superfused at 2-3 ml/min with the extracellular solution. Slices were
visualized on an Olympus BX5TWI microscope (Olympus, Rungis, France)
using a 4x/0.13 objective for the placement of the stimulating electrode
and a 40x/0.80 water-immersion objective for localizing cells for whole-cell
recordings. Series resistance was not compensated. Current-clamp
recordings were filtered at 2.5kHz and sampled at 5kHz and voltage-
clamp recordings were filtered at 5 kHz and sampled at 10 kHz using the
Patchmaster v2x32 program (HEKA Elektronik). Electrical stimulations were
performed with a bipolar electrode (Phymep) placed in the layer 5 of the
somatosensory cortex and were monophasic at constant current (ISO-Flex
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stimulator) [47, 48]. Currents were adjusted to evoke striatal EPSCs ranging
in amplitude from 50 to 200 pA. Repetitive control stimuli were applied at
a frequency of 0.1 Hz for 60 min after LFS protocol. Recordings on neurons
were made over a period of 10 min at baseline, and for at least 60 min after
the LFS protocols; long-term changes in synaptic efficacy were measured
from 45 to 55 min. We individually measured and averaged 60 successive
EPSCs, comparing the last 10 min of the recording with the 10-min
baseline recording. Series resistance was monitored for each sweep and a
variation above 20% led to the rejection of the experiment. LTD was
induced with low frequency stimulation protocol consisting in 600 cortical
stimulations at 1 Hz paired with postsynaptic concomitant depolarization
of the MSN during 50 ms [47, 48]. For DSE induction, MSN was depolarized
from RMP to O mV during 10s (with bath-applied carbachol, 10 uM, and
DHPG, 50 uM) [47, 48]. Off-line analysis was performed using Fitmaster
(Heka Elektronik) and Igor-Pro 6.0.3 (Wavemetrics, Lake Oswego, OR, USA).
Statistical analysis was performed using Prism 5.0 software (San Diego, CA,
USA). “n” refers to a single cell experiment from a single slice Bleckert et al.
[70]; Mochida et al. [71].
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