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ABSTRACT

Background

Repeated cocaine exposure produces new spine formiat Striatal Projection Neurons
(SPNs) of the Nucleus Accumbens (NAc). Howeveraame exposure to cocaine can trigger
long-lasting synaptic plasticity in SPN leading ehavioral alterations. This raises the
intriguing question as to whether acute cocainéccowdify enduringly striatal connectivity.
Methods

A 3D morphometric analysis of presynaptic glutangiteboutons and dendritic spines was
performed on SPN one hour and one week after desgugaine administration. Time-lapse
two-photon microscopy in adult slices was used gtennine the precise molecular events
sequence responsible for the rapid spine formation.

Results

A single injection triggered a rapid synaptogenesid persistent increase in glutamatergic
connectivity in SPN from the shell part of the NApecifically. Synapse formation occurred
through clustered growth of active spines contgctime-existing axonal boutons. Spine
growth required ERK activation, while spine statation involved transcription-independent
protein synthesis driven by MAP kinase interactiigase-1 (MNK-1), downstream from
ERK. The maintenance of new spines driven by MNKvas essential for long-term
connectivity changes induced by cocaine in vivo.

Conclusions

Our study originally demonstrates that an acuteiaidtnation of cocaine is able to induce
stable synaptic rewiring in the NAc, which will &k influence responses to subsequent drug

exposure. It also unravels a new functional role émcaine-induced ERK pathway
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independently of nuclear targets. Finally, it rdgghat MNK-1 has a pivotal role in cocaine-

induced connectivity.
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INTRODUCTION

Cocaine administration induces long-lasting changelehaviors that result from synaptic
plasticity and morphological changes in neuronthefbrain’s reward circuitry (1,2). Cocaine
increases dopamine (DA) in the Nucleus Accumber&ciN3), with dendritic spines from
striatal projection neurons (SPN) receiving gluteanaputs informative of contextual
information, together with DA inputs that code feward signals (4, 5) and modulate the
efficacy of glutamatergic synapses (6, 7). Mosdistsl assessing structural changes in the
striatum have focused on the observation of dendspine density changes induced by
chronic cocaine in the adult striatum. Howeverdapth studies of synaptogenesis and
connectivity changes, which require the analysibaih pre and postsynaptic elements (8,9),
remained largely unexplored until recently. To asddis issue we have set up a method that
allows for 3D automated morphological analysis phaptic connections onto SPN (10).
Using VGLUT1"*"*mice, which express the vesicular glutamate trariepl (VGLUT1), a
presynaptic protein present in afferents from cegi(neocortex, hippocampus and amygdala)
fused to the fluorescent protein Venus (11), wenstbthat new spines formed after chronic
exposure to cocaine were indeed connected to ppsgncortical terminals (10). How and
when these new glutamatergic synapses are formgnwhe striatum still remains a key
issue, which has to be addressed to disentanglecthtar bases responsible for the initiation
of neuronal plasticity mediated by cocaine. It wasently shown that DA gated glutamate
driven spine enlargement in the NAc in a narrowetiwindow, thereby providing a
mechanism for reward-driven learning at the le¥eghe dendritic spine(12). Furthermore, the
synergistic interaction between D1R and glutama#Di receptor induces activation of the
MAPkinase/ERK (extracellular-signal regulated kmapathway (13-15), which plays a key
role in cocaine-induced neuronal and behavioraptad@ns (16-19). The ERK pathway also

regulates spine formation induced by chronic coeaidministration onto SPN expressing the
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DA receptor of type 1 (D1-SPN) (20, 21). Classigdihese long-term adaptations are thought
to rely on gene transcription and epigenetic reguia(22). However, it was recently
demonstrated that a single injection of cocaine wa#ficient to cause an ERK-dependent
synaptic plasticity and subsequent behavioral adigpois induced by a second administration
of cocaine (23, 24). We therefore hypothesized #hsingle injection of cocaine was able to
induce a rapid and stable modification of striadahnectivity. To address these issues, we
investigated the changes in glutamatergic connégtialong with the rules of synapse
formation, as well as the associated molecular mr@sins. We bring evidence that an acute
administration of cocaine is able to induce stabymaptic rewiring in the NAc and
demonstrate that the ERK pathway plays a dualirolbde growth and stabilization of new

spines in D1-SPN.
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METHODSAND MATERIALS

Animal care.

Animal care of wild-type C57BL/6 and VGLUT1-venushdck-in was conducted in
accordance with standard ethical guidelines (NIHlipation no. 85-23, revised 1985 and
European Committee Guidelines on the Care and W&almratory Animals 86/609/EEC),
and the experiments were approved by the locat etinmittee.

In vivo treatments, tissue preparation.

Intraperitoneal injection of cocaine was performéthen indicated anisomycin (100 mg/kg)
or SL327 (50 mg/kg) were injected intraperitone@lymin and 60 min, respectively, prior to
cocaine. For CGP57380 treatment, cannulae werenglkanted in the NAc shell in
anesthetized 7-8 weeks-old mice. One week latelataral injections of 10 mM CGP57380
were performed, along with contralateral vehiclejedtion, followed by cocaine
administration 15 min later. Mice brains were fixigdsitu after intracardiac perfusion of
paraformaldehyde (PFA) and coronal sections wetewdth a vibratome. Dendrites were
labeled with Dil using diolistic method.

Dendritic spine analysis, segmentation of presynaptic boutons and detection of synaptic
contacts from confocal images.

Dendritic spine detection was performed using treumdnstudio software and data were
imported into ImageJ for custom 3D automated spiea&ds segmentation. Segmentation of
VGLUTL1 objects and detection of synaptic contacerevperformed in 3D as described
previously (10). Border to border distance betweach spine head and all VGLUT1 objects
was computed and the synaptic contact was decmted @listance of zero, meaning that the
two objects overlap.

Viral infectionsand preparation of slicesfor two-photon microscopy.
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The AAVrh9-PPTA-Cre viral construct contains an eegsion cassette consisting of the Cre
recombinase driven by the promoter of PPTA (premurd substance P) gene, which is
specifically expressed in SPN expressing D1R (IBg virus was injected in the NAc of 4-
week-old mice in combination with the AAVrh9-pCAGx-tdTomato-WRPE virus and
when stated AAV1-hSyn-flex-GCaMP6S-WPRE virus. Qmio slices of 200-250 pm
thickness of brains from 6 to 8 week-old mice weué on a vibratome and maintained in
equilibrated ACSF. Slices were stimulated with ginate 3 pM and (R)-(+)-SKF-38393 10
KM in ACSF for 20 min, followed by 40 min in ACSkae. Pharmacological inhibitors were
applied 30 min before co-stimulation and washeadn® after the end of the co-stimulation.
Slices were either imaged in time-lapse or fixethyAFA 4% at RT for 60 min, processed for
Dil dendrite labelling or immunofluorescence. Fand lapse studies, slice imaging was
performed in ACSF with two-photon upright microseofSP5 MPII, Leica) equipped with
water-immersion objective (25x, NA 0.95, Leica) amaages were acquired with hybrid
detector (Leica). Image stacks were sampled wittelgosize of 100 nm in xy axis and z-step

of 500 nm.

See Supplemental information for fully detailed estmental procedures
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RESULTS

A single cocaine exposure induces a rapid andestadsinectivity change in the NAc shell

We investigated spine formation and potential cleangf striatal connectivity induced by a
single administration of cocaine. Dendritic spirensity of SPNs from the NAc shell was
increased one hour after a single injection of ocec#igure 1A-Q. A similar increase was
observed at a lower dose (10 mg/kg, Supplemeniglr&i S1A), while no change was
observed either in the NAc core, or in the dordahtsim at higher doses (Supplemental
Figure S1B, C). Upon cocaine administration, attgdaD1-SPNs express immediate early
genes, including c-Fos (25). Spine density incraasBPNs expressing c-Fos was greater
when compared to randomly picked SPN (Figure 1AH@)s indicating that cocaine-induced
spine formation occurred in activated SPNs. VGLWDEitive boutons from glutamatergic
axons were segmented, and synaptic contacts wergifidd by measurement of the 3D
contacts between spine heads and boutons. Aboub68fines were connected to VGLUT1-
positive boutons in saline conditions (Figure 1A, & result in agreement with electron
microscopic studies (26). One hour after cocainmiadtration the number of spines in
contact with a VGLUTL1 bouton was increased (Figlie D), indicating that acute cocaine
rapidly increases glutamatergic connectivity in t&c. Of note, the percentage of spines
connected to VGLUT1l boutons remained unchangedjcatidg that the increased
connectivity did not modify the stoichiometry of Y@T1 connections onto SPN (Figure
1E). We next assessed whether this rapid increasennectivity was stable over time. One
week after a single injection of cocaine, the iasein spine density and synaptic contacts
were still present, while the percentage of VGLUldkitive synapses remained stable
(Figure 1F-1). An increased spine density was &smd 28 days after a single administration
of cocaine (Supplemental Figure S1D). Followingustom 3D procedure for spine heads
segmentation (Figure 2A), the measurements of dpéael volume and spine length showed

8
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an increase one hour after cocaine administratuinch was better revealed in c-Fos positive
neurons (Figures 2B, C). One week after cocaineradiration, spine head volume, but not
spine length, was still larger in cocaine-treatadenas compared to saline controls (Figures
2D, E). The increased volume of spine heads cooredgal to an increase in mushroom-
shaped spine density that was significantly ina@dasne hour and one week after a single
cocaine administration (Figures 2F, G), indicatingapid maturation of the newly-generated
spines.

Synapse formation occurs in clusters with spinesmeoting pre-existing presynaptic boutons

The total density of VGLUT1-positive boutons in tNAc-shell was not increased either one
hour or one week after cocaine administration (FEgu3A, B, left panels). Since

synaptogenesis occurred, this indicates that newespcontact pre-existing presynaptic
boutons. Accordingly, the occurrence of spines eeated to a common VGLUT1-positive

bouton —an observation reported in electron mi@pgctudy (26)- was increased one hour
and one week after cocaine injection (Figure 3A,riBht panels). The rules of synapse
formation were further studied using live imagimgacute adult striatal slices. In order to
recapitulate the effects of cocaine on SPN, weiep@ co-stimulation with a low dose of
glutamate together with a D1R agonist, as previoebbwn (13, 14). As expected, the co-
stimulation, but not the application of each agpbmslependently, induced ERK activation
and increased spine density and synaptic contadteeiNAc-shell (Supplemental Figure S2).
Time-lapse experiments were performed on D1-SPHNesgocaine induces ERK activation
(25) and dendritic spine increase (21, 27) in gubpopulation. To this end, D1-SPN were
sparsely labeled by injecting in the NAc from adolice a combination of an adeno-
associated virus (AAV) carrying tdTomato sequeni@mked by loxP sites and a virus
expressing Cre recombinase under the promoter egrptachykinin A (PPTA), which is

specifically expressed in D1-SPN (12), as confirm®d immunodetection of the DI1R
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(Supplemental Figure S3A, B). Striatal slices wgmerformed two weeks after viral-
infections, and time-lapse imaging of D1-SPN waggmmed by two-photon microscopy.
Dendritic spine growth occurred as soon as 25 masdfter the beginning of the co-
stimulation, and reached a plateau at 60 min (Ei@@, D) and was absent when the selective
D1R antagonist SCH23390 was applied (Supplemengalr& S3C). The amplitude of spine
density increase at one hour was +21% (Fig. 3E).

A single cocaine administration occludes synaptiteptiation induced in striatal slices (23).
We next tested whether previous cocaine administratould alleviate the spine growth
induced by the co-stimulation in striatal sliceheTspine density increase induced by cocaine
in vivo was preserved in the slices before co-stimulat®upplemental Figures S4A, B). A
partial occlusion was observed in slices from nacately administrated with cocaine, since
co-stimulation induced spine growth but the peragatof increase was not significant. On
the other hand, chronic administration of coca@ to complete occlusion (Supplemental
Figures S4C-D). Those results are consistent woervation in the prefrontal cortéx vivo

of progressive decline of spine density increasenugpeated injection of cocaine (28).

The connectivity and functionality of spines obsehin time-lapse were then explored. In

nus

acute slices from VGLUTE"* mice 62.8% of spines induced by the co-stimulati@ne in
contact with a VGLUT1-positive bouton (5 mice, n35 spines). Newly-generated spines
entered in contact with a VGLUT1-positive boutoattivas in all cases present before spine
growth (5 mice, n = 22 spines) (Figure 3F), whigltonsistent with oun vivo observation of
increased density of synaptic contacts along watlistant density of VGLUT1 boutons upon
acute cocaine. In order to assess the functionefitthe newly formed spines, the viruses
AAV-PPTA::Cre, AAV-FLEX-tdTomato and AAV-FLEX-GCaM®&S were injected in the

NAc. Spine growth and calcium events were analymeD1-SPN from striatal slices (Fig.

3G, left panel). Following co-stimulation, 6 out @0 newly formed spines in the NAc

10
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responded by an increase in calcium content. Tl@setional spines had a bigger head
diameter than the newly formed spines that didraspond to the stimulation (Figure 3G).
This kinetics of maturation is in accordance witeyious studies from other neuronal types
(29-32). The fact that new spines contact axonatds already in place raised the question
as to whether synaptogenesis could be driven ligchastic spine growth. We generated an
in silico simulation of synaptogenesis from random positmmshe dendrite, and found that it
did not reproduce the experimental data (Suppleahdfigures S5A, B). Moreover, the
analysis of spine distributiam vivo revealed a bimodal distribution with a high prapmor of
adjacent spine heads, which was increased aftarreexposure (Supplemental Figures S5C,
D). Hence, spine growth does not occur randomlyabdbcations where synapse clusters are
generated. Taken together, our results indicatertéa spines grow in clusters, are rapidly

functional and contact pre-existing VGLUT1 boutons.

A single administration of cocaine induces the fation of thalamo-striatal synaptic contacts

Since a single administration of cocaine inducednanease in VGLUT1-positive synaptic
contacts while keeping the ratio of spines conretteVGLUTL1 afferents (see Figure 1), it
was plausible that the unconnected spines wouldespond to thalamo-striatal synapses,
which are VGLUT2-positive (33). D1-SPN were labeleglin vivo viral infections (AAV-
PPTA::Cre and AAV-FLEX-tdTomato, and the mice wiaeated with a single administration
of cocaine. VGLUT2-positive boutons were immunoladeand thalamo-striatal synaptic
contacts were analysed (Figure 4). The density GLVUT2-connected spines significantly
increased upon cocaine administration, thus ingigathat acute cocaine also induces the

formation of thalamo-striatal synapses.

Dendritic spine growth and stabilization are retedeby ERK and MNK-1

11
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We next investigated the signaling pathways invablire spine formation induced in striatal
slices one hour after the co-stimulation. A pretrent with U0126, a selective inhibitor of
the ERK pathway, abolished the spine density irsgeaduced by the co-stimulation (Figure
5A), revealing that the ERK pathway is necessarysfonogenesis. Similarly, rapamycin an
inhibitor of the mammalian target of rapamycin (mR)Opathway completely blocked the
increase in spine density induced by co-stimulatioslices (Figure 5B). Since the ERK and
MmTOR pathways converge on the control of proteinttsgsis via the eiF complex, we
investigated the possible implication of MNK-1, gtaplasmic substrate of ERK, which
activates the elF complex to initiate protein ttatien (34)(Figure 5C). An increase in
phosphorylated MNK-1 (pMNK-1) positive cells was asared by immunodetection in the
NAc twenty minutes after co-stimulation (Figure 5C3lices were then pre-treated with
CGP57380, a specific inhibitor of MNK-1 activatiowhich totally inhibited the increase in
spine density induced by the co- stimulation (FegbE).

In order to gain further insights into the specriite of ERK and MNK-1 in spine growth and
maintenance, we used time-lapse imaging from atrislices (Figure 6A, B). D1-SPN
dendrites were labeleih vivo after intra-NAc infection with AAV PPTA::Cre and AV/-
FLEX-tdTomato. Spine growth was absent in the presef U0126, the inhibitor of the ERK
pathway (Figure 6C), indicating that ERK activatisnmandatory for the formation of new
spines. In contrast, CGP57380 did not modify grovetie, clearly indicating that MNK-1 is
not required for spine growth (Figure 6B, C). Howr\t strongly impacted the maintenance
of the newly formed spines, with a loss of 59.1% &1% of newly-formed spines, 30
minutes and 90 minutes after growth, respectiveigure 6B, D). At this later time point,
67% of newly-formed spines remained stable in @yntonditions, as previously reported
(27)(Figure 6B, D). Noteworthy, the inhibition of NK-1 activation did not affect the

stability of spines present before stimulation (@amental Figure S6). Hence these data

12
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show that MNK-1 is mandatory for stabilization butt for spine growth. Since MNK-1
regulates protein synthesis, we interrogated tispeeive role of global transcription and
translation for spine growth and maintenance. Iiibitb of protein synthesis with anisomycin
did not modify spine growth, but reduced spine ifitgtion, with identical kinetics and
amplitude to that observed with the MNK-1 inhibit@figure 6B, D). By contrast, bath
application of the transcription inhibitor actinoony D did not alter either growth or
stabilization of new spines (Figure 6B, D). Therefotime-lapse analysis unraveled
sequential molecular events involved in spine gmowahd stabilization. While ERK is
essential for both steps of spine formation, MNKattivation and protein synthesis

selectively control spine stabilization independieat transcription.

MNK-1 is involved in structural plasticityn vivo

We analyzed the impact of MNK-1 activation on ldagting spinogenesig vivo. An
increase in pMNK-1-positive cells was observedhie NAc 10 minutes after a single cocaine
administration, and the inhibition of ERK activatidbby SL327 completely abolished this
increase (Figure 7A, B), thus confirming that coeainduced MNK-1 phosphorylation is
strictly dependent on ERK activation. The MNK-1 ppborylation state was transient, with
return to basal levels 30 minutes after cocaineiaidimation (Figure 7B). The dendritic
localization of pMNK-1 in D1-SPN was shown by imnagietection of pMNK-1 in dendrites
labeled with the PPTA::Cre and FLEX-tdTomato AAWINK-1 positive punctates were
detected in the dendritic shaft and in dendritimep from D1-SPN (Figure 7C), further
demonstrating the local activation of MNK-1. In agment with the results from acute slices,
inhibition of ERK or protein synthesis abolishedngpformation one hour after cocaine
administrationin vivo (Figure 7D). The activation of MNK-1 was inhibitddcally by

intracranial injection of CGP57380 in the shell tpaf the NAc prior to either saline or

13
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cocaine single administration. The local inhibitioh MNK-1 did not affect basal spine
density of SPN, but abolished the spine densityei®e observed 1 and 24 hours after
cocaine administration (Figure 7E). Taken togethbese results identify MNK-1 as a
cytoplasmic target downstream from ERK activateccbgaine and posit MNK-1 and protein

synthesis as essential for striatal structuraltjgifg in vivo.

14
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DISCUSSION

Our data show that a single administration of aoeas sufficient to trigger long-lasting
increase in glutamatergic connectivity in the NAdth new spines growing in clusters and
contacting pre-existing presynaptic boutons. Weavel the sequence of signaling events
specifically involved in spine growth and stabitiba. Spine growth was transcription and
translation-independent, thus supporting a key odlERK-induced phosphorylation of pre-
existing proteins in this process. By contrastpnspstabilization required an ERK-mediated
proteins synthesis via MNK-1, independently of senption. Finally, we identify MNK-1 as
essential for long-term connectivity changes indueg cocaine (Figure 8).

It has been long thought that persistent strutplesticity/morphology changes were
selectively engaged following repeated administraf cocaine (10, 21, 28, 35, 36). Here
we provide evidence that a single administratiosuicient to induce a rapid and persistent
change in glutamatergic connectivity in the NAceTitapid formation of mushroom-shaped
spines with increased spine head volunmesivo, and our calcium imaging in adult slices,
both showed a rapid functional maturation of nasgmne. These observations fit with
electrophysiological recordings performed after tacexposure to cocaine, showing an
increase in the frequency of miniature currentscdRos positive SPN (37), and synaptic
potentiation (23). Interestingly, repeated cocaegimen leads to an increased spine density
along with unchanged (10, 21) or decreased spia€ Beze (36, 38), and the presence of
immature spines is coherent with the observationL DD (39) and generation of silent
synapses (40, 41), which are not induced by acotaice injection (37). The shift from
potentiated mature spines to silent immature spisean active process, since chronic
regimen recruits specific molecular pathways inedin dendritic spine remodeling, such as

deltaFosB accumulation (42) and inactivation of R#43), which are not observed after
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single cocaine injection. In this context, it istewworthy that dendritic spine maturation and
unsilencing of synapses are observed after a 3 svpekod of cocaine withdrawal (38, 44)
and following a challenge injection (35, 39). Henttee morphology of spines is dynamically
regulated during the different stages of cocainmiastration and addiction development
(45), through the combined involvement of metapdégtand homeostatic processes (46, 47).
Whether VGLUTL1 afferences arising from hippocampmitex or amygdala are similarly
engaged onto new synapses remain to be establiShedhe other hand, we reveal that
thalamic, VGLUT2-positive, synaptic contacts araegated after a single administration of
cocaine. Along with previous work showing a plaggiof thalamo-striatal synapses upon
chronic cocaine treatments (48, 49), our resulte ghe way for future study on the role of
thalamic inputs on D1-SPN in long term adaptatinduced by cocaine. In line with our
results, it was previously observed that acute ioecemduces an increase in spine density in
dopaminergic neurons (50) and in the prefrontateco(28), although those studies did not
assess the connectivity of dendritic spines. Osultge bring evidence that acute cocaine is a
first essential step that primes the meso-corimmdsikc connectivity, which implies that
subsequent cocaine action will operate on a matifegtwork.

Our results also unravel the rules of synapse dtion that leads to this connectivity
change. Previous studies showed that new spinelsl coake contact with pre-existing
boutons (30, 51-54) and our vivo as well as time-lapse observations in slices ektars
mode of formation to striatal neurons (Figure 8hisTmode of formation might imply a
constraint on the location of spine growth. Accogly, our modeling of synaptogenesis
revealed the occurrence of clustered spines aloagléndrite, indicating that the position of
spine growth along the dendrite is actively regdatThe formation of dendritic spines in
clusters has been studied in other brain struci@®%$7) where they have implication on the

integrative properties of the dendrite (58). Oudstreinforces these observations, and further
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show that newly-formed spines rapidly form synapseth pre-existing glutamatergic
boutons. Moreover, we observedvivo spine clusters in contact with a single bouton,clvhi
implies a temporal and spatial synchrony of thetgghatergic inputs on these spines. In
conclusion, our observations of both pre and posisijc elements combined with a model of
spinogenesis, which includes the constraint of giiloacontact formation, allows a better
understanding of the rules of connectivity changdble adult striatum.

It has been shown that dopamine gates glutamadiated spine enlargement in SPN
via D1R (12). Along those lines, we have previoustynonstrated that cocaine effects result
from D1R gated NMDAR-mediated ERK activation (13r1Here we observed that both a
D1R agonist and Glu are required for ERK-dependgniptogenesis in SPN downstream
from D1R. Accordingly, it was recently shown thasiagle administration of cocaine can
produce an ERK-dependent occlusion of synaptic niaton on SPN of the NAc, and
optogenetic inhibition of cocaine-induced plasyicfirevented the behavioral adaptations
induced by cocaine (23). Altogether, these datapeaup that ERK-induced rapid
synaptogenesis might be a critical cellular medraninvolved in the induction of long-term
striatal plasticity and in the development of bebeal alterations induced by cocaine. We
further demonstrate that synaptogenesis can bdetlhvin different phases, with at least two
distinct molecular mechanisms downstream the ERKwpay (Figure 8). We reveal a
transcription and translation-independent role 8KEin the initiation of spine formation.
While a previous study has shown that ERK actiistgssential for spine morphogenesis in
developing cortical neurons (32), we make the fitstnonstration of a functional role of
cocaine-induced ERK activation independently ofleaic targets. It may likely imply the
phosphorylation of pre-existing proteins, such@aaphilin, which upon phosphorylation by

ERK, can increase spine protrusion density in hggpgpal neurons (59).
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We further show that spine stabilization requiretNHAL activation and local protein
synthesis independently of transcription. It is ndearly established that, downstream from
ERK, MNK-1 phosphorylates initiation factors essanfor the onset of local translation
required for long-term plasticity (60, 61). Moreoveocaine administration can induce
synaptic plasticity via a mechanism that involvemnslation independently of transcription
(62). Of interest, local synaptic translation alseolves the mTOR signaling pathway, which
is activated downstream Raplb, a small GTPase testem spine formation upon chronic
cocaine administration (38). Several messengergranslated in dendrites (63) and could be
involved in the stability of newly formed spineshéllocal translation of Arc is controlled by
MNK-1 (64) and Arc proteins regulate spine densityl morphology (65). Furthermore, the
expression of Arc is induced in dendrites of D1RNSEpon acute cocaine administration
(66). PSD-95 is another candidate locally trandlateresponse to intra-NAc injection of a
D1R agonist (67), and involved in spine stabiliaati68, 69). Importantly, we show that
cocaine induces a rapid ERK-mediated phosphorylatioMNK-1 in dendrites of SPNs in
the NAc, and its pharmacological inhibition leadsatloss of spine density increase observed
one hour and 24 hours after a single administragfotocaine. Hence stabilization of newly-
formed spines via MNK-1 is essential for long-techanges in glutamatergic striatal

connectivity in the NAc.
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FIGURE LEGENDS

Figure 1. A single administration of cocaine induces the rapid formation of stable
glutamater gic synapsesin the NAc

(A) Upper panel: time-course of the experiment. Faigwthree days of habituation,
VGLUT1venus mice were injected with either salimecocaine (ip, 20mg/kg) and perfused
one hour later. Lower panel: 3D surface renderihdemdritic segments labeled by Dil (red)
with the VGLUT1 boutons (green) in contact withregs. Spine heads were segmented and
the associated boutons automatically selected wsiBD custom procedure implemented in
ImageJ.

(B) Immunostaining for c-Fos following diolistic lalmd of striatal neurons allowed the
identification of SPN that responded to cocaine.

(C) Spine density of SPN from the NAc was measuredlong after a single exposure to
saline or cocaine. Spine density was measuredndoraly chosen SPN from saline and
cocaine-treated mice and in c-Fos positive SPN ftooaine-treated mice.

(D) Synapse density, defined as the density of spme®ntact with VGLUT1 boutons, is
increased by acute cocaine.

(E) Percentage of spines connected to a VGLUTL1 bastaoot altered by cocaine.

(F) Spine density from saline and cocaine-treated me measured one week after a single
cocaine injection preceded by three days of hatmalmages illustrate the result of the 3D
automated analysis of synaptic contacts.

(G) Measurements of spine density one week afterghesexposure to cocaine.

(H) Density of VGLUT1-positive synapses was measureslweek after a single injection of

cocaine. Note the persistent connectivity chandadad by cocaine.
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(I) The percentage of VGLUT1-positive synapses remeamstant one week after cocaine
administration.

Scale bar in A and F = 5 microns, B = 10micronsstéfirams represent mean = SEM with
n=number of neurons analyzed from N = 4-5 miceaichecondition. C-E: One-way ANOVA
and Bonferroni post-test. G-I: T-test . *: p < 0.65: p < 0.001. See supplemental figure S1

and S2.

Figure 2. Effect of a single cocaine exposur e on spine mor phology of SPN from NAc

(A) Results of the custom 3D segmentation of spinel$i@aplemented in ImageJ software.
Al: 3D volume rendering of a dendrite. A2: 3D vokinendering of the spine heads extracted
with a custom procedure implemented in ImageJ, etesgith 3D surface rendering of the
dendrite. A3: 3D volume rendering of segmented bpi@& merged with 3D surface
rendering of the original dendrite image.

(B-C) Cumulative frequency distribution of headspineuwoés (B) and length (C) measured
in neurons from mice perfused one hour after treatmvith either saline or cocaine. When
indicated (Cocaine c-Fos+) spines were quantifiechfneurons identified as SPN expressing
c-Fos. Note that one hour after cocaine injectjmines have a bigger head (B) and are longer
(C) than in saline controls.

(D-E) Cumulative frequency distribution of headspineuwoés (D) and length (E) measured
in neurons from mice perfused one week after simgéetion of either saline or cocaine. One
week after cocaine the spine heads volume (D) mdaincreased upon cocaine but spine
length (E) was identical to saline controls.

(F-G) Dendritic spines were classified as thin or mushrdased on the diameter of the spine
head. An increase in mushroom-shaped spine dessityserved both one hour (F) and one

week (G) after a single cocaine administration.
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3900 to 6200 spines analyzed in n = 29 to 59 neumm N = 4 mice in each condition. B-
E: Kolmogorov-Smirnov test of distribution, F: Ongy ANOVA and Bonferroni post-test,

G: T-test. *: p<0.05; *: p<0.01, **: p<0.Ad0

Figure 3. Synapse formation through contact with pre-existing presynaptic boutons

(A-B) Density of VGLUT?*™*boutons in the NAc, in a volume corresponding twbe of

10 microns side. A single plane from confocal imagacks is shown (left panels). The
density is similar in saline and cocaine-treatedenone hou), and one weelB) after a
single cocaine injection (Mean + SEM, t-test). Righnels: Percentage of spines connected
to a common VGLUT1 bouton (Median * Interquartil®ann Whitney test). N mice and n
neurons are identical to figure 1.

(C) Maximum intensity projection of a dendritic segrhanaged from tdTomato-labeled D1-
SPN in acute striatal slice with two-photon micimsg. D1-SPN were labeled by in vivo co-
infection with an AAV9 expressing Cre recombinaseler PPTA promoter and an AAV9
carrying FLEX-tdTomato. Two weeks later, slices atienulated with SKF38393 (10 uM)
and glutamate (3 uM) for 20 minutes then washed wantrol ACSF. Green arrows indicate
locations of newly-formed spines.

(D) Cumulative curve of spine growth represents thegrgage of new spines using the
number of spines present before the co-stimula®reference. The increase in spine growth
becomes significant between control and stimul&@&eSPN 25 minutes after the beginning
of the stimulation. Two-way ANOVA and Bonferroni gtetest.

(E) Comparison of spine density between 0 and 60 mstine points confirms an increase
in stimulated condition similar tim vivo conditions (see fig. 1). Data are expressed asmea

SEM, n = 6 neurons from N = 4 mice for each cooditiT-test.
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(F) Time-lapse analysis of synaptogenesis shows tleat spines contact pre-existing
VGLUT1-positive boutons. Single plane from 3D twiogbon microscopy images.

(G) left panel : Nascent spines in D1-SPN are idettifivith tdTomato labeling and their
synaptic activity is visualized using GCaMP6S aaiti sensor during co-stimulation. To
avoid fluorescence fluctuations independent of igaic variations, GCaMP6S signal is
normalized using tdTomato signal. Nascent spinescansidered as active if they present
GCaMP6 fluorescent peaksAR/F) exceeding 0.3, compared to baseline. Maximum
projections show active (green arrow) and silead (@rrow) nascent spines. The spine head
diameter was measured from non-active and activesgFig. 3G, right panel). Data show
values and mean = SEM, n = 10 spines from 3 ind#gr@imeurons and N = 3 mice, T-test.

* p <0.05, **: p <0.01, **: p < 0.001. See supmental figures S3 and S4. Scale bar in A,

B = 5 microns, C = 4 microns, F and G = 1 micron.

Figure 4. A single administration of cocaine induces the rapid formation of thalamo-
striatal synaptic contactsin the NAc

(A) D1-SPN were labelled through intra-NAc viral itiea with viruses AAV-PPTA::Cre,
AAV-FLEX-tdTomato (orange) and thalamic boutons evemmunolabeled for VGLUT2
(cyan).

(B) One hour after a single administration of cocaihe,spine density is increased.

(C) Acute cocaine induces the rapid formation ofl\MJ32-positive, thalamo-striatal synaptic
contacts.

(D) Percentage of spines connected to a VGLUT2 boistont altered by cocaine. Note that
the percentage is lower than for VGLUT1, owing e difference in the efficiency of the

labeling (knock-in mouse versus immunolabeling).
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Scale bar = 2 microns. Histograms represent me&®EM with n=number of neurons

analyzed from N = 4 mice in each condition. B-Dte&t. **: p < 0.01, ***: p < 0.001.

Figure 5. Molecular mechanismsinvolved in spine density increase

Measurements of spine density from SPN labeled imtin striatal slices co-stimulated with
low doses of glutamate and D1R agonist. The cowd#ition induces an increase in spine
density.

(A) Inhibition of ERK pathway by U0126 (10 uM) aboleshthe spine density increase.

(B) Blockade of mTOR pathway with rapamycin (25 nM)aicute slices totally inhibited the
increase in spine density elicited by co-stimulatio

(C) Scheme of the involved pathways showing the imtiibiused in the study. Both MNK-1
and mTOR activation are essential for the onsétamislation.

(D) Measurement of the density of pMNK-1 positive @tl acute slice after co-stimulation.
(E) The inhibitor of MNK-1 activation, CGP57380 (10 pMancels the increase in spine
density induced by co-stimulation of SPN from s#ialices.

Histograms show mean + SEM with n=number of neummsyzed from N = 3-5 mice for
each condition. A-D and G: Two-way ANOVA and Boméai post-test; F: T-test; *: p <

0.05, **: p < 0.01, ***: p < 0.001. Scale bar inF30 microns, G= 10 microns.

Figure 6. Time lapse imaging and molecular dissociation of spine growth and
stabilization

(A) Schematic representation of the experiment. D1-3Rke labelled through intra-NAc
viral infection with viruses AAV-PPTA:.Cre, AAV-FLE-tdTomato ; spine growth and

stabilization were analysed in 3D in time-lapsegemfrom striatal slices. Green arrows show
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new spines forming during the hour following the-stonulation, the red arrow indicates
when these new spines are not stabilized.

(B) Maximum intensity projection of two-photon imagacks from D1-SPN in NAc acute
slices. Time-lapse observations reveal spine granmth stabilization of the new spines upon
co-stimulation. Also shown are slices pre-treatétth the inhibitor of MNK-1 (CGP 57380),
protein synthesis (anisomycin) and transcriptianif@mycin D).

(C) Cumulative curves of spine growth following coastilation. In the presence of the ERK
inhibitor (U0126, 10 pM), the spine growth is aldiseéamaining at levels identical to vehicle
condition. Note that spine growth kinetics and atage induced by co-stimulation are not
altered by CGP 57380 (10 uM), anisomycin (25 pMaaiinomycin D (25 uM). Two-way
ANOVA and Bonferroni post-test.

(D) Survival curve showing the maintenance of newlynfed spines through time. Spines
formed in the presence of CGP 57380 or anisomybimwsa marked loss of stability.
Actinomycin D does not alter spine maintenancdis time window. Log rank test.

n = 5-7 neurons from N = 3-4 mice, with 27-44 spif@med in each condition. *: p < 0.05,

** p <0.01, **: p <0.001. Scale bar = 2 micrans

Figure 7. MNK-1 is activated after acute cocaine injection and is necessary for
structural plasticity in vivo

(A) Immunolabeling for pMNK-1 in the shell of the NAmm mice perfused ten minutes
after either saline or cocaine injection. Singlangls of confocal image stacks from the shell
part of the NAc. The density increase in pMNK-1 ipgs cells induced by a single
administration of cocaine is abolished by ERK imioib SL327 injectedin vivo prior to
cocaine. Mean + SEM, N = 3 mice for each conditiGme-way ANOVA and Bonferroni

post-test.
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(B) Analysis of the density in P-MNK-1 positive celisthe shell of the NAc reveals a rapid
and transient phosphorylation following a singleaiae administration. Two-way ANOVA
and Bonferroni post-test, Drug effect: *, Time ette’.

(C) Immunostaining for pMNK-1 in D1-SPN labeled witldTomato reveal dendritic
localization of pMNK-1. Upper panel shows singlamgs from confocal stack with arrows
indicating pMNK-1 spots in the dendrite. Lower pbsieows 3D volume rendering of the co-
localization of pMNK-1 in a dendrite.

(D) The MNK-1 inhibitor CGP 57380 was injected inte tNAc prior cocaine administration.
(E) In vivo analysis of dendritic spines labeled with Ddllowing injection in the NAc of the
inhibitor CGP 57380 prior a single administratioh ancaine. 3D surface rendering of
confocal images from different conditions. The bition of MNK-1 blocks the increase in
spine density induced by cocaine. Histograms sheam* SEM with n = number of neurons
analyzed from N = 3-5 mice for each condition, Tway ANOVA and Bonferroni post-test.
Scale bar in A = 50 microns, C-E = 1 micron. *: .85, ** or °°: p < 0.01, *** or °°°: p <

0.001.

Figure 8. Proposed model for synaptogenesisin the adult striatum

Dopamine, which level is elevated under cocainalitmm, facilitates NMDAR functions and
triggers ERK activation and spinogenesis. Synapesadtion occurs through clustered spine
growth and contact with pre-existing presynaptiatbas. ERK pathway regulates distinct
steps of spine formation through different sigmnglimodules. Firstly, spine growth is
controlled by ERK, probably through phosphorylatiohpre-existing cytoplasmic targets.
Secondly, stabilization of the spine is controllsdERK-induced MNK-1 dependent protein

synthesis in a transcription independent mannepotmantly, MNK-1 and protein synthesis
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are not involved in spine growth, so spine growtd atabilization involve different signaling

molecules downstream ERK.

38



A sal or
siil sil sil cic perf‘PFA
.,Q day3 day-2 day-1 day0 +1h
SALINE COCAINE 1h
Random Random  cFos positive

neuron neuron

sal or

neuron

sal sal sal coc perf PFA

day-3 day-2 day-1 day0O +1week

SALINE ~ COCAINE 1 wk

G

-
(4]
I

-
o
I

Spine density (per 10 ym)

(3]
!

o
I

B

(@)

Spine density (per 10 ym)

w
o
n

N
o
n

-
o
n

D
EA18—
3 §_16—
€ o 14-
87 1o
8 &40
o i
£ <
25 &
O(_DI 6-
i saline %‘> 4]
[l Cocaine s )
B cFos+ Cocaine O 0 i
* 100+
skskk g
S 804
m\—
c
'—
S o60-
o
n O
2 >40-
£
®
S 20
2
0-
[ saline ] Cocaine
H b |
8,\12- % - 100-
° £ 9]
@ 35 104 S |
EO é‘_so
8 GL) 8' C'S
@8— b 8 0 607
= «— 6 n O
a 9]
= £> 401
© 2 4 o o
>g 2
B © 20
52 2 S
a
0- 0-

s O

koskk




Cumulative probability (%)

Cumulative probability (%)

Spine density

Saline
—— Cocaine
—— Cocaine cFOS+

B @
10Q

coc perf PFA

day 0

80
sal vs coc ***
60 sal vs cfos : ***
coc vs cfos : *
40
20
T T T 1
0.0 0.1 0.2
Spine head volume (um3)
cic
D Saline
S‘Z ——Cocaine ik
10
80
60
40
20
T T T 1
0.0 0.1 0.2 0.3

Spine head volume (um3)

1 hour post cocaine

% skk sk

ns

ok ok

sal coc cFos sal

coc cFos

Thin}

1h

Mushroom,

S
< 10
2
S 80
g sa:vsc;)c"
sal vs cfos : ***
g_ 60 coc vs cfos : ***
o 40
=2
L 20
>
IS
5 0 T T 1
o 0 1 2 3

Spine length (um)

N A O
o © ©o o o

1 2 3
Spine length (um)

Cumulative probability (%)

1 week post cocaine

15+

Spine density

coc sal coc
Thin} Mushroom,

sal




VGLUT1 density

o

t=0-stim

T=0

coc perf PFA

day 0 1 hour

saline
fogp
© D
:3
5>
. O
cocaine g6
g
el
)
u—
o ®
XL

t=25 min

VGLUT1Venus
T=45 min

L
L4

tdTomato

GCamP6

[l saline [l Cocaine B Cic pe”’PFA

day 0

1000

cocaine

500

VGLUT1 density

0-

O

Control
[l Co-stimulation
seskosk
Co-stimulation
SKF + glu

Cumulative % of new spines

T — T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60

Omin 2min 4 min 6 min

1 week

oL T

Spine density variation in one hour (%) Ml

New spine head diameter (um)

8 157
[S.]
£3
§ >10-
O c
5 ¢
c
ags_
)
-
o @
X L -
150

100

50

Control

0.8+

0.4+

0.2

0.0

o
I

*

*

P

Co-stim

ol 4

T
inactive

T
active



sal or

[ saline [l Cocaine

Y

cic perf PFA
day 0 +1h

sal
M
day -1

sal
¥
day -2

sal
\
day -3

ns

T
o

AT Y

() P8osuu0d saulds Jo 9,

T T T
© © A o~ o

Z1LNIDA 0}
QO pa1osuu09 sauids jo Alisuaq

skeskosk

T T T
wn o w o

20

m Ajsuep auidg




Spine density

157

10

Control 20'

Co-stimulation 20'

Vehicle

[ control B
[l co-stimulation
157
Py
2
o 107
°
)
£
ol
n 5
U0126
60
(2]
o 504
ok
_g £ 40
=
85 30
§' g 20-
2 10-
" Control

sk
o ctl
o
X5
> .
co-stim
o
g ctl
N~
Te]
&
Co-stim O [o=im

U0126

&

Rapamycin

e

CGP 57380 /
SKF38393 (10 uM) (P (P) l f@:ﬁ
+ glutamate (3 pM) w —_ Protein

Spine density

/@ synthesis

[l control
ek
. Co-stim
157
107
5

0-

Vehicle CGP 57380



A

Growth phase

o
- 8
ED
B
[e]
388

Co-stim +

Co-stim +
Actinomycin D  Anisomycin

(@)

20~ co-stimulation

< 18 EEE
o
& 46l EE
c

vehicle (dmso 0.1%)
co-stimulation + vehicle
co-stimulation + CGP 57380
co-stimulation + actinomycin D

G hadd

co-stimulation + U0126
co-stimulation + anisomycin

*okk
New spine survivorship (%)

0 30 60 0 30 60 90
Time after stimulation (minutes) Lifetime (minutes)



A

Saline Cocaine Cocaine
+ Vehicle + Vehicle + SL327

o
o
o

. —&— Saline

—#- Cocaine

N
(=3
o

PMNK-1 positive cells per mm? m
2
o

v . — .\
Z T T ' y
= Saline Cocaine Cocaine 5 10 30 60
Vehicle Vehicle SL327 Time after injection (minutes)
D E CGP infusion  Acute cocaine
KKk
20 —-@-15*% —— 0 min ——1 houror .
24 hours ——— 5ok
2 154 . —ns —_—
718 Vehicle CGP 57380 —ns
c — —_— 4
310 Saline Cocaine Saline Cocaine 20 Misaline
Q [ A 52 \ Ml cocaine
‘S 51 215
o = 15
[
0- T NS (2}
- Vehicle Anisomycin Wsaiine g 10-
20 Ml cocaine c
Hokk .a
2151 w
= 5-
o]
3101
(0]
.E 5.
(% vehicle CGP vehicle  CGP
1Bl B BY RS 1 hour 24 hours

Vehicle ~ SL327



ACCEPTED MANUSCRIPT

Protein
synthesis

60 Min =

VGLUT1
positive bouton '

Clustered spines
growth

Spine
stabilization

0
>

\

(-

Y

‘F VGLUT2

positive bouton



