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Compartmentalized cAMP dynamics regulates neuronal 

migration 

Maxime Chaulet*, Julie Stoufflet*, Mohamed Doulazmi, Coralie Fouquet, Caroline Dubacq, Christine 

Métin, Alain Trembleau, Pierre Vincent and Isabelle Caillé 

Introduction  
3',5'-cyclic adenosine monophosphate (cAMP) is traditionally considered as a long range-acting 

second messenger, freely diffusing in the whole cell. The development of genetically-encoded 

FRET (Förster Resonance Energy Transfer)-based biosensors has challenged this view by 

allowing real-time imaging of cAMP dynamics in living cells with high spatio-temporal 

resolution (Calebiro and Maiellaro, 2014; Lefkimmiatis and Zaccolo, 2014). This revealed that 

cAMP signals are highly compartmentalized at the subcellular level and that this fine-tuned 

compartmentalization ensures the intracellular specificity of the pathway.  

cAMP signaling plays fundamental roles in multiple steps of the nervous system development 

such as neuronal polarization (Shelly et al., 2010b), axon guidance (Nicol et al., 2006; 

Nishiyama et al., 2003) and synaptogenesis (Munno et al., 2003). Monitoring of cAMP signal 

in neurons with FRET-based biosensors unveiled its dynamic compartmentalization in 

microdomains of axons, dendrites or growth cones (Averaimo et al., 2016; Calebiro and 

Maiellaro, 2014; Maiellaro et al., 2016b). However, the dynamics of cAMP signaling has never 

been studied in migrating neurons. 

Neuronal migration is a crucial step for the establishment of brain circuitry since all neurons 

have to migrate from theirs sites of birth to their final sites of integration. Dysfunction in 

neuronal migration leads to severe cortical malformations such as lissencephalies and 

periventricular or subcortical band heterotopia and might be involved in psychiatric disorders 

(Bertipaglia et al., 2018; Silva et al., 2019). Migrating neurons display a cyclic saltatory 

migration with alternations of somal translocation and pauses. For each somal translocation, 

nucleus and centrosome move forward in a "two-stroke" cycle, with the centrosome moving 

first within a swelling of the leading process (centrokinesis, CK) and the nucleus following 

subsequently (nucleokinesis, NK) (Bellion et al., 2005b; Belvindrah et al., 2017; Schaar and 

McConnell, 2005b). This nucleus to centrosome coupling involves local cytoskeleton 

remodeling and molecular motors activation. The cAMP dependent protein kinase A (PKA) is 

a highly compartmentalized protein of paramount importance for cellular migration in general 

(Bradshaw et al., 2011a; Howe, 2011) and neuronal migration in particular (Haase, 2003; 
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Toriyama et al., 2012). This led us to assess whether cAMP compartmentalization might 

dynamically participate in the spatio-temporal regulation of this two-step migration.  

Our model for studying migration is the ventricular/subventricular zone (V/SVZ) to olfactory 

bulb (OB) migration in the postnatal mouse. Neurons produced in the V/SVZ migrate 

tangentially over a long distance in the Rostral Migratory Stream (RMS) (Lois and Alvarez-

BuyIIa, 1994; Lois et al., 1996b). Biphotonic imaging of migrating neurons electroporated with 

a FRET-based biosensor (Epac-SH187) (Klarenbeek et al., 2015b) in acute slices of the RMS 

revealed a dynamic cAMP hotspot localized around the centrosome, present during NK and 

absent during pauses. Genetic ablation of the primary cilium as well as knock-down of the 

ciliary Adenylate Cyclase 3 (AC3) induced permanent disappearance of the hotspot, showing 

the importance of cAMP ciliary production for its formation. The hotspot disappearance led to 

a slowed-down migration with increased pausing phases and reduced frequency of NK. This 

was accompanied by defects in centrosome movement with reduced speed, decreased maximum 

distance from the nucleus and increased uncoupling of CK and NK. Moreover, genetic 

delocalization of the centrosomal PKA recapitulated this migratory phenotype, showing its 

importance as a downstream effector of the cAMP hotspot. Our data thus show that ciliary-

produced cAMP forms a dynamic centrosomal hotspot, which locally acts on centrosomal PKA 

to regulate migration and efficient coupling of centrosome and nucleus. This 

compartmentalized cAMP dynamics is widely used in migrating neurons since we observed it 

in radially migrating postnatal OB interneurons, in adult RMS and in radially migrating 

embryonic neurons.  

 

Results 
cAMP dynamics in migrating neurons of the postnatal RMS: a transient centrosomal 

hotspot during NK 

A massive amount of young neurons migrate from the postnatal V/SVZ to the OB in the RMS 

(Fig 1A) (Lois and Alvarez-BuyIIa, 1994; Lois et al., 1996b). They migrate by alternations of 

pauses and NK (Fig 1A). We observed that they spend 80% of their time in pauses and perform 

in average 3.15 ± 0,21 NK per hour (see fig 4B). 

To investigate cAMP dynamics in migrating neurons, we electroporated neonate mice with an 

intraventricularly-injected plasmid to express the FRET cAMP-specific biosensor Epac-SH187 

(fig 1B and 1C). This recent biosensor displays high affinity for cAMP allowing detection of 

limited changes in cAMP concentrations with high dynamic range (Klarenbeek et al., 2015b). 



95 
 

Biosensor-expressing neurons were imaged in live acute sections of the RMS with a biphoton 

microscope (one-hour movies with one-minute intervals). Ratiometric analysis revealed that a 

cAMP-rich region (hereafter called hotspot) was transiently present during NK and disappeared 

during pauses (Fig 1D and movie 1). This hotspot specifically reflected a cAMP local 

enrichment since it was absent in neurons transfected with a version of Epac-SH187 with mutated 

cAMP binding site (movie 2). 

Extensive analysis of migrating neurons (ie performing at least one NK during a one-hour 

movie) showed that 82% of them displayed such a dynamic hotspot (101 neurons performing 

134 NK from 10 mice). A limited percentage of cells displayed several cAMP rich zones, 

usually two, which likely corresponded to the two centrioles (movie 3). 

The hotspot stereotypically appeared at the front of the cell body before moving into the leading 

process, where it remained until after the nucleus performed a NK. It then disappeared during 

the following pause and could reappear later following the same pattern before the neuron 

undertook another NK. 

As this movement resembled the classically described centrosome movement during saltatory 

migration, we co-electroporated the biosensor with centrin-RFP to label the centrosome (Fig 

1E). We saw that the hotspot was present around the centrosome before its movement into the 

leading process and stayed around it during NK before disappearance during the pause. 

Measurement of the ratiometric characteristics of the hotspot showed that its average diameter 

was of 965,4 nm ±95,48nm. In addition, the maximum hotspot ratiometric intensity was 

constant during NK being in average 52% (±2%) higher than the mean cell intensity (n=12 cells 

with 16 NK).  

Use of a sensitive cAMP biosensor with a high signal to noise ratio coupled with live biphoton 

imaging in slices thus allowed us to discover a dynamic cAMP hotspot at the centrosome of 

RMS migrating neurons. 

 

Primary cilium is necessary for centrosomal hotspot formation 

The primary cilium is a small rod-shaped organelle linked to the centrosome (fig 2A). It is 

present on most eukaryotic cells including neurons (Guemez-Gamboa et al., 2015). Its absence 

or dysfunction in ciliopathies lead to severe brain defects, suggesting its major importance for 

brain development (Guo et al., 2017b; Higginbotham et al., 2012b) 

Immunostaining of GFP positive RMS migrating neurons with Arl13B, a small ciliary GTPase, 

coupled with ��-tubulin, marker of the centrosome, showed that they assemble a cilium during 

migration (Fig 1B). The primary cilium length was in average 910±0,02 nm (N=1, n=1030) 



96 
 

The primary cilium was recently reported to be a cAMP-rich region by using a cilium-targeted 

cAMP biosensor (Moore et al., 2016b; Sherpa et al., 2019b). We thus wondered whether the 

cAMP hotspot that we observed at the centrosome could emanate from the primary cilium. To 

answer this question, we used two mouse lines in which deletion of the primary cilium could 

be genetically induced by cre recombination. Kif3a is part of a kinesin motor required for cilium 

maintenance (Rosenbaum and Witman, 2002b). Rpgrip1l (retinitis pigmentosa GTPase 

regulator-interacting protein 1 like) is a protein located at the basis of the primary cilium, whose 

mutation leads to ciliopathies in humans  (Arts et al., 2007). 

We performed Cre recombination of the floxed genes in migrating RMS neurons by injecting 

a Cre expressing virus coupled to the GFP into the ventricle of neonate Kif3alox/lox and 

RPGrip1llox/lox mice. This led to an efficient ablation of the primary cilium in both mouse 

lines. The percentage of GFP positive RMS neurons displaying a ��-tubulin positive centrosome 

associated with an Arl13B positive primary cilium was significantly reduced in Cre-injected 

Kif3alox/lox (25% in Cre versus 53,21%  in GFP control animals, n=109 cells from 3 mice in 

GFP animals and n=140 cells from 3 animals in Cre animals) and Rpgrip1llox/lox mice (16.2% 

in Cre versus 47% in GFP control animals, n=68 cells from 2 mice in GFP animals and n=99 

cells from 3 animals in Cre animals). 

Cotransfection of the cAMP biosensor with Cre in neonate floxed mice showed that cilium 

disappearance led to a concomitant disappearance of the hotspot in both mouse lines (Fig 2C 

and D and movie 4 and 5). Whereas 82% of cells displayed a hotspot during NK in WT mice, 

this number was reduced to 30% in Cre-transfected Kif3alox/lox (36 cells of 46 NK in 4 mice) 

and to 20% in Cre-Transfected Rpgrip1l (52 cells of 73 NK in 7 mice) (Fig 2E). When cells 

displayed two successive NK, the phenotype of absence or presence of hotspot during NK was 

persistent. Moreover, the more efficient disappearance of the hotspot in RPgrip1l mice is in line 

with the more efficient genetic ablation of the primary cilium, strongly suggesting that the 

primary cilium is necessary for formation of the hotspot. 

 

Ciliary type 3 Adenylate Cyclase 3 (AC3) is necessary for centrosomal hotspot formation 

AC3 is described as the predominant cAMP producer in neuronal primary cilium (Bishop et al., 

2007). We thus assessed its presence in the primary cilium of RMS migrating neurons through 

immunocytochemistry (Fig 3A). We observed that more than 40% of Arl13B positive primary 

cilia in the RMS were also AC3 positive (n= 141 cells from 2 mice). 

We thus produced an anti AC3 microRNA coupled to GFP to knock down AC3. Its efficiency 

was verified by qRTPCR on cells transfected with miRAC3 or a control miR and AC3 (Fig 
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3B). Transfection of the miRAC3 led to a 40% decrease of the overexpressed AC3 mRNA as 

compared to control miR suggesting the efficiency of the designed microRNA. 

Co-electroporation of the MirAC3 with the biosensor showed that AC3 knock-down led to 

similar disappearance of the hotspot as primary cilium ablation (Fig 3C and movie 6). Only 

22% (N=2, n=17cells) of MirAC3 transfected cells displayed a visible hotspot during NK. 

This shows that the primary cilium produces the hotspot through AC3. 

 

Migration defects in the absence of hotspot 

Given the dynamics of the hotspot and its subcellular localization, we wondered whether it 

could regulate the dynamics of migration. We thus compared the migration of WT neurons with 

the migration of cilium-ablated and AC3 knocked-down neurons, in which the hotspot was 

absent. To this end, Kif3alox/lox neonate mice were intraventricularly transfected with GFP, 

Cre recombinase coupled with GFP or MirAC3 coupled with GFP. Live acute sections of the 

RMS were imaged with a confocal microscope (3-hr movies with 3-minute intervals). Tracking 

of the GFP positive cells showed that cilium ablation as well as AC3 knock-down significantly 

slowed down migration (GFP 75,49±3,48µm/h versus 55,81±2,74µm/h and 58,08±2,98 µm/h 

in CRE and MirAC3, p <0.001, n=3 mice, Fig 4A, movie 7, 8 and 9). This was accompanied 

by an increased percentage of pausing time (76% in WT versus 87% and 84% in Cre and 

MirAC3, p < 0.001, n=3 mice, Fig 4B). Detailed analysis of the NK showed that the average 

frequency of NK reduced (3,15±0,21 NK/h in WT versus 2,06±0,20NK/h and 2,14±0,21NK/h 

in Cre and MirAC3 p < 0.001, n=3 mice, Fig 4C).  

Given the centrosomal location of the hotspot, we wondered whether it could directly play a 

role in the dynamics of CK. To assess this question, we co-transfected centrin-RFP along with 

GFP, Cre coupled with GFP or MirAC3 coupled with GFP and co-tracked cell body and 

centrosome (movies). We defined a CK as an increase of the centrosome to nucleus distance of 

at least 2µm followed by a decrease of at least 2µm. The maximum distance between nucleus 

and centrosome during CK was reduced in cilium-ablated and AC3 knocked-down neurons as 

compared to WT (GFP 12,32±0,42µm versus 10,42±0,35µm and 9,85±0,63µm in CRE and 

MirAC3, p < 0.001, n=3 mice, Fig 4D). Additionally, we defined two types of CK: a CK 

followed by a NK was considered efficient whereas a CK not followed by a NK was considered 

inefficient. Interestingly, we saw an increase of the percentage of inefficient CK in cilium 

ablated and AC3 knocked-down neurons as compared to WT ( 26% in WT versus 43% and 

37% in Cre and MirAC3, p =0.002, n=3 mice, Fig 4E), which suggested that the hotspot was 

necessary for proper coupling of nucleus and centrosome. Finally, analysis of the overall speed 
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of the centrosome showed that it was reduced in cilium-ablated and AC3 knocked-down 

neurons as compared to WT (GFP 75,82±3,44µm/h versus 56,54±2,31µm and 55,69±3,74µm 

in CRE and MirAC3, p=0.02, n=3 mice Fig 4F).  

Our results thus suggest that AC3 ciliary cAMP production of the hotspot regulates migration 

by acting on centrosome dynamics and centrosome/nucleus coupling. 

 

Centrosomal PKA is the downstream effector of the hotspot 

PKA was described to be localized at the centrosome in certain cell types (Saade et al., 2017b). 

Immunohistochemical staining for the catalytic subunit of PKA (cPKA) showed that it was 

indeed the case in RMS migrating cells, where cPKA appeared as a diffuse area surrounding 

the centrosome (Fig 5A). We thus transfected a dominant form of PKA (dnPKA) coupled with 

the GFP to delocalize PKA. This dnPKA is a regulatory subunit of PKA, which cannot bind the 

centrosome and thus traps the endogenous catalytic subunit of PKA in the cytoplasm (Fig 5B). 

Counting of the percentage of cells displaying cPKA at the centrosome showed that dnPKA 

efficiently delocalized PKA (26,67% in dnPKA versus 86,05% in WT, data not shown).  

We thus analyzed the migration and centrosomal dynamics of dnPKA transfected neurons. 

Similarly to cilium deletion and AC3 knock-down, dnPKA transfection slowed down migration 

( GFP 75,49±3,48µm/h versus 55,76±1,90µm/h and 63,73±2,85 µm/h in dnPKA and 

CREdnPKA, p <0.001, n=3 mice, Fig 5C movie 7, 10 and 11), increased pausing phases (76% 

in WT versus 86% and 84% in dnPKA and CREdnPKA, p <0.001, n=3 mice, Fig 5D) and 

reduced frequency of NK (3,15±0,21 NK/h in WT versus 2,23±0,12NK/h and 2,09±0,16NK/h 

in dnPKA and CREdnPKA p <0.001 n=3 mice, Fig 4C). Moreover, cotransfection with centrin-

RFP revealed that centrosome dynamics was also altered in the same way as cilium ablation 

and AC3 knock-down: centrosome speed was reduced (GFP 75,82±3,44µm/h versus 

68,18±2,08 µm dnPKA, p= 0,051, n=3 mice Fig 5H) as well as the maximum distance between 

centrosome and nucleus during CK (GFP 12,32±0,42µm versus 10,46±0,38µm dnPKA, p < 

0.001 n=3 mice, Fig 5F) and the percentage of efficient CK ( 26% in WT versus 37% in dnPKA, 

p =0.02, n mice, Fig 5G) Delocalization of PKA from the centrosome thus phenocopies cilium 

deletion and AC3 knock-down. This strongly suggests that centrosomal PKA is the downstream 

effector of the ciliary dependent hotspot. To test this possibility, we performed a double 

mutation of Kif3a lox/lox mice by transfecting Cre to ablate the cilium and dnPKA to delocalize 

PKA. Interestingly, double mutated neurons displayed the same migratory defects as the simply 

mutated ones, with no additivity of the phenotypes. This strongly suggests that dnPKA acts 

downstream of the ciliary produced cAMP to regulate migration. 
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The hotspot is present in different kind of migrating neurons 

In order to know whether this pattern of cAMP dynamics is specific of postnatal RMS neurons 

or generally used by migrating neurons, we assessed its presence in other types of neurons. 

Postnatally generated SVZ neurons reorient radially in the olfactory bulb after their migration 

in the RMS. Ratiometric analysis of the biosensor showed that they too displayed a transient 

centrosomal hotspot (Fig 6A movie 12. In addition, analysis of tangentially migrating neurons 

of the adult RMS also displayed the same hotspot (Fig 6B, movie 13). Finally, the hotspot was 

also present in radially migrating neurons of the embryonic cortex (Fig 6C, movie 14). 

We can thus conclude that this type of cAMP dynamics appears to be generally used by 

migrating neurons. 

 

Discussion 
Our work provides evidence that control of cell migration relies on highly compartmentalized 

and temporally regulated centrosomal cAMP/PKA signals. We show that the primary cilium 

localized AC3 produces a highly dynamic cAMP microdomain visible at the centrosome during 

NK. This hotpot regulates migration through centrosomal PKA activation, tuning centrosome 

dynamics and nucleus-centrosome coupling. This discovery was made possible by the 

development of a challenging technique involving electroporation of neonatal mice with a 

sensitive FRET biosensor, coupled with spatially and temporally resolutive biphotonic imaging 

on acute brain sections. 

 cAMP signaling microdomains analyzed thanks to FRET biosensors have previously 

been described in different cell types. Interestingly, a study performed in Chinese Hamster 

Ovary cells transfected with a centrosome targeted biosensor reported a similar centrosomal 

�P�L�F�U�R�G�R�P�D�L�Q�� �Z�K�L�F�K���� �F�R�Q�W�U�D�U�L�O�\�� �W�R�� �X�V���� �G�L�V�S�O�D�\�H�G�� �O�R�Z�� �F�$�0�3�� �O�H�Y�H�O�V���� �7�K�L�V�� �³�F�R�O�G�V�S�R�W�´�� �Z�D�V��

dynamic, disappeared during mitosis and was important for cell cycle progression (Terrin et al., 

2012b). cAMP microdomains were also described in diverse neuronal subcompartments such 

as growth cones, axons and dendrites (Averaimo et al., 2016; Calebiro and Maiellaro, 2014). 

However, to our knowledge, we are the first to perform this type of analysis in migrating 

neurons. 

We detect a surprisingly dynamic cAMP hotspot at the centrosome, cyclically present during 

NK and absent during pauses. We show that the primary cilium and ciliary localized AC3 are 

necessary for formation of the hotspot. We thus think that the signal that we observe at the 
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centrosome is a consequence of a small range diffusion of the cAMP concentrated in the 

primary cilium by AC3 production. Two studies using a ciliary targeted FRET-based cAMP 

sensor in fibroblasts and kidney epithelial cells indeed showed that the primary cilium is a 

cAMP rich microdomain (Moore et al., 2016b; Sherpa et al., 2019b), reaching levels of 

concentration as high as 5 fold higher than the rest of the cytoplasm.  

The cyclical presence of the hotspot raises interesting questions. A mechanical explanation of 

the cyclicity could be the dynamics of the cilium itself. Two studies reported that the cilium is 

highly dynamic during migration of tangentially migrating embryonic neurons (Baudoin et al., 

2012b; Higginbotham et al., 2012b), with one of them suggesting a transient disappearance of 

the cilium during pauses (Baudoin et al., 2012b). If this is the case in RMS migrating neurons, 

this could explain the disappearance of the hotspot during pauses. The other possible 

explanation would be the cyclical regulation of AC3 either by intermittent signalization at the 

level of an upstream signaling receptor or by a cyclical downstream mechanism. 

 The hotspot disappearance in cilium ablated and AC3 knocked-down neurons is 

accompanied by migration defects, which strongly suggests that the hotspot regulates 

migration.  The migration defects that we observe are very similar to the ones observed in 

cilium ablated (Baudoin et al., 2012b) or Arl13B mutated migrating embryonic interneurons 

(Higginbotham et al., 2012b). As we observed the hotspot in all types of neurons that we 

analyzed, one could thus imagine that the migratory defects observed in those papers might be 

the consequence of a defective cAMP/PKA signaling at the centrosome. 

 PKA subcellular localization closed to its effectors is an essential determinant of cAMP 

signaling compartmentalization (Torres-Quesada et al., 2017)  and is ensured  by A Kinase 

Anchoring Proteins (AKAP). In RMS migrating neurons, PKA detected by 

immunocytochemistry is mainly associated with the centrosome. Such a centrosomal 

localization was reported in diverse cell types including radial glial cells (Saade et al., 2017b). 

RMS neurons strongly express the centrosomal AKAP pericentrin (Diviani et al., 2000; Endoh-

Yamagami et al., 2010). Interestingly, pericentrin mutant mice devoid of PACT domain 

(pericentrin-AKAP450 centrosomal targeting domain) display a very similar migratory 

phenotype as our mutated cells. This suggests that pericentrin is the main AKAP responsible 

for PKA centrosomal localization in RMS cells.  We used the dominant negative form of PKA 

described by Saade et al, which is a regulatory subunit of PKA devoid of the domain interacting 

with pericentrin. This led to efficient PKA delocalization from the centrosome and to the same 

migratory defects as cilium ablation and AC3 knock-down. This shows that PKA centrosomal 

localization through interaction with pericentrin is necessary for proper migration and that PKA 
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is the main downstream effector of the hotspot. The subcellular co-localization of the cAMP 

hotspot with PKA might ensure that the concentration of the second messenger locally exceeds 

the activation threshold of PKA, as suggested in (Koschinski and Zaccolo, 2017) 

 Our data show that the activation of PKA by the ciliary produced cAMP hotspot 

regulates the speed of migration and the centrosome dynamics. A likely PKA downstream 

effector could be the LIS1-dynein-nde1-ndeL1 complex, which is localized at the centrosome 

(Sasaki et al., 2000; Tanaka et al., 2004b) , essential for neuronal migration in diverse types of 

neurons (Bradshaw et al., 2011a; Shu et al., 2004b; Tsai et al., 2007b) and involved in nucleus-

centrosome coupling (Jheng et al., 2018; Tsai et al., 2007b). PKA phosphorylates Ndel1 and 

Nde1, which induces the release of LIS1 and dynein from the complex (Bradshaw et al., 2011a; 

Tsai et al., 2007b) thus allowing their action on microtubule stability (Hendricks et al., 2012; 

Sapir, 1997). Interestingly, depletion of LIS1 induces a decrease of N-C distances, a reduced 

centrosomal speed and a decrease in NK frequency (Tanaka et al., 2004b; Tsai et al., 2007b), 

which is very similar to our phenotype. This suggests that defectuous LIS1 release consecutive 

to the hotspot disappearance might be important in our phenotype. This would lead to 

destabilization of microtubules (Sapir, 1997) triggering a defect of microtubule tension between 

centrosome and nucleus (Bertipaglia et al., 2018). This could explain the defects of centrosome 

dynamics and of nucleus/centrosome coupling leading to defects in NK. 

 

We thus describe a cAMP-rich microdomain generated in the primary cilium of migrating 

neurons and extending its action towards the centrosome. This allows localized regulation of 

centrosomal PKA leading to fine-tuned regulation of neuronal migration. This mode of 

regulation is present in all types of migrating neurons that we have analyzed. We thus unveil a 

new regulatory pathway whereby a cilium-generated signal exerts a direct action on the 

centrosome dynamics with consequences on neuronal migration. 
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Materiel and Method 
 

Mouse lines 

Mice were housed in a 12-hour light/dark cycle, in cages containing 2 females and one 

male. The postnatal mice were housed in the cages with their parents. Animal care was 

conducted in accordance with standard ethical guidelines (National Institutes of Health 

publication no. 85-23, revised 1985 and European Committee Guidelines on the Care and Use 

of Laboratory Animals 86/609/EEC). The experiments were approved by the local ethics 

�F�R�P�P�L�W�W�H�H�� ���&�R�P�L�W�p�� �G�¶�(�W�K�L�T�X�H�� �H�Q�� �(�[�S�p�U�L�P�H�Q�W�D�W�L�R�Q�� �$�Q�L�P�D�O�H�� �&�K�D�U�O�H�V�� �'�D�U�Z�L�Q�� �&���(�$-05). The 

�P�L�F�H���X�V�H�G���Z�H�U�H���L�Q���D���&�����%�/�����E�D�F�N�J�U�R�X�Q�G�����.�L�I���D���F�R�Q�G�L�W�L�R�Q�D�O���N�Q�R�F�N�R�X�W�����.�L�I���D�¦���¦�������0�D�U�V�]�D�O�H�N��

et al, 1999, Proc. Natl. Acad. Sci. USA) and Rpgrip1L conditi�R�Q�D�O�� �N�Q�R�F�N�R�X�W�� ���5�S�J�U�L�S���/�¦���¦����

(Vierkotten et al, 2007, Development), were genotyped according to the original protocols. 

 

Plasmid constructions 

pCaggs-Epac-SH187 was derived from pCDNA3-Epac-SH187 kindly given by Kees Jalink 

(Klarenbeek et al, 2015). Minor modification on the Epac-SH187 sequence was performed to 

reduce redundancy. pCaggs-GFP, pCaggs-CRE-IRES-GFP and pCaggs-CRE-IRES-Tdtomato 

were designed in the laboratory. pCIG-PKA RI�û2-6 wt subunit flagged (call later on pdn-PKA) 

was kindly given by Elisa Marti (Saade et al, 2017). pCs2-Centrin-RFP was ordered in addgene 

(#26753). All the plasmids were used at a concentration between 5 to 8µg/µL (0,01% Fast 

green) for postnatal electroporation, 2µg/µL (0,01% Fast green) for in utero electroporation and 

10µg/µL for adult electroporation. 

 

miRNA production  

miRNA against AC3 has been performed using BLOCK-iTTM Pol II miR RNAi 

Expression Vector kits from invitrogen. To generate the single stranded oligos we used 

�,�Q�Y�U�L�W�R�J�H�Q�¶�V���5�1�$�L���'�H�V�L�J�Q�H�U���W�R��have increase the possibility to have high rate of knockdown. 

The sequence of the single stranded oligos are: -for miRNA AC3.1: Top 

TGCTGAAAGGATGATGTCCAACACCAGTTTTGGCCACTGACTACGTGTTGCATCA

TCCTTT, Bottom 

CCTGAAAGGATGATGCAACACCAGTCAGTCAGTGGCCAAAACTGGTGTTGGACA

TCATCCTTTC, for miRNA AC3.2: Top: TGCTGTGTACATGGTATTGAACTGCTGTTT 
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TGGCCACTGACTGACAGCAGTTCTAGGATGTACA, bottom: 

CCTGTACATGGTAGAA 

CTGCTGTCAGTCAGTGGCCAAAACAGCAGTTGAATAGGATGTACAC, for miRNA 

AC3.3: Top: 

TGCTGTTAGGATGGAGCACACGGCATGTTTTGGCCACTGACTGACATG 

CCGTGCTCCATCCTAA, bottom: CCTGTTAGGATGGAGCACGGCATGTCAGTCAGT 

GGCCAAAACATGCCGTGTGCTCCATCCTAAC. The different step of the kit was 

followed. The double stranded oligos were inserted in a pcDNATM6.2-GW/EmGFP-miR. The 

three different construction have been sequenced to confirm the proper insertion of the double 

stranded oligos. To produce the pcDNATM6.2-GW/Tdtomato-miR, GFP was removed using 

Dra1 and BamH1 and tdTomato was added at its place.  

To validate miRNA efficiency, Rt-qPCR on NIH3T3 were performed. NIH3T3 were 

transfected with a plasmid expressing AC3 and miRNAneg or miRNA-AC3. 48h post-

transfection, NIH3T3 cells were fixed and RNA were extracted.  

 

Postnatal electroporation 

Postnatal electroporation was performed at P2. The postnatal mice were anesthetized by 

hypothermia. Pseudo-stereotaxic injection (from lambda ML: -1,2, A/P:2, D/V: 2,5-2) using 

glass micropipette (Drummond scientific company, wiretol I 50µL, 5-000-1050) was performed 

and 2µL of plasmid was injected. Animals, that were successfully injected, were subject to 5 

pulses of 99,99V during 50ms space out of 950ms using the CUY21 SC Electroporator and 

10mm tweezer electrode (CUY650-10 Nepagene). The animals were placed on a 37°C plates 

to restore their body temperature before returning with their mother. Animal were considered 

as full restored when pups were moving naturally and their skin color return to pink. 

 

In utero electroporation 

Timed pregnant E15 C57Bl6 mice were anesthetized with isoflurane. During the 

experiment the mice was on a 37°C plate. The uterine horns were exposed, and the embryos 

were injected in the lateral ventricle with a glass micropipette. 1µL of plasmid (2µg/µL) was 

injected. The successfully injected animals were then subject to 5pulse of 45V during 50ms 

space out of 950ms using the CUY21 SC Electroporator and 5mm tweezer electrode (CUY650-

5 Nepagene). The uterine horns were then replaced in the belly and the belly was sew up. The 
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animals were placed in a cage on a 37°C plates to restore their body temperature before 

returning in their own cage. 

 

Adult electroporation 

P21 C57Bl6 animals were anesthetized with a mixed of ketamine and xylazine. 

Stereotaxic injection (from the bregma M/L: 1, A/P:0, D/V:2,1) was performed with a glass 

micropipette and 2µL of the plasmids (10µg/µL) was injected in the right lateral ventricle. The 

animals were then removed from the stereotaxic setting and subject to 5 pulse of 200V during 

50ms space out of 950ms using the electroporator NEPA21 with 10mm tweezer electrode 

(CUY650-10). The animals were then placed on a 37°C plates to restore their body temperature 

before returning in their cage. 

 

Acute brain slices 

Brain slices from mice aged from P6 to P10 were prepared as previously described 

(Castro et al. 2010). Pups were killed by decapitation and the brain was quickly removed from 

the skull. 250µm sagittal brain slices were cut with a VT1200S microtome (Leica). Slices were 

prepared in the ice-cold cutting solution of the following composition: 125mM NaCl, 0.4mM 

CaCl2, 1mM MgCl2, 1.25mM NaH2PO4, 26mM NaHCO3, 5mM sodium pyruvate, 20mM 

glucose and 1mM kynurenic acid, saturated with 5% CO2 and 95% O2. Slices were incubated 

in this solution for 30 min at room temperature and then placed in recording solution (identical 

to the solution used for cutting, except that the Ca2+ concentration was 2mM and kynurenic acid 

was absent) for at least 30 min at 32°C before image acquisition. 

Brain slices from E18 were prepared as follows. The mother was killed by cervical 

dislocation and the embryos were removed from the horn and placed in an ice-cold cutting 

solution (same composition as above). The embryos were decapitated, and the brain was 

quickly removed from the skull. 300µm sagittal brain slices were cut in the same ice-cold 

solution. Then the same protocol as above was followed. 

P30 brain slices were prepared as follows. The mice were killed by cervical dislocation. 

The brain was quickly removed from the skull. 200µm sagittal brain slices were cut with a 

VT1200S microtome (Leica). Slices were prepared in an ice-cold solution of the following 

composition: 130mM potassium gluconate, 15mM KCl, 2mM EGTA, 20mM HEPES, 25mM 

glucose, 1mM CaCl2 and 6mM MgCl2, supplemented with 0.05mM D-APV (304 mOsm, pH 

7.4 after equilibration) saturated with 5% CO2 and 95% O2 (Quiquempoix et al., 2018). Then 
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the slices were places for 3 to 5 minutes in a ice-cold solution of the following composition: 

225mM D-mannitol, 2.5mM KCl, 1.25mM NaH2PO4, 25mM NaHCO3, 25mM glucose, 1mM 

CaCl2 and 6mM MgCl2 (Quiquempoix et al., 2018) saturated with 5% CO2 and 95% O2 before 

being placed in the recording solution (described above) at 32°C and saturated with 5% CO2 

and 95% O2 for at least 30 min. 

 

Time-lapse video microscopy 

To analyze cell migration, images were obtained with an inverted SP5D confocal 

microscope (Leica). Images were taken every 3 min for 2-3h using a 40X/ N.A. 1,25 objective 

with 1.5 optical zoom. 

Biosensor images were acquired with an upright multiphoton microscope Leica SP5 

MPII with a 25x/ N.A 0,95, objective, 4x optical zoom, and GaAsP hybrid detector. The 

excitation wavelength was set at 850 nm to activate the mTurquoise2. The two emission 

wavelength were acquired at the same time with filters of 479+/-40 nm and 540+/-50 nm. Image 

stacks with 2 µm vertical interval were taken every minute for 1h. The presence of tdTomato, 

indicative of CRE recombinase or miRNA, was assessed with a confocal head were taken 

before and after 1hour movies to detect the expression of tdTomato. For the centrin-RFP, 

alternation of the FRET acquisition with the multiphoton and RFP with a confocal laser was 

performed. 

The temperature in the microscope chamber was maintained at 32°C, for embryos and 

postnatal imaging, or 35°C, for P30 imaging, and brain slices were continuously perfused with 

heated recording solution (see above) saturated with 5% CO2 and 95% O2   

 

Analyses of neuronal migration 

Analyses were performed using ImageJ (NIH Image; National Institutes of Health, 

Bethesda, MD) software and MTrackJ plugging (Meijering et al., 2012). The nucleus and the 

centrosome of each cell were tracked manually on each time frame during the whole movie. 

For cell migration characteristics, calculation of speed, nuclear translocation frequency and 

pausing time were performed using the x,y,t coordinates of the nucleus of each cell. 

For centrosome defect, calculation of speed of centrosome, maximal Nucleus-centrosome 

distance and CK-NK coupling were performed using the x,y,t coordinates of centrosome and 

nucleus of each cell. 
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Nuclear Speed formula:  

Speed=¥���:(xt-xt-1)²+(yt-yt-1)² )x 20 

 

NK frequency was calculated as followed: 

NK frqcy =
�Ç�Ä���Ç�Õ�Ø�å

�Í�â�ç�Ô�ß���Í�Ü�à�Ø
 x 60 

 

Percentage of pausing time was calculated as followed: 

Cells were excluded from the analysis if we tracked them less than 30 min or did not performed 

any nuclear translocation during the whole tracking. To analyse the percentage of pausing time, 

a distance cutoff was used to discriminate pausing time from nuclear translocation. If the 

distance of migration was equal or superior to 6µm, cells were considered as migrating. If the 

distance of migration was inferior to 6µm, cells were considered as pausing. 

% pausing time =
�Ç�Õ�Ø�å���â�Ù���ã�Ô�è�æ�Ü�á�Ú���ç�Ü�à�Ø

�Í�â�ç�Ô�ß���ç�Ü�à�Ø���á�è�à�Õ�Ø�å���?�5
 x 100 

 

Centrosome Speed formula:  

Speed=¥���:(xt-xt-1)²+(yt-yt-1)² ) x 20 

 

NK-CK coupling was calculated as followed: 

To analyse centrokinesis, a cutoff was used to discriminate pause and migration. If the distance 

of centrosome movement was equal or superior to 2µm, centrosome were considered as 

migrating. If the distance of migration was inferior to 2µm, cells were considered as pausing. 

At every centrokinesis, we observed if a nucleokinesis was associated to it. If a nucleokinesis 

was following a centrokinesis, NK-CK was considered coupling. When a centrokinesis was not 

followed by a nucleokinesis, NK-CK was considered uncoupling. 

 

  NK-CK coupling Frqcy = 
�Ç�Õ�Ø�å���â�Ù���¼�Ä���Ù�â�ß�ß�â�ê�Ø�×���Õ�ì���Ç�Ä

�Í�â�ç�Ô�ß���ç�Ü�à�Ø���á�è�à�Õ�Ø�å���?�5
 x 60 

 

N-C max distance was calculated as followed: 

Maximal distance between centrosome and nucleus of every centrokinesis was considered. 

Averages of the N-C maximal distances of every centrokinesis per cell was used to create the 

graph.  
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Quantification of biosensor images 

Image stacks obtained for donor and acceptor emission were processed with a custom code 

developed in the IGOR Pro environment (Wavemetrics, Lake Oswego, OR, USA). The 

maximum intensity was projected vertically to form a 2D image. The fluorescence intensity of 

donor and acceptor were averaged to build an image indicating biosensor concentration. The 

fluorescence intensity of donor and acceptor were ratioed for each pixel to report biosensor 

activation level. For each experiment, ratio values were multiplied by a constant such that 

baseline ratio was 1. These images were combined to produce pseudocolor images, with the 

ratio used as hue (from blue to red) and the intensity as value, while the saturation was set to 

the maximum (Polito et al., 2014; Tsien and Harootunian, 1990). 

For each migrating neuron, the ratio was then measured along its migration direction, calculated 

as follows. A series of anchor points were manually positioned along the length of the cell, and 

the profile of ratio and intensity was calculated along these line segments, over a total width of 

1 µm. The intensity profile was annotated manually, marking the rear of the cell and the tip of 

the leading process of the migrating neuron, and both sides of the nucleus. The movement of 

the nucleus was then used to determine the orientation of the migration, by fitting a line to the 

positions of the nucleus for all time points. Coordinates in the frame of reference of the image 

were then converted to a single position along the axis of cell migration. 

Ratio measurements in the frame of reference of cell migration were then used to build 

kymographs with the same color coding as pseudocolor biosensor images. Profiles showing a 

hotspot were further analyzed by fitting the peak with a gaussian curve. 

 

Immunohistochemistery 

P7-P10 mice were lethally anesthetized using euthasol. Intracardiac perfusion with 4% 

paraformaldehyde were performed. Brain were postfixed overnight in 4% paraformaldehyde. 

Three rinse were done with PBS 1x (gibco 1400-067). 50µm sagittal slices were cut with 

VT1200S microtome (Leica). Slices were placed one hour in a saturated solution (10% fetal 

bovine serum; 0,5% Triton-X in PBS). The primary antibodies used in this study were: GFP 

(Aves, GFP-1020, 1/1000), PKAc (Cell Signaling Technology, #4782 1/250), AC3 (Santa Cruz, 

C-20 sc-588, 1/200), Arl13b (UC Davis/NIH NeuroMab Facility, 75-287, 1/1000), �à-tubulin 

(Sigma-Aldrich, T6557, 1/500). The antibodies were diluted in saturation solution. Slices were 

incubated 48 to 72h at 4°C with agitation with the antibodies. Three rinse were done with PBS 

1x. The secondary antibodies used were : anti-chicken IgY alexa Fluor 488 (1/1000, Jackson 
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ImmunoResearch: 703-545-155) against anti-GFP, anti-rabbit IgG Cy5 (1/1000, Jackson 

ImmunoResearch: 711-175-152) against anti-PKAc, anti-rabbit IgG Cy3 (1/2000, Jackson 

ImmunoResearch: 711-165-152) against anti-AC3,  anti-Mouse IgG, Fc�9 Subclass 1 specific 

alexa Fluor 594 (1/2000, Jackson ImmunoResearch: 115-585-205) against anti-�9-tubulin, anti-

Mouse IgG, Fc�9 subclass 2a specific alexa Fluor 647 (1/1000, Jackson ImmunoResearch: 115-

605-206) against anti-Arl13b . The antibodies were diluted in saturation solution. Slices were 

incubated 1h at room temperature with agitation with the secondary antibody solution. Three 

rinse with PBS 1X were done. Slices were counter-colored with Hoeschest and mounted with 

mowiol. 

 

Statistics 

Al l manipulations and statistical analyses were implemented with R (3.5.1). Normality 

in the variable distributions was assessed by the Shapiro-Wilk test. Furthermore, the Levene 

test was performed to probe homogeneity of variances across groups. Variables that failed the 

Shapiro-Wilk or the Levene test were analyzed with nonparametric statistics using the one-way 

Kruskal�±Wallis analysis of variance on ranks followed by Nemenyi test post hoc and Mann�±

Whitney rank sum tests for pair-wise multiple comparisons. Variables that passed the normality 

test were analyzed by means of one-way ANOVA followed by Tukey post hoc test for multiple 

comparisons or by Student's t test for comparing two groups. Categorical variables were 

compared using Pearson's Chi-squared test or Fisher's exact test. All the statistical analyses 

have been performed on the fifth group together.  

 

Principal component analysis (PCA) was performed using all the variables analyzed in the 

study, and the experimental conditions were included as supplementary variables.  

 

A p value of < 0.05 was used as a cutoff for statistical significance. Results are presented as the 

mean ± SD or medians and the given values in the text are the mean ± SEM, unless otherwise 

stated. The statistical tests are described in each figure legend. 

 

All the statistics have been performed between the 5th different groups. 
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Figures 
 

 
Figure 1: cAMP dynamics in migrating neurons of the mouse postnatal RMS 
A) Scheme of V/SVZ-OB migration pathway and description of cyclic saltatory migration. 
B) Scheme of the postnatal experimental procedure.  
C) Scheme of the biosensor Epac-SH187. The cAMP biosensor is composed of a part of Epac protein 
coupled to a donor and an acceptor fluorophore. The biosensor is in FRET conformation when cAMP 
is absent (emission at 530 nm upon biphotonic excitation at 850 nm) and non-FRET conformation when 
cAMP is present (emission at 470 nm upon biphotonic excitation at 850 nm). Changes in cAMP 
concentration are analyzed by ratiometry and represented by false colors as in D. 
D) Live biphotonic imaging of a representative migrating neuron transfected by Epac-SH187. The white 
arrows show a dynamic cAMP hotspot present during NK. Scale bar 10µm 
E) Live biphotonic and confocal imaging of a representative migrating neuron transfected by Epac-SH187 
and Centrin-RFP. The white arrows show a dynamic cAMP hotspot present during NK and the 
centrosome. Scale var 1µm. 
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Figure 2: Primary cilium ablation leads to disappearance of the cAMP hotspot. 
A) Scheme of a primary cilium.  
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B) Immunocytochemistry of a GFP positive RMS neuron showing a short Arl13b positive 
primary cilium (gray) connected to the �5-tubulin positive centrosome (magenta) . Scale bar 10 
µm  
C) Live biphotonic imaging of a representative migrating neuron transfected by Epac-SH187 and 
Cre recombinase in a Kif3alox/lox mouse.  The cAMP hotspot is absent. 
D) Live biphotonic imaging of a representative migrating neuron transfected by Epac-SH187 and 
Cre recombinase in a RPGriplox/lox mouse.  The cAMP hotspot is absent. 
E)  Percentage of neurons with no hotspot, one or more than one hotspot in WT or kif3aL/L 
and Rpgrip1L/L CRE transfected migrating neurons. (WT: N=10 mice, n=101 cells, Kif3a: N= 
�������Q� ���������5�S�J�U�L�S���/�����1� �������Q� �������������)�L�V�K�H�U�¶�V���(�[�D�F�W���7�H�V�W���I�R�U���&�R�X�Q�W���'�D�W�D�����S� �����������H-12) 
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Figure 3:  Ciliary AC3 deletion leads to disappearance of the cAMP hotspot 
A) Immunocytochemistry of a GFP positive RMS neuron showing AC3 subcellular localization 
(magenta) in the Arl13B positive primary cilium (gray). Scale bar 1 µm  
B) Histogram representing the efficacy of the miRAC3 observed by RT qPCR. 
C)  Live biphotonic imaging of a representative migrating neuron transfected by Epac-SH187 and 
MirAC3.  The cAMP hotspot is absent. 
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Figure 4: Migration defects after primary cilium ablation and AC3 knock-down 
A) Average speed of neurons electroporated with GFP, CRE-GFP or MirAC3-GFP in Kif3aL/L 
background. The black line represents the median. (one way anova( F(4,346)=7.94, p < 0.001, followed by 
Tukey HSD test (* p < 0.05, *** p < 0.001), WT: N=3, n=48, CRE: N=3, n=40, MirAC3: N=2, n=48) 
B) Percentage of pausing time of neurons electroporated with GFP, CRE-GFP or MirAC3-GFP in 
�.�L�I���D�/���/�� �E�D�F�N�J�U�R�X�Q�G���� ���:�7���� �1� ������ �Q� �������� �&�5�(���� �1� ������ �Q� �������� �0�L�U�$�&������ �1� ������ �Q� �������� ���3�H�D�U�V�R�Q�¶�V�� �&�K�L-
squared test X2= 40.032, p-value < 0.001) 
C) Nuclear translocation frequency of neurons electroporated with GFP, CRE-GFP or MirAC3-GFP in 
Kif3aL/L background. The black line represents the median. (One-way Kruskal-Wallis test (Chi square 
X2= 19.79, p < 0.001, df = 4, followed by Nemenyi test (* p < 0.05, *** p < 0.001), WT: N=3, n=48, 
CRE: N=3, n=40, miRNA-AC3: N=2, n=48) 
D) Maximal distance between nucleus and centrosome during CK of neurons electroporated with 
centrin-RFP and GFP, CRE-GFP or MirAC3-GFP in Kif3aL/L background. The black line represents 
the median. (One-way Kruskal-Wallis test (Chi square X2= 8.11, p < 0.001, df = 3, followed by Nemenyi 
test (* p < 0.05, ** p < 0.01), WT: N=3, n=50, CRE: N=3, n=46, miRNA-AC3: N=2, n=22) 
E)    Percentage of CK not followed by a NK in neurons electroporated with centrin-RFP and GFP, 
CRE-GFP or MirAC3-�*�)�3���L�Q���.�L�I���D�/���/���E�D�F�N�J�U�R�X�Q�G�������3�H�D�U�V�R�Q�¶�V���&�K�L-squared test X2= 12.23, p-value 
=0.002) 
F) Average centrosome speed of neurons electroporated with centrin-RFP and GFP, CRE-GFP or 
MirAC3-GFP in Kif3aL/L background. The black line represents the median.( one way anova( 
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F(3194)=918, p = 0.02, followed by Tukey HSD test (* p < 0.05, *** p < 0.001), WT: N=3, n=50, CRE: 
N=3, n=46, miRNA-AC3: N=2, n=22) 
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Figure 5: Role of centrosomal PKA 
A)  Immunocytochemistry of a GFP positive RMS neuron showing PKAc subcellular localization (grey) 
around �5-tubulin positive centrosome (magenta). Scale bar 10 µm  
B) Immunocytochemistry of a dnPKA-GFP positive RMS neuron showing a delocalisation of PKAc 
subcellular localization (grey). �5-tubulin labelled the centrosome (magenta). Scale bar 10 µm.  
C) Average speed of neurons electroporated with GFP, dnPKA-GFP or dnPKA-GFP plus CRE-
TdTomato in Kif3aL/L background. The black line represents the median. (one way anova( F(4,346)=7.94, 
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p < 0.001, followed by Tukey HSD test (* p < 0.05, *** p < 0.001), WT: N=3, n=48, dnPKA: N=3, 
n=146, CREdnPKA: N=3, n=86) 
D)  Percentage of pausing time of neurons electroporated with GFP, dnPKA-GFP or dnPKA-GFP/CRE-
TdTomato in Kif3aL/L background. The black line represents the median.(WT: N=3, n=48, dnPKA: 
�1� �������Q� �����������&�5�(�G�Q�3�.�$�����1� �������Q� �������������3�H�D�U�V�R�Q�¶�V���&�K�L-squared test X2= 67.25, p-value < 0.001) 
E) Nuclear translocation frequency of neurons electroporated with GFP, dnPKA-GFP or dnPKA-
GFP/CRE-TdTomato in Kif3aL/L background. The black line represents the median. (One-way 
Kruskal-Wallis test (Chi square X2= 19.79, p < 0.001, df = 4, followed by Nemenyi test (* p < 0.05, *** 
p < 0.001), WT: N=3, n=48, dnPKA: N=3, n=146, CREdnPKA: N=3, n=86) 
F) Maximal distance between nucleus and centrosome during CK of neurons electroporated with 
centrin-RFP and GFP or dnPKA-GFP in Kif3aL/L background. The black line represents the median. 
(One-way Kruskal-Wallis test (Chi square X2= 8.11, p < 0.001, df = 3, followed by Nemenyi test ( ** p 
< 0.01), WT: N=3, n=50, dnPKA: N=3, n=86) 
G)  Percentage of CK not followed by a NK in neurons electroporated with centrin-RFP and GFP or 
dnPKA-�*�)�3���L�Q���.�L�I���D�/���/���E�D�F�N�J�U�R�X�Q�G�������3�H�D�U�V�R�Q�¶�V���&�K�L-squared test X2= 6.06, p-value =0.027, WT: N=3, 
n=50, dnPKA: N=3, n=86) 
H)   Average centrosome speed of neurons electroporated with centrin-RFP and GFP or dnPKA-GFP in 
Kif3aL/L background. The black line represents the median. (one way anova( F(3194)=918, p = 0.02, 
followed by Tukey HSD test (* p < 0.05, *** p < 0.001),  WT: N=3, n=50, dnPKA: N=3, n=86). 
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Figure 6: The cAMP hotspot is present in different kind of migrating neurons 
A) Live biphotonic imaging of a radially migrating neuron in the olfactory bulb transfected by Epac-
SH187.  The cAMP hotspot is present during NK. 
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B)  Live biphotonic imaging of a tangentially migrating neuron in the adult RMS transfected by Epac-
SH187.  The cAMP hotspot is present during NK. 
C)  Live biphotonic imaging of a radially migrating neuron in the embryonic cortex transfected by Epac-
SH187.  The cAMP hotspot is present during NK.  
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