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The Rho family of GTPases 
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The Rac family of GTPases 

Rac subfamily 

Rac3 

Rac2 

Rac1 
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Rac1 knockdown induced a strong reduction in the dendritic tree 

in hippocampal cultures 

Gualdoni et al. (2007), Bio. Cell. 
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Hippocampal neurons isolated from Rac3 KO mice 

developed normally in culture 

Gualdoni et al. (2007), Bio. Cell. 

Given the high similarity between Rac1 and Rac3, it is possible that these GTPases have redundant 

functions during development, and that Rac1 could at least partially compensate Rac3 depletion. 
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Rho GTPases in CNS diseases 
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Rho GTPases in Intellectual Disability and Mental Retardation 

(ID-MR) 

ID-MR affects ∼2%–3% of children and young adults. It is characterized by reduced cognitive 

function, defined by an intelligence quotient lower than 70, together with associated 

functional deficits in adaptive behavior. 
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Rho GTPase signaling molecules mutated  

in X-linked mental retardation (MRX) 

Modified from: Linseman et al. (2008), Frontiers in Bioscience.  
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 (β-PIX)  

ArhGEF7  ArhGEF9 

↓Cdc42 function 



GEF/GAP/GTPase signalling network combinations  

are numerous and complex 

Multiple GTPases (with antagonistic functions) can be activated in response to 

the same guidance cue. 

There are over 70 GEFs and 80 GAPs described in mammals. Many of them 

regulate several different Rho-family GTPases, and a particular GTPase might 

be regulated by numerous GEFs and GAPs that are all residing within the same 

cell.  

How can this complex network of interactions be functionally explained? 
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Rho-family GTPase spatial localization and activation  

Spatial compartmentalization of Rhofamily GTPase regulators might allow the 
same GTPase to be regulated by distinct GEFs or GAPs in different locations.  



Key concepts 

 Rho GTPases themselves, but also their GEFs and GAPs, are essential regulators of 

neuronal development.  

 Mutations in several proteins involved in Rho GTPase signaling are causative in some 

forms of mental retardation. 

 Activation of the Rho GTPases under normal conditions depends upon the presence of 

spatially and temporally regulated Rho GTPase regulators, and it is the fine balance 

between these regulators that determines the Rho GTPase activity. 

Dendritic spines Introduction Rho-GTPases  

in CNS diseases 

Migration Neuritogenesis GEFs and GAPs Actin dynamics Conclusions 



De Filippis et al. (2014), Neuroscience and Biobehavioral Reviews. 

GEF and GAP proteins 
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De Filippis et al. (2014), Neuroscience and Biobehavioral Reviews. 
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Tiam1, a Rac1-specific GEF, promotes axon formation 

Overexpression of Tiam1 promotes the formation of several long, thin axon-like processes. 

Suppression of Tiam1 prevents axon formation. 
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Why are there so many GAPs? 

Tcherkezian and Lamarche-Vane (2007), Bio. Cell. 
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Why are there so many GAPs? 

The over-abundance of GAPs indicates that:  

 each GAP may play a specialized role; 

 each GAP activity may be precisely regulated, spatially and temporally. 

Several GAPs target 

a specific GTPase 

Other GAPs target 

more GTPases 

Several GAPs are 

widely expressed 

Other GAPs are 

specifically expressed 
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ArhGAP15, a Rac-specific GAP  

N C 

PH domain GAP domain 

ArhGAP15 

Rac1 

GTP 

GTP-bound Rac1: active state 

GDP-bound Rac1: inactive state 

E15.5 P2 

Zamboni et al. (2016), Scientific Reports. 

Dendritic spines Introduction Rho-GTPases  

in CNS diseases 

Migration Neuritogenesis GEFs and GAPs Actin dynamics Conclusions 



Dendritic spines Introduction Rho-GTPases  

in CNS diseases 

Migration Neuritogenesis GEFs and GAPs Actin dynamics Conclusions 

ArhGAP15  KO mouse 

Modified from: Costa et al. (2011), Blood. 



Modified from: Costa et al, Blood (2011). 

ArhGAP15 expression in the brain 
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ArhGAP15  is expressed in interneurons 
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Stratification of adult cortical interneurons is altered 

in the absence of ArhGAP15 
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Does the loss of ArhGAP15 affect  

neuronal migration? 
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Neuronal migration during brain development 

Hip 

LV 

LGE 

MGE 

Glutamatergic excitatory neurons: radial migration 

GABA+ interneurons: tangential migration 
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Neuronal migration is a key feature of nervous system 

development 

Neuronal migration occurs in three stages: 

1. Leading Edge Extension  

2. Nuclear Translocation (Nucleokinesis) 

3. Retraction of Trailing Process 

C. Lambert de RouvroitI  and A.M. Gofffinet (2002), Mechanisms of development. 
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The loss of ArhGAP15 affects the directionality  

during tangential migration of interneurons, in vivo 

a Leading process direction 

The hyperactivation of Rac1 alters the control of cell directionality during tangential migration. 
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Migratory streams and intracortical dispersion of interneurons 

Oscar Marin (2013), European Journal of Neuroscience. 
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The loss of ArhGAP15 affects the directionality  

during migration of interneurons 
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How does a neuron develop the unique and intricate architecture? 

Govek et al. (2005), Genes & Development. 

Stages of neuronal development 
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How does a neuron develop the unique and intricate architecture? 

Govek et al. (2005), Genes & Development. 

Stages of neuronal development 

Changes in the actin cytoskeleton 
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Are migration defects caused by alteration 

in neuronal morphology and neuritogenesis  

during development? 
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Primary neuronal cultures 

Gerard M J Beaudoin III et al. (2012), Nature Protocols. 

Primary neuronal cultures are powerful model systems used to study neuronal morphology and 

differentiation, synaptic function and neurotransmitter release. 
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Gerard M J Beaudoin III et al. (2012), Nature Protocols. 

Dissection  dissociation  plating and maintenance 

Primary neuronal cultures 
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Primary neuronal cultures are well characterized  

Gerard M J Beaudoin III et al. (2012), Nature Protocols. 
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ArhGAP15 is required by immature cortical neurons  

to achieve a more elaborated morphology 
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Reduced efficiency of neurite elongation and branching of 

cortical neurons in the absence of ArhGAP15 
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Do the loss of ArhGAP15 affect spinogenesis? 
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RhoGTPase regulators orchestrate distinct stages  

of synaptic development 

Rac1 promotes the formation of filopodia-like spine precursors that subsequently 

mature through RhoA/ROCK-dependent myosin II activation into polarized 

mushroom-shape spines. 

Risher et al. (2014), Cell BiologyNeuroscience 
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Rac1 activation 

RhoA/ROCK-dependent myosin II activation 



How RhoGTPase regulators function  

throughout synaptic development? 

Martin-Vilchez et al. (2017), PLOS ONE. 
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The Rac1 GEF, β-PIX, drives spine precursor formation 

Martin-Vilchez et al. (2017), PLOS ONE. 
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Balanced RhoA and Cdc42 activities regulate spine precursor 

elongation 

Martin-Vilchez et al. (2017), PLOS ONE. 
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ArhGAP23 promotes spine maturation 

Martin-Vilchez et al. (2017), PLOS ONE. 
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While actin polymerization drives spine precursor formation, RhoA/ROCK-mediated 

myosin II activation is necessary for spine maturation into a polarized mushroom-shape.  



Reduced spine density upon downmodulation of ArhGAP15 

Zamboni et al. (2016), Scientific Reports. 
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Cortical callosal axons are retarded in ArhGAP15-/- neonatal brain 

Alessandro Umbach 
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Are reduced neuritogenesis and axonogenesis 

linked to altered actin dynamic at the growth cone? 
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Actin remodeling in neurons 

Cell migration 

Leading edge 

Neurite elongation 

Growth cone 
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The neuronal growth cone: 

the structure 

Ravine A. Gungabissoon and James R. Bamburg (2003), The Journal of Histochemistry & Cytochemistry. 

The filopodia contain bundles of actin filaments (F-actin). 

The lamellipodia are flat regions of dense actin meshwork. 
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The neuronal growth cone: 

the structure 

Lowery and Van Vactor (2009), Nat Rev Mol Cell Biol. 

The peripheral domain is the region surrounding the outer edge of the growth cone, 

and it is composed of an actin-based cytoskeleton. 

The central domain is located in the center of the growth cone, and it is composed of a 

microtubule-based cytoskeleton. 

The transitional domain is located in the thin band between the central and peripheral 

domains. 
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Directions for the trip 

Lowery and Van Vactor (2009), Nat Rev Mol Cell Biol. 
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Analyses of actin cytoskeleton dynamics 
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Live imaging of the actin cytoskeleton is crucial for the study of many biological 

processes.  



Retrograde actin flow is increased  

in the absence of ArhGAP15 
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ArhGAP15 KO Wild-type 



Cytoskeletal dynamics 

Lowery and Van Vactor (2009), Nat Rev Mol Cell Biol. 

Growth cone motility and protrusion of the leading edge membrane depend on the dynamic 

properties of actin. 

Actin filaments are polarized polymers composed of actin monomers and their formation, 

stability and destruction are carefully regulated at every stage. 

Changes in equilibria of polymerization dynamics depend on whether ATP or ADP is 

associated with actin. ATP-actin is usually added to the `plus' (or barbed) end. 

ATP hydrolyzes to form ADP-actin, and ADP-actin disassembled at the `minus' (or 

pointed) end. 
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The growth cone as a ̀ navigator' 

Lowery and Van Vactor (2009), Nat Rev Mol Cell Biol. 
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Regulation of actin dynamics signaling pathway 

Rac1 
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LIMK 
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of actin filaments 
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of actin filaments 

ArhGAP15 
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Loss of ArhGAP15 results in increased cofilin phosphorylation 

via the PAK-LIMK pathway 

Cofilin 

Rac1 

GTP 

LIMK 
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ArhGAP15 

SSH1L 
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Loss of ArhGAP15 results in increased cofilin phosphorylation 

via the PAK-LIMK pathway 

Cofilin 

Rac1 

GTP 

LIMK 
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PAK 
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ArhGAP15 

SSH1L 

Increased cofilin phosphorylation is consistent with reduced actin dynamics; this could validate the reduced 

efficiency of neuritogenesis and branching, observed in the absence of ArhGAP15. 
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How does the growth cone utilize the actin engine 

to move forward? 
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The growth cone ̀ vehicle' 

Lowery and Van Vactor (2009), Nat Rev Mol Cell Biol. 

F-actin treadmilling: F-actin polymerization at leading edge, F-actin severing at transition (T)-zone, and recycling of 

these subunits back to leading edge. 

F-actin retrograde flow: F-actin moving backwards towards T-zone, driven both by contractility of the motor protein 

myosin II, and the `push' from F-actin polymerization in the P-domain. 
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Linkage between actin filament retrograde flow  

and cell adhesion molecules 

Modified from: Toriyama et al., Current Biology (2013). 

Shootin1 functions as a linker molecule that couples F-actin retrograde flow and the 

substrate at neuronal growth cones to promote axon outgrowth: 

• shootin1 phosphorylation enhances the interaction between shootin1 and F-actin 

retrograde flow, promoting filopodium extension and axon outgrowth.  
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Loss of ArhGAP15 results in uncoupling between the actin 

cytoskeleton and cell adhesion molecules 

In our model shootin1 does not act as a linker molecule between retrograde actin 

flow and adhesion system.  
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 In the absence of ArhGAP15: 

• reduced efficiency of neuritogenesis and branching;  

• increased retrograde actin flow;  

• impaired interneuronal tangential migration; 

• pyramidal cortical neurons are hyperexcitable; 

• ArhGAP15KO mice show spontaneous subclinical epileptic spikes. 

 ArhGAP15 is expressed in three distinct tangential streams, reminiscent of the 

tangential migration routes of the immature interneurons. 

Conclusions 

Hyperactivation of Rac1-downstream pathway: 

• increased levels of phospho-PAK1/2/3; 

• increased levels of phospho-LIMK1/2; 

• increased levels of phospho-cofilin; 

• reduced levels of phospho-slingshot. 

 Uncoupling between the actin cytoskeleton and cell adhesion molecules: 

• decreased levels of phospho-shootin1. 
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