BOX 20.1

RHO GTPASES CONTROL THE STRUCTURE OF THE DENDRITIC CYTOSKELETON

All the pathways that regulate dendritic development necessarily converge on the regulation of the cytoskeleton, which is controlled by the Rho GTPases. It is noteworthy that many, if not all, of these pathways also affect gene expression and different aspects of dendritic function, such as synaptic transmission, calcium signaling, and neuronal excitability. Such divergence of signaling from extracellular cues assures that the development of dendritic structure and function are tightly coregulated.
The dendritic cytoskeleton is composed of bundles of microtubules extending within the center of the dendritic shaft, a cortex of actin sandwiched between the microtubular bundles and the plasma membrane, and an actin matrix at the tip of dendritic processes. Fine terminal dendritic branches, or filopodia, have actin filaments as their sole cytoskeletal component (reviewed in Van Aelst and Cline (2004)). Considerable effort has been devoted to understanding the interaction between extracellular signaling events and the cytoskeleton, since these interactions are likely to be essential for the highly stereotyped and yet plastic elaboration of the dendritic arbor structure. A general scenario is emerging in which an extracellular signal interacts with a cell surface receptor that activates a cascade controlling the RhoA GTPases that, in turn, affect both the actin and microtubule-based cytoskeleton in dendrites (Newey et al., 2005). The significance of these Rho GTPase regulatory molecules for dendritic morphogenesis is perhaps best illustrated by the fact that the abnormal development of dendritic trees, a hallmark of several different types of mental retardation, is at least in part caused by deficient signaling via Rho GTPases (Govek, Newey, & Van Aelst, 2005).
The Rho GTPases regulate the cytoskeleton in all cell types, but the elaborate and plastic structure of neurons poses particularly fascinating regulatory constraints on GTPase signaling (da Silva & Dotti, 2002; Luo, 2000; Van Aelst & Cline, 2004). The Rho GTPases function as bimodal switches, cycling between inactive, GDP-bound and active, GTP-bound conformations. RhoA, Rac1, and cdc42 are arguably the best studied of the small Rho GTPases. These molecules regulate both actin and microtubule dynamics (Gundersen, Gomes, & Wen, 2004; Zheng, 2004), and the manipulation of their individual activities has shown that each plays a particular role in dendritic structure development (reviewed in Newey et al. (2005)). The interplay of these effects on the cytoskeleton is key in shaping the intricacy of dendritic trees. 

As more refined methods are used to probe the molecular and cellular basis of structural plasticity, our understanding of the intricate web of control becomes more complete. A striking example is that of the in vivo dendritic arbor development of optic tectal neurons in Xenopus. These neurons respond to stimulation of the tadpole visual system with an increased dendritic arbor growth rate, which requires glutamate receptor activity (Sin et al., 2002). Expression of dominant negative or constitutively active forms of RhoA, Rac, and Cdc42 demonstrated the participation of the Rho GTPases in the activity-dependent enhanced dendritic arbor growth rate. Expression of dominant negative forms of Rac or Cdc42, or expression of active RhoA blocked dendritic arbor elaboration in response to visual stimulation (Li, Aizenman, & Cline, 2002; Li, Van Aelst, & Cline, 2000; Sin et al., 2002) (Fig. 20.5A). These data suggest that glutamatergic synaptic input regulates the development of dendritic arbor structure by controlling cytoskeletal dynamics and that the Rho GTPases are an interface between glutamate receptor activity and the cytoskeleton. Furthermore, these data and reports from other systems support a model in which Rac and Cdc42 activity regulate rates of terminal branch dynamics, whereas RhoA regulates extension of branches in response to activity (Ahnert-Hilger et al., 2004; Hayashi, Ohshima, & Mikoshiba, 2002; Lee, Winter, Marticke, Lee, & Luo, 2000; Li et al., 2000, 2002; Nakayama, Harms, & Luo, 2000; Ng et al., 2002; Pilpel & Segal, 2004; Ruchhoeft, Ohnuma, McNeill, Holt, & Harris, 1999; Scott, Reuter, & Luo, 2003; Sin et al., 2002; Wong, Faulkner-Jones, Sanes, & Wong, 2000).
Branch formation requires the regulation of local cortical actin dynamics to create protrusive forces that allow filopodial sprouting (Luo, 2000). Time-lapse imaging indicates that filopodia are extremely dynamic, consistent with the rapid assembly and disassembly of actin filaments (Hossain, Hewapathirane, & Haas, 2011). The stabilization of filopodia and their extension as branches likely depend on their invasion by microtubules. Although the invasion of filopodia by microtubules is a key regulatory event in dendritic arbor development, the mechanisms regulating this process are unknown. Microtubules generate the mechanical forces necessary for branch elongation and can serve as tracks for the delivery of new membrane as branches extend (Horton & Ehlers, 2003, 2004), as well as transport of ribonucleoprotein (RNP) granules that regulate local protein synthesis (Bagni & Greenough, 2005). A close interplay between actin and microtubules is fundamental for the cellular events leading to changes in dendritic architecture. Importantly, in nonneuronal cells, the activity of Rho GTPases not only induces changes in both actin and microtubules but is also itself modified by alterations in the dynamics of the two cytoskeletons, thus serving as the regulator for the interplay between actin and microtubules (Etienne-Manneville, 2004; Fukata, Nakagawa, & Kaibuchi, 2003; Wittmann & Waterman-Storer, 2001; Zheng, 2004). 

The role of RhoA in regulating the extension of branches in response to activity relies on its capacity to control microtubule stabilization (e.g., via mDia; Palazzo, Cook, Alberts, & Gundersen, 2001) and favor polymerization of cortical actin (Da Silva et al., 2003; Nobes & Hall, 1995), whereas Rac and cdc42 act on branch dynamics by regulating actin (e.g., supporting filopodial formation; Luo, 2002) and by favoring microtubular dynamics (e.g., by regulating catastrophe rates; Daub, Gevaert, Vandekerckhove, Sobel, & Hall, 2001; Kuntziger, Gavet, Manceau, Sobel, & Bornens, 2001). The description of the function of other Rho GTPases, such as that of Rnd2 in regulating branching via its effector Rapostlin (Negishi & Katoh, 2005), will help in the detailed understanding of how Rho GTPases regulate dendritic arbor development. 

Rho GTPases are distributed ubiquitously throughout the neuronal cytoplasm (Govek et al., 2005), and, consequently, the activity of these proteins must be restrained in dendrites by resident upstreamregulators. The link between incoming signals, for instance by activation of neurotransmitter receptors, and GTPase activity is mediated by GTPase regulatory proteins, which are particularly interesting because they are capable of integrating extracellular signaling with other signaling events relevant to neuronal structure. These include the guanine exchange factors (GEFs), which activate GTPases by favoring the substitution of GDP for GTP, and GTPase activating proteins (GAPs), which inactivate GTPases by inducing GTP hydrolysis (Bernards & Settleman, 2004; Schmidt & Hall, 2002). A rush of recent papers has examined the potential participation of several GEFs and GAPs in activity-dependent dendritic structural plasticity. GAPs can regulate dendritic development, as is exemplified by the observation that p190 RhoGAP is necessary for the dendritic remodeling that allows the shift from pyramidal to nonpyramidal morphologies in cortical cultures (Threadgill, Bobb, & Ghosh, 1997). Importantly, p190 RhoGAP is likely to exert its effect in an activity-dependent manner as indicated by its importance in fear memory formation in the lateral amygdala (Lamprecht, Farb, & LeDoux, 2002). 

GEFs also play important roles in regulating dendrite arbor structure. For instance, Tiam1, a Rac-GEF, is located in dendrites and in particular in spines in cortical and hippocampal neurons. Tiam is noteworthy because it associates with the NMDA receptor, is phosphorylated in a calcium- and NMDA receptor–dependent manner, and is required for dendritic arbor development (Tolias et al., 2005). This is particularly interesting if one considers that the closely related member of the Dbl family of GEFs (Rossman & Sondek, 2005), Trio, regulates the development of axons in a potentially calcium-dependent manner (Debant et al., 1996), indicating the subcellular localization within different neuronal compartments is key to the specificity of GEF function. Kalirin, another example of a RhoGEF, in this case a dual RhoA- and Rac1-GEF, has been shown to regulate the development and maintenance of dendritic arbors by modulation of RhoA and Rac activities (Penzes et al., 2001). Recruitment of this Rho GTPase regulator in dendrites depends on the ephrin-EphB transynaptic signaling pathway, another cell surface signaling system linked to the actin cytoskeleton regulatory machinery. EphrinB-EphB receptor signaling may coordinate pre- and postsynaptic structural and functional development (Palmer & Klein, 2003). Its activation results in the translocation of Kalirin to synaptic sites and the activation of a signaling pathway involving Rac1 and the specific downstream effector PAK (Penzes et al., 2003). One intriguing possibility is that the Ephrin-EphR signaling could be coordinated with regulation of NMDA receptor distribution and calcium-permeability in postsynaptic sites (Dalva et al., 2000; Takasu, Dalva, Zigmond, & Greenberg, 2002). This kind of crosstalk between proteins involved in cell–cell contact and neurotransmitter receptors provides evidence for coregulation of development of dendritic arbor structure and synaptic communication.
