FIGURE LEGENDS
FIGURE 16.1 Scanning electron micrograph of a growth cone in culture. Growth cones extending on a flat surface are typically very thin, with broad lamellae and numerous filopodia. Source: From Wessells and Nuttall (1978).

FIGURE 16.2 Multiple guidance cues direct spinal cord commissural axons during neural development. (A) This original drawing by Cajal illustrates neuronal pathways in the developing chick spinal cord, showing several commissural axons extending to the ventral spinal cord and crossing the floor plate. Note the distinct growth cone morphologies observed at different portions of the pathway, with growth cones at or crossing the midline exhibiting complex and expanded morphologies. From Ramón y Cajal (1890). (B) At least four classes of guidance cues are now known to instruct commissural axons during development: repellents from the dorsal spinal cord, initially directing commissural axons on a ventral course; attractive cues emanating from the ventral spinal cord guiding commissural axons toward the ventral spinal cord; repulsive cues in the ventral spinal cord, facilitating midline crossing and preventing recrossing; and attractants that guide postcrossing commissural axons anteriorly toward targets in the brain.

FIGURE 16.3 Extending axons demonstrate exquisite selectivity in choosing their pathways during neural development. (A) A simplified diagrammatic representation of the embryonic grasshopper central nervous system shows the establishment of two distinct axon pathways (or fascicles): the joining of the G neuron with the P trajectory, and the joining of the pCC neuron with the MP1 pathway. The G neuron extends across the CNS midline (dotted line) within the posterior commissure (“P”) and selectively joins (or fasciculates) with axons from the P neurons (one of which is shown here), extending anteriorly along these descending P axons. The pCC neuron does not cross the midline and instead extends anteriorly along descending MP1 axons. (B) Ablation of neurons that contribute the P or MP1 pathways results in the inability of the G or pCC neurons, respectively, to extend anteriorly; these neurons do not fasciculate with numerous other axon pathways present very close by at this stage of development (not shown), and they instead stall at the point where they would have selectively fasciculated with their axonal targets. (C) Dye filling of pCC neurons on the experimental (right) and control (left) sides of a grasshopper embryo shows that when pCC does not encounter descending MP1 neurons, which are absent on the right side owing to ablation of these neurons, its growth cone stalls near the point where normally this contact would take place and no directed extension on alternative substrates occurs. Source: From Bastiani et al. (1986) and Raper et al. (1984).

FIGURE 16.4 Axons are guided by the simultaneous and coordinate actions of four types of guidance mechanisms: contact attraction, chemoattraction, contact repulsion, and chemorepulsion. Individual growth cones might be “pushed” from behind by a chemorepellent, “pulled” from in front by a chemoattractant, and “hemmed in” by attractive and repulsive local cues (cell surface or extracellular matrix molecules). Push, pull, and hem: these forces act together to ensure accurate guidance. Source: Adapted from Tessier-Lavigne and Goodman (1996).

FIGURE 16.5 Multiple families of molecules serve as guidance cues. (A) Structures of the “canonical” axon guidance cues: netrins, semaphorins, slits, ephrins, and their receptors. Netrin receptors include members of the DCC and UNC5 family. There are seven classes of semaphorins (two invertebrate and five vertebrate). Of the ~20 mammalian semaphorins, 5 are secreted (class 3) and the others are divided into four families of transmembrane or GPIlinked proteins (represented here by a single diagram). Semaphorin receptors include plexins (of which nine are known inmammals, divided into classes A–D) and neuropilins (two in mammals). Class 3 semaphorin signaling is mediated by complexes of neuropilins (which serve as binding moieties) and plexins (signaling moieties). Slit receptors are members of the Roundabout (Robo) family. The receptors for Ephrins are members of the Eph family. Ephrin- As are GPI-anchored and predominantly bind EphAs, whereas Ephrin-Bs are trans-membrane proteins and preferentially bind EphBs. Adapted from Winberg et al. (1998) and Chisholm and Tessier-Lavigne (1999). (B) Morphogens (members of the Wnt, Hedgehog, and BMP families) and various growth factors listed here also serve to guide neuronal processes. Known receptors functioning to mediate their effects in guidance are indicated.

FIGURE 16.6 Netrins are phylogenetically conserved axon attractants. (A) Distribution and function of Netrins in axon guidance. (i) Diagram of a cross section through the embryonic vertebrate spinal cord depicting the role of Netrin-1 (here and in all subsequent schematic figures shown in green) in guiding commissural axons from the dorsal spinal cord to the ventral midline. (ii) A ventral to dorsal gradient of Netrin protein in the developing mouse spinal cord visualized using an immunohistochemical stain. From Kennedy, Wang, Marshall, and Tessier-Lavigne (2006). (iii) Diagram of a cross section through the developing nematode C. elegans illustrating the role of the Netrin/UNC-6 in guiding axons along a dorso-ventral trajectory. (B) Attractive effect of Netrin-1 on rodent commissural axons in an in vitro assay for chemoattraction. Pieces of the dorsal half of the spinal cord, viewed from the side, were placed in culture for 40 hours with either control COS cells or COS cells secreting Netrin-1. In control conditions (left), all the commissural axons grow from their cell bodies at the top (dorsal) side of the explants along a vertical (dorso-ventral) trajectory (shown in diagrammatic form at the top, and visualized within the spinal cord explants using an immunohistochemical axonal marker (red) at bottom). In the presence of cells secreting Netrin-1, however, the axons within ~150 μm of the cells (arrowheads) turn toward the Netrin source. Dots mark the boundary between COS cells and spinal cord tissue. In the presence of Netrin-1 axons can be seen invading the Netrinsecreting COS cell clump. From Kennedy, Serafini, de la Torre, and Tessier-Lavigne (1994). (C) Netrin-1 is required for guidance of commissural axons to the ventral midline. Shown are cross-sections through the spinal cord of embryonic day 11.5 mice. Left: wild-type (control); right: Netrin-1 knockout mouse. Axons are visualized with an axonal marker. Normally (left), commissural axons (c) extend along a smooth dorsal-to ventral trajectory to the floor plate (fp) at the ventral midline. In the absence of Netrin-1 (right), they extend normally in the dorsal half of the spinal cord, but when their trajectory through the ventral half is profoundly perturbed, with many projecting medially or laterally, only a very few axons reach the floor plate. From Serafini et al. (1996).

FIGURE 16.7 Netrin bifunctionality depends upon both receptor composition and intracellular signaling. (A) Single Xenopus spinal neurons in culture are attracted and steer along an increasing gradient of Netrin-1 originating from a micropipette (hollow arrow, upper right: green arrow, Netrin; white outlined arrow, control). These neurons express DCC on their surface. (B) If a Xenopus neuron expresses both DCC and UNC5 receptors, these proteins form a signaling complex which now interprets Netrin-1 as a repellent, and they steer down the gradient. (C) Inhibition of cAMP-mediated signaling using a protein kinase A (PKA) inhibitor also converts Netrin-1 attraction to repulsion, even though these neurons only express DCC. From Ming et al. (1997) and Hong et al. (1999).

FIGURE 16.8 Secreted semaphorins are potent repellents. (A) Dorsal root ganglion neurons in culture exhibit a dramatic collapse when exposed to biochemically enriched fractions derived from chick brain lysates or to conditioned medium from tissue culture cells engineered to express recombinant Sema3A/collapsin-1. Medium from control non-transfected cells has no effect on DRG growth cone morphology. From Luo et al. (1993). (B) Mouse whole mount, embryonic day 11.5, wild-type and Sema3A mutant embryos immunostained for neurofilaments to illuminate spinal and cranial peripheral nerve projections. In Sema3A mutants, cranial nerves, including the trigeminal nerve (TG), are dramatically defasciculated, extend branches into ectopic locations, and overshoot their normal target regions. Spinal nerves, too, are defasciculated and extend into intersomitic regions they normally avoid (cranial nerves: ophthalmic, op; maxillary, mx; mandibular, md; facial, F, glossopharyngeal, G; vestibulocochlear, VC; vagus and accessory, V+A. Eye, e. Spinal nerves, arrow). Observations first reported by Taniguchi et al. (1997); whole mount photographs courtesy of J. Merte and D. Ginty. (C) Schematic of whole mount embryos in B showing cranial and spinal nerve projections, and also Sema3A localization (gray).

FIGURE 16.9 Distributions of microtubules and fibrillar actin in a neuronal growth cone. Microtubules and fibrillary actin are highly compartmentalized within growth cones. Microtubules (green) are a key structural component of the axon and though tightly bundled with the axon shaft, a dynamic subpopulation of microtubules actively explores the peripheral domain of the growth cone by extending along filopodia. All of the growing ends of microtubules are pointed toward the leading edge. In contrast, actin (red) is highly concentrated in the filopodia and in the leading edges of lamellae. Within filopodia, actin fibrils are oriented with their growing tips pointed distally. The same is true of many fibrils within lamellae, although many additional fibrils are oriented randomly and form a dense meshwork. Modified from Lin, Thompson, and Forscher (1994). (B) The organization of cytoplasmic domains and cytoskeletal components in an Aplysia bag cell growth cone. Fluorescent labeling of microtubules (green) and fibrillar actin (red) shows their segregation within the growth cone central and peripheral domains, respectively. Note the extension of a small number of microtubules into the actin-rich peripheral domain. From Suter and Forscher (2000).

FIGURE 16.10 Actin dynamics regulate growth cone advance. (A) Aschematic representation of a growth cone filopodium, depicting polarized assembly and disassembly of actinmonomers at the distal (red triangles) and proximal (yellow triangles) ends of a fibrillar actin filament. Retrograde flow (large arrow) of fibrillar actin polymers occurs through the action of nonmuscle myosin. This can be visualized by the proximal translocation of a particle that is linked to the actin cytoskeleton (sphere), which fails to occur if myosin function is inhibited. Modified from Lin et al. (1996). (B) Linkage of the actin cytoskeleton to a permissive surface is required for forward advance. Actin polymerized at the leading edge of the growth cone (right) is swept toward the rear. If the actin meshwork is not linked to cell surface receptors that bind permissive molecules on adjacent cell surfaces, the actin cycles from front to rear but does not advance the growth cone. However, when the actin meshwork becomes attached to these receptors and thereby linked to the substrate, the meshwork remains in place and newly polymerized actin helps advance the leading edge. Modified from Lin et al. (1994).

FIGURE 16.11 A switch from attraction to repulsion allows commissural axons to enter then leave the CNS midline. (A) Schematic of a cross section through the mammalian spinal cord (as in Figure 16.1), illustrating the trajectory of commissural axons from the dorsal spinal cord to, and across, the ventral midline. The axons cross the midline at the floor plate; upon exiting the floor plate, they make a sharp right-angle turn and project in a rostral (anterior) direction. A long-range gradient of Netrin-1 protein (green dots) and a shorter-range gradient of Slit protein (red dots) are shown. Right: Illustration of the “open-book” configuration, in which the spinal cord is opened at the dorsal midline and flattened, which helps to visualize the crossing and turning behavior of the axons at the midline. (B) As the axons project to the midline (“precrossing”), they are attracted by Netrin-1 acting on the attractive Netrin receptor DCC. They are insensitive to the repulsive action of Slit proteins despite expression of the repulsive Slit receptors (Robo1 and Robo2) because they also express Robo3, a Slit receptor that suppresses the activity of Robo-1 and Robo-2. This enables these axons to enter the midline upon reaching it. However, upon crossing the midline, commissural axons downregulate expression of Robo3 and increase expression of Robo1 and Robo2 (not shown), which allows them to sense the repulsive action of Slits and results in their expulsion from the midline. (C) In Robo3 mutant mice, the precrossing commissural axons are prematurely sensitive to Slits, which prevents them from entering the midline. Shown are cross sections through a normal E11.5 mouse embryo (left) and a stage-matched Robo3 mutant embryo (right), illustrating the inability of commissural axons in the mutant to cross the midline. From Sabatier et al. (2004). (D) Human patients with Horizontal Gaze Palsy and Progressive Scoliosis (HGPPS) carry mutations in the human ROBO3 gene. They are capable of coordinated eye movements along the vertical axis (center), but not along the horizontal axis (left and right panels are attempts by this HGPPS patient to look left and right). The deficits in horizontal gaze result from a defect in neuronal connections across the midline in the hindbrain, which is presumed to arise from aberrant axon guidance during development, since a similar defect is observed in Robo3 mutant mice. From Jen et al. (2004).

FIGURE 16.12 Morphogens help direct pre- and postcrossing commissural axon trajectories. (A) Diagram of the roles of morphogens in commissural axon guidance to the midline and beyond. BMP proteins made at the dorsal midline repel the axons from the dorsal spinal cord, providing a “push from behind,” whereas Sonic Hedgehog (Shh) made by floor plate cells attracts the axons, providing a “pull from afar” in collaboration with Netrin-1 (see Fig. 16.11). After midline crossing, the axons turn in a rostral (anterior) direction in response to an attractive rostral-to-caudal decreasing gradient of Wnt protein. In contrast, cortical spinal tract (CST) axons extending caudally in the dorsal spinal cord are repelled by different Wnt family members. (B) The rostral Wnt signal is mediated by the Frizzled3 (Fz3) receptor. The trajectory of commissural axons at the midline is examined in the “open-book” configuration (Fig. 16.13A), with the axons visualized by labeling with the fluorescent dye DiI. In wild-type mice (left), commissural axons cross the midline, then turn rostrally (up), whereas in Frz3 knockout mice (right), the axons are disorganized after crossing (Lyuksyutova et al., 2009).

FIGURE 16.13 Topographic mapping of retinal projections in the visual system. (A). The projection of retinal ganglion cells (RGCs) to the optic tectum is topographic. A map of the visual world on the tectum or superior colliculus (left) is inverted with respect to that on the retina because axons from dorsal and ventral retina project to ventral and dorsal tectum, respectively (middle), and axons from anterior (nasal) and posterior (temporal) retina project to posterior and anterior tectum, respectively (right). Adapted from Tessier-Lavigne (1995). (B) An in vitro assay demonstrates topographically appropriate recognition of tectal membranes by some retinal axons. Small slivers of nasal and temporal retina (top left) are placed on carpets of membranes from tectal cells and allowed to grow. The carpets have alternating stripes of anterior and posterior tectal membranes. In these experiments, the posterior (temporal) retinal axons show an appropriate preference for growth on membranes derived from their correct target (anterior tectum) (Walter et al., 1987b). Other experiments showed that this is due to avoidance of a repellent activity, due to EphrinA ligands, that is enriched in posterior tectum. Note that in this experiment, anterior (nasal) axons do not show the expected preference for posterior tectal membranes, which represents a limitation of the assay; more refined assays are, however, able to demonstrate this. (C) A model for topographic mapping by gradients of guidance molecules and their receptors. Along the A-P axis, retinal neurons have a graded expression of EphA receptors, which enables them to interpret a decreasing posterior-to-anterior gradient of EphrinA ligands on the tectum to select their appropriate target on that axis. Mapping on the D-V axis, in contrast, involves gradients of EphrinB and Wnt ligands that are read by graded distributions of cognate receptors (EphB and Frizzled, respectively; Wnt ligands are also detected by Ryk, which has a nongraded distribution). Adapted from Flanagan (2006).

