FIGURE LEGENDS
FIGURE 15.1 A transverse section through a chick embryo showing neural crest cells initiating migration from the dorsal neural tube and into an ECM-filled space. Courtesy of Jan Lofberg.

FIGURE 15.2 Procedures for grafting a fragment of the neural primordium from a donor quail into a host chicken embryo as used by LeDouarin and colleagues. (A) View of an avian embryo with anterior at the top. Neural folds are shown in black in the boxed region; this structure is removed and transplanted to a host embryo. (1) Cross-section through the embryo in regions shown in the box with the neural tube (2) shown in black. From LeDouarin (1982). (B) An example of a section through an embryo after grafting of a quail neural tube into a chick host. Quail cells are recognized by a quailspecific antibody (red), whereas neurons are marked in green with a neurofilament marker. (C) A higher magnification section showing quail cells (red nuclei) incorporated into a neural crest-derived ganglion, stained green with a neurofilament antibody. Courtesy of Anne Knecht and Clare Baker.

FIGURE 15.3 Labeling of neural crest cells with liphophilic tracer dyes. (A) On the left is a chick embryo viewed shortly after unilateral ablation of the neural folds of roughly half the neural tube at the level of the presumptive midbrain. A spot of DiO (green) was focally injected into the remaining neural tube, and DiI (red) was injected into the bordering intact neural folds. On the right, the same embryo after 48 h of further development. Cells that were originally in the neural tube had dispersed as migratory neural crest cells from both the green- and the red-labeled spots. (B–D) Different views of time-lapse movies of embryos in which the neural tube and premigratory neural crest cells were labeled with DiI. (B) Two views of the same embryo immediately after DiI labeling (left) and several hours after neural crest migration from the hindbrain. Rhombomeres (r1–r7) are indicated. (C) A similar embryo at a later time point by which time neural crest cells have migrated into the branchial arches (BA). (D) At higher magnification of neural crest streams in the branchial arches, cells seem to be in close contact as if following each other in narrow streams. (E) Following individual cells by time-lapse cinematography demonstrates close and maintained connections between individual cell pairs. Courtesy of Paul Kulesa and Scott Fraser.

FIGURE 15.4 Schematic diagram showing different levels of the neural axis from which neural crest cells arise. From anterior to posterior, the neural axis can be divided into cranial, vagal, trunk, and lumbosacral levels. Each gives rise to distinct derivatives. Drawing provided by Dr. M. Bronner.

FIGURE 15.5 Schematic diagram of an idealized embryo in cross section showing pathways of neural crestmigration in trunk and derivatives formed. Neural crest cellsmigrate along two primary pathways: dorsally under the skin or ventrally through the sclerotome. Dorsalmigrating cells form pigment cells, whereas ventrally migrating cells give rise to dorsal root and sympathetic ganglia, Schwann cells, and cells of the adrenal medulla. Drawn by Mark Selleck.

FIGURE 15.6 Neural crest cells at different levels along the anterior–posterior axis give rise to distinct autonomic and adrenomedullary derivatives in avian embryos. In the cephalic region (center), mesencephalic crest cells populate the ciliary ganglion. Ganglia of the sympathetic chain (right), including the superior ciliary ganglion, are formed from spinal neural crest cells originating caudal to somite 5. Cells of the adrenal medulla (right) originate exclusively from neural crest cells between somites 18 and 24. Vagal neural crest cells generated between somites 1 and 7 form enteric ganglia (left), whereas cells of the ganglion of Remak (left) are derived from the lumbosacral neural crest posterior to somite 28. Drawing provided by Dr. M. Bronner.

FIGURE 15.7 Trunk neural crest cellsmigrate in a segmental fashion. (A) Schematic diagram demonstrating that neural crest cells migrate through the sclerotomal portion of the somites, but only through the rostral half of the sclerotome. (B) In longitudinal section, neural crest cells (green) can be seen migrating selectively through the rostral half of each somitic sclerotome (S). From Bronner-Fraser (1986).

FIGURE 15.8 Distribution of Eph receptors (A and C) on neural crest cells in the rostral sclerotome and ephrin ligands in the caudal sclerotome (B and D) of chick embryos. Eph receptors are on neural crest cells in the rostral half of each somite, whereas inhibitory ephrin ligands are expressed in the caudal halves of each sclerotome. From Krull et al. (1997).

FIGURE 15.9 (A) The Ventricular Zone Forms a Pseudostratified Columnar Epithelium. Here neural progenitor cells have been visualized in the cerebral vesicle of a hamster embryo using scanning electron microscopy. Neuroepithelial cells are elongated bipolar cells that, at this early stage of development (E9.25), span the entire wall of the cerebrum. Some of the cells at the ventricular surface (bottom) appear spherical; these cells have retracted their cytoplasmic processes and are presumably rounding up in preparation for mitosis. Other rounded cells at the external surface (top) may be young neurons beginning to differentiate. (Inset) A low-power view of the hamster cerebral vesicle, corresponding roughly to that of a human embryo at the end of the first month of gestation.(B) Polarity Proteins and Vertebrate Epithelia. Three classes of cell-cell junctions form between cells in a vertebrate epithelium. Conserved polarity proteins function in the formation of tight junctions (red). The cadherin and nectin cell adhesion proteins are required to form adherens junctions (green) and connexins form gap junctions (purple). During cell division in the neuroepithelium, the mPar6 polarity complex positions the spindle of the dividing cell (see text for details). From Sidman and Rakic (1973).

FIGURE 15.10 Radial Glial Cells Provide a Pathway for Neuronal Migration. (A) In the late nineteenth century, the Italian histologist G. Magini used Golgi impregnation methods to visualize a system of glial fibers that spanned the cortical wall. He proposed that the glial fibers provided a scaffold for neuronal migration. (B) In the late twentieth century, Rakic and Sidman again used the Golgi impregnation method to map radial glial cells in the developing primate neocortex. As described below, they used electron microscopy (EM) to visualize the relationship of young neurons to the glial fiber system. (C) Three-dimensional reconstruction of serial EM sections of a migrating neuron in the intermediate zone of the primate neocortex illustrate the cytology and neuron-glia relationships of migrating neurons in vivo. The cell soma of the migrating cell apposes radial glial fibers (striped vertical shafts, RF1-6), which extend short lamellate expansions (LE). Nuclei (N) of migrating neurons are elongated, and their leading processes (LP) are thicker and richer in organelles than their trailing processes (TP). The lower part of the diagram depicts the numerous parallel axons of the optic radiations (OR). These axons have been deleted from the upper portion of the figure to reveal the radial glial fibers. The leading process extends several pseudopodial endings (PS), which appear to explore the territory through which the neuron is migrating. In cross-section (a–d), a migrating neuron partially encircles the shaft of the radial glial fiber. From Sidman and Rakic (1973).

FIGURE 15.11 Development of the Cerebral Cortex. (A) Formation of the Fundamental Layers: The ventricular zone (VZ) contains the progenitors of neurons and glia. The first neurons to be generated establish the preplate (PP); their axons, as well as ingrowing axons from the thalamus, establish the intermediate zone (IZ). The subsequently generated neurons of cortical layers II–VI establish the cortical plate (CP), which splits the preplate into the marginal zone (MZ), or future layer I, and the subplate (SP), a transient population of neurons. After the completion of neuronal migration and differentiation, six cortical layers are visible overlying the white matter (WM) and the subplate has largely disappeared. Neural precursors in the subventricular zone (SVZ) continue to generate neurons that migrate rostrally into the olfactory bulb, even during postnatal life. (B) Emerging Complexity of the Origin of Layer 1 Neurons. Recent experiments in rodents and primates reveal multiple origins and migratory pathways of the precursor neurons in layer 1 of the developing neocortex. As discussed above, the neocortical VZ is a primary source of preplate neurons, which contains layer 1 cells. However, subsets of layer 1 neurons also arise in the rostral aspect of the neocortex, the basal forebrain, and the cortical hem. The latter progenitor cells migrate along the surface of the emerging brain from their sites of origin into the superficial layer of the neocortex. (This population of cells migrates several days before progenitors destined to become cortical interneurons). See text for details.

FIGURE 15.12 Live Imaging of Glial-Guided Neuronal Migration. Live imaging of cells with video-enhanced differential contrast (VEC-DIC) optics. The cytology and neuron-glial relationship of a cerebellar granule neuron migrating on a glial fiber. With live imaging of neuronal migration along glial fibers, the granule neuron closely apposes the cell glial fiber (GF) along the length of the soma of the migrating neuron (MN) and extends a leading process (LP) in the direction of migration along the glial guide. The nucleus is in the posterior aspect of the cell during periods ofmovement, the centrosome (C) is just forward of the neuronal nucleus. (A) In migrating neurons, apparently antibodies against dynein intermediate chain (red) label the centrosome and dynein on the surface of the nucleus. Antibodies against tubulin (green) reveal a perinuclear “cage” of tubulin in migrating neurons. (B) Live imaging of a cerebellar granule neuron migrating on a glial fiber (red arrow indicates centrosome). (C) Cytology of cerebellar and hippocampal neurons migrating along homotypic and heterotypic astroglial fibers: cerebellar granule neuron migrating along a hippocampal glial fiber (CB/HP), a cerebellar granule neuronmigrating on a cerebellar glial fiber (CB/CB), a hippocampal neuron migrating along a cerebellar glial fiber (HP/CB) or a hippocampal neuron migrating on a hippocampal glial fiber (HP/HP). In heterotypic co-cultures, migrating neurons have a stereotyped cytology, extending their cell soma along the glial guide and extending a leading process in the direction of migration.

FIGURE 15.13 Comparison of the cellular organization of neurons migrating on glial fibers (A) and fibroblasts migrating in vivo (B). As the neuronmigrates, the polarity complex mPar6, and signaling pathways, polarize the migrating cell. mPar6 localizes to the centrosome (blue) and paces the timing of the movement of the neuron along the glial fiber via Myosin IIB-mediated contraction of F-actin in the proximal aspect of the leading process. A perinuclear cage of tubulin (green) positions the nucleus in the posterior aspect of the cell. Microtubules (green) grow out of the centrosome into the leading process and support vesicle transport during movement. As the neuronmoves, it forms attachments beneath the cell soma (purple), which provide traction for neuronal locomotion along the fiber. (B) The model shown represents a polarized cell that has distinct leading and trailing edges. This is a common feature of fibroblastic motility. The leading edge points in the direction ofmovement and is driven by actin-polymerization-mediated protrusion. Green spots represent points of interaction of the cell with the substrate. Other structures depicted include the nucleus (grey), the Golgi apparatus (brown) and the microtubule-organizing center (MTOC) (blue), from which the microtubule network (blue) radiates, as well as an actin-rich lamellipodium at the front (orange).

FIGURE 15.14 Schema of the Evolving Concepts of the Relationship between Radial Glial Cells and Migrating Neurons in the Developing Mammalian Cerebral Cortex. As discussed in the text, initial theories of neuronal migration ignored the glial cells. In the early 1970s, Sidman and Rakic proposed that neurons migrate along glial fibers. Live imaging of labeled radial glia and migrating neurons revealed that during the epoch of migration, glial cells produce neuronal progeny, which immediately or after several rounds of division use the mother glial cell as a guide for their migration. As indicated in the diagram, there are some differences in this process among vertebrate species. Neurons, red; radial glial cells, green. Reprinted from Rakic (2003).

FIGURE 15.15 Non-Radial Pathways of Neuronal Migration. Over the past decade, a number of tangential migratory pathways have been described, in addition to radial pathways (black), including the migration of interneurons from the basal forebrain into the developing neocortex (blue), the migration of neurons from the SVZ to the olfactory bulb along the rostral migratory stream (red), and migrations of progenitors from the rhombic lip to cerebellar cortex (green) and the pre-cerebellar nuclei of the brainstem (purple). (EGL, external granule layer; MGE, medial ganglionic eminence; SVZ, subventricular zone) Reprinted from Hatten (2002).

