FIGURE LEGENDS
FIGURE 18.1 The neurotrophic hypothesis postulates that developing neurons survive (green neurons) only when they successfully compete for target-derived trophic molecules (blue) that are internalized at the nerve terminal and are transported retrogradely along the axon (arrow) to the cell body. Neurons that fail to obtain a sufficient flow of trophic molecules from the target die by programmed cell death (black neurons with condensed chromatin). Modified and reproduced with permission from Barde (1989). 

FIGURE 18.2 Changes in the number of developing lumbar spinal motoneurons in the chick embryo (in red) compared to the number of dying motoneurons (in blue) during the first half of the 21 day incubation period. Approximately 50 to 60% of these motoneurons undergo PCD between embryonic day (E)6 and E12.

FIGURE 18.3 Schematic illustration of some key steps in neuronal development. Neurons undergoing PCD ([image: image1.emf]) are observed during neurogenesis in the ventricular zone, during migration and while establishing synaptic contacts. Schwann cells in developing nerves also undergo PCD. [image: image2.emf] Represents peripheral glial (Schwann) cells; ( represents CNS glia (astrocytes, oligodendrocytes); [image: image3.emf] represents surviving, differentiating neurons (e.g., motoneurons whose targets are skeletal muscle and other neurons in the CNS, with neuronal targets).

FIGURE 18.4 The PCD of glial cells is regulated by axon-derived signals. Glial cells that fail to compete successfully for these signals undergo PCD. 

FIGURE 18.5 Spinal motoneurons in the chick embryo. (A) Ventral horn from a control embryo. Note that only two cells (asterisks) are undergoing apoptotic PCD; the others appear normal (arrows). (B) Ventral horn from an embryo following treatment with an excitotoxin. Most neurons are undergoing a necrotic type of cell death (asterisks) whereas some appear normal (arrows). Apoptotic (C) and necrotic motoneurons (D) in the chick embryo spinal cord as seen with an electron microscope.

FIGURE 18.6 Schematic representation of cellular changes during necrotic cell death and during three of the most common types of PCD observed at the ultrastructural level. Key features of each type of cell death are indicated by the red arrows. Only type 1 PCD meets most of the criteria for defining apoptosis. The cells on the right marked P represent phagocytic cells engulfing necrotic cell corpses and apoptotic bodies. Phagocytosis also occurs in the other types of PCD but is not shown.

FIGURE 18.7 (A) Schematic representation of the major steps in the developmental PCD pathway of neurons in the nematode worm C. elegans. Both fly and mammalian homologues have been identified supporting the hypothesis that mechanisms of PCD are evolutionarily conserved. The mammalian homologues are listed in italics below the name of the C. elegans gene. (B) Some of the major events involved in mammalian PCD are illustrated. Healthy cells (top) receive signals to survive or lack signals to die (on left). Cell death mediators are present in healthy cells, but their location and/or association with regulators prevent activation of the cell death pathways. In cells that receive appropriate signals to die (bottom), cell death–specific pathways are activated. These pathways involve a permeabilization of the mitochondria membrane and release of factors that either directly or indirectly activate cell death–specific events. In neurons that fail to obtain NTF support (bottom), the pro-apoptotic gene Bax interacts with and inhibits the anti-apoptotic gene Bcl–2 in mitochondria. This results in the release from mitochondria of cytochrome-c, which forms a complex with Apaf-1 and caspase-9 that in turn activates downstream caspases such as caspase-3 that ultimately directly or indirectly degrade diverse nuclear and cytoplasmic targets. These degradative changes are what define apoptosis and result in eventual engulfment and phagocytosis of the apoptotic cell. In some situations two additional molecules released from mitochondria (along with cytochrome-c) are the proapoptotic proteins AIF, which can degrade the nucleus independent of caspases, and Smac/Diablo, which can inhibit IAP and promote the apoptotic pathway via caspase-9 and caspase-3. Although not shown here, in some situations developing neurons undergoing PCD activate cell cycle proteins that also serve a signaling function required for apoptosis (Copani et al., 2001). It is critical to note that all neurons do not use the identical pathways for cell death. For example, cell cycle proteins can mediate the death of sensory neurons; however, they do not play a role in motoneuron PCD (Taylor et al., 2003. Mol Cell Neurosci. 24(2):323–39).

FIGURE 18.8 Phenotypic alterations in sensory/motor pathways caused by null mutations in NGF/trkA and NT-3/trkC. In the dorsal root ganglia (DRG) of normal mice (A), small-diameter (red), medium-diameter (green), and large-diameter (blue) neurons are present. Large-diameter neurons innervate muscle spindles and other proprioceptive end organs and have axon terminations in the lowest laminae of the dorsal horn and in the ventral horn. These neurons are lost when NT-3 or trkC is absent (compare A and B). Many of the small-diameter neurons innervate skin, respond to temperature and pain, and have terminations in the dorsal-most laminae of the dorsal horn. These neurons are lost when NGF or trkA is absent (compare A and C). DRG neurons indicated in green are neurotrophin-independent mechanoreceptive neurons (peripheral projections not shown). Modified and redrawn with permission from Snider (1994).

FIGURE 18.9 Models of NGF, the catalytic (full-length) TrkA receptor, and p75NTR and its binding partners (sortilin, Nogo receptor, and Lingo 1). Note the ability of one ligand (NGF dimer) to bring together two trk receptor molecules to initiate signaling. p75NTR lacks a cytosolic kinase domain, but associates with multiple partners (possibly not including direct interactions with trk receptors) to assemble signaling platforms. Note that the NGF dimer binds to a p75NTR monomer in an opposite orientation compared to TrkA (yellow arrows). C and N, C and N termini of NGF; Ig-C1, Ig-C2, 
C-terminal immunoglobulin ligand binding domains 1, 2; LRR, leucine-rich repeat; CRD 1–4, cysteinerich domains 1–4. Modified from Barker (2004) and Wehrman et al., 2007 (Neuron 53, 25-38) with permission.

FIGURE 18.10 Ligand binding preferences of neurotrophins for each member of the trk receptor family. Not shown are the truncated (kinase deleted) isoforms of trkB and trkC. Other isoforms containing inserts and deletions also exist, providing a wide variety of receptors. NT-4 is also named NT-4/5. K = tyrosine kinase.
FIGURE 18.11 The signaling endosome. The internalized neurotrophin (NT)–receptor (Trk) complex is transported retrogradely from the nerve terminal to the cell body. The internalized vesicle serves as a platform for docking of adaptor proteins (light blue) that elicit signal transduction cascades via kinases (red); molecular motors and regulators (green) attach for transport along microtubules (brown). The arrow indicates the direction of transport toward the minus end of microtubules. The main signal transduction cascades are via the phospholipase C-γ (PLCγ), Raf-MAPK-ERK, and PI3K signaling pathways (red lightning symbol). For details of signal transduction, see legend to Figure 18.12. Rap1 and Rab5 are small G-proteins. Other abbreviations: Akt, v-aktmurine thymoma viral oncogene homologue (protein kinase B); ARMS, ankyrin-rch membrane spanning protein; B-Raf, v-rafmurine sarcoma viral oncogene homologue B1; EEA1, early endosome antigen 1; ERK, extracellular signal-regulated kinase; GAB1, GRB2 (growth factor receptor bound protein 2)-associated binding protein1; HAP, huntingtin-associated protein 1; htt, huntingtin; MEK, MAPK (mitogen-activated protein kinase); NT, neurotrophin; PI3K, phosphatidylinositol 3-kinase; Shc, Src homology 2 domain containing transforming protein C; Trk, trk tyrosine kinase receptor. For details and references, see Zweifel, Kuruvilla, and Ginty (2005) and Gauthier et al. (2004).

FIGURE 18.12 Trk and p75NTR signaling pathways. Neurotrophin (NT) dimers bind two trk receptor monomers or one p75NTR to activate survival (1–3) or apoptotic (4) signaling pathways. Ligand binding initiates trk receptor transduction by the phosphorylation (indicated by small red dot) in the cytoplasmic domains. The activated Trk kinase docks adaptor and linker proteins (light blue), which engage signaling cascades often containing multiple kinases (red). The three principal signaling pathways illustrated are the (1) phospholipase C pathway, (2) Ras-MAP kinase pathway; and (3) PI-3 kinase pathway. These pathways lead to nuclear translocation of transcription factors (green), such as CREB and NFκB, and ultimately regulation of gene expression. The binding of neurotrophins or proneurotrophins to p75NTR can activate BAD via the JNK cascade and eventually engages, via release of effectors from mitochondria, caspases involved in apoptosis (see also Fig. 18.7). There are several venues for crosstalk between the survival- and pro-apoptotic signaling cascades as indicated. Abbreviations not already explained in Legend 18.11: BAD, bcl2-antagonist of cell death; Bcl2, B-cell lymphoma 2; Ca, calcium; CREB, cyclic AMP response element binding protein; Cyto C, cytochrome C; DAG, diacylglycerol; JNK, C-Jun N-terminal kinases; NFκB, nuclear factor-kappa B; NRAGE, neurotrophin receptor interacting MAGE (melanoma antigen gene expression) homolog; NRIF, neurotrophin receptor interacting factor; p75NTR, p75 neurotrophin receptor; (pro) NT, pro-neurotrophin; Raf, Ras, and RhoA, small GTPases; RSK, ribosomal S6 kinase. For details, see text, and Huang and Reichardt (2001), Chao (2003), and Barker (2004).

FIGURE 18.13 Possible sources of trophic support for peripheral (PNS) and central (CNS) neurons. (A) Many peripheral neurons such as sympathetic and bipolar sensory neurons (left side) have only two sources of support: one in the periphery (Target #1) for retrograde support and one from afferents (AFF #1) or the central target (for bipolar sensory neurons). Glial cells (gray) may also provide trophic factors. In contrast, central neurons (right side) receive synaptic input from many different types of neurons (AFF #1, 2, and 3), which may serve as a source of anterograde trophic support. Central neurons may also project to several different targets (Targets #1, 2, and 3), which each may provide retrograde trophic support. We list trophic factors that have been demonstrated to be either anterogradely or retrogradely transported along axons, with question marks when transport is suspected, but not proven. Adapted, with permission, from Snider (1994) and von Bartheld, Wang, and Butowt (2001). (B) Schematic illustration of different sources of potential trophic signals acting on one specific cell population (motor neurons in the spinal cord). Motor neurons (green cell bodies) can receive trophic support from a number of different sources. Axon terminals of the motor neurons have access to diffusible muscle-derived (1) or extracellular matrix-associated (2) trophic factors. Schwann cells (3) in the peripheral nerve or ventral root are another source of trophic support. Glial cells (4) in the spinal cord (astrocytes and/or oligodendrocytes) may also influence motor neuron survival. Motor neurons receive afferent input from several sources, including descending fibers from the brain, spinal interneurons, and axons from dorsal root ganglion (DRG) neurons (5), which can supply trophic support. Finally, motor neurons may influence their own growth and survival via autocrine or paracrine trophic support (6), as well as respond to trophic support provided by circulating hormones (7).

FIGURE 18.14 During embryonic/fetal development motoneurons establish functional synaptic connections with skeletal muscles via the neuromuscular junction (NMJ). This normal synaptic transmission activates skeletal muscles resulting in embryonic movements. If left unperturbed, this muscle activity reduces the production of (or access to) muscle-derived NTFs resulting in the PCD of a subset of motoneurons (MNs) (A). By contrast, if muscle activity is blocked, either genetically or pharmacologically, causing paralysis, the PCD of MNs is prevented (B). In addition to the role of synaptic activity at neuronal targets (e.g., the NMJ) in regulating PCD, afferent synapses also play a role in regulating PCD. A model is illustrated that integrates afferent- and target-derived influences on the choice of neuronal death or survival (C). In the developing chick embryo ciliary ganglion (CG, blue cells), young CG neurons are very heterogeneous with respect to the number of α7nAChRs that regulate calcium influx (e.g., b vs c) and they are already innervated by afferent cholinergic axons from the accessory oculomotor nucleus (gray terminals). There is also very little of the endogenous chicken prostate stem cell antigen (chPSCA), a prototoxin that blocks α7nACHR activation (b). Thus, young neurons with excessive α7nAChRs have a higher probability of PCD. As the developing neurons grow out axons that reach their targets in the eye, they become exposed to target-derived NTFs such as CNTF, GDNF, activin as well as other as yet unidentified factors. The influence of these factors facilitates maturation of the neurons, enhancing calcium buffering as well as inducing the expression of chPSCA. The end results are mature neurons (a), stable synapses, a population of silenced nAChRs together with active nAChRs at the stabilized synapses (Part C courtesy of Rae Nishi; see Hruska and Nishi, 2007 (J. Neurosci. 27, 11501-11509)).

FIGURE 18.15 In (A) a model for developmental competition based on studies of developing sympathetic neurons is illustrated: (1) Before target innervation neurons (green) are modestly responsive to NGF; (2) upon target innervation and exposure to NGF, levels of TrkA, then BDNF and NT-4 (not shown) are increased; (3) induction of p75NTR expression, as well as differential sensitization of neurons, by modulation of NGF-TrkA signal strength and duration. (4) BDNF and NT-4 (apoptotic cues) kill neurons with low NGF-TrkA signaling; neurons with high NGF-TrkA signaling are resistant; (5) selection and neuronal death (Adapted from Deppmann et al., 2008, Science 320, 369-373). In (B) a model of neurodegeneration involving the selective loss of developing neurons and their axons is illustrated. Following NTF deprivation the transmembrane amyloid-ß precursor protein (APP) is routinely cleaved by ß- and γ-secretase enzymes to generate both amyloid-ß peptide (Aß) and the amino-terminal portion of APP (N-APP). The soluble N-APP may then undergo further processing before binding to the death receptor DR6. DR6 responds to interaction with N-APP by engaging and activating key mediators of apoptotic cell death: caspase-3 (C3) in the neuronal cell body and caspase-6 (C6) in axons. Caspase-6 can also cleave APP near the ß-secretase target site, potentially contributing to the formation and/or amplification of this apoptotic circuit (adapted from Nicholson, 2009, Nature 457, 970-971).

FIGURE 18.16 Schematic illustration of the hippocampus (A) including the dentate gyrus, a portion of which is shown enlarged in B. (B) The dentate gyrus is comprised of several layers of differentiated granule cells (light gray circles and dark cell with dendrites on left). Stem cells in lower subgranule layer of dentate gyrus undergo cell division and a subset of these migrate into the granule layer and differentiate (cellwith dendrites on right) whereas others migrate and begin differentiation but then undergo PCD (small dark cells with dashed axons and dendrites). Modified and redrawn from Kempermann (2006).
