FIGURE LEGENDS
FIGURE 2.1 Locomotor behavior in hydra resembles a series of somersaults, as shown in the sequence beginning on the left. The tiny black dot in the region between the tentacles in the figure at the far right is the animal’s mouth. Ingestive (feeding) behavior involves guiding food particles into the mouth with coordinated tentacle movements.

FIGURE 2.2 Two competing views: The nervous system as a reticulum or the neuron doctrine. (A) Proponents of the reticular theory believed that neurons are physically continuous with one another, forming an uninterrupted network. (B) In contrast, the neuron doctrine regards each neuron as an individual entity communicating with target cells by way of contiguity rather than continuity, across an appropriate intercellular gap. Adapted from Cajal (1909–1911).

FIGURE 2.3 Activation of effector cells (e) in simple animals. (A) Sponges lack a nervous system; stimuli act directly on effector cells, which are thus called independent effectors. (B) In cniderians, bipolar sensory neurons (s) differentiate in the ectoderm. The sensory neuron outer extension detects stimuli and is thus a dendrite. The inner extension of some sensory neurons transmits information directly to effector cells and is thus an axon. Because this type of sensory neuron innervates effector cells directly, it is actually a sensorimotor neuron. (C) Most cniderian sensory neurons send their axon to motoneurons (m), which in turn send an axon to effector cells. Cniderian motoneurons may also have lateral extensions interacting with other motoneurons, and these extensions typically conduct information in either direction via reciprocal chemical synapses (and are thus amacrine extensions). Arrows show the direction of information flow.

FIGURE 2.4 The nerve net of hydra, a simple cnidarian, is spread diffusely throughout the body wall of the animal. This drawing shows maturation of the nerve net in a hydra bud, starting near the base and finishing near the tentacles. Refer to McConnell (1932) and Koizumi (2002).
FIGURE 2.5 The nervous system of the planarian, a flatworm, includes longitudinal and transverse nerve cords associated with centralization, and two fused cephalic ganglia (the invertebrate brain) in the rostral end associated with cephalization. Centralization and cephalization probably are related to the flatworm’s bilateral symmetry and ability to swim forward rapidly. Refer to Lentz (1968). Reproduced with permission from Yale University Press.
FIGURE 2.6 Invertebrate ganglia (G) usually display two neuron classes: motor neurons (m) and interneurons (i), both typically unipolar, with dendrites arising from a single axon. Here neuronal cell bodies are arranged peripherally and synapses occur in a central region called the neuropil. Sensory neurons (s) usually innervate motoneurons and interneurons but not effectors (e). Arrows show the usual direction of information flow.

FIGURE 2.7 Nervous system organization in the rostral end of an annelid worm. A ventral nerve cord with more or less distinct ganglia connects with a fused pair of cerebral ganglia (brain) dorsal to the pharynx (part of the digestive tract). Note nerves extending from ventral nerve cord and cerebral ganglia. Refer to Brusca and Brusca (1990).
FIGURE 2.8 Orientation of the vertebrate body. Orientation planes for fish, quadrupeds, and bipeds are depicted. Associated with the three cardinal planes (rostrocaudal, dorsoventral, and mediolateral) are three orthogonal planes: frontal, sagittal, and transverse, which are the same in all early vertebrate embryos. For more explanation, see Williams (1995).

FIGURE 2.9 The lancelet (amphioxus) is a forerunner of the vertebrates. (A) Lateral view of the animal in its native habitat under the ocean floor, with its mouth protruding above the sand. (B) A cross-section of the lancelet body showing relationships between gut, aorta, notochord, and dorsal nerve cord. Adapted from Cartmill, Hylander, and Shafland (1987).
FIGURE 2.10 The neural plate is a spoon-shaped region of ectoderm (neural ectoderm) forming the CNS; surrounding it is somatic ectoderm. The neural plate is polarized (wider rostrally than caudally), bilaterally symmetrical (divided by the midline neural groove), and regionalized (brain plate rostrally, spinal plate caudally). The neural crest is a thin zone between neural and somatic ectoderm, and a series of placodes develops as “islands” within the somatic ectoderm. The neural crest and placodes generate PNS neurons. The approximate location of the future primary brain vesicles (Fig. 2.12A) in the neural plate is shown in color on the left. The same color scheme is used in Figs. 2.11, 2.12, and 2.14. Refer to Swanson (1992).
FIGURE 2.11 Optic pits, infundibulum, and otic rhombomere (dorsal view on left) are the earliest clear structural differentiations of the neural plate, other than the neural groove. The neural tube forms by neuroectoderm invagination (transverse sections A and B), followed by fusion of the lateral edges of the neural plate (roughly in the neck region of humans), and proceeds both rostrally and caudally (double arrows in roof plate). Note how the neural crest (NCR) pinches off in the process. Also observe notochord (nch) position ventral to neural groove. Refer to Swanson (1992).
FIGURE 2.12 Formation and regionalization of the neural tube. (A) The early neural tube brain region develops three swellings: forebrain, midbrain, and hindbrain vesicles. The hindbrain vesicle then differentiates a series of transverse swellings called rhombomeres. (B) As differentiation continues, the forebrain vesicle displays right and left endbrain (cerebral hemisphere) vesicles and a medial interbrain vesicle, and the hindbrain vesicle shows vague pontine and medullary regions. This is the five-vesicle stage of neural tube transverse regionalization. Then longitudinal, dorsoventral, regionalization begins. The endbrain vesicle divides into cerebral cortex (including olfactory bulb) and cerebral nuclei (basal ganglia), the interbrain vesicle divides into thalamus and hypothalamus, the midbrain vesicle divides into tectum and tegmentum, the hindbrain vesicle becomes known as the rhombicbrain and divides into rhombic lip, alar plate, and basal plate, and the spinal cord divides into alar and basal plates. Whether the pretectal region (sometimes called synencephalon) is part of interbrain or midbrain is controversial. At this developmental stage major components of the adult ventricular system are seen in the neural tube lumen. Refer to Swanson (1992) and Alvarez-Bolado and Swanson (1996).
FIGURE 2.13 The early spinal cord and rhombicbrain are divided into dorsal (alar) and ventral (basal) plates by the limiting sulcus. This morphology reflects earlier ventral differentiation of the mantle layer (2), accompanied by earlier ventral thinning of the neuroepithelial or ventricular layer (1) of the neural tube, which remains as the adult ependymal lining of the ventricular system. The mantle layer develops into adult gray matter. This schematic drawing of a transverse spinal cord histological section also shows dorsal (sensory) and ventral (motor) spinal cord roots, dorsal root ganglia containing sensory neurons derived from the neural crest, and mixed (sensory and motor) spinal nerves distal to the ganglia. The peripheral area (3) is called the marginal zone and develops into the spinal cord white matter or funiculi containing ascending and descending axonal fiber tracts.

FIGURE 2.14 Major divisions of the adult mammalian CNS are derived from neural plate and neural tube regionalization illustrated in Figs. 2.10–2.12. Modified from Swanson (1992).
FIGURE 2.15 Mini atlases to compare major adult brain regions in humans and mice. The brains are cut approximately transversely to the CNS longitudinal axis and illustrate five major levels, arranged from rostral to caudal: a, endbrain; b, interbrain; c, midbrain; d, pons; and e, medulla. The color scheme follows that in Figs. 2.10–2.12 and 2.14, with the choroid plexus of the lateral, third, and fourth ventricles shown in red. Adapted from Nieuwenhuys, Voogd, and Van Huijzen (1988) and Sidman, Angevine, and Webster (1971).
FIGURE 2.16 A model of the nervous system’s basic wiring diagram. The model of information flow through the nervous system (yellow box) postulates that behavior and vital body functions are controlled by the motor system (red), which is influenced by three classes of neural input: sensory (green), intrinsic behavioral state (gold), and cognitive (blue). Sensory inputs lead directly to reflex responses, cognitive inputs mediate voluntary responses, and intrinsic inputs act as control signals to regulate behavioral state. Motor system outputs produce behaviors whose consequences are monitored by sensory feedback (1b, 2). Sensory feedback may be used by the cognitive system for perception and by the intrinsic system to generate affect (e.g., positive and negative reinforcement/pleasure and pain). The cognitive, sensory, and intrinsic systems are all strongly interconnected in the indicated pattern. Refer to Swanson (2012).
FIGURE 2.17 Hierarchical organization of the skeletal motor system. At the simplest level (1), motoneuron pools (MN) innervate individual muscles generating individual components of behavior. At the next higher level (2), additional interconnected interneuron pools, called motor pattern generators (MPG), innervate specific motoneuron pool sets. At the highest level (3), additional interconnected interneuron pools, called motor pattern initiators (MPI), innervate specific MPG sets. MPIs can activate complex, stereotyped behaviors when activated (or inhibited) by specific patterns of sensory, intrinsic, and/or cognitive inputs. Note that MPGs and MPIs themselves may be organized hierarchically (dashed lines) and that sensory, intrinsic, and cognitive inputs may go directly to any level of the motor system hierarchy. Refer to Swanson (2012).
FIGURE 2.18 Cajal’s (1909–1911) neural architecture drawing based on the Golgi method. It shows the organization of four major retinal neuron types (right) and connections between two gray matter regions: retina to optic tectum (superior colliculus; left). Applying the neuron doctrine and functional polarity rule (Boxes 2.1 and 2.2) to the entire vertebrate nervous system by Cajal and many other researchers a century ago led to the “classical” way neuron types defining each gray matter region have been described structurally ever since, a view beautifully illustrated here. Three major neuron types tend to populate specific retinal layers: photoreceptors (subtypes a, b, A, B), bipolar cells (subtypes c, d), and ganglion cells (subtypes e, D, E). A specific neuron type’s cardinal feature is its axon’s distribution—the neuron’s function in terms of output. Photoreceptors detect light and their axon innervates bipolar cells. The latter in turn innervate ganglion cells whose axon projects through the optic nerve to the tectum. Photoreceptors are classical sensory neurons (Fig. 2.3), bipolar cells are local interneurons, and ganglion cells are projection interneurons. Also note a second retinal local interneuron class, amacrine cells (f). Cajal pointed out that retinal neuronal cell bodies aggregate in three layers with synaptic neuropil zones in between, and illustrated a clear structural gradient—reflecting a foveal region (F) with greater visual acuity because of multiple structural features, some of which are obvious in the drawing. The power of Cajal’s functional polarity theory is evident: he drew arrows to indicate the presumed normal direction of information flow through the network, based on the sequential arrangement of dendrites and axons associated with each neuron type.

FIGURE 2.19 Origins of the cranial nerves viewed from the base of the adult human brain. The traditional numbering system dating back to the eighteenth century is indicated, but does not consider the terminal and accessory olfactory nerves. I, indicates the olfactory peduncle, with the olfactory bulb at the end shaded pink to indicate the termination site of the olfactory nerve; II, the optic tract leading from the optic chiasm to the thalamus and superior colliculus, with the stump of the right optic nerve indicated but the left optic nerve cut off at the chiasm; III, oculomotor nerve; IV, trochlear nerve, which courses around the side of the cerebral peduncle from the dorsal surface of the brainstem; V, trigeminal nerve; VI, abducens nerve; VII, facial nerve component of intermediofacial nerve; VII’, intermediate nerve component of intermediofacial nerve; VIII, vestibulocochlear nerve; IX, glossopharyngeal nerve; X, vagus nerve; XI, accessory nerve, with cranial and spinal roots; and XII, hypoglossal nerve; nc I, first cervical spinal nerve with the second through fourth also shown arising more caudally from the spinal cord. Cranial nerves exit through holes in the cranium whereas spinal nerves exit between the vertebrae (the first cranial nerve exits between the cranium and first vertebra). Adapted from Henle (1871).
FIGURE 2.20 Surface features of the human cerebral cortex, which is thrown into gyri separated by sulci. In the drawing on the right, the right and left hemispheres have been pulled apart at the interhemispheric or longitudinal fissure to reveal a white matter tract, the corpus callosum (L), interconnecting the two hemispheres. The drawings are from perhaps the most important book in the history of medicine by Andreas Vesalius, Fabric of the Human Body, published in 1543. The drawings were probably executed by an artist from Titian’s studio. See Singer (1952).

FIGURE 2.21 A similar cerebral cortical regionalization plan for mammals was proposed by Korbinian Brodmann in 1909. His cortical parceling was based on regional differences in how neuronal cell bodies tend to distribute in layers, an approach referred to as cytoarchitectonics. This figure summarizes his findings in six species, with different regions, or “areas,” as he called them, indicated with different symbols and numbers. He distinguished 47 areas in the human cerebral cortex and showed that generally similar patterns applied to all nine species he analyzed.

