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Preface to the Eighth Edition

This Eighth Edition of Basic Neurochemistry: Principles of Molecular, Cellular and Medical Neurobiology encompasses 40 years of progress in neurochemistry since its first edition, entitled Basic Neurochemistry: Molecular, Cellular and Medical Aspects. This seems an appropriate time to consider the progress of neurochemistry and of this book. To make this brief, we will consider only two topics, both featured prominently in this edition: neurodegeneration and neuroimmunology. When the first edition was being written, the neurochemistry of neurodegenerative disease was in its infancy, while neuroimmunology didn’t exist as a discipline.

In 1972, the major neurodegenerative diseases were familiar to clinicians and pathologists, having been described in heartbreaking detail by neurologists and pathologists: including Alzheimer’s disease (AD) (1906), Parkinson’s disease (1817), amyotrophic lateral sclerosis (1869), Huntington’s disease (1872), and Charcot-Marie-Tooth disease (1886), among others. Recognizable descriptions of some of these diseases can be found in writings of antiquity in many parts of the world. These early descriptions focused on describing the distinctive symptoms of each disease and even then recognized the inability of physicians to cure these diseases. With the twentieth century, came detailed neuropathological descriptions that identified affected brain regions and the hallmark histopathology for each. This era was epitomized by the work of Alois Alzheimer in his initial description of plaques and tangles associated with the disease that bears his name, subsequently validated by Solomon Carter Fuller’s demonstration that these pathological hallmarks were observable in many aged patients with dementias.

The next 50 years revealed pathological hallmarks for other neurodegenerative diseases, such as Lewy bodies in Parkinson’s disease. Descriptions of each neurodegenerative disease grew more detailed with respect to which neurons were lost, the order in which different brain regions were affected. Subtle variations were noted, such as differences in age of onset and rate of progression. Still, we knew little or nothing about the causes of these diseases or of their underlying biochemistry. In that first edition, the neurochemistry of neurodegenerative diseases barely existed.

With each subsequent edition, additional clues and insights accumulated and could be incorporated into the text. Twelve years after the first edition, in 1984, the Aβ peptide was isolated from the brains of patients with Alzheimer’s disease and Down syndrome and sequenced , thus uniting these two disparate conditions at the biochemical level and leading to determining the major component of amyloid plaques in AD. The Aβ peptide appeared in Basic Neurochemistry with the 4th edition, as the neurochemistry of the amyloid precursor protein (APP) and of Alzheimer’s disease began to take form. A few years later in 1988, the microtubule associated protein, tau, was shown by immunochemical methods to be the major constituent of neurofibrillary tangles, showing up in the 5th edition. The discovery of prions in 1982 led to a completely different view of how proteins and neurodegeneration were linked in prion diseases in the 5th edition, eventually meriting a chapter on prion diseases starting with the 6th edition.

As protein components were identified, molecular genetics played an increasing role in our understanding of neurodegeneration, starting with the cloning of the APP in 1985 and of pathogenic mutations in APP in 1990. Mutations in additional genes leading to familial forms of Alzheimer’s were identified in 1995, providing insights into the generation of Aβ and amyloid. The genetic bases for additional neurodegenerative diseases were found. The huntingtin protein was identified as the gene product mutated in Huntington’s disease in 1993 and found to be associated with expansion of a polyglutamine repeat (5th edition). That same year, mutations in superoxide dismutase type 1 were shown to cause some cases of familial amyotrophic lateral sclerosis. Synuclein was identified as the major constituent of Lewy bodies in 1997, thus providing a connection to Parkinson’s disease that was reinforced by the concurrent identification of mutations in the α−synuclein gene that gave rise to a familial form of Parkinson’s disease. As genes were identified, we added information eventually leading to inclusion of chapters on the use of transgenic animals in studying inherited diseases in the 6th and the genetics of neurodegeneration and of polyglutamine repeat diseases in the 7th editions.

As our understanding of the biochemical, cellular and molecular components of these diseases increased, new information was added to Basic Neurochemistry and the chapters devoted to the topic grew in size and number. In the current edition, ten different chapters consider aspects of different neurodegenerative diseases. This transformation of our understanding of these diseases is providing insights into the specific molecular mechanisms for pathogenesis and with these insights comes hope for treatments or cures that will finally solve the challenges of these devastating conditions. We would like to think that Basic Neurochemistry has not only chronicled these advances in our understanding, but has contributed to the training and shaping of researchers who will provide the key to cures and treatments to some of the most difficult challenges in contemporary medicine. To emphasize this connection of basic neurochemistry to understanding disease, this 8th edition incorporates a new feature, namely, Translational Neurochemistry, consisting of a special box in each chapter in which a selected recent or emerging basic concept, or discovery is related to its potential significance in understanding translational neurochemical principles. To emphasize that this exchange between basic and clinic neurosciences is two-way street, boxes in basic neuroscience chapters provide an example of a disease mechanism or therapy related to the topics covered in the chapter, while chapters focusing on disease feature a box discussing a basic neuroscience issue related to the disease pathogenesis.

In contrast, when Basic Neurochemistry first appeared in 1972, immunology and neuroscience occupied different worlds. Little overlap was seen beyond the damage to neurons during inflammation due to infection and autoimmune episodes such as multiple sclerosis. Indeed, the brain was thought to be isolated from the immune system by the blood brain barrier, creating an immunologically privileged domain. When this barrier was breached, the nervous system was inevitably damaged. As described in one of the new chapters added to this edition, we now understand that the nervous system plays an important role in regulating the immune system and immune responses. Many gene products originally identified as regulating immune responses may also have functions in the nervous system. Similarly, behavioral and cognitive changes can be related to alterations in immune function. As a result, the latest edition features a chapter on neuroimmunology that provides a framework for understanding the complex interrelationships between the nervous and immune systems along with expanded discussions of inflammatory mechanisms and shared transcriptional factors. In the coming years, we expect to see this area expand like the study of neurodegeneration as we understand more about the fundamental cell and molecular biology of the nervous system.

The preface of the 1972 first edition of Basic Neurochemistry stated the “unifying objective” for the book:

“Its central, unifying objective is the elucidation of biochemical phenomena that subserve the characteristic activity of the nervous system or are associated with neurological diseases. This objective generates certain subsidiary … goals … (1) isolation and identification of components; (2) analysis of their organization … and (3) a description of the temporal and spatial relations of these components and [of] their interactions to [produce] the activity of the intact organ. A comprehensive description … should be continuous from the molecular level to the most complex level of integration.”

This initial goal continues to inform the creation of each new edition. As we understand more of the fundamental principles and ideas of molecular, cellular and medical neurobiology, Basic Neurochemistry will continue to provide a foundation for exploring and understanding the critical ideas.

Scott T. Brady and George J. Siegel

For the Editors
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Chapter 1

Cell Biology of the Nervous System

Scott T. Brady and Leon Tai

Outline


Overview

Cellular Neuroscience Is the Foundation of Modern Neuroscience

Diverse cell types comprising the nervous system interact to create a functioning brain

Neurons: Common Elements and Diversity

The classic image of a neuron includes a perikaryon, multiple dendrites and an axon

Although neurons share common elements with other cells, each component has specialized features

The axon compartment comprises the axon hillock, initial segment, shaft and terminal arbor

Dendrites are the afferent components of neurons

The Synapse is a specialized junctional complex by which axons and dendrites emerging from different neurons intercommunicate

Macroglia: More than Meets the Eye

Virtually nothing can enter or leave the central nervous system parenchyma without passing through an astrocytic interphase

Oligodendrocytes are myelin-producing cells in the central nervous system

The schwann cell is the myelin-producing cell of the peripheral nervous system

Microglia

The microglial cell plays a role in phagocytosis and inflammatory responses

Ependymal cells line the brain ventricles and the spinal cord central canal

Blood–Brain Barriers and the Nervous System

Homeostasis of the central nervous system (CNS) is Vital to the preservation of neuronal function

The BBB and BCSFB serve a number of key functions critical for brain function

Evolution of the blood–brain barrier concept

The Neurovascular Unit Includes Multiple Components

The lumen of the cerebral capillaries that penetrate and course through the brain tissue are enclosed by BECs interconnected by TJ

The basement membrane (BM)/basal lamina is a vital component of the BBB

Astrocytes contribute to the maintenance of the BBB

Pericytes at the BBB are more prevalent than in other capillary types

Brain endothelial cells restrict the transport of many substances while permitting essential molecules access to the brain

There are multiple transporters and transport processes for bidirectional transport at the BBB

Lipid solubility is a key factor in determining the permeability of a substance through the bbb by passive diffusion

The BBB expresses solute carriers to allow access to the brain of molecules essential for metabolism

Receptor-mediated transcytosis (RMT) is the Primary route of transport for some essential peptides and signaling molecules

ATP-binding cassette transporters (ABC) on luminal membranes of the BBB restrict brain entry of many molecules

During development, immune-competent microglia develop and reside in the brain tissue

There is increasing evidence of BBB dysfunction, either as a cause or consequence, in the pathogenesis of many diseases affecting the CNS

The presence of an intact BBB affects the success of potentially beneficial therapies for many CNS disorders
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More than 100 years since the idea of a nervous system made of distinct cell populations gained acceptance, we are beginning to understand how these different cells are produced and how they relate to each other. More importantly, many aspects of the molecular and biochemical basis for these relationships, i.e., the basic neurochemistry of the nervous system, have been defined. The molecular specialization of cells in the nervous system defines function and interactions. The purpose of this chapter is to present the cells and microanatomy of the nervous system as a way of providing a foundation for detailed considerations of the cellular, molecular, and biochemical properties of the nervous system.]


Overview

More than 100 years since the idea of a nervous system made of distinct cell populations gained acceptance, we are beginning to understand how these different cells are produced and how they relate to each other. More importantly, many aspects of the molecular and biochemical basis for these relationships, i.e., the basic neurochemistry of the nervous system, have been defined. The molecular specialization of cells in the nervous system defines function and interactions. In this chapter, we begin by considering the cells and microanatomy of the nervous system as a way of providing a foundation for detailed considerations of the cellular, molecular, and biochemical properties of the nervous system.




Cellular Neuroscience is the Foundation of Modern Neuroscience


Diverse cell types comprising the nervous system interact to create a functioning brain

Modern neurobiology emerged at the turn of the last century out of the demonstration that the brain represented a complex network of distinct cells interacting in precise ways, rather than a syncytium (Ramon y Cajal, 1967). Cells of the nervous system exhibit an extraordinary diversity in shape, size and number of unique interactions with other cells. In the first fifty years, the focus was on identifying and describing these cells, establishing a rich database of information on the anatomy of the nervous system. As our knowledge of neuroanatomy and histology deepened, scientists began to appreciate the specialized biochemistry of the brain and neurochemistry emerged as a distinct field of investigation. Diverse cell types are organized into assemblies and patterns such that specialized components are integrated into a physiology of the whole organ (Fig. 1-1). Brain development and the origins and differentiation of these diverse cell types are discussed in Chapters 28, 30, and 31.

[image: image]

Figure 1.1 The major components of the CNS and their interrelationships. Microglia are depicted in light purple. In this simplified schema, the CNS extends from its meningeal surface (M), through the basal lamina (solid black line) overlying the subpial astrocyte layer of the CNS parenchyma, and across the CNS parenchyma proper (containing neurons and glia) and subependymal astrocytes to ciliated ependymal cells lining the ventricular space (V). Note how the astrocyte also invests blood vessels (BV), neurons and cell processes. The pia-astroglia (glia limitans) provides the barrier between the exterior (dura and blood vessels) and the CNS parenchyma. One neuron is seen (center), with synaptic contacts on its soma and dendrites. Its axon emerges to the right and is myelinated by an oligodendrocyte (above). Other axons are shown in transverse section, some of which are myelinated. The ventricles (V) and the subarachnoid space of the meninges (M) contain cerebrospinal fluid.






Neurons: Common Elements and Diversity


The classic image of a neuron includes a perikaryon, multiple dendrites and an axon

The stereotypical image of a neuron is that of a stellate cell body, the perikaryon or soma, with broad dendrites emerging from one pole and a single axon emerging from the opposite pole (Fig. 1-2). Although this image is near universal in textbooks, neuroanatomists have long recognized the remarkable diversity of neuronal sizes and morphologies (Ramon y Cajal, 1909). The neuron is the most polymorphic cell in the body and defies formal classification on the basis of shape, location, function, fine structure or transmitter substance. Despite this diversity, homologous neurons are often easily recognized across considerable phylogenetic distance. Thus, a Purkinje cell from lamprey shares many recognizable features with those of humans (Bullock et al., 1977). Before the work of Deiters and Ramón y Cajal more than 100 years ago, neurons and neuroglia were believed to form syncytia, with no intervening membranes. The demonstration of neurons and glia as discrete cells proved to be the foundation of modern neuroscience.

[image: image]

Figure 1.2 Diagram of a motor neuron with myelinated axon. The traditional view of a neuron includes a perikaryon, multiple dendrites and an axon. The perikaryon contains the machinery for transcription and translation of proteins as well as their processing. These proteins must be targeted to somal, dendritic or axonal domains as appropriate. The dendrites typically contain postsynaptic specializations, particularly on spines. Some dendritic proteins are locally translated and processed in response to activity. Axonal domains typically contain presynaptic terminals and machinery for release of neurotransmitters. Large axons are myelinated by glia in both the CNS and PNS. The action potential is initiated at the initial segment and saltatory conduction is possible because of concentration of sodium channels at the nodes of Ranvier. Neuronal processes are maintained through the presence of cytoskeletal structures: neurofilaments (axons) and microtubules (axons and dendrites). However, there may be no neurons with this simple structure.

Nerve cell shapes and sizes range from the small, globular cerebellar granule cells, with a perikaryal diameter of approximately 6–8 µm, to the distinctive, pear-shaped Purkinje cells and star-shaped anterior horn cells, with perikarya that may reach diameters of 60–80 µm in humans. Perikaryal size is generally a poor index of total cell volume or surface area. The dendritic and axonal processes of a neuron may represent the overwhelming bulk of neuronal volume and surface, approaching 95–99% of the total cell volume in some cases.

Both axons and dendrites typically exhibit extensive branching with a cell type–specific pattern (see Fig. 1-3, for example). The extent of the branching displayed by the dendrites is a useful index of their functional importance. Dendritic trees represent the expression of the receptive fields, and large fields can receive inputs from multiple origins. A cell with a less-developed dendritic ramification, such as the cerebellar granule cell, has synapses with a more homogeneous population of afferent sources.

[image: image]

Figure 1.3 Real neurons have much more complex morphologies with elaborate branched arbors for both dendrites and axons. Individual neurons may have thousands of presynaptic terminals on their axons and thousands of postsynaptic specializations on their dendrites. Image is adapted from (Fisher & Boycott, 1974) and shows an example of a horizontal cell in the retina of the cat.

The axon emerges from a neuron as a slender thread and frequently does not branch until it nears its target. In contrast to the dendrite and the soma, the axon is frequently myelinated, thus increasing its efficiency as a conducting unit. Myelin, a spirally wrapped membrane (see Ch. 4), is laid down in segments, or internodes, by oligodendrocytes in the CNS and by Schwann cells in the PNS. The naked regions of axon between adjacent myelin internodes are known as nodes of Ranvier (Fig. 1-2).




Although neurons share common elements with other cells, each component has specialized features

Neurons contain the morphological features of other cell types, particularly with regard to the cell soma. The major structures are similarly distributed and some of the most common, such as the Golgi apparatus, Nissl substance and mitochondria, for example, were described first in neurons. However, neurons are distinctive for their size, metabolic activity, and unusual degree of polarization.

The large, pale nucleus and prominent nucleolus of neurons helps identify neurons in histological sections and are consistent with the high level of transcription characteristic of neurons (Fig. 1-4). The nucleolus is vesiculated and easily visualized in the background of pale euchromatin with sparse heterochromatin. The nucleolus usually contains two textures: the pars fibrosa, which are fine bundles of filaments composed of newly transcribed ribosomal RNA, and the pars granulosa, with dense granules consisting of ribonuclear proteins that form ribosomes in the cytoplasm. As with other cells, the nucleus is enclosed by the nuclear envelope, made up of nuclear lamins with a cytoplasmic side membrane, which is in continuity with the endoplasmic reticulum and a more regular membrane on the inner, or nuclear, aspect of the envelope. Periodically, the inner and outer membranes of the envelope come together to form a single diaphragm, forming a 70 nm nuclear pore. In some neurons, as in Purkinje cells, that segment of the nuclear envelope that faces the dendritic pole is deeply invaginated.

[image: image]

Figure 1.4 A motor neuron from the spinal cord of an adult rat shows a nucleus (N) containing a nucleolus, clearly divisible into a pars fibrosa and a pars granulosa, and a perikaryon filled with organelles. Among these, Golgi apparatus (arrows), Nissl substance (NS), mitochondria (M) and lysosomes (L) can be seen. An axosomatic synapse (S) occurs below, and two axodendritic synapses abut a dendrite (D). ×8,000.

The perikaryon (i.e., soma or cell body) of the neuron tends to be larger than other cells of the nervous system and is rich in organelles (Fig. 1-4) including components of the translational machinery, mitochondria, endoplasmic reticulum (ER), lysosomes and peroxisomes, Golgi complex, intermediate components, tubulovesicular organelles, endosomes and cytoskeletal structures. Various membranous cisternae are abundant, divisible into rough ER (rER), which forms part of the Nissl substance; smooth ER (sER); subsurface cisternae; and the Golgi apparatus, with some degree of interconnectivity. Despite these structural connections, each possesses distinct protein composition and enzymatic activities. In addition, lipofuscin granules, which also are termed aging pigment, are often seen in mature neurons.

Nissl substance, identified by staining for ribonucleic acid, comprises the various components of the translational machinery, including both rER, where membrane associated proteins are synthesized, and cytoplasmic or free polysomes for cytoplasmic proteins, which are actually anchored to the cytoskeleton (Fig. 1-5). Histologically, Nissl substance is seen as cytoplasmic basophilic masses that ramify loosely throughout the cytoplasm and were first described in the nervous system. The distinctive Nissl staining of neurons reflects the high levels of protein synthesis in neurons needed to supply the large volume and surface area of neurons. Nissl substance appears excluded from axons at the axon hillock, but can be seen at lower levels in dendrites. The abundance and distribution of Nissl substance in certain neurons are characteristic and can be used as criteria for identification. In the electron microscope (EM), Nissl substance appears as arrays of flattened cisternae of the rER surrounded by clouds of free polyribosomes. The membranes of the rER are studded with rows of ribosomes, which produce the granular appearance of the rER. A space of 20–40 nm is maintained within cisternae. The rER in neurons produces some secretory components like neuropeptides, but must also generate the wide range of membrane proteins used throughout the neuron, a feature imposed by the extraordinary functional demands placed on the neuron.

[image: image]

Figure 1.5 Detail of the nuclear envelope showing a nuclear pore (single arrow) and the outer leaflet connected to the smooth endoplasmic reticulum (ER) (double arrows). Two cisternae of the rough ER with associated ribosomes are also present. ×80,000.

Smooth ER is also abundant in neurons (see Ch. 7), although differentiating sER and rER can be problematic given the proximity and abundance of free polysomes. Ribosomes are not associated with sER, and the cisternae usually assume a meandering, branching course throughout the cytoplasm. In some neurons, i.e., Purkinje cells, the smooth ER is quite prominent. Individual cisternae of the smooth ER extend along axons and dendrites (Ch. 7). The cisternae of sER are metabolically active, representing the site of synthesis for lipids and steroids, as well for processing of proteins by glycosylation, formation and rearrangement of disulfide bonds, and conversion of pro forms of proteins or peptide hormones. The sER is also a site for metabolism of drugs, some carbohydrates, and steroids. Given the diverse functions of sER, there is likely to be regional segregation of specific functions and protein complements within the broad category of sER.

For example, a subsurface cisternal system that is often classified as sER plays a critical role in regulation of cytoplasmic Ca2+ (Ch. 24). These are membrane-bound, flattened cisternae that can be found in many neurons, bearing some elements in common with the sarcoplasmic reticulum in muscle. These structures abut the plasmalemma of the neuron and constitute a secondary membranous boundary within the cell. The distance between these cisternae and the plasmalemma is usually 10–12 nm and, in some neurons, such as the Purkinje cells, a mitochondrion may be found in close association with the innermost leaflet. Similar cisternae have been described beneath synaptic complexes, presumably playing a role in Ca2+ homeostasis in the presynaptic terminal. Membrane structures are described in Chapter 2.

The Golgi apparatus is another highly specialized agranular membranous structure (Fig. 1-6). Ultrastructurally, the Golgi apparatus consists of stacks of smooth-walled cisternae and a variety of vesicles (see Ch. 7). The Golgi complex is located near the cell center, adjacent to the nucleus and the centrosome. The neuronal Golgi is particularly well developed, consistent with the large amount of membrane protein synthesis and processing. In many neurons, the Golgi apparatus encompasses the nucleus and extends into dendrites but is absent from axons. A three-dimensional analysis of the system reveals that the stacks of cisternae are pierced periodically by fenestrations. Tangential sections of these fenestrations show them to be circular profiles. A multitude of vesicles is associated with each segment of the Golgi apparatus, particularly coated vesicles that are generated from the lateral margins of flattened cisternae (Fig. 1-6) (see Ch. 7).
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Figure 1.6 A portion of a Golgi apparatus. The smooth-membraned cisternae appear beaded. The many circular profiles represent tangentially sectioned fenestrations and alveolate vesicles (primary lysosomes). Two of the latter can be seen budding from Golgi saccules (arrows). ×60,000.

Histochemical staining reveals that some of these membrane organelles in the vicinity of the Golgi are rich in acid hydrolases, and they are believed to represent primary lysosomes (see Ch. 7). The lysosome is the principal organelle responsible for the degradation of cellular waste. It is a common constituent of all cell types of the nervous system and is particularly prominent in neurons, where it can be seen at various stages of development (Fig. 1-4). It ranges in size from 0.1 to 2 µm in diameter. The primary lysosome is elaborated from Golgi saccules as a small, vesicular structure (Fig. 1-6). Its function is to fuse with the membrane of waste-containing vacuoles, termed phagosomes or late endosomes, into which it releases hydrolytic enzymes (see Ch. 43 for inherited diseases of lysosomal enzymes). The sequestered material is then degraded within the vacuole, and the organelle becomes a secondary lysosome, which is typically electron dense and large. The matrix of this organelle will give a positive reaction when tested histochemically for acid phosphatase. Residual bodies containing nondegradable material are considered to be tertiary lysosomes, which may include lipofuscin granules. These granules contain brown pigment and lamellar stacks of membrane material, and become increasingly common in the aging brain.

Curiously, primary and secondary lysosomes are largely absent from axonal domains, although prelysosomal structures such as endosomes and phagosomes are prominent. These prelysosomal structures may take the form of multivesicular bodies, which profiles are commonly seen in retrograde axonal transport (Ch. 8). They contain several minute, spherical profiles, sometimes arranged about the periphery of the sphere. A variant of these structures consists of larger elements derived from autophagy and may include degenerating mitochondria (Ch. 7). In the cell soma, they are believed to belong to the lysosome series prior to secondary lysosomes because some contain acid hydrolases and apparently are derived from primary lysosomes.

Mitochondria are the centers for oxidative phosphorylation and the respiratory centers of all eukaryotic cells (see in Ch. 43). These organelles occur ubiquitously in the neuron and its processes. Their overall shape may change from one type of neuron to another but their basic morphology is identical to that in other cell types. Mitochondria consist morphologically of double-membrane sacs surrounded by protuberances, or cristae, extending from the inner membrane into the matrix space. Mitochondrial membranes have a distinctive lipid composition, including the mitochondrial-specific lipid cardiolipin. Mitochondria are primarily considered as the source of ATP from aerobic metabolism of pyruvate or fatty acids, but may have other functions as well. In particular, they play a critical role in regulation of cell death pathways (Chipuk, et al., 2010) (Ch. 37).

Mitochondria and plant chloroplasts are unique among organelles in containing their own genetic complement and machinery for protein synthesis. There are more than twenty mitochondrial genes encoding polypeptides having a mitochondrial function, along with tRNA and ribosomal RNA genes (Szibor & Holtz, 2003). Multiple copies of these genes serve to protect against DNA damage. Protein synthesis in mitochondria shares many features with prokaryotic protein synthesis, including sensitivity to antibiotics that inhibit bacterial protein synthesis. However, mitochondria age and must be renewed on a regular basis (Szibor & Holtz, 2003). As nuclear genes encode the majority of mitochondrial proteins, both cellular and mitochondrial protein synthesis are needed for generation of new mitochondria (Ch. 43).




The axon compartment comprises the axon hillock, initial segment, shaft and terminal arbor

These regions differ ultrastructurally in membrane morphology and cytoskeletal organization. The axon hillock may contain fragments of Nissl substance, including abundant ribosomes, which diminish as the hillock continues into the initial segment. Here, the various axoplasmic components begin to align longitudinally. A few ribosomes and the smooth ER persist, and some axoaxonic synapses occur. The axolemma of the initial segment where the action potential originates exhibits a dense granular layer similar to that seen at the nodes of Ranvier, consistent with a specialized membrane cytoskeleton. Also present in this region are microtubules, neurofilaments and mitochondria. The arrangement of the microtubules in the initial segment is distinctive in forming fascicles interconnected by side arms. Beyond the initial segment, the axon maintains a relatively uniform caliber even after branching with little or no diminution until the very terminal arbors (Fig. 1-7). One exception is a reduction of caliber for myelinated axons at the peripheral node of Ranvier (Hsieh et al., 1994) (see Fig. 1-2 and below). Myelinated axons show granular densities on the axolemma at nodes of Ranvier (Raine, 1982) that correspond to adhesion molecules and high densities of sodium channels. In myelinated fibers, there is a concentration of sodium channels at the nodal axon, a feature underlying the rapid, saltatory conduction of such fibers (Ch. 4).
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Figure 1.7 Axons and dendrites are distinguished morphologically. Left panel:Transverse section of a small myelinated axon in dog spinal cord. The axon contains scattered neurotubules and loosely packed neurofilaments interconnected by side-arm material. ×60,000. Right panel: A dendrite (D) emerging from a motor neuron in the anterior horn of a rat spinal cord is contacted by four axonal terminals: terminal 1 contains clear, spherical synaptic vesicles; terminals 2 and 3 contain both clear, spherical and dense-core vesicles (arrow); and terminal 4 contains many clear, flattened (inhibitory) synaptic vesicles. Note also the synaptic thickenings and, within the dendrite, the mitochondria, neurofilaments and neurotubules. ×33,000.

Microtubules are a prominent feature of all axons. Axonal microtubules are aligned with the long axis of the axon and have a uniform polarity with plus ends distal to the soma (Ch. 6). Microtubules are present in loose groupings rather than bundles and vary in their spacing (Fig. 1-7A). Vesicles and mitochondria are typically seen in association with these microtubule domains, consistent with their movement in fast axonal transport (Ch. 8). In axons less than a micron in diameter, which are usually unmyelinated, microtubules are the primary structural cytoskeletal elements, with sparse neurofilaments and gaps in the neurofilament cytoskeleton. As axons get larger, the number of neurofilaments increases dramatically, becoming the primary determinant of axonal caliber. For large, myelinated axons, neurofilaments occupy the bulk of an axon cross-section (Ch. 6) with microtubules found in small groups along with membrane profiles.

Although neuroscientists typically draw neurons with a single unbranched axon and one presynaptic terminal, most axons are extensively branched into terminal arbors, often producing hundreds or thousands of presynaptic terminals (Fig. 1-3). In addition, many axons in the CNS have en passant presynaptic specializations (Peters et al., 1991) that allow a single axon to have many presynaptic specializations in series. Parallel fibers in the cerebellar cortex may have thousands of these specializations. When en passant synapses occur on myelinated fibers, these synaptic specializations are seen at the nodes of Ranvier. The terminal portion of the axon arborizes and enlarges to form presynaptic specializations at sites of synaptic contact (Chs. 7 and 12).




Dendrites are the afferent components of neurons

In some neurons, they may arise from a single trunk, while other neurons have multiple dendritic trunks emerging from the cell soma. Unlike the axon, dendritic processes taper distally and each successive branch is reduced in diameter. The extensive branching into a dendritic tree gave rise to the name dendrite. Dendrites are typically rich in microtubules and microfilaments, but largely lack neurofilaments. Unlike in axons, the microtubules in proximal dendrites are distinctive in having a mixed polarity and a distinctive microtubule associated protein, MAP2. Proximal dendrites generally contain Nissl substance and components of the Golgi complex. A subset of neuronal mRNAs is transported into the dendrites, where local synthesis and processing of proteins occur in response to synaptic activity (Martin & Zukin, 2006).

Some difficulty may be encountered in distinguishing small unmyelinated axons or terminal segments of axons from similar-sized dendrites. In the absence of morphologically identifiable synaptic structures, they can often be assessed by the content of neurofilaments, which are more typical of axons. The postsynaptic regions of dendrites occur either along the main stems (Fig. 1-8) or more commonly at small protuberances known as dendritic spines (Luscher et al., 2000). Axon presynaptic terminals abut these spines, whose number and detailed structure may be highly dynamic, changing with activity (Bhatt et al., 2009). Spine dynamics are thought to reflect altered synaptic function and may be a substrate for learning and memory. Considerable insights into spine function have been obtained through imaging of spines in intact brain (Bhatt et al., 2009).
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Figure 1.8 Presynaptic morphologies reflect differences in synaptic function. Top panel: A dendrite (D) is flanked by two axon terminals packed with clear, spherical synaptic vesicles. Details of the synaptic region are clearly shown. ×75,000. Middle panel: An axonal terminal at the surface of a neuron from the dorsal horn of a rabbit spinal cord contains both dense-core and clear, spherical synaptic vesicles lying above the membrane thickenings. A subsurface cisterna (arrow) is also seen. ×68,000. Bottom panel: An electrotonic synapse is seen at the surface of a motor neuron from the spinal cord of a toadfish. Between the neuronal soma (left) and the axonal termination (right), a gap junction flanked by desmosomes (arrows) is visible. ×80,000. (Photograph courtesy of Drs. G. D. Pappas and J. S. Keeter.)




The synapse is a specialized junctional complex by which axons and dendrites emerging from different neurons intercommunicate

This was proposed first in 1897 by Sherrington, who also coined the term ‘synapse’. The existence of synapses was immediately demonstrable by EM and can be recognized today in a dynamic fashion by Nomarski optics (differential interference microscopy), confocal and light microscopy, and scanning EM.

Synaptic structures are diverse in morphology and function (Fig. 1-8). Some are polarized or asymmetrical, due to the unequal distribution of electron-dense material on the apposing membranes of the junctional complex and heavier accumulation of organelles within the presynaptic component. The closely applied membranes constituting the synaptic site are overlaid on the presynaptic and postsynaptic aspects by an electron-dense material similar to that seen in desmosomes and separated by a gap or cleft of 15–20 nm. The classic presynaptic terminal of a chemical synapse contains a collection of clear, 40–50 nm synaptic vesicles. The morphology of synaptic vesicles in the terminal may exhibit subtle differences depending on the neurotransmitter being released (Peters & Palay, 1996).

Synaptic vesicles are important in packaging, transport and release of neurotransmitters and, after their discharge into the synaptic cleft, they are recycled within the axon terminal (Ch. 7). Also present are small mitochondria approximately 0.2–0.5 μm in diameter (Fig. 1-8). Microtubules, coated vesicles and cisternae of the smooth ER may be found in the presynaptic compartment. On the postsynaptic side is a density referred to as the subsynaptic web. Aside from relatively sparse profiles of smooth ER or subsurface cisternae and Golgi profiles, there are few aggregations of organelles in the dendrite. At the neuromuscular junction, the morphological organization is somewhat different. Here, the axon terminal is greatly enlarged and ensheathed by Schwann cells; the postsynaptic or sarcolemmal membrane displays less density and is infolded extensively.

Today, most neuroanatomists categorize synapses depending on the profiles between which the synapse is formed, such as axodendritic, axosomatic, axoaxonic, dendrodendritic, somatosomatic and somatodendritic synapses. However, such a classification does not specify whether the transmission is chemical or electrical nor does it address the neurotransmitter involved in chemical synapses. Alternatively, physiological typing of synapse defines three groups: excitatory, inhibitory and modulatory. Depending on the methods used, the synaptic vesicles can be distinctive (Peters & Palay, 1996). For example, excitatory synapses may have spherical synaptic vesicles, whereas inhibitory synapses contain a predominance of flattened vesicles (Fig. 1-8). However, some consider that the differences between flat and spherical vesicles may reflect an artifact of aldehyde fixation or a difference in physiological state at the time of sampling. Moreover, this classification does not hold true for all regions of the CNS.

The most extensively studied synapses in situ or in synaptosomes are cholinergic (Ch. 13). However, there is a wide range of chemical synapses that utilize biogenic amines (Chs. 14–16) as neurotransmitter substances, as well as other small molecules such as GABA (Ch. 18) and adenosine (Ch. 19). In addition to clear vesicles, slightly larger dense-core or granular vesicles of variable dimensions can be seen in the presynaptic terminal (Fig. 1-8). These larger, dense core vesicles contain neuropeptides (Ch. 20), whose secretion is regulated independently of classic neurotransmitters. Further, some synapses may be so-called silent synapses, which are observed in CNS tissue both in vitro and in vivo. These synapses are morphologically identical to functional synapses but are physiologically dormant.

Finally, there is the well-characterized electrical synapse, where current can pass from cell to cell across regions of membrane apposition that essentially lack the associated collections of organelles present at the chemical synapse. In the electrical synapse (Fig. 1-8 lower panel), the unit membranes are closely apposed, and the outer leaflets sometimes fuse to form a pentalaminar structure; however, in most places, a gap of approximately 20 nm exists, producing a so-called gap junction. Not infrequently, desmosome-like domains separate gap junctions. Sometimes, electrical synapses exist at terminals that also display typical chemical synapses; in such cases, the structure is referred to as a mixed synapse.






Macroglia: More than Meets the Eye

In 1846, Virchow recognized the existence of a fragile, non-nervous, interstitial component made up of stellate or spindle-shaped cells in the CNS. These cells were morphologically distinct from neurons, and were thought to hold the neurons together, hence the name neuroglia, or ‘nerve glue’ (Peters et al., 1991). Today, we recognize three broad groups of glial cells in the CNS: (a) macroglia, such as astrocytes, radial glia and oligodendrocytes of ectodermal origin, like neurons; (b) microglia, of mesodermal origin; and (c) ependymal cells, also of ectodermal origin. Microglia invade the CNS via the pia mater, the walls of blood vessels and the tela choroidea at the time of vascularization. Glial cells are not electrically excitable and some types, such as astrocytes, retain the ability to proliferate, particularly in response to injury, while others may be replaced by differentiation from progenitors (see Ch. 30). The rough schema represented in Fig. 1-1 illustrates the interrelationships between glia and other CNS components.


Virtually nothing can enter or leave the central nervous system parenchyma without passing through an astrocytic interphase

The complex packing achieved by the processes and cell bodies of astrocytes reflects their critical role in brain metabolism (Sofroniew & Vinters, 2010). Astrocytes traditionally have been subdivided into stellate-shaped protoplasmic and fibrous astrocytes as well as the elongate radial and Bergman glia (Kimelberg & Nedergaard, 2010). The astrocyte lineage is increasingly recognized as more complex and dependent on the developmental context than previously recognized (Kimelberg & Nedergaard, 2010).

Although many structural components of fibrous and protoplasmic astrocytes are shared, their functions are diverse. Protoplasmic astrocytes range in size from 10–40 µm, are frequently located in gray matter in relation to capillaries and have a clearer cytoplasm than fibrous astrocytes (Fig. 1-9). Fibrous astrocytes are found in white matter and are typically smaller. All astrocytes have intermediate filaments containing glial fibrillary acidic protein (GFAP), which is a standard marker for astrocytic cells, and microtubules (Fig. 1-10), often extending together with loose bundles of filaments along cell processes. They also contain glycogen granules; lysosomes and lipofuscin-like bodies; isolated cisternae of the rough ER; a small Golgi apparatus opposite one pole of the nucleus; and small, elongated mitochondria. Characteristically, the nucleus is ovoid and nucleochromatin homogeneous, except for a narrow, continuous rim of dense chromatin and one or two poorly defined nucleoli, consistent with modest levels of transcription and translation. Another common feature of astrocytes is that they form tight junctions, particularly desmosomes (mediated by cadherins) and gap junctions (mediated by connexins) that occur between adjacent astrocytic processes.
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Figure 1.9 A protoplasmic astrocyte abuts a blood vessel (lumen at
L
) in rat cerebral cortex. The nucleus shows a rim of denser chromatin, and the cytoplasm contains many organelles, including Golgi and rough endoplasmic reticulum. ×10,000.
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Figure 1.10 A section of myelinating white matter from a kitten contains a fibrous astrocyte (
A
) and an oligodendrocyte (
O
). The nucleus of the astrocyte (A) has homogeneous chromatin with a denser rim and a central nucleolus. That of the oligodendrocyte (O) is denser and more heterogeneous. Note the denser oligodendrocytic cytoplasm and the prominent filaments within the astrocyte. ×15,000.Inset: Detail of the oligodendrocyte, showing microtubules (arrows) and absence of filaments. ×45,000.

Fibrous astrocyte (Fig. 1-10) processes appear twig-like, with large numbers of tightly bundled GFAP filaments, while GFAP filaments in protoplasmic astrocytes are less tightly bundled. Filaments within these astrocyte processes can be readily distinguished from neurofilaments by their close packing and the absence of side arms (see Ch. 6). GFAP staining is a standard marker for identification of astrocytes and has traditionally been used to estimate the extent of astrocytic processes. However, expression of green fluorescent protein (GFP) under astrocyte-specific promoters indicates that GFAP staining significantly underestimates the size and extent of astrocytic processes. This is important because each astrocyte typically defines a domain based on the soma and processes, with little overlap between adjacent domains through peripheral processes that are largely invisible with GFAP staining (Nedergaard et al., 2003). Remarkably, the number, size and extent of astrocytes is species-dependent, so human astrocytes are 2.5 times larger than comparable mouse astrocytes (Kimelberg & Nedergaard, 2010) and the number of astrocytes per neuron is 3–4 times greater in human brain (Nedergaard et al., 2003).

In addition to protoplasmic and fibrous forms, a set of elongate cells is also derived from the astrocyte lineage, including Muller glia in the retina (Ch. 51) and Bergman glia in the cerebellum (Kimelberg & Nedergaard, 2010). In addition to providing structural support, these elongated astrocytes may have additional roles to play. For example, Müller cells may serve as light guides, analogous to fiber optics, channeling light to photoreceptors (Franze et al., 2007). Finally, regional specialization occurs among astrocytes. In addition to differences between white (fibrous) and grey matter (protoplasmic) astrocytes, there may be additional subtypes. For example, the outer membranes of astrocytes located in subpial zones and those facing blood vessels possess a specialized thickening, sometimes called hemidesmosomes, and there may be additional functional specializations.

New functions of astrocytes continue to be identified (Kimelberg & Nedergaard, 2010). Astrocytes ensheath synaptic complexes and the soma of some neurons (i.e., Purkinje cells). This places them in a unique position to influence the environment of neurons and to modulate synaptic function. Astrocytes are not excitable cells, but have large negative membrane potentials. This allows them to buffer extracellular K+, so astrocytes play a significant role in K+ homeostasis in the brain (Leis et al., 2005), particularly after injury (see also Aquaporin 4 in Ch. 3). Astrocytes similarly buffer extracellular pH in the brain and may modulate Na+ levels as well (Deitmer & Rose, 2010). Recent studies have established that astrocytes express metabotropic glutamate receptors (Ch. 17) and purinergic receptors (Ch. 19). Activation of purinergic receptors may produce Ca2+ waves that affect groups of astrocytes by release of Ca2+ from intracellular stores and that may involve communication between astrocytes through gap junctions (Nedergaard et al., 2003). Complementary to these functions, astrocytes may play a role in regulation of cerebral blood flow and availability of both glucose and lactate for maintenance of neuronal metabolism. Further, even the entry of water into the brain may be modulated by the action of aquaporins on astrocytes (Kimelberg & Nedergaard, 2010).

Astrocytes may affect neuronal signaling in a variety of ways. Prolonged elevation of extracellular levels of the excitatory neurotransmitter glutamate can lead to excitotoxicity due to overactivation of glutamate receptors and excessive entry of Ca2+ into neurons. Astrocytes express both metabotropic glutamate receptors and glutamate transporters, which are responsible for glutamate uptake and limit the possibility of neuronal damage (Sattler & Rothstein, 2006). The astrocyte enzymatically converts glutamate to glutamine, which can then be recycled to the neuron. Astrocytes similarly provide glutathione to neurons through a uptake and conversion of cysteine (McBean, 2011). Finally, GABA transporters on astrocytes may affect the balance between excitatory and inhibitory pathways.

The role of astrocytes in injury and neuropathology is complex (Sofroniew & Vinters, 2010). Subsequent to trauma, astrocytes invariably proliferate, swell, accumulate glycogen and undergo fibrosis by the accumulation of GFAP filaments. This state of gliosis may be total, in which case all other elements are lost, leaving a glial scar, or it may be a generalized response occurring against a background of regenerated or normal CNS parenchyma. With age, both fibrous and protoplasmic astrocytes accumulate filaments. Mutations in GFAP are now known to be the cause of the childhood leukodystrophy called Alexander disease (Johnson, 2002) (Ch. 41).


Oligodendrocytes are myelin-producing cells in the central nervous system

Oligodendrocytes are definable by morphological criteria. The roughly globular cell soma ranges from 10–20 µm and is denser than that of an astrocyte. The margin of the cell is irregular and compressed against the adjacent neuropil. In contrast to astrocytes, few cell processes are seen. Within the cytoplasm, many organelles are found. Parallel cisternae of rough ER and a widely dispersed Golgi apparatus are common. Free ribosomes occur, scattered amid occasional multivesicular bodies, mitochondria and coated vesicles. Distinguishing the oligodendrocyte from the astrocyte is the absence of glial or any other intermediate filament, but abundant microtubules are present (Figs. 1-10 and 11). Microtubules are most common at the margins of the cell, in the occasional cell process and in cytoplasmic loops around myelin sheaths. Lamellar dense bodies, typical of oligodendrocytes, are also present. The nucleus is usually ovoid, but slight lobation is not uncommon. The nucleochromatin stains heavily and contains clumps of denser heterochromatin. Desmosomes and gap junctions occur between interfascicular oligodendrocytes.

Myelinating oligodendrocytes have been studied extensively (see Chs. 10 and 31). Examination of the CNS during myelinogenesis (Fig. 1-11) reveals connections between the cell body and the myelin sheath (Chs. 10 and 31). The oligodendrocyte is capable of producing many internodes of myelin simultaneously. It has been estimated that oligodendrocytes in the optic nerve produce between 30 and 50 internodes of myelin. Damage to only a few oligodendrocytes, therefore, can be expected to produce an appreciable area of primary demyelination. Oligodendrocytes are among the most vulnerable elements and the first to degenerate (Ch. 39). Like neurons, they lose their ability to proliferate once differentiated.

[image: image]

Figure 1.11 A myelinating oligodendrocyte, nucleus (N), from the spinal cord of a 2-day-old kitten extends cytoplasmic connections to at least two myelin sheaths (arrows). Other myelinated and unmyelinated fibers at various stages of development, as well as glial processes, are seen in the surrounding neuropil. ×12,750.

Analogous to a neuron, the relatively small oligodendrocyte soma produces and supports many times its own volume of membrane and cytoplasm. For example, an average oligodendrocyte produces 20 internodes of myelin. Each axon has a diameter of 3 µm and is covered by at least six lamellae of myelin, with each lamella representing two fused layers of unit membrane. Calculations based on the length of the myelin internode (which may exceed 500 µm) and the length of the cell processes connecting the sheaths to the cell body indicate that the ratio between the surface area for the cell soma and the myelin it sustains can be 1:1000 or greater.

The oligodendrocyte is a primary target in autoimmune diseases like multiple sclerosis and experimental autoimmune encephalopathy (Ch. 39). This vulnerability to immune mediated damage may reflect the presence in the myelin sheath of many molecules with known affinities to elicit specific T- and B-cell responses (Chs. 33 and 39). Many of these molecules, such as myelin basic protein, proteolipid protein, myelin-associated glycoprotein, galactocerebroside, myelin/oligodendrocyte protein, and myelin oligodendrocyte glycoprotein (MOG), among others, can also be used to generate specific antibodies for anatomical and pathological analyses of oligodendrocytes in vivo and in vitro.




The schwann cell is the myelin-producing cell of the peripheral nervous system

When axons leave the CNS, they lose their neuroglial interrelationships and traverse a short transitional zone where they are invested by an astroglial sheath enclosed in the basal lamina of the glia limitans. The basal lamina then becomes continuous with that of axon-investing Schwann cells, at which point the astroglial covering terminates. Schwann cells, therefore, are the axon-ensheathing cells of the PNS, equivalent functionally to the oligodendrocyte of the CNS, but sharing some aspects of astrocyte function as well. Unlike the CNS, where an oligodendrocyte produces many internodes, each myelinating Schwann cell produces a single internode of myelin and interacts with a single neuron. Another difference is that the myelinating Schwann cell body remains in intimate contact with its myelin internode (Fig. 1-12), whereas the oligodendrocyte soma connects to internodes via long, attenuated processes. Periodically, myelin lamellae open up into ridges of Schwann cell cytoplasm, producing bands of cytoplasm around the fiber called Schmidt–Lanterman incisures, reputed to be the stretch points along PNS fibers. These incisures are not a common feature in the CNS. The PNS myelin period is 11.9 nm in preserved specimens, some 30% less than in the fresh state and in contrast to the 10.6 nm of central myelin. In addition to these structural differences, PNS myelin differs biochemically and antigenically from that of the CNS (see Ch. 10).
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Figure 1.12 A myelinated PNS axon (
A
) is surrounded by a Schwann cell nucleus (
N
). Note the fuzzy basal lamina around the cell, the rich cytoplasm, the inner and outer mesaxons (arrows), the close proximity of the cell to its myelin sheath and the 1:1 (cell:myelin internode) relationship. A process of an endoneurial cell is seen (lower left), and unstained collagen (c) lies in the endoneurial space (white dots). ×20,000.

Not all PNS fibers are myelinated but all PNS axons interact with Schwann cells. For small axons (<1 µm), nonmyelinating Schwann cells interact with multiple axons (Peters et al., 1991). Nonmyelinated fibers in the PNS are grouped into bundles surrounded by Schwann cell processes, in contrast to the situation in the CNS. Each axon is largely separated from adjacent axons by invaginations of Schwann cell membrane and cytoplasm. However, the axon connects to the extracellular space via a short channel, the mesaxon, formed by the invaginated Schwann cell plasmalemma.

Ultrastructurally, the Schwann cell is unique and distinct from the oligodendrocyte. Each Schwann cell is surrounded by a basal lamina made up of a mucopolysaccharide approximately 20–30 nm thick that does not extend into the mesaxon (Fig. 1-12). The basal lamina of adjacent myelinating Schwann cells at the nodes of Ranvier is continuous, and Schwann cell processes interdigitate so that the PNS myelinated axon is never in direct contact with the extracellular space (Fig. 1-13). These nodal Schwann cell fingers display intimate relationships with the axolemma, and a similar arrangement between the nodal axon and the fingers of astroglial cells is seen in the CNS, but the specific function of these fingers is not well understood. The axon in the peripheral node of Ranvier is significantly restricted (Fig. 1-13) and the neurofilaments are dephosphorylated (Witt & Brady, 2000), which is thought to be related to targeting of proteins to the nodal membrane. However, changes in axon caliber and neurofilament density at CNS nodes of Ranvier are not as dramatic. The Schwann cells of nonmyelinated PNS fibers overlap, so there are no gaps and no nodes of Ranvier.

[image: image]

Figure 1.13 The axon is constricted at the peripheral node of Ranvier. Top panel: Low-power electron micrograph of a node of Ranvier in longitudinal section. Note the abrupt decrease in axon diameter and the attendant condensation of axoplasmic constituents in the paranodal and nodal regions of the axon. Paranodal myelin is distorted artifactually, a common phenomenon in large-diameter fibers. The nodal gap substance (arrows) contains Schwann cell fingers, the nodal axon is bulbous and lysosomes lie beneath the axolemma within the bulge. Beaded smooth endoplasmic reticulum sacs are also seen. ×5,000. Bottom panel: A transverse section of the node of Ranvier (7–8 nm across) of a large fiber shows a prominent complex of Schwann cell fingers around an axon highlighted by its subaxolemmal densification and closely packed organelles. The Schwann cell fingers arise from an outer collar of flattened cytoplasm and abut the axon at regular intervals of approximately 80 nm. The basal lamina of the nerve fiber encircles the entire complex. The nodal gap substance is granular and sometimes linear. Within the axoplasm, note the transversely sectioned sacs of beaded smooth endoplasmic reticulum (ER); mitochondria; dense lamellar bodies, which appear to maintain a peripheral location; flattened smooth ER sacs; dense-core vesicles; cross-bridged neurofilaments; and microtubules, which in places run parallel to the circumference of the axon (above left and lower right), perhaps in a spiral fashion. ×16,000.

The cytoplasm of the Schwann cell is rich in organelles (Fig. 1-12). A Golgi apparatus is located near the nucleus, and cisternae of the rough ER occur throughout the cell. Lysosomes, multivesicular bodies, glycogen granules and lipid granules, sometimes termed pi granules, also can be seen. The cell is rich in microtubules and filaments, in contrast to the oligodendrocyte. The plasmalemma frequently shows pinocytic vesicles. Small, round mitochondria are scattered throughout the soma. The nucleus, which stains intensely, is flattened and oriented longitudinally along the nerve fiber. Aggregates of dense heterochromatin are arranged peripherally.

In sharp contrast to the differentiated oligodendrocyte, the Schwann cell responds vigorously to most forms of injury (Ch. 39). An active phase of mitosis occurs following traumatic insult, and the cells are capable of local migration. Studies on their behavior after primary demyelination have shown that they phagocytose damaged myelin. They possess remarkable ability for regeneration and begin to lay down new myelin approximately one week after a fiber loses its myelin sheath. After primary demyelination, PNS fibers are remyelinated efficiently, whereas similarly affected areas in the CNS show relatively little proliferation of new myelin (see Ch. 39). After severe injury leading to transection of the axons, axons degenerate and the Schwann cells form tubes, termed Büngner bands, containing cell bodies and processes surrounded by a single basal lamina. These structures provide channels along which regenerating axons might later grow. The presence and integrity of the Schwann cell basal lamina is essential for reinnervation, and transplantation of Schwann cells into the CNS environment can facilitate regeneration of CNS axons (Kocsis & Waxman, 2007) (Ch. 32). A number of pathologies have been identified that are associated with mutations in Schwann cell proteins, including many forms of Charcot-Marie-Tooth disease (Ch. 38).








Microglia


The microglial cell plays a role in phagocytosis and inflammatory responses

Of the few remaining types of CNS cells, some of the most interesting and enigmatic cells are the microglia (Graeber, 2010). The microglia are of mesodermal origin, are located in normal brain in a resting state (Fig. 1-14), and convert to a mobile, active brain macrophage during disease or injury (van Rossum & Hanisch, 2004) (Ch. 34). Microglia sense pathological changes in the brain and are the major effector cell in immune-mediated damage in the CNS. However, they also express immunological molecules that have functions in the normal brain. Indeed, microglia in healthy tissue behave very differently from macrophages and should be considered a distinct cell type (Graeber, 2010).
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Figure 1.14 A microglial cell (M) has elaborated two cytoplasmic arms to encompass a degenerating apoptotic oligodendrocyte (O) in the spinal cord of a 3-day-old kitten. The microglial cell nucleus is difficult to distinguish from the narrow rim of densely staining cytoplasm, which also contains some membranous debris. ×10,000.

Microglia are pleiotropic in form, being extensively ramified cells in quiescent state and converting to macrophage-like amoeboid cells with activation. The availability of new selective stains for different stages of activation has expanded our understanding of their number, location and properties (Graeber, 2010). Nonactivated microglia have a thin rim of densely staining cytoplasm that is difficult to distinguish from the nucleus. The nucleochromatin is homogeneously dense and the cytoplasm does not contain an abundance of organelles, although representatives of the usual components can be found. During normal wear and tear, some CNS elements degenerate and microglia phagocytose the debris (Fig. 1-14). Their identification and numbers, as determined by light microscopy, differ from species to species. The CNS of rabbit is richly endowed. In a number of disease instances, such as trauma, microglia are stimulated and migrate to the area of injury, where they phagocytose debris. As our understanding of microglia expands, the number of functions and pathologies in which they play a role increases.




Ependymal cells line the brain ventricles and the spinal cord central canal

They typically extend cilia into the ventricular cavity and play numerous roles in development and maintenance of the nervous system (Del Bigio, 2010). One emerging aspect of ependymal cells is their role in supporting neurogenesis in subventricular zones. They express aquaporins and help regulate the fluid balance of the brain. Defects in ependymal cells can produce hydrocephalus, and these cells are particularly vulnerable to viral infections of the nervous system.

The presence of motile cilia is a hallmark of the ependymal cell. The cilia emerge from the apical pole of the cell, where they are attached to a blepharoplast, the basal body (Fig. 1-15), which is anchored in the cytoplasm by means of ciliary rootlets and a basal foot. The basal foot is the contractile component that determines the direction of the ciliary beat. Like all flagellar structures, the cilium contains the common microtubule arrangement of nine peripheral pairs around a central doublet (Fig. 1-15). In the vicinity of the basal body, the arrangement is one of nine triplets; at the tip of each cilium, the pattern is one of haphazardly organized single tubules. Also extending from the free surface of the cell are numerous microvilli containing actin microfilaments (Fig. 1-15). The cytoplasm of ependymal cells stains intensely, having an electron density comparable to oligodendrocyte, whereas the nucleus is more similar in density to that of the astrocyte. Microtubules, large whorls of filaments, coated vesicles, rough ER, Golgi apparatus, lysosomes and abundant small, dense mitochondria are also present in ependymal cells.
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Figure 1.15 Ependymal cells are highly ciliated and linked by tight junctions. Top panel: The surface of an ependymal cell. Surface contains basal bodies (arrows) connected to the microtubules of cilia, seen here in longitudinal section. Several microvilli are also present. ×37,000. Inset: Ependymal cilia in transverse section possess a central doublet of microtubules surrounded by nine pairs, one of each pair having a characteristic hook-like appendage (arrows). ×100,000.Bottom panel: A typical desmosome (d) and gap junction (g) between two ependymal cells. Microvilli and coated pits (arrows) are seen along the cell surface. ×35,000.

The base of the cell is composed of involuted processes that interdigitate with the underlying neuropil (Fig. 1-15). Tight junctions between ependymal cells make them an effective component of the brain–cerebrospinal fluid barrier. The coordinate action of various cells to isolate the brain illustrates multiple elements of cell biology of the brain and will be considered in greater depth.






Blood–Brain Barriers and the Nervous System


Homeostasis of the central nervous system (CNS) is vital to the preservation of neuronal function

In order to create a stable environment, the CNS milieu is separated from the vasculature by two main interfaces: the blood–brain barrier (BBB) and the blood–cerebral spinal (CSF) fluid barrier (BCSFB) (Fig. 1-16). In addition, the arachnoid epithelium underlying the dura mater is a third interface, though a significantly smaller one than the BBB and BCSFB. The BBB, with an estimated surface area 5000 times larger than the BCSFB, is the largest barrier and forms a primary role in the barrier function of the brain.
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Figure 1.16 The brain tissue is separated from the plasma by three main interfaces: (a) blood–brain barrier (BBB), (b) blood–cerebral spinal fluid barrier (BCSFB) and (c) arachnoid cells underlying the dura mater. 
(a) The BBB comprises the largest area of blood–brain contact with a surface area of 10–20 m2. Specialized brain endothelial cells form the barrier function of the BBB restricting paracellular (via tight junction proteins) and transcellular (via transporters and enzymes) transport. (b) BECs at the choroid plexuses are fenestrated and leaky; however, tight junctions (TJs) of epithelial cells form the BCSFB. (c) Arachnoid cells under the dura mater comprise the barrier of the arachnoid–dura barrier.Adapted from Abbott et al., (2010).

The BBB is defined by the restricted permeability of brain capillaries compared to capillaries of other organs, particularly with regard to hydrophilic (water-soluble) molecules. The BBB comprises the largest area of brain-blood contact, with a surface area between 10–20 m2. The extent of this vascularization is such that it is estimated that each neuron is perfused by its own blood vessel. Specialized brain endothelial cells (BECs) that line brain capillaries are a key component of the BBB. Neighboring BECs are connected by tight junctions (TJ), also called zonulae occludens. TJ reduce the paracellular (between cells) movement of molecules, creating a physical barrier. BECs also form metabolic and transport barriers to many molecules through enzymes and transporters, while allowing access of essential nutrients to the brain (see Ch. 3).

The BSCFB occurs at the choroid plexuses. The choroid plexuses are highly vascular, branched structures that project into the ventricles of the brain. Epithelial cells at the choroid plexus produce cerebral spinal fluid (CSF) with a turnover rate of around four times every 24 hours. BECs at the choroid plexus differ from those in most of the brain in that BECs are fenestrated. However, epithelial cells surrounding the endothelial cells have TJ that constitute the BCSFB barrier.

In addition to the choroid plexus, there are a few other regions in the CNS where BECs are fenestrated. These are collectively called the circumventricular organs (CVOs). CVOs are ventricularly located structures that carry out the two main functions of neu-ropeptide secretion (e.g., medial eminence, pineal gland) and hormone/neurotransmitter detection (e.g., subfornical organ). At these sites, specialized ependymal cells/tanycytes are linked by TJ to act as a barrier.


The BBB and BCSFB serve a number of key functions critical for brain function

First, the BBB regulates ionic gradients. Neuronal action potentials depend on the intra- and extra-neuronal concentrations of ions, specifically K+ and Na+. These ionic concentrations must be maintained within a narrow range to allow efficient neuronal firing and neurotransmitter release. Plasma K+ levels are 1.5 times higher than the CSF (CSF levels are a guide for brain concentrations in the absence of interstitial fluid measurements), and K+ ions are excluded from the brain by the BBB (Table 1-1).

Table 1.1. Concentration of Plasma and CSF Levels for Selected Ions and Molecules in Humans. Notice that K+ ions, amino acids like glutamate and selected plasma proteins are all present in the plasma at much higher concentrations than the CSF, and could cause neuronal toxicity if allowed to enter unhindered into the brain.

[image: Image]

Adapted from Abbott et al., (2010)

Second, the BBB controls protein, metabolite and toxin exchange. Blood plasma contains many elements that are relatively nontoxic in the periphery, but interfere with neuronal function and may be neurotoxic if allowed to enter the brain along their concentration gradients (Table 1-1). For example, plasma levels of the excitatory neurotransmitter glutamate are more than five times greater than levels in CSF. Similarly, some high–molecular weight proteins abundant in plasma (e.g., albumin, plasmin and thrombin) can induce neuronal apoptosis, as can certain ingested xenobiotics and by-products of digestion or physiological metabolism.

Third, the BBB allows nutrient exchange. The brain utilizes 20% of the total body oxygen consumption and a comparable fraction of glucose. However, energy reserves in the brain are limited and a constant supply is critical. Since the BBB excludes many hydrophilic molecules, transporters allow nutrients and signaling molecules brain access e.g., glucose transport via glucose transporter-1 (glut-1) (Ch. 3).

Fourth, the BBB and choroid plexus control the composition of extracellular fluid (ECF). CSF produced by the choroid plexuses, in particular at the lateral ventricles, acts to cushion the brain, reduces brain weight by up to a third and provides drainage for the ECF. The ECF supplied by the BBB is often referred to as the interstitial fluid (ISF), although the distinction between CSF and ISF is not always clear because the ISF drains partially into the CSF. The BBB also produces a slow ISF drainage via osmotic and ionic gradients. Overall, the BBB and BCSFB not only control ECF composition but also generate a flow to allow metabolite drainage.




Evolution of the blood–brain barrier concept

The concept of the BBB was first proposed over 100 years ago by Paul Erlich as an explanation for exclusion of hydrophilic aniline dyes from the brain when administered into the peripheral vasculature. Trypan blue injected directly into the CSF stained all brain cell types, whereas intravenous application did not, adding further evidence for a barrier function protecting the brain. These and other findings sparked a search for the cellular basis for the BBB, but it was not until the advent of electron microscopy that BECs emerged as a central component of the BBB.

During the 1960s, horseradish peroxidase (HRP) had been employed as an enzymatic tracer for vascular transport studies due to high sensitivity of detection and low molecular weight (MW 43,000). HRP passes from the circulation to extravascular spaces by diffusion through gaps between ECs and via pinocytotic vesicles in cardiac and skeletal muscle. However, Reese and Karnovsky (1967) demonstrated that HRP administered via the tail veins of mice was undetectable in the brain tissue. These studies established that neighboring BECs overlap and are linked together by TJ (Fig. 1-17), thereby preventing the intercellular/paracellular passage of HRP. Based on this identification of BECs as a key component of the BBB, subsequent experiments yielded a detailed understanding of the BBB.
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Figure 1.17 Neurovascular unit. Brain capillaries are lined by specialized endothelial cells, which are intermingled with pericytes and surrounded by a basal lamina. Astrocytic end feet surround the basal lamina.








The Neurovascular Unit Includes Multiple Components


The lumen of the cerebral capillaries that penetrate and course through the brain tissue are enclosed by BECs interconnected by TJ

Pericytes are small connective tissue cells containing smooth muscle myosin sparingly attached to the abluminal (brain-side) surface of BECs, with both cells surrounded by a basal lamina or basement membrane. In addition, astrocytic end feet are contiguous with the basal lamina and surround the BECs. The term neurovascular unit has recently been introduced to describe the interactions between BECs, astrocytes, pericytes, neurons and neighboring glia (Paolinelli et al., 2011). Astrocytes and pericytes lie closest to BECs. Both cell types have been demonstrated to play a role in the maintenance and induction of the BBB. The key features of the neurovascular unit shall now be discussed in detail.


The basement membrane (BM)/basal lamina is a vital component of the BBB

The BM surrounds BECs and pericytes and acts to hold the cells in their place (Ch. 9). The 20–200 nm thick BM is a mixture of different classes of extracellular matrix proteins including structural proteins (collagen type IV); adhesion proteins (laminin, fibronectin); and heparan sulfate proteoglycans (perlecan, agrin) among others. BECs, astrocytes and pericytes all bind to the BM via specific receptors. Integrins are the major class of receptors expressed by all cell types in the neurovascular unit, and exist in different subclasses to allow binding to different components of the BM, e.g., collagen or laminin. In addition, the non-integrin receptor dystroglycan mediates binding to the proteoglycans and laminin. All cells of the neurovascular unit secrete components of the basement membrane. Matrix metalloproteinases (MMP) can actively digest the membrane, and are found up-regulated in inflammatory disease, e.g., multiple sclerosis (Ch. 39).




Astrocytes contribute to the maintenance of the BBB

The close proximity of astrocytic foot processes to BECs provided the basis for the view that astrocytes regulate the BBB. Indeed, the loss of astrocytes is associated with a loss of BBB integrity in vivo. Co-culture of isolated BECs with astrocytes or astrocyte-conditioned media modifies BEC functions such as reduced permeability, and increased transporter protein expression (e.g., glut-1 and TJ proteins). A combination of astocytic secreted factors (e.g., basic fibroblast growth factor, transforming growth factor beta, angiopoietin-1, glia-derived neurotrophic factor, lipoproteins) and the physical presence of astrocytes contribute to the maintenance of the BBB. BECs can also influence astrocytic properties through a two-way communication.




Pericytes at the BBB are more prevalent than in other capillary types

At the rat BBB, there is one pericyte to every 5 ECs compared to 1 per 100 in skeletal muscle capillaries. Thus, association of pericytes is correlated with TJ expression and barrier function in endothelia. The presence of pericytes appears critical in BBB development and BM formation. Recruitment of pericytes to BEC during development is in part mediated by platelet-derived growth factor (PDGF), and accordingly PDGF knockout mice develop numerous aneurisms, possibly due to capillary wall instability. An early observation of pericytes’ ultrastructure was that they contain smooth muscle actin. Pericytes have been demonstrated to contract in in vivo and in vitro, indicating a role in controlling blood flow. During hypoxia and traumatic brain injury, both conditions associated with an increased BBB permeability, pericytes migrate away from BECs, highlighting the importance of pericytes in BBB maintenance.




Brain endothelial cells restrict the transport of many substances while permitting essential molecules access to the brain

BECs at the BBB are thin cells (500 nm), but create an effective barrier. The presence of TJ between BECs results in a decreased paracellular permeability of the BBB to many molecules, especially ions. Reduced ion permeability induces a high BBB electrical resistance of 1000–2000 ohms≠cm2 compared to peripheral vessels (2–20 ohms≠cm2). BECs also differ from peripheral EC by high mitochondrial content (⩽10% of total cytoplasmic volume compared to ⩽4% in peripheral ECs), consistent with high levels of energy utilization. ATP-dependent transporters act to transport blood-borne harmful agents back into the blood (e.g., P-glycoprotein, see below) and to maintain ionic and nutrient homeostasis. BECs may have lower levels of endocytosis.

BECs are linked together by a complex of proteins, which span the inter-endothelial space and form homo (to the same protein) or hetero (to different proteins) interactions with adjacent cells, sealing the interendothelial cleft. Accessory proteins link these transmembrane proteins to the actin cytoskeleton, providing structural support. Adeheren junctions and TJ are the main types of interendothelial protein complexes present on BECs at the BBB. TJ proteins are regulated both in normal physiology and in pathological states and are thus highly dynamic. In addition to reducing paracellular permeability, TJ help maintain the polarization of BECs by preventing exchange of transporters between the abluminal (brain-side) membrane and luminal (blood-side) membrane.

A detailed description of TJ components and structure is beyond the scope of this chapter (Abbott et al., 2010). Adheren junctions are found throughout the vasculature and are essential for TJ formation, EC adhesion and paracellular permeability, but TJ differentiates BECs from other ECs. TJ proteins are composed of transmembrane proteins, which span the membrane and bind to those on adjacent cells. Cytoplasmic accessory proteins bind to the transmembrane proteins and mediate their connection to a pericellular ring of actin filaments. Junctional adhesion molecules (JAMs), occludin and claudin family members, form the transmembrane components of TJ, while zonulae occludens 1, 2 and 3 (ZO-1,2,3), cingulin, AF-6 and 7H6 act as cytoplasmic accessory proteins. Signaling molecules associated with the TJ complex affect the TJ permeability.

TJ structures are highly dynamic and can be modulated continually by locally secreted molecules or over longer periods of time (Nag, Kapadia et al., 2011). BEC permeability is regulated via TJ translocation, decreased TJ protein expression and/or phosphorylation of the TJ complex. There are multiple extracellular mediators that can induce a leaky BBB, including cytokines (e.g., TNF-, IL-1); oxidative stress (nitric oxide); inflammatory mediators (e.g., prostaglandins and histamine); and disease-associated cells (HIV virus, bacteria) or proteins (amyloid beta) (see also Chs. 34–36). TJ-altering mediators often act via intracellular signaling pathways including protein kinase family (A, G and C); mitogen-activated protein kinase family (MAPK, including JNK, ERK and p38MAPK); the small G protein family (especially rho and rac); and wnt and eNOS pathways. Intracellular Ca2+ ions are also key regulators of TJ protein distribution (see specific discussions in relevant portions of Chs. 21–27).






There are multiple transporters and transport processes for bidirectional transport at the BBB

BBB transport mechanisms are often divided into different categories: passive diffusion, efflux transporters, solute carriers, receptor-mediated transcytosis, and immune cell migration (Fig. 1-18). Further subdivisions are based on their specific transport properties, such as Na+-dependent facilitated diffusion or macromolecule transport (Ch. 3). Table 1-2 shows examples of some important receptors of the BBB.
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Figure 1.18 Transport mechanisms at the blood–brain barrier. 
(a) BECs contain a number of transport mechanisms to allow homeostatic control of nutrients, ions and signaling molecules. (1) Na+ dependent symporters (A, ASC, LNAA, EAAT) eliminate amino acids from the brain, thus preventing excess accumulation. (2) Facilitated diffusion allows essential amino acids (L1, Y+) and glucose (Glut-1) into the brain and elimination of excitatory amino acids (N, XG) into the blood across the luminal and (3) abluminal membrane. (4–5) Ion transporters at the BBB regulate extracellular K+ and Na+ ions and intracellular pH. (6) ABC transporters (P-gp, BCRP, MRP) protect the brain from toxins circulating in the blood. (7) Receptor-mediated transport allows essential proteins and signaling molecules into the brain (e.g., insulin receptor, transferrin receptor). Receptors can also mediate export of materials from brain. (8) Adsorptive mediated transcytosis (AMT). At physiological pH the gycocalyx of the luminal BEC membrane has an overall net negative charge, which allows cationic molecules access to the brain via non-specific transcytosis. AMT also goes in the brain-to-blood direction. (b) Structure of P-gp. P-gp is a transmembrane efflux transporter consisting of two transmembrane (TMD) domains and two nucleotide-binding (NBD) domains. P-gp uses the energy derived from ATP to actively prevent the blood-to-brain transport of many substances.

Table 1.2. Examples of Transporters at the BBB and Their Ligands. Luminal = L, Abluminal = Ab, Intracellular IC. (Deli, 2009; Nag et al., 2011; Pardridge, 2008)
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Lipid solubility is a key factor in determining the permeability of a substance through the BBB by passive diffusion

Substances with a high oil/water-partitioning coefficient diffuse through plasma membranes and into the brain. Diffusion across the plasma membrane is the primary route of entry for dissolved gases to and from the brain, i.e., O2 into and CO2 out. In addition, BECs at the BBB carry an overall negative surface charge on their luminal membrane due to heparan sulfate proteoglycans. Thus cationic molecules have a greater brain access than anionic ones. Such considerations are important in design of therapeutic agents with target sites of action in brain.




The BBB expresses solute carriers to allow access to the brain of molecules essential for metabolism

These include glucose, amino acids and some ions (Table 1-1). Glucose is an essential energy source for neurons in the CNS. Glucose transport at the BBB is mediated by the facilitative diffusion through glucose transporter-1 (glut-1, 55 kDa form). Glut-1 is expressed symmetrically on both luminal and abluminal membranes, with an intracellular pool that may be mobilized in times of increased neuronal demand, e.g., for seizures.

The transport of amino acids at the BBB is complex and mediated by both facilitative diffusion and Na+- dependent transport (Table 1-2). There are four facilitative BBB amino acid carriers: an essential neutral amino acid system (L1), a cationic amino acid system (Y+), an acidic amino acid system (XG) and a glutamine system (n). System L1, expressed on luminal and abluminal sides, functions to transport essential amino acids (e.g., leucine, valine, isoleucine, phenylalanine, tryptophan). Y+, located on abluminal and luminal membranes, is a cationic transporter facilitating lysine, arginine and ornithine transport into brain. Collectively, L1 and Y+ allow brain access to all essential amino acids. Systems n and XG are expressed only on the luminal membranes and have a high affinity for glutamine and glutamate, respectively.

CSF amino acid concentrations are lower than plasma levels (Table 1-1), much lower than expected if facilitative transport were the only mechanism of amino acid transport. Five Na+-dependent transporters on the abluminal side eliminate non-essential toxic amino acids and maintain homeostatic control over all amino acids. The Na+-dependent transporters are A (non-essential preferring), ASC (alanine, serine, cysteine preferring), N (glutamine, asparagine, histidine), excitatory amino acid transporter family (EAAT, aspartate and glutamate preferring) and L (neutral amino acid system).

Glutamate regulation is an example of the polarized BBB controlling homeostatic levels of a potentially excitotoxic neurotransmitter. The Na+-dependent symporter family, EAAT, transports ISF glutamate into BECs using the Na+ gradient. Glutamate then diffuses into the blood via system XG. Glutamate transport into the brain from the plasma is virtually impossible due to the lack of a facilitative glutamate transporter and the high expression of EAAT on the abluminal side. Glutamine is regulated in a similar manner, whereby Na+ transporters A and N pump glutamine into BECs. Glutamine is then either transported into the blood via system N or converted to glutamate via glutaminase (Ch. 17).

Free movement of ions across the BBB is limited by TJ, but BECs contain a number of ion transporters to maintain the Na+ gradient needed for Na+-dependent transporters, to allow fluid movement, and to control ionic gradients. Na+-K+ ATPase is located on the abluminal BBB membrane, while a Na+/H+ exchanger is located on both abluminal and luminal membranes. Further luminal ion transporters include a Na+/Cl−co-transporter, a Na+/K+/Cl− co-transporter and a Na+Cl−/HCO3 dependent influx transporter.




Receptor-mediated transcytosis (RMT) is the primary route of transport for some essential peptides and signaling molecules

Examples include insulin, leptin and transferrin (Table 1-2). Transcytosis at the BBB requires ligand-receptor binding, followed by coupled endocytosis and exocytosis. During transcytosis, the lysosomal degradation pathway is bypassed. An important example of RMT is transferrin-bound iron. Iron is an essential trace element and virtually all iron in plasma is bound to hydrophilic transferrin. Iron-bound transferrin is taken up in endocytic compartments via the transferrin receptor. Under the relatively acidic environment of the endosome (Ch. 7), iron-transferrin is assumed to dissociate and become available for uptake after exocytosis.




ATP-binding cassette transporters (ABC) on luminal membranes of the BBB restrict brain entry of many molecules

Although lipid solubility is a good indicator of brain penetration, for some compounds, e.g., phenobarbital, brain penetration is much less than expected. ABC transporters use ATP to actively eject a range of substances, including both xenobiotics and endogenous toxic molecules (Ch. 3). At least 48 ABC transporter genes have been identified and classified into seven subfamilies. ABCA to ABCG, ABCB1/MDR1 (P-glycoprotein, P-gp), ABCG2 (breast cancer resistance protein, BCRP), and ABCC (multidrug resistance protein family, MRP) are the most significant at the BBB. A lack of specific inhibitors has hindered study of MRP, but much more is known about P-gp.

P-gp (170 kDA) was first identified in multidrug resistant cell lines, and in the epithelial cells of many tissues, including the gastrointestinal tract, P-gp expression is on the luminal membrane of the BBB. Two types of P-gp exist, termed type I and type II. Type I is located on epithelia of many organs, including gastro-intestinal tract and kidney, and on ECs in the testes and brain. Type II is expressed by canicular hepatocytes and acts as a bile salt transporter and a flippase for certain membrane lipids. P-gp contains two nucleotide-binding domains and 12 transmembrane segments. P-gp is arranged in two halves (as a barrel-like configuration), with a 75-amino-acid linker region. Each half contains a transmembrane domain (TMD) made of six transmembrane segments and an intracellular nucleotide-binding domain (NBD). Ligand binding to the transmembrane domain is thought to lead to a conformational change in the NBDs, increasing their affinity for ATP. ATP binding induces a conformational change in the TMD to induce ligand translocation. ATP hydrolysis causes dissolution of the closed NBD dimer, releasing ADP and allowing P-gp to return to a high-affinity ligand binding state. P-gp has a diverse substrate list including endogenous molecules (e.g., steroid hormones, cytokines) and pharmaceutical drugs, including anticancer drugs (vinblastine, verapamil) and HIV-protease inhibitors. P-gp substrates are in general hydrophobic, but identifying whether a new drug will be a P-gp substrate based on structure is extremely difficult. The specificity of P-gp prevents many therapeutic drugs from reaching their target site, thus preventing their effective use.




During development, immune-competent microglia develop and reside in the brain tissue

After development, under physiological conditions, the brain is considered a relatively immune privileged site. Although leukocytes and immune cells can enter the brain, immune surveillance is much lower than in other organs. For example, leukocyte traffic into the brain has been estimated at 100 fold less than into the spleen or lungs. Decreased CNS immune surveillance is in part mediated by the barrier nature of the cerebral vasculature but, more importantly, also is mediated by the restricted expression of cerebral cell adhesion molecules required for leukocyte capture from the blood. During inflammatory conditions, there is a marked up-regulation of these markers, which can result in neuronal damage in disease states such as multiple sclerosis.

Immune cells cross into the brain at the level of the postcapillary venule, which is arranged slightly differently than other capillaries. BECs at these sites have fewer TJ compared to capillaries and are more subject to modulation. At the postcapillary venule, BECs are intermingled with pericytes and surrounded by a BM. At this site, there is a BM layer of variable size and a perivascular space, which is enclosed by a parenchymal BM and astrocytic end feet. Leukocyte diapedesis occurs in a two-step process across the postcapillary venule (Greenwood et al., 2011). Initially, leukocytes are captured by P-selectin and vascular cell adhesion molecules (VCAM) (expressed on BECs). Chemokines produced locally up-regulate integrins in leukocytes, resulting in a firm interaction between BEC and leukocytes. This tight binding allows leukocyte diapedesis both through the BECs (transcellular transport) and between cells (paracellular transport). Transcellular transport is hypothesized to occur under more physiological conditions to prevent TJ disruption, but opening of TJ under inflammatory conditions increases paracellular transport. After gaining access to the perivascular space, the leukocyte crosses the parenchymal basement membrane mediated by matrix metalloproteinase digestion.




There is increasing evidence of BBB dysfunction, either as a cause or consequence, in the pathogenesis of many diseases affecting the CNS

BBB dysfunction is found in many pathological states including Alzheimer’s disease (AD), multiple sclerosis (MS) and stroke, among others. A wide variety of conditions have the potential to compromise the BM or TJ, including brain tumors, inflammation, MS, infections, trauma and stroke. Many of these conditions are discussed in detail in other chapters. Compromises in the BBB and associated inflammation exacerbate some conditions such as AD and are a primary mechanism in certain pathologies such as MS.

BBB breakdown that occurs in acute brain injury, e.g., infarcts and trauma, can lead to severe brain edema (increase in brain fluid volume), increased intracranial pressure, and, potentially, death (Ch. 35). In the initial stages after brain injury, there is an increase in the number of caveolae/vesicles that transport plasma proteins across the BBB, beginning a process of BBB breakdown. The expression of TJ proteins also decreases and the actin cytoskeleton becomes disrupted, as does the BM. Often a repair phase occurs with angiogenesis resulting in a second stage of BBB breakdown. As an example, cerebral ischemia is an event whereby parts of the brain do not receive sufficient blood supply to maintain neuronal function. Ischemic events, e.g., stroke, can lead to increased microvascular permeability and edema both clinically in vivo and in vitro. Reduced occludin expression and increased brain permeability are found under hypoxic conditions in experimental models.






The presence of an intact BBB affects the success of potentially beneficial therapies for many CNS disorders

For example, P-gp and BCRP expressed by BECs hinder access to the brain of many drugs used to treat epilepsy (where increased P-gp expression is also found), brain tumors and depression. Similarly, many drugs effective in peripheral infectious diseases are not effective in CNS infections, due to restricted brain penetration for both low–molecular weight compounds and larger peptide and antibody pharmaceuticals. To address this issue, there is considerable interest in developing methods to overcome the BBB for drug delivery, including temporary barrier disruption and the use of receptor-mediated transport. These may take the form of receptor-mediated drug transport through modifications of the drug (Pardridge, 2008) or of opening the BBB transiently to allow drug brain access (Deli, 2009). This latter method is already in limited therapeutic use for anticancer drugs in the treatment of brain tumors. Mannitol injections cause the plasma to become hyperosmotic compared to the inside of BECs, and water leaves the brain by osmosis. The loss of water causes BECs to shrink and the TJ structures are pulled away from each other, creating a transient opening of the barrier for drug entry. However, the efficacy of these approaches in the clinics remains to be proven.
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Bardet-Biedl Syndrome and the Neuronal Primary Cilium

Scott T. Brady

One structure often overlooked in considerations of the cell biology of the brain is the primary cilium, but the importance of cilia in neuronal development and function is becoming apparent (Han & Alvarez-Buylla, 2010). In part, this awareness stems from recognition that specific defects in ciliary structure or function can have profound effects on the nervous system as well as other tissues (Cardenas-Rodriguez & Badano, 2009). Most biologists are familiar with the motile cilia, such as those on ependymal cells that line the ventricular surface (Del Bigio, 2010), but most mammalian cells also have a single primary cilium that is nonmotile. This hair-like extension is typically 200–200 nm in diameter and may be as much as 10µm in length (Han & Alvarez-Buylla, 2010), but is rarely seen in standard histological preparations (Peters et al., 1991). The primary cilium extends from a modified centriole in neurons and neuronal progenitors as well as glia, though the prevalence of these structures in the central nervous system has only come to be appreciated in the last few decades (Louvi & Grove, 2011).

Primary cilia have multiple functions in the central nervous system (Praetorius & Spring, 2005). For example, the photoreceptors of the retina are all modified primary cilia (see Ch. 51). Indeed, primary cilia in the nervous system are best described as sensory organelles that play a key role in mechanosenory and chemosensory functions. The location of specific receptors for signals critical in neurodevelopment on primary cilia is particularly striking (see Ch. 28). Three distinct pathways critical for normal development of the nervous system have been shown to require a primary cilium: Sonic Hedgehog (Shh), platelet-derived growth factor (PDGF) and Wnt signaling (Louvi & Grove, 2011). In mammalian cells, critical components of the Shh pathway are located in the primary cilium and shuttle between cytoplasm and cilium. Shh is critical for ventralization of the neural tube, formation of spinal motor neurons and differentiation of oligodendrocytes, as well as for playing a wide range of other roles in neural development by regulating transcription of specific genes. Similarly, PDGF receptors are localized to the primary cilium and signal through cytoplasmic kinases like Akt and MAP kinases (see Ch. 25). PDGF signaling may be important for cell polarity and regulation of cell migration. Finally, the primary cilia appear to suppress the canonical Wnt pathway mediated by β-catenin and GSK3β. They may activate a noncanonical pathway that orients sheets of neuroepithelial cells and they may influence neuronal migration.

Given these diverse functions, it is not surprising that ciliopathies are pleiotropic and typically affect a wide range of cell types and tissues. Many of the phenotypes reflect alterations in brain structure or function. One example of human disease associated with defects in primary cilia is Bardet-Biedl Syndrome (BBS), a genetically heterogeneous autosomal recessive disease that results from mutations in 1 of 12 genes (Sheffield, 2010). The syndrome was first recognized as a discrete pathology in 1920, but the role of cilia in this disease was not recognized for more than 60 years. These gene products form a complex associated with the basal body (kinetosome, organelle formed from a centriole and a short cylindrical array of microtubules found at the base of the cilium). BBS gene complexes are required for the generation and maintenance of cilia, both primary and motile. BBS patients exhibit a constellation of symptoms that include both neuronal and nonneuronal pathology. Pathologies involving the nervous system include degeneration of photoreptors, anosmia, mental retardation or developmental delay, posterior encephalocoele (a neural tube defect caused by the tube’s failure to completely close), and obesity. Nonneuronal effects may include hypogonadism, kidney defects, polydactyly, diabetes, and situs inversus (randomization of normal organ locations, i.e., heart on right side instead of left side of chest). Although some of these pathologies, such as situs inversus and hypogonadism, are likely due to loss of motile cilia, others are clearly due to a loss of nonmotile, primary cilia. For example, failure to maintain sensory primary cilia is associated with retinal degeneration and renal failure. In turn, loss of signaling through primary cilia is likely to contribute to mental retardation, obesity, and anosmia, among other issues. Until the role of the primary cilium was recognized, the pleiotropic nature of BBS had baffled physicians looking for a common thread through all of these pathologies. Thus, a better understanding of the cell biology of the nervous system has illuminated a baffling and complex set of genetic disorders.
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Chapter 2

Cell Membrane Structures and Functions

R. Wayne Albers

Outline


Phospholipid Bilayers

Cells are bounded by proteins arrayed in lipid bilayers

Amphipathic molecules can form bilayered lamellar structures spontaneously if they have an appropriate geometry

Membrane Proteins

Membrane integral proteins have transmembrane domains that insert directly into lipid bilayers

Many transmembrane proteins that mediate intracellular signaling form complexes with both intra- and extracellular proteins

Membrane associations can occur by selective protein binding to lipid head groups

Biological Membranes

The fluidity of lipid bilayers permits dynamic interactions among membrane proteins

The lipid compositions of plasma membranes, endoplasmic reticulum and golgi membranes are distinct

Cholesterol transport and regulation in the central nervous system is isolated from that of peripheral tissues

In adult brain most cholesterol synthesis occurs in astrocytes

The astrocytic cholesterol supply to neurons is important for neuronal development and remodeling

The structure and roles of membrane microdomains (lipid rafts) in cell membranes are under intensive study but many aspects are still unresolved

Mechanical functions of cells require interactions between integral membrane proteins and the cytoskeleton

The spectrin–ankyrin network comprises a general form of membrane-organizing cytoskeleton within which a variety of membrane–cytoskeletal specializations are interspersed

Interaction of rafts with the cytoskeleton is suggested by the results of video microscopy

Box: Spectrin and Lipid Raft Membrane Components Participate in the Pathology of Brain Injury
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Plasma membranes and intracellular membranes are the sites for regulation of signaling and transport in neurons as in other cell types. Cell membranes are dynamic structures composed of lipid bilayers and integral membrane proteins. These proteins have transmembrane domains, which insert into the lipid bilayer, and can form complexes with both extracellular and intracellular proteins. Cholesterol is a key regulator of bilayer structure and function, and is essential for neuronal development and remodeling. The transport and regulation of cholesterol in the CNS is distinct from that in the PNS. The structure and roles of membrane microdomains (lipid rafts) are under investigation; these microdomains are involved in organization of the plasma membrane and regulation of signaling. Mechanical functions within cells are mediated by interactions between integral membrane proteins and cytoskeleton. The spectrin-actin network provides a membrane-organizing cytoskeleton containing a variety of membrane-cytoskeletal specializations.

Neurons are specialized to integrate selected extracellular signals, both spatially and temporally. In addition to generating action potentials and, through synaptic activity, signaling other cells, structural modifications that may be as transient as ion channel gating or as long lasting as memory are initiated within neurons. Nearly all of this activity involves cell membranes, and many of these membrane functions are discussed in subsequent chapters. This chapter begins with brief discussions of the physical chemistry underlying the lipid and protein components of cell membranes (Figs. 2-1 to 2-4), proceeds to examine some aspects of membrane biochemistry relevant to neurons and their supporting cells, and concludes with discussion of some issues of cell membrane functions that are subjects of current investigations. To perform its unique functional role each neuron must regulate a host of intracellular activities that occur in axons and dendrites distant from the cell nucleus. For example, both axonal guidance during development and remodeling of dendritic spines in response to local input involve many different complex control systems that are highly localized and largely autonomous (Fivaz & Meyer 2003).
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Figure 2-1 Overview of plasma membrane structure. Plasma membranes are distinguishable from other cellular membranes by the presence of both glycolipids and glycoproteins on their outer surfaces and the attachment of cytoskeletal proteins to their cytoplasmic surfaces. Interrelations among typical membrane components are depicted. Proteins that are inserted through the lipid bilayer (A1–A3), termed ‘integral’ membrane proteins, are often glycosylated (dark orange circles), as are some bilayer lipids (D) and many components of the extracellular matrix (E). Many interactions at the extracellular surface are stabilized by hydrogen bonding among these glycosyl residues. Certain integral membrane proteins can interact by virtue of specific receptor sites with intracellular proteins (B), with extracellular components (C), and to form specific junctions with other cells (A2). A host of integral membrane proteins mediates different signal-transduction and active–transport pathways.


Phospholipid Bilayers


Cells are bounded by proteins arrayed in lipid bilayers

The importance of lipids in membrane structure was established early in the 20th century when pioneering biophysicists established positive correlations between cell membrane permeabilities to small non-electrolytes and the oil/water partition coefficients of these molecules.

Contemporary measurements of the electrical impedance of cell suspensions suggested that cells are surrounded by a hydrocarbon barrier, which was first estimated to be about 3.3 nm thick. This was originally thought to be a lipid monolayer. Among the pioneering biophysical experiments were those that established that the ratio of the area of a monolayer formed from erythrocyte membrane lipids to the surface area of these cells is nearly two. These and other studies of the physical chemistry of lipids led to the concept of a continuous lipid bilayer as a major component of cell membranes. This concept received support from other approaches, including measurements of X-ray diffraction patterns of intact cell membranes. Forces acting between lipids and between lipids and proteins are primarily noncovalent, consisting of electrostatic, hydrogen-bonding, and van der Waals interactions. These are weak interactions relative to covalent bond formation, but they sum to produce very stable associations.

Ionic and polar parts of molecules exposed to water will become hydrated. Substances dissolve in a solvent only if their molecules interact with the solvent more strongly than with each other. In aqueous solution large molecules having two or more domain surfaces of differing polarity will form an internal hydrophobic phase and hydrate the more polar surfaces. Such molecules are termed amphipathic and include most biological lipids and proteins.




Amphipathic molecules can form bilayered lamellar structures spontaneously if they have an appropriate geometry

Most of the major cell membrane lipids have a polar head, most commonly a glycerophosphorylester moiety, and a hydrocarbon tail, usually consisting of two esterified fatty acids. Both domains have similar cross-sectional areas. Consequently, as the head groups interact with each other and with water, and the nonpolar tails aggregate with each other to form an internal phase, the similar cross-sections of the two phases can produce planar bilayers. Three principal phases with different structures are formed by phospholipids in the presence of water (Tanford, 1980) (Fig. 2-2). Although the lamellar, or bilayer, structure is generally found in cell membranes, the hexagonal phases may occur transiently during membrane shape transformations.
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Figure 2-2 Top row: Complex lipids interact with water and with each other to form different states of aggregation, or ‘phases’, shown here schematically. Open circles represent the more polar head groups, and dark lines and areas represent nonpolar hydrocarbon chains. The phase structures are generally classified as illustrated in the middle row of the figure. The hexagonal I and lamellar phases can be dispersed in aqueous media to form the micellar structures shown in the top row. Hexagonal II phase lipids will form ‘reverse’ micelles in nonpolar solvents. The stability of lamellar relative to hexagonal structures depends on hydrocarbon chain lengths, presence of double bonds, relative sizes of polar head and hydrocarbon tail groups, and temperature. Bottom row: Atomic Force Microscopic images (6×6 mm, scale bar=1 mm, Z-scale=5 nm) showing (left) domains in bilayers of 1:1 sphingomyelin:dioleylphosphatidylcholine combined with 30% cholesterol and (right) domains of 1:1 dipalmitylphosphatidylcholine:dio-leylphosphatidylcholine combined with 30% cholesterol. Lighter areas are higher than darker areas. From (31) with permission. From (Van Duyl, Ganchev, Chupin, de Kruijff, & Killian, 2003) with permission.

The importance of molecular geometry for bilayer stability is illustrated by the effect of phospholipase A2, a component of many venoms, on erythrocytes: this enzyme removes the C-2 fatty acid from phospholipids to produce lysophosphatides. Because of the ‘conical’ geometry of lysophosphatides, this process ultimately destabilizes bilayers relative to the hexagonal phase structures; this disrupts cell membranes and lyses the cells. Detergents are amphipathic molecules with the ability to transform lipid bilayers into water-soluble micelles. In contrast to the destabilizing effects of lysophosphatides and other detergents, cholesterol stabilizes bilayers by intercalating at the interface between head and tail regions of phospholipids so as to satisfy the bulk requirements for a planar geometry. The multilamellar bilayer structures that form spontaneously on adding water to solid- or liquid-phase phospholipids can be dispersed to form vesicular structures called liposomes. These are often employed in studies of bilayer properties and may be combined with membrane proteins to reconstitute functional membrane systems. A valuable technique for studying the properties of proteins inserted into bilayers employs a single bilayer lamella, also termed a black lipid membrane, formed across a small aperture in a thin partition between two aqueous compartments. Because pristine lipid bilayers have very low ion conductivities, the modifications of ion-conducting properties produced by membrane proteins can be measured with great sensitivity (Ch. 4). In aqueous systems, membrane lipids may exist in a gel-like solid state or as a two-dimensional liquid. In the case of pure phospholipids, these states interconvert at a well-defined transition temperature, Tc, which increases with alkyl chain length and decreases with introduction of alkyl chain unsaturation. In cell membranes, which have marked heterogeneity in both the polar and nonpolar domains of the bilayer, this state is described as ‘liquid disordered’. The presence of sufficient sphingolipids, with saturated alkyl chains, and of cholesterol, which has a rigid planar structure, can cause a ‘liquid-ordered’ structure to separate laterally into microdomains that are in phase equilibrium with ‘liquid-disordered’ structures (Fig. 2-2, bottom row). Such microdomains, consisting of ‘lipid rafts’ enriched in cholesterol and sphingomyelin, may function in biomembranes to concentrate or localize certain membrane proteins, as discussed below.

Alkyl chain heterogeneities cause cell membrane bilayers to remain in the fluid state over a broad temperature range. This permits rapid lateral diffusion of membrane lipids and proteins within the plane of the bilayer. The lateral diffusion rate for an unconstrained phospholipid in a bilayer is of the order of 1 mm2
 s−1; an integral membrane protein such as rhodopsin would diffuse ⩽40 nm2
 s−1.






Membrane Proteins


Membrane integral proteins have transmembrane domains that insert directly into lipid bilayers

Transmembrane domains (TMDs) consist predominantly of nonpolar amino acid residues and may traverse the bilayer once or several times. High-resolution structural information is available for only a few integral membrane proteins, primarily because it is difficult to obtain membrane protein crystals that are adequate for X-ray diffraction measurements. TMDs usually consist of α helices. The peptide bond is intrinsically polar and can form internal hydrogen bonds between carbonyl oxygens and amide nitrogens, or either of these may be hydrated. Within the lipid bilayer, where water is essentially excluded, peptides usually adopt the α helical configuration that maximizes their internal hydrogen bonding. A length of helix of 18–21 amino acid residues is sufficient to span the usual width of a lipid bilayer (Fig. 2-3). Because the surface properties of a helix are determined by its side chains, a single helical segment that can insert into or through a bilayer will consist largely of hydrophobic residues. Integral membrane proteins with one transmembrane domain may have ‘soluble’ domains at either or both surfaces. An example of a monotopic protein, cytochrome b5, has a single hydrophobic segment that forms a hairpin loop, acting as an anchor to the cytoplasmic surface but probably not totally penetrating the bilayer. Bitopic proteins with a single transmembrane helix are more common. If oriented with the N-terminus extracytoplasmic, they are classified as type I or, if cytoplasmic, type II (Fig. 2-4). Bitopic membrane proteins are often involved in signal transduction, as exemplified by receptor activated tyrosine kinases (Ch. 26): agonist occupation of an extra-cytoplasmic receptor domain can transmit structural changes via a single transmembrane helix to activate the latent kinase activity in a cytoplasmic domain. Ion channels, transporters, and many receptors are polytopic. Polar and helix-destabilizing residues are likely to occur within their transmembrane segments to form the requisite gates, channels, or binding domains. Transmembrane helices in polytopic proteins are usually closely packed. Examples of this are G-protein-coupled receptors (GPCRs; Ch. 21), and the sarcoplasmic Ca2+ pump (Ch. 3). Each peptide bond has a significant dipole moment, which is transmitted to the ends of a helix. This circumstance favors close packing of antiparallel helices and is the observed disposition of helices in bacterio-rhodopsin (Kimura et al., 1997). In oligomeric transmembrane proteins, intersubunit packing can encompass extramembranous guanylyl protein domains, and bilayer lipids.
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Figure 2-3 The transmembrane domains of integral membrane proteins are predominantly α-helices. This structure causes the amino acid side chains to project radially. When several parallel α-helices are closely packed, their side chains may intermesh as shown, or steric constraints may cause the formation of interchain channels. The outwardly directed residues must be predominantly hydrophobic to interact with the fatty acid chains of lipid bilayers. The bilayer is about 3 nm thick.Each peptide residue extends an α-helix by 1.5 Å. Thus, although local modifications of the bilayer or interactions with other membrane polypeptides may alter this requirement, transmembrane segments usually require about 20 residues to span the bilayer. Integral membrane proteins are characterized by the presence of hydrophobic segments approximating this length.
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Figure 2-4 Left: Integral membrane proteins can be classified with respect to the orientation and complexity of their transmembrane segments. Right: Proteins may associate with membranes through several types of interactions with the bilayer lipids and with other integral membrane proteins. They also can be ‘anchored’ by integration into the bilayer of covalently bound lipids. GPI=glycosylphosphatidylinositol.




Many transmembrane proteins that mediate intracellular signaling form complexes with both intra- and extracellular proteins

For example, neural cell adhesion molecules (NCAMs) are cell-surface glycoproteins (Ch. 9). The extracellular domains of NCAMs can activate fibroblast growth factor receptors when clustered by reaction with NCAM antibodies (Leshchynska et al., 2003) or by homotypic binding to domains of adjacent cells (see Fig. 9-3). Activation was found to sequester a complex of NCAM, βI spectrin and PKCβ2 into rafts, as defined by the operational criteria discussed above. Assembly of this complex has been implicated in neurite outgrowth. Disassembly of the NCAM/spectrin complex leads to perforation of the postsynaptic density and formation of postsynaptic endocytic zones (Puchkov et al., 2011).




Membrane associations can occur by selective protein binding to lipid head groups

One example is spectrin, which binds to phosphatidylinositol-4,5-bisphosphate by means of a pleckstrin-homology (PH) domain (Wang & Shaw, 1995) (Fig. 2-5) and also to phosphatidyl serine (An & Guo, 2004) (Fig. 2-6). Ca2+ influx initiates protein and membrane associations by several different mechanisms. Allosteric regulation of the hydrophobicity of protein-binding surfaces frequently occurs. One of the best-studied examples is the Ca2+-dependent binding of calmodulin to other proteins (Ch. 24). Annexins are a family of proteins that exhibit Ca2+-dependent associations with cell membranes through direct interaction with phospholipids. Conversely, interactions of annexins with phospholipids increase the affinities of the annexins for Ca2+ (Mollenhauer, 1997).
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Figure 2-5 The pleckstrin homology (PH) domain of GrP1, a GDP-GTP exchange factor for Arf GTPases. Activation of GrP1 occurs when this domain binds to PI(3,4)P2 or PI(3,4,5)P3 produced in the inner leaflet of plasma membranes by a PI3-kinase (Ch. 21). This structure is shown complexed with inositol (1,3,4,5)-tetraphosphate as it was crystallized for X-ray diffraction, whereas diacyl glycerol would be esterified to the inositol-1-phosphate in the membrane-bound form. The amino-acid residues (ball-and-stick models) shown are those that approach the inositol tetraphosphate nearly enough to form hydrogen bonds (green dashes). The model was constructed from the Protein Data Bank coordinates 1fgy (Lietzke et al., 2000) using Deep View 3.7 (Guex et al., 2001).
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Figure 2-6 The C2 Ca2+-dependent lipid-binding domain of synaptotagmin. Although binding calcium to this domain has little effect on its conformation, it produces a markedly increased affinity for negatively charged lipids such as phosphatidyl serine. The red and blue grids are isopotential lines over the molecular surface: red=negative, blue=positive potentials. On the left are the potentials in the absence of calcium (the green circles mark the empty Ca2+ binding sites. On the right are the grids after Ca2+-binding, which intensifies the positive field and presumably increases the affinity for negatively charged phospholipids. More sophisticated evaluations of C2 domains from different proteins show that in some cases calcium can drive the binding surface to a neutral potential, possibly favoring binding of zwitterionic phospholipids (Murray & Honig, 2002). Constructed with Deep View 3.7 from the Protein Data Bank coordinates 1byn (Guex et al., 2001).






Biological Membranes


The fluidity of lipid bilayers permits dynamic interactions among membrane proteins

For example, the interactions of a neurotransmitter or hormone with its receptor can dissociate a ‘transducer’ protein, which in turn will diffuse to interact with other effector proteins (Ch. 12). A given effector protein, such as adenylyl cyclase, may respond differently to different receptors because of mediation by different transducers. These dynamic interactions require rapid protein diffusion within the plane of the membrane bilayer. Receptor occupation can initiate extensive redistribution of membrane proteins, as exemplified by the clustering of membrane antigens consequent to binding bivalent antibodies (Poo, 1985). In contrast to these examples of lateral mobility, the surface distribution of integral membrane proteins can be fixed by interactions with other proteins. Membranes may also be partitioned into local spatial domains consisting of networks of cytoskeletal and scaffolding proteins or lipid rafts. This partitioning may restrict the translational motion of enmeshed proteins and yet allow rapid rotational diffusion. Examples of such spatial localization include restriction of Na,K pumps to the basolateral domains of most epithelial cells, Na+ channels to nodes of Ranvier, and nicotinic acetylcholine receptors to the postsynaptic membranes of neuromuscular junctions. Because membrane components participate in nearly every cell activity, their structures are also dynamic and far from the equilibrium states that are most readily understood in biophysical terms. Newly synthesized bilayer lipids are initially associated with endoplasmic reticulum (Chs. 3, 5); some lipids such as phospholipids initially insert into the luminal endoplasmic reticulum (ER) leaflet. Glycosylation of ceramides occurs as they transit the Golgi compartments, forming cerebrosides and gangliosides in the luminal leaflet. Thus, unlike model systems, the leaflets of ER membranes are asymmetric by virtue of their mode of biosynthesis.




The lipid compositions of plasma membranes, endoplasmic reticulum and golgi membranes are distinct

Plasma membranes, endoplasmic reticulum and Golgi membranes all have asymmetric distributions of lipids between cytoplasmic and exocytoplasmic leaflets. Little is known of the intrinsic mechanisms that maintain the distinctions among these interacting membrane classes. As Golgi vesicles fuse into the plasma membrane their luminal surfaces become extracellular at the plasma membrane surface. The aminophospholipids phosphatidyl serine (PS) and phosphatidyl ethanolamine (PE) remain cytoplasmic, but most phosphatidyl choline (PC) is transported to the exoleaflet, perhaps by the ATP-dependent ABCA1 transporters that occur in both neurons and glia (see Chapter 5). Conditions that elevate cell Ca2+, such as anoxia, can activate a Ca2+-dependent ‘scramblase’ that catalyzes transverse PS movements. Exposure of PS extracellularly constitutes a phagocytotic signal to microglia and other phagocytes that express surface receptors for PS (DeSimone, Ajmone-Cat, & Minghetti, 2004). An ATP-dependent aminophospholipid translocase activity in plasma membranes prevents this occurrence in healthy cells.




Cholesterol transport and regulation in the central nervous system is isolated from that of peripheral tissues

Blood-borne cholesterol is excluded from the CNS by the blood–brain barrier. Neurons express a form of cytochrome P-450, 46A, which oxidizes cholesterol to 24(S)-hydroxycholesterol (Lund et al., 2003) and may oxidize it further to 24,25- and 24,27-dihydroxy products (Mast et al., 2003). In other tissues hydroxylation of the alkyl side chain of cholesterol at C22 or C27 is known to produce products that diffuse out of cells into the plasma circulation. Although the rate of cholesterol turnover in mature brain is relatively low, 24-hydroxylation may be a principal efflux path to the liver because it is not further oxidized in the CNS (Dietschy & Turley, 2004). During brain development de novo cholesterol synthesis occurs at high rates at various stages in all types of brain cells. In human adults, brain cholesterol constitutes 23% of total body cholesterol, about 10 times higher than the average of all tissues. Much of this cholesterol derives from the oligodendrocyte plasma membrane component of myelin; about 80% is associated with myelin in mouse brain and a somewhat larger fraction in human brain. In contrast to its high content, the metabolic turnover of adult brain cholesterol is relatively low: for humans this rate is estimated to be 0.03% per day for brain cholesterol, compared to 0.7% per day for whole-body cholesterol (Dietschy & Turley, 2004).




In adult brain most cholesterol synthesis occurs in astrocytes

Apoprotein E (apoE) is the major apolipoprotein of the CNS, where it is secreted by astrocytes. In astrocyte cultures apoE appears in the media as cholesterol-rich particles of a size similar to peripheral HDL (5–12 nm) (Fig. 2-7). The ATP-dependent transporter ABCA1, expressed by both astrocytes and neurons, promotes the formation of the apoE-stabilized high-density lipoprotein (HDL)–sized particles from astrocytic cholesterol. Although the extracellular release of cholesterol is sometimes described as a passive ‘shedding’ process, in astrocytes it seems clear that cholesterol and phospholipid are mobilized from plasma membranes and that their transfer to extracellular apoE to form lipoprotein particles is facilitated by ABCA1 transporters. The mechanism for cholesterol transfer into neurons is less certain. There are seven members of the ‘low-density lipoprotein receptor’ (LDLR) family and they all are expressed either in developing or adult brain. They are all type I bitopic membrane receptors that uniformly incorporate a characteristic array of domains: they exhibit extracellularly a ligand-binding domain and between one and eight epidermal growth factor domains; intracellularly they exhibit one or two NPxY motifs that act both as phosphotyrosine-binding domains and endocytotic signals. Two LDLRs, apoER2 and very low-density lipoprotein receptor (VLDLR), are apoE receptors expressed on neuron plasma membranes, and probably mediate HDL-lipid uptake into neurons. These same receptors interact with signaling ligands and adaptor proteins that mediate neuronal migration during brain development. They seem to have a role in adult brain, perhaps involving axoplasmic transport of essential components for synaptic remodeling (Chs. 7, 56), and are subject to damage in Alzheimer’s disease (Ch. 46).
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Figure 2-7 The ATP-dependent transporter ABCA1, expressed by both astrocytes and neurons, promotes the formation of the apoE-stabilized high-density lipoprotein, (HDL)–sized particles, from astrocytic cholesterol. This putative model of an apoE-stabilized HDL particle assumes that 2 molecules of apoE encircle a discoidal phospholipid bilayer with their helical axes oriented perpendicularly to the hydrocarbon chains. Adapted from Narayanaswami et al. (2004) with permission.

Although apoE HDL particles are formed by astrocytes in vitro, the brain contents of apoE knockout (−/−) were not found to differ in lipid content in comparison to those obtained from normal animals (Han, Cheng, Fryer, Fagan, & Holtzman, 2003). A probable explanation is that newly synthesized cholesterol can be transported from astrocyte ER to plasma membrane via an alternative route that employs caveolae to form apoA1-HDL (Ito et al., 2002). See Chapter 7 for a discussion of caveolae; these are endocytic structures enriched in cholesterol.




The astrocytic cholesterol supply to neurons is important for neuronal development and remodeling

This is supported by observations of neuronal cell cultures (Goritz et al., 2002). Pure cultures of rat retinal ganglion cells from 8-day-old rats, in the absence of glia or serum, will extend axons and form synapses (autapses) that display low-frequency postsynaptic currents. Co-culturing these neurons with glia from 2-day-old rats was observed to stimulate the formation of twice as many synapses and these exhibited about 12 times higher frequencies of postsynaptic activity. Astrocytes and oligodendrocytes, but not microglia, produced similar effects, as did replacement of the glia with glial-conditioned culture medium. ApoE was secreted by glia into their culture medium, but adding recombinant apoE to the retinal ganglion cell cultures did not stimulate the formation of synapses, nor did it increase their efficacy. However both of these effects were replicated by adding cholesterol to the retinal ganglion cell cultures (Fig. 2-8).
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Figure 2-8 Cholesterol increases the number and release efficacy of synapses in single retinal ganglion cells. (A) Fluorescence micrographs of retinal ganglion cell synapses labeled by a synapsin I-specific antibody. The cells were cultured in the absence (left) or presence (right) of cholesterol. Scale bar=5 nm. (Reproduced from (Mauch et al., 2001) with permission.) (B) Hoffmann-modulation contrast micrographs of retinal ganglion cells cultured for 5 days in defined serum-free medium in the absence (left) or presence (right) of collicular glia. Scale bar=50 nm. The density of neurons was similar in both cultures. (C) Spontaneous synaptic activity in these cells: whole-cell patch-clamp recordings of spontaneous currents (EPSCs) at a holding potential of −70 mV. (Reproduced from Pfrieger & Barres (1997) with permission.)

Other investigators have grown similar purified preparations of retinal ganglion cells on channel-inscribed plates that cause the axons to extend linearly and permit measurement of axon elongation rates (Hayashi et al., 2004). These axons will grow across siliconized barriers into side channels, which effectively isolates, externally, the axon membranes from the soma. Glial-conditioned medium was found to stimulate the axon elongation rates about 50% for several days when added to the side channels, but it had no effect if present only in the central compartments containing the neuronal soma. HDL lipoproteins, purified from glial conditioned medium, stimulated equally well, but unlike the effects on synapses in the previous study, neither pure apoE nor cholesterol could replace the lipoprotein in stimulating axon elongation. The problem of why cholesterol is sufficient to support synapse formation (Goritz et al., 2005) but not axon elongation remains unresolved.

The stimulations of synaptic activity and of axon elongation observed in these experiments were both inhibited by RAP, an inhibitor protein selective for members of the LDLR family. These inhibitions are most readily explained as resulting from blockade of apoE-lipoprotein uptake via neuronal LDL receptors. Developing neurons can synthesize cholesterol, but this capacity decreases as neurons mature. Under conditions of rapid extension of neurites, glial support may be necessary to meet the large energy demands of neuronal membrane biosynthesis (Ch. 11) and also to circumvent the limitations of endocytotic vesicle trafficking from neuronal soma to distal axons and dendrites (Ch. 8). Even in adult brain, continuous cholesterol synthesis is necessary for the remodeling of synapses that is now recognized to be part of information processing (Ch. 56).

Cholesterol and sphingolipids are synthesized and transported through the ER and Golgi systems (Bjorkhem & Meaney, 2004). However they are present at much higher levels in the outer leaflet of plasma membranes. Adding cholesterol and sphingomyelin to synthetic lipid bilayers can produce thicker ‘liquid-ordered’ membranes. This has led to proposals that bilayer thickness may be a factor in sorting integral membrane proteins between ER and Golgi. Liquid-ordered bilayers have an ‘elastic’ ability to adjust their thickness as they interact with TMDs. Alkyl chain associations with hydrophobic protein residues are energetically favorable relative to interactions with more polar surfaces. This adjustment has an energetic cost that depends on the extent of bilayer deformation (Lundbaek et al., 2003). Because many plasma membrane integral proteins (PMIPs) are polytopic, with TMDs of varying length, the alkyl chain heterogeneity in length and in unsaturation of lipid bilayers may also be factors in sorting proteins into different membranes. Mechanisms of selection of integral membrane proteins for transit through or retention by the Golgi system are largely unknown. Shortening the TMD of a plasma membrane protein was found to result in Golgi retention, (Sivasubramanian & Nayak, 1987) and the converse effect occurred on lengthening the TMD of a normally retained Golgi protein (Munro, 1995). The lengths of transmembrane domains for Golgi-retained proteins are usually less than for those directed to the plasma membrane.




The structure and roles of membrane microdomains (lipid rafts) in cell membranes are under intensive study but many aspects are still unresolved

Several lines of evidence indicate that membrane signaling occurs in dynamic subcompartments composed of cholesterol, sphingolipids and proteins (Lingwood & Simons, 2010; Simons & Gerl, 2010). Unlike in synthetic bilayers (Fig. 2-2), no way has been found to directly visualize rafts in biomembranes (Munro, 2003; Kusumi et al., 2004). Many investigators operationally define raft components as those membrane lipids and proteins (1) that remain insoluble after extraction with cold ⩽1% Triton X-100 detergent, (2) that are recovered as a low-density band that can be isolated by flotation centrifugation, and (3) whose presence in this fraction is reduced by cholesterol depletion.

Much of the plasma membrane cholesterol is removed by incubating cells with β-methylcyclodextrin for several hours. Cells remain viable after this treatment but the raft fraction is reduced. It is inferred that the depleted proteins are normally associated with cholesterol-dependent lipid rafts. Some, but not all, glycosylphosphatidylinositol (GPI)-anchored proteins are recovered in the fractions defined by this procedure. A proteomic study of the HeLa cell proteins in raft fractions, identified by these criteria and estimated by quantitative mass spectrometry, has identified 241 ‘authentic raft proteins’ (Foster, de Hoog, & Mann, 2003). This analysis found that the ‘raft proteins’ most enriched relative to total membrane proteins belong to several classes of signaling protein: kinases and phosphatases, heterotrimeric G proteins, and small G proteins.

Most of the raft proteins identified in this way are not plasma membrane–insoluble proteins (PMIPs), but rather are proteins that associate with the cytoplasmic lipid leaflet or with cytoplasmic domains of PMIPs. The inability to visualize rafts in biological membranes by direct optical methods suggests that they are very small and/or very transient. This has been investigated by methods such as fluorescence recovery after photolysis (FRAP), which provides information about lateral diffusion, and fluorescence resonant energy transfer (FRET), which can detect ‘molecular crowding’ when separation distances are less than ⩽1 nm. These experiments have generally supported the existence of very small domains of restricted lateral diffusion and of protein clustering in living cell plasma membranes.

GPI-anchored proteins (GPI-APs) are synthesized in the cytoplasm, and their transport into the ER occurs during the process of acquiring a GPI anchor, which is ultimately sorted into the outer leaflet of plasma membranes (Murakami et al., 2003).

A FRET study of fluorophore-labeled GPI-APs in cultured cells (Sharma et al., 2002) concluded that most of the GPI-APs existed as monomers in these cells but a significant fraction, 20–40%, existed as very small, dense clusters that may be a signal for endocytosis. The study’s authors also suggest that the size of these GPI-AP clusters may be controlled by processes that regulate plasma membrane cholesterol.

The membrane-associated small G proteins, H-Ras and K-Ras, have been studied with respect to their association with cytoplasmic leaflets. These two proteins have nearly identical structures and functions but different membrane anchors, membrane distributions, and effector responses. Application of the FRAP method to fluorescent constructs of H-Ras and K-Ras revealed that only H-Ras in its guanosine diphosphate (GDP)–bound form associates with cholesterol-dependent rafts (Niv et al., 2002).

In addition to fluorescence methods, another study (Parton & Hancock, 2004) employed a method to permit electron microscopic localization of Ras anchor domains on cytoplasmic membrane surfaces by immunogold labeling. The particle neighbor distances can be analyzed to obtain information about possible domain structure. Expressing H-Ras and K-Ras in baby hamster kidney cells, a nonrandom particle distribution was obtained from which the estimated mean raft size was 7.5–22 nm and about 35% of the membrane area consisted of rafts. The same technique applied to cells that had been incubated with β-cyclodextrin to reduce cholesterol produced completely random distributions of H-Ras. This cholesterol dependence suggests some type of coupling of rafts in the inner and the outer membrane leaflets.




Mechanical functions of cells require interactions between integral membrane proteins and the cytoskeleton

These functions include organization of signaling cascades; formation of cell junctions; and regulation of cell shape, motility, and endo- and exocytosis. Several different families of membrane-associated proteins mediate specific interactions among integral membrane proteins, cytoskeletal proteins, and contractile proteins. Many of these linker proteins consist largely of various combinations of conserved protein-association domains, which often occur in multiple variant copies. In erythrocytes and most other cells, the major structural link of plasma membranes to the cytoskeleton is mediated by interactions between ankyrin and various integral membrane proteins, including Cl-/HCO3-antiporters, sodium ion pumps, and voltage-dependent sodium ion channels. Ankyrin also binds to the ⩽100 nm, rod-shaped, antiparallel heterodimers of spectrin and thus secures the cytoskeleton to the plasma membrane.

Spectrin dimers self-associate to form tetramers and further to form a polygonal network parallel to the plasma membrane (Fig. 2-9D). Neurons contain both spectrin I, also termed erythroid spectrin, and spectrin II, also termed fodrin. Spectrin II is found throughout neurons, including axons, and binds to microtubules, whereas spectrin I occurs only in the soma and dendrites. This spectrin network further binds to actin microfilaments and to numerous other ligands. These associations are probably dynamic. For example, phosphorylation of ankyrin can alter its affinity for spectrin. The functions of the multiple protein-interaction domains of both spectrin and ankyrin have been as yet only partially defined (see Ch. 6).

[image: image]

Figure 2-9 The ankyrin-spectrin lattice. (A) Structural model of a spectrin repeat unit based on the crystal structure of a dimer of the 14th repeat unit of Drosophila spectrin (Adapted from (Yan et al., 1993), with permission). (B) Cartoon of the domain structure of a spectrin dimer. Many of the repeat units constitute binding domains with different specificities. Some have been identified and are labeled here. ABD=actin-binding domain; PIP2=phosphatidylinositol-4,5-biphosphate domain—occurs only on the βIΣII isoform; SH3=src-homology-3 domain. (Adapted from (Ursitti et al., 1996), with permission.) (C) Electron micrographs of rotary-shadowed spectrin tertramers. Note the periodic substructure of spectrin filaments and the putative site of a complex with an ankyrin molecule (top, center). (Courtesy of J. Ursitti). (D) Schematic organization of the spectrin-ankyrin cytoskeleton on the cytoplasmic surface of neurons α2β2 are the spectrin subunits depicted in (B). (Redrawn from Goodman et al., 1995, with permission.)




The spectrin–ankyrin network comprises a general form of membrane-organizing cytoskeleton within which a variety of membrane–cytoskeletal specializations are interspersed

Many of these are concerned with cell-cell or cell-matrix interactions (Ch. 6). The several morphological types of cell–cell junctions are associated with junction-specific structural and linking proteins. For example, tight junctions, also termed zona occludens, are constructed of the integral membrane protein occludin, which binds the linking proteins ZO-1 and ZO-2 (Ito et al., 2002). These linking proteins are members of a large family, termed membrane-associated guanylyl kinase homologs (MAGUKs). The general structure of this family has, distributed from the N-terminus to the C-terminus, one or more PDZ-binding domains, a src-homology-3 (SH3) domain (see Ch. 26) and a guanylyl kinase homolog domain. Other members of the PDZ family are expressed in neurons at postsynaptic densities. One of these, PSD-95, contains two N-terminal PDZ domains that can bind to a motif, –E–S/T–D–V–, which occurs in N-methyl-D aspartate (NMDA) receptors. Multimeric clusters of these receptors or channels can be formed through disulfide cross-linking between cysteines of the N-terminal domains of PSD-95 molecules (Hueh et al., 1997). Different PDZ domains within a single linker protein can display different peptide motif selectivities. Accordingly, it has been suggested that a given linker protein may simultaneously bind to multiple different channels and receptors to produce complex clusters at various postsynaptic sites.




Interaction of rafts with the cytoskeleton is suggested by the results of video microscopy

Brightfield video microscopy can record movements of single 40-nm gold particles on the outer surface of cells in culture. Such particles, if coated with an appropriate binding protein, can bind to a component of the cell surface. In the experiments to be described, gold particles with fluorescein antibody were attached to fluorescein-derivatized dioleylphosphatidyl ethanolamine under conditions designed to produce beads with predominantly single molecules attached. These were introduced into cells on coverslip cultures, and the movements of these particles were recorded with digital video and analyzed (Fig. 2-10) (Murase et al., 2004). Fig. 2-10A shows the video trace of a single particle’s movement over 10 seconds, which appears random and unstructured when recorded at 33-ms intervals. The same particle movements, when recorded at 110 µs intervals (300 times faster), reveals a path consisting of random hops from one ‘confinement compartment’ to another, usually at less than 33-ms intervals and thus only detectable at the higher speeds. Additional experiments were designed to examine the generality of this phenomenon in different cell types and to establish the structure of the confinement compartments. Compartmentalization was detected in all of the eight mammalian cell types examined with sizes ⩽32–230 nm diameter. Prior treatment of the cells with the actin depolymerizing agent cytochalasin on average increased the compartment size approximately twofold. Treatment with an actin-stabilizing agent had little effect on the compartment size but increased the median residency time approximately sevenfold. Both the size and the actin dependence suggest that the actin–spectrin network may be the source of the compartments. Another research group has applied gold particle tracking to measure movements of the µ-opioid GPCR on the surface of GPCR-transfected fibroblasts (Daumas et al., 2003). They describe the pattern observed in Fig. 2-11 as a ‘walking defined diffusion mode’. More than 90% of the observed particles displayed this pattern, which consists of rapid diffusion within a ‘domain area’ (with a mean size of about 150 nm) combined with a much slower (⩽10-fold) drift of the whole domain. These authors interpret their data as the natural result of restrictions imposed on the free diffusion of the labeled receptor by encounters with other transmembrane proteins in the bilayer. However, they consider that their data are incompatible with the hop-and-skip model based on spectrin mesh confinement.
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Figure 2-10 Tracking a gold particle attached to a single molecule of phosphatidylethanolamine. What appears to be simple Brownian diffusion at a time resolution of 33 ms per video frame (A) is revealed to consist of fast ‘hop diffusion’ by recording 300 times faster (B) at 110 μs per video frame. In (A) each color represents 60 frames=2 seconds. In (B) each color indicates an apparent period of confinement within a compartment and black indicates intercompartmental hops. The residency time for each compartment is indicated. The hypothetical explanations are illustrated in part (C) and discussed in the text. Adapted from Murase et al. (2004).
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Figure 2-11 Video-enhanced Differential Interference Contrast (DIC) images of gold-labeled µ-opioid GPCR on the surface of a GPCR-transfected fibroblast. The white trace is the trajectory of one particle over 2 minutes at 25 frames/s. The black trace is the mean square displacement of the particle as a function of time.Reproduced from Figure 1 of Daumas et al. (2003), with permission.



Spectrin and Lipid Raft Membrane Components Participate in the Pathology of Brain Injury

George J. Siegel

Spectrin: Trauma that results in the disruption of cell membrane molecular structure may involve separation of ankyrin from its linkage to membrane proteins and the spectrin network subjacent to the membrane. After membrane disruption, the spectrin may undergo proteolysis by calpain and caspase, which are excessively stimulated by unregulated influxes of Ca2+ through neurotransmitter- and voltage-activated channels. The disrupted membrane organization involves various proteins, including ion channels, transporters, receptors, cell adhesion molecules and scaffolding proteins (Bennett & Healy 2008). In various types of trauma, including mechanical, ischemic, hemorrhagic and toxic, spectrin breakdown products are found in the CSF, and the amount is correlated with the extent of brain trauma (Gold et al., 2009). Calpain proteolysis of the axon initial segment cytoskeletal proteins ankyrin and spectrin leads to loss of ion channels and loss of polarity in neurons, which can be prevented by inhibition of calpain (Schafer et al., 2009). Beta-III spectrin is highly expressed in cerebellar Purkinje cells where a critical function is stabilization of the EAAT4 glutamate transporter (see Ch. 17). Mutations in this spectrin gene are the cause of spinocerebellar atrophy type 5, which has been described in an 11-generation kindred descending from President Abraham Lincoln’s grandparents and two other families (Ikeda et al., 2006). Mutations in the spectrin and ankyrin families are causes of hereditary spherocytosis and long QT (ankyrin B or sick sinus) syndrome [1].

Lipid rafts are membrane microdomains enriched in sphingolipids and cholesterol, and they contain regulatory proteins, including certain enzymes, receptors, and signaling and transport proteins. Alterations in the composition of membrane lipids associated with lipid rafts occur as a function of aging and neurodegeneration (Schengrund 2010; Rushworth & Hooper 2010), with possible changes in the function of proteins in the microdomains. Lipid rafts are where the active γ-secretase complexes are located. These complexes are needed to form β-amyloid from amyloid precursor protein (APP) and for the accumulation of amyloid-ganglioside complexes in Alzheimer’s disease [6] (see also Ch. 46). Lipid rafts are also loci for conformational conversion of cellular prion to infective prion molecules (see Ch. 50) (Taylor & Hooper 2007) and for phosphorylation of α-synuclein, which accumulates in Parkinson’s disease (see Chs. 47, 49) (Zabrocki et al., 2008). Entry of HIV (human immunodeficiency virus) and perhaps other viruses into cells involves interaction of the viruses with receptors in lipid rafts (Carter et al., 2009). Thus, lipid raft components are targets for research into potential therapies for neurodegenerative and viral diseases and for prevention of infection (Cheng et al., 2007).
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Chapter 3

Membrane Transport

R.Wayne Albers, George J. Siegel and Zi-Jian Xie

Outline


Introduction

Primary Active Transport (P-Type) Pumps

Na,K-Adenosinetriphosphatase (Na,K-ATPase)

The reaction mechanism of Na,K-ATPase illustrates the mechanism of P-type pumps

Molecular structures of the catalytic subunits in the P-type transporters are similar

The active Na,K-ATPase is a heterodimer consisting of a catalytic α subunit and an accessory β subunit

The α-subunit isoforms are expressed in a cell- and tissue-specific manner

The β subunits are monotopic glycoproteins and exhibit some characteristics of cell adhesion molecules

The Na pump has associated γ subunits

A major fraction of cerebral energy production is consumed by the Na,K pump

Na,K-ATPase expression patterns change with development, aging and dementia

Na,K pump content in plasmalemma is regulated by its rapid endocytic–exocytic cycling

The distributions of α-subunit isoforms provide clues to their different physiological functions

Regulatory factors direct the trafficking of Na,K-ATPase during its synthesis

The Na,K-ATPase/Src complex functions as a signal receptor for cardiotonic steroids (CTS)

Domain-specific interactions make the Na,K-ATPase an important scaffold in forming signaling microdomains

Ca Adenosinetriphosphatases and Na,Ca Antiporters

The Primary Plasma Membrane Ca Transporter (PMCA)

PMCA is a plasmalemma P-type pump with high affinity for Ca2+

Smooth Endoplasmic Reticulum Calcium Pumps (SERCA)

SERCA, another P-type Ca pump, was first identified in sarcoplasmic reticulum

High-resolution structural data exist for the SERCA1a Ca pump

Other P-Type Transporters

P-type copper transporters are important for neural function

V0V1 Proton Pumps

The V0V1-ATPase pumps protons into golgi-derived organelles

ATP-Binding Cassettes

The ABC transporters are products of one of the largest known gene superfamilies

The three-dimensional structures of several ABC transporters from prokaryotes have been determined

ABCA1 translocates cholesterol and phospholipids outward across the plasma membrane

The multidrug-resistance proteins (MDR) can ‘flip’ amphipathic molecules

Secondary Active Transport

Brain capillary endothelial cells and some neurons express a Na-dependent D-glucose symporter

Neurotransmitter sodium symporters (NSS) effect the recovery of neurotransmitters from synaptic clefts

There are two distinct subfamilies of neurotransmitter sodium symporters

The SLC6 subfamily of symporters for amino acid transmitters and biogenic amines is characterized by a number of shared structural features

SLC1 proteins encompass glutamate symporters as well as some amino- and carboxylic-acid transporters expressed in bacteria

The glutamate symporters in brain are coded by five different but closely related genes, SLC1A1–4 and SLC1A6

Failure of regulation of glutamate concentration in its synaptic, extracellular and cytosol compartments leads to critical pathology

Choline transporter: termination of the synaptic action of acetylcholine is unique among neurotransmitters

Packaging neurotransmitters into presynaptic vesicles is mediated by proton-coupled antiporters

General Physiology of Neurotransmitter Uptake and Storage

The Cation Antiporters

Na,Ca exchangers are important for rapidly lowering high pulses of cytoplasmic Ca2+

Na,K-ATPase α subunits are coordinated with Na,Ca antiporters and Ca pumps

The overall mechanism for regulation of cytosolic Ca2+ is complex

The Anion Antiporters

Anion antiporters comprising the slc8 gene family all transport bicarbonate

Intracellular pH in brain is regulated by Na,H antiporters, anion antiporters and Na,HCO3 Symporters

Facilitated Diffusion: Aquaporins and Diffusion of Water

Simple diffusion of polar water molecules through hydrophobic lipid bilayers is slow

Crystallographic and architectural data are available for AQP1 and AQP4

The aquaporins found in brain are AQP1, 4 and 9

In astrocytic perivascular endfeet membranes, aqp4 is anchored to the dystrophin complex of proteins

AQP4 exists in astrocyte membranes and is coordinated with other proteins with which its function is integrated

Rapid diffusion of K+ and H2O from neuronal extracellular space by astroglia is critical to brain function

Short-term regulation of AQP4 may result from phosphorylation of either of two serine residues

Facilitated Diffusion of Glucose and Myoinositol

Facilitated diffusion of glucose across the blood–brain barrier is catalyzed by GLUT-1, -2 and -3

HMIT is an H-coupled myoinositol symporter

Box: Therapy of Brain Edema: Potential Pharmacologic Regulation of Aquaporin 4
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This chapter deals with membrane transport subserved by membrane-embedded proteins that convey solutes in and out of the cell and thusly regulate the intercellular milieu. In primary active transport, the transporters utilize chemical bond energy from hydrolysis of the terminal phosphate of ATP. This energy goes into producing conformational changes in the transporter to convey the solute uphill against its concentration gradient across the membrane. In secondary active transport, the energy to produce uphill transport of one solute is derived from the potential energy of a different solute running down its concentration gradient. Facilitated diffusion is the process by which the membrane transporter regulates the rate of diffusion of a solute through the membrane down the solute’s gradient through its specific binding affinity for a particular solute. When the solute binds to the extracellular binding site, the transporter undergoes a conformational change that permits the solute to dissociate from the outer site; pass through the hydrophilic core of the protein, bypassing the hydrophobic membrane lipid bilayer; and bind to the transporter inner site. The solute then dissociates at the intracellular site, where its concentration is lower. If the concentration gradient is reversed, the transporter will facilitate the diffusion in the opposite direction. This process is energized by thermal agitation. It is always down a concentration gradient, and the maximal velocity of diffusion depends on the number of transporter molecules in the membrane area.


Introduction

Primary active transporters are membrane proteins that energize many of the most basic neural functions. They transduce free energy from ATP hydrolysis into electrochemical energy that is stored in the transmembrane concentration gradients of Na+, K+, Ca2+ and protons. These energy stores are employed by membrane channel proteins for signaling, and by membrane secondary transporters that selectively concentrate many other ions and molecules. Secondary active transporters depend on an ion gradient to transport their specific ligands uphill across membranes and subserve many neural functions such as packaging neurotransmitters into vesicles, terminating signals at synapses and transporting metabolites. Facilitators are membrane proteins that enable specific molecules to diffuse across membranes, often under regulatory control, but they are incapable of ‘uphill’ transport (Fig. 3-1).
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Figure 3-1 Types of membrane transport proteins. Ion channels provide gated diffusion paths across cell membranes that are regulated by membrane voltage, interactions with ligands, and/or phosphorylation. Facilitators or uncoupled transporters provide highly selective pathways, e.g., for D-glucose or water, but are not coupled to energy sources and therefore cannot concentrate their substrates. Transporters that are coupled to energy sources can alter the steady-state distribution of their substrate ions and/or molecules. Secondary transporters derive energy from existing ion gradients to transport a second ion or molecule uphill in a direction that is either the same as (symport) or opposite to (antiport) that of the energizing ion. Primary transporters couple a chemical reaction to protein conformational transitions, which supply energy to generate concentration gradients of one or more substrates across cell membranes.

Relative to ion channels, which upon opening allow diffusion of thousands of ions per channel per millisecond (Ch. 4), transporters typically require milliseconds to move 1–3 ions or molecules per reaction cycle in the uphill direction. Thus transporters are usually expressed at much higher densities in membranes than are ion channels.




Primary Active Transport (P-Type) Pumps

The primary transporters discussed in this chapter belong to three distinct genomic superfamilies that differ markedly in structure and reaction mechanism. These are P-type, V0V1-type and ABC-type. These superfamily members all catalyze reactions with ATP that drive conformational cycles of the respective proteins to move substrates across membranes and ‘uphill’ to higher concentrations. P-type transporters, including the sodium/potassium pump, primary membrane calcium pumps and the sarcoplasmic/endoplasmic reticulum calcium pumps, share the same general reaction mechanism. Most pumps belonging to the P-type transporter superfamily have evolved to create cation gradients. In the case of the P-type Na+, K+ pumps, the Na+ and K+ concentration gradients generated across all eukaryotic plasma membranes constitute a large potential energy store that is employed for neuronal conductance, electrical signaling and driving secondary transporters. Ca2+ gradients are also generated by P-type transporters, but these gradients are employed primarily for regulating intracellular signaling (Ch. 24). The structures and reaction mechanisms of the Na+, K+ and Ca2+ pumps are similar and have provided insights into the functioning of the whole class of P-type transporters. Cu-ATPases function in the transport of Cu+ into liver cells and bile and their mutated forms underlie certain neurologic diseases mentioned later. V0V1pumps are H+ pumps in Golgi-derived vesicles while ABC cassettes function in the transport of various large molecules and certain pharmacologic substances.




Na,K-Adenosinetriphosphatase (Na,K-ATPase)


The reaction mechanism of Na,K-ATPase illustrates the mechanism of P-type pumps

The Na+, K+ pumps are driven by a cycle of conformational transitions of the protein energized by phosphorylation of their catalytic sites. Cytoplasmic ATP binds to the catalytic site and the phosphorylation is activated by binding of cytoplasmic Na+, followed by hydrolysis of the phosphorylated site, which is activated by binding of extracellular K+ to extracellular oriented sites (Fig. 3-2). The cycle is initiated by ATP binding to the catalytic site and cytoplasmic Na+ binding to all three ionophoric sites. The catalytic sites contain an aspartyl residue, which becomes phosphorylated only when all three Na+-binding sites are occupied by sodium ions. Phosphorylation of the aspartyl is readily reversible when the pump molecule is in the E1 conformation; that is, the energy states of the E1 aspartylphosphate bond and the ATP phosphate bond are of similar high energy. This is demonstrated by the ability of the phosphorylated enzyme to rephosphorylate ADP to ATP under conditions that inhibit step 3 in Figure 3-2. However, the active pump formation of the aspartylphosphate bond initiates a rapid transition to the E2-P conformation, in which the ionophoric sites have changed their orientation and selectivity, causing the three Na+ to be discharged extracellularly in exchange for binding two K+. This initiates hydrolysis of the aspartylphosphate bond in the E2 state that, in concert with ATP binding at its intracellular site, causes E2 to revert to E1. In consequence of this, the ionophoric sites discharge the two K+ into the cytoplasm. ATP and Na binding initiates the next transport cycle. This transport reaction can occur at a rate of ~10,000 cycles per minute (see (Albers, 1967) for detailed discussion of the biochemistry).
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Figure 3-2 The mechanism of the ATP-dependent sodium pump. The sequence of reaction steps is indicated by the large arrows. On the left side, pump molecules are in the E1 conformation, which has high affinity for Na+ and ATP and low affinity for K+. Ionophoric sites are accessible only from the cytoplasmic side. Step 1. K+ is discharged as metabolic energy is added to the system by ATP binding. Step 2. Three Na+ bind and the enzyme is reversibly phosphorylated. Step 3. The conformational transition from E1~P to E2–P, shown at the top, is the ‘power stroke’ of the pump during which the ionophoric sites, with their three bound Na+, become accessible to the extracellular side and decrease their affinity for Na+. Part of the free energy of the enzyme acylphosphate has been dissipated in this process. Step 4. Three Na+ dissociate from E2-P. Step 5. Two K+ bind and more free energy is dissipated as the enzyme acylphosphate is hydrolyzed. At this point the two K+ become tightly bound (‘occluded’) and in step 6 E2 reverts to E1, carrying the K+ to the cytoplasmic side. Each step of this cycle is experimentally reversible.

As noted above, a Na+, K+ pump exchanges three Na+ for two K+ per transport cycle. This produces a net outward flow of positive charge, which can generate an electrogenic potential. The extent of membrane hyperpolarization by the pump can be evaluated by measuring the reduction in membrane potential produced by selective Na+, K+ pump inhibitors such as ouabain. The electrogenic potential is usually small, 10 mV or less, because opposing ion currents flow through channels or secondary transporters in the contiguous membrane. However, in some neurons and muscle cells, sodium pump hyperpolarization can shorten the duration of an action potential and contribute to negative afterpotentials. In heart muscle, hyperpolarization due to Na+ pumping occurs after sustained increases in firing rate. The hyperpolarization may be a factor in producing cardiac arrhythmias.




Molecular structures of the catalytic subunits in the P-type transporters are similar

The structures of the α1 catalytic subunits of Na, K-ATPase, SERCA1a and other P-type transporters contain several highly conserved domains, as illustrated for SERCA1a in Figure 3-3 (Bublitz et al., 2010). The A domain consists of the N-terminus and the second cytosolic domain connected to transmembrane helices M2 and M3. The enzyme also has a highly conserved phosphorylation (P) domain that is close to the membrane and a relatively isolated nucleotide-binding (N) domain. It appears that the rotation of the A domain opens and closes the A, N and P domains during the E1→E2 transport cycle. Both the A and N domains contain multiple functional motifs that interact with many soluble and membrane proteins. These interactions are cell specific and make it possible for the Na,K-ATPase to participate in signaling functions as well as in transport (see below).
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Figure 3-3 Structures of the SERCA1a calcium pump. E1(Ca)2 was obtained from crystals formed in the presence of Ca2+; E2 was obtained from crystals formed in the absence of Ca2+ and in the presence of the selective inhibitor thapsigargin (Toyoshima, et al., 2003). The two conformations are viewed in a plane perpendicular to (top) and parallel within (bottom) the lipid bilayer. The 10 transmembrane segments are numbered in their order from N- to C-terminal, and colored sequentially from blue to red. The magenta spheres represent the two Ca2+-binding sites in the E1 structures and, in the lower figures, the side chains that interact with Ca2+ are shown in stick form for both conformations. In the top figures, the N, A and P cytoplasmic domains are colored magenta, orange and green. The aspartyl residue, D351, which is phosphorylated and dephosphorylated in each pump cycle, is shown as a space-filling model.(Guex, N., Diemand, A., Peitsch, M.C. and Schwede, T., Deep View Swiss Pdb Viewer. Basel: Swiss Institute of Bioinformatics, 2001. Online at www.expasy.org/spdbv/. Models constructed from Protein Data Base coordinates 1eul and 1iwo using DeepView 3.7.)




The active Na,K-ATPase is a heterodimer consisting of a catalytic α subunit and an accessory β subunit

Four isoforms of the α subunit and three of the β subunit are expressed in mammals. The α subunits all are about 110 kDa and have about 85% sequence identity. Three of the α-subunit isoforms (α1, α 2, α 3) are expressed in brain in different cell types, to be discussed in a later section, while the α4-isoform is expressed in testis where it regulates sperm motility (Sanchez et al., 2006). In addition, a family of non-obligatory but associated γ subunits, the FXYD proteins, that modify cation affinities for the Na,K-ATPase in different tissues, are discussed later.

The alpha catalytic subunits contain the specific Na+, K+ and nucleotide-binding sites, the aspartyl phosphorylation site and an ouabain-binding site. The latter is exposed on the extracellular surface when the enzyme is in the E2 conformation. The cardiotonic steroids (CTS), of which ouabain is the principal example, are specific ligands and inhibitors of the enzyme hydrolytic activity (Albers et al., 1968). Ouabain binds tightly to its extracellular oriented site on the α subunit in the E2 conformation and prevents return to the E1 conformation. Ouabain binding exerts negative cooperativity with Na+ and nucleotide binding and positive cooperativity with K+ binding and inorganic phosphate (Pi) incorporation. The ouabain effect is likely conformational. Enzyme-bound 3H-ouabain in microsomal preparations is stable to washing and filtration at neutral pH (Albers et al., 1968; Siegel & Josephson, 1972). Ouabain dissociates from the enzyme very slowly, thus maintaining the enzyme in the E2 conformation. In the ouabain–enzyme E2 conformation, the aspartyl residue cannot be phosphorylated from ATP but it does incorporate Pi, resulting in a low energy acid-stable phosphopeptide (E2-P) that cannot phosphorylate ADP, in contrast to the Na+-dependent phosphorylation from ATP (E1<P) (Siegel et al., 1969).




The α-subunit isoforms are expressed in a cell- and tissue-specific manner

The α subunit isoforms are products of separate genes that differ in their 5ꪢ-flanking regulatory sequences (Potaman et al., 1996). Their expression is subject to a complex interplay of regulatory signals in different cells (see references in Wang et al., 2007). The α1-isoform is found in all epithelial cells and in most other cells, in which it performs what have been called “housekeeping functions.” The α2- and α3- isoforms are expressed in skeletal muscle, nervous system and cardiac myocytes. In the central nervous system, Na,K-ATPase is most highly expressed in regions where high levels of Na+/K+ exchange are expected. These include axonal terminals, nodes of Ranvier, dendritic processes and neuronal soma, but not myelin wrappings. Alpha-3 is expressed in neurons, α1 in glia and α2 in glia and some neurons. In the rat spinal cord, neuronal α1 expression is restricted to a set of laterally situated anterior horn cells and to intermediolateral thoracic cord neurons. Rat dorsal root ganglion cells express α3 alone or together with α1 but do not express α1 alone. In retinal pigment epithelium and choroid plexus ependyma, the Na+ pump is most concentrated on apical (luminal) surfaces (Ernst et al., 1986). With these exceptions, epithelial cells adapted for secretion or reabsorption express the Na+ pump exclusively on the basolateral or abluminal surfaces.




The β subunits are monotopic glycoproteins and exhibit some characteristics of cell adhesion molecules

At least one of the three β-subunit isoforms must be coexpressed with the α subunit to translocate the α subunit from the endoplasmic reticulum (ER) to the plasmalemma. The three β-subunit isoforms are about 40 kDa and have about 45% sequence identity. The β1 is most generally expressed (Bublitz et al., 2010). The β2 was initially described as an ‘adhesion molecule on glia’ (AMOG) because it is transiently expressed on the surface of cerebellar Bergmann glia during the differentiation of granule cells (Lecuona et al., 1996). The particular β subunit isoform paired with an α subunit has little effect on pump parameters. However, the different β isoforms may influence the ultimate cellular and subcellular localizations of the Na+ pumps (Peng et al., 1997).




The Na pump has associated γ subunits

These are within a family of <15 kDa single-span membrane proteins that are associated with sodium pump α subunits in a cell- and tissue-specific manner. These proteins modify Na+ and K+ affinities but are not necessary for pump activity, nor are they expressed in all cells. The γ subunits are classed as members of the FXYD gene family and several are expressed in brain. The kidney expresses almost exclusively Na+,K+-pumps with α1 subunits throughout the functionally diverse segments of the nephron, but different γ subunits with differing regulatory effects are expressed in different segments. From this it is inferred that different γ subunits optimize the sodium pump for operation under the varying ionic environments along the nephron. The γ subunits regulate kinetic properties of the sodium pump specifically appropriate for different functions such as muscle contractility, neuronal excitability and solute reabsorption in nephrons (Bibert et al., 2008).




A major fraction of cerebral energy production is consumed by the Na,K pump

Most of this is required to compensate for extrusion of intracellular Na+ that enters through channels during electrical activity and through Na+-dependent secondary transporters during neurotransmitter recovery. Assuming typical values for Na+ and K+ concentration gradients, that is, [Na+]e/[Na+]i=12 and [K+]i/[K+]e=50, then ΔG is about 3.8 kcal (16 kJ) per mole of Na+ exchanged for K+. Hydrolysis of a high-energy phosphate bond of ATP may yield as much as 12 kcal/mol under physiological conditions, thus permitting the exchange of about three equivalents of cation for each mole of ATP hydrolyzed. From this stoichiometry, it appears that the chemical free energy of ATP hydrolysis must be utilized with about 95% efficiency ([3×3.8/12]×100) to operate the sodium pump under physiological conditions. Other processes utilizing energy stores are listed in Table 11-1 (Ch. 11).




Na,K-ATPase Expression patterns change with development, aging and dementia

The Na,K-ATPase activity, relative to total brain protein, increases about tenfold just prior to the stage of rapid myelination in rats during 2–12 days postnatally, corresponding to the time of glial proliferation, elaboration of neuronal and glial processes and increasing neuronal excitability (Knapp et al., 2000). Developmental changes in Na,K-ATPase in brain appear to depend on thyroidal influences. Glial cell cultures from one-day-old rat brain express progressively increasing amounts of α1-, α2-, β1- and β2-isoforms as a function of increasing triiodothyronine exposure (Banerjee & Chaudhury, 2001).

In cerebral cortex of human and rat, α3-isoform mRNA is found clustered over pyramidal and other neuronal soma while α1-isoform mRNA is distributed diffusely through the neuropil in astrocytes. In a non-demented, aged human (78 y/o) the expression of α1-isoform mRNA is not significantly changed compared to that in a young adult (39 y/o), although there are significant but small reductions in α3-isoform mRNA of neuronal perikarya. In contrast, in an individual with dementing Alzheimer’s disease (78 y/o), the content of α3-isoform mRNA in neuronal perikarya is markedly diminished during the neurodegenerative process (Chauhan et al., 1997).




Na,K pump content in plasmalemma is regulated by its rapid endocytic–exocytic cycling

The regulation is demonstrated in renal proximal tubule epithelia that secrete dopamine (DA), which acts on autocrine D1-like receptors to remove Na,K pumps from their basolateral plasma membrane by endocytosis (Fig. 3-4). When liganded with DA, the G protein-coupled D1-like receptors initiate activation of PLA2 whose catalytic products are arachidonic acid and the eicosanoid 20-HETE, which together activate PKC. Activated PKC phosphorylates the Ser18 amino acid on the α subunit of Na,K-ATPase and leads to translocation and activation of PI3-K. The latter and Ser18 phosphorylation are required for binding of activator protein 2 (AP-2) to the Tyr537 site on the α subunit and subsequent recruitment of clathrin to bind to the α subunit (Doné et al., 2002). Inhibitors of PLA2 or of PKC inhibit both the activation of PI3-K and endocytosis. The stimulatory action of arachidonic acid and 20-HETE on PI3-K is abolished by inhibition of PKC. The Na,K-ATPase subunits are enclosed in clathrin-coated vesicles (CCV) and are transferred through the early and late endosomes for degradation and recycling. In contrast, bromocriptine, a powerful agonist at renal D2-like receptors, leads to increases in Na,K-ATPase content in renal proximal tubules through recruitment of increased numbers of tyrosine-phosphorylated α1 subunits.
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Figure 3-4 Dopamine regulation of Na,K-ATPase in kidney epithelial cells that express only the α1 isoform. Downregulation of Na,K-pumps can be initiated by dopamine via GPCR activation of endocytosis, which is controlled by phosphorylation of a single Ser-residue within the N-termini of the Na,K-ATPase α1 subunits to be internalized. Mutation analysis suggests that PI3K-IA activation ensues from its binding to a proline-rich domain present in the Na,K-ATPase α1 subunit, which only becomes accessible to the kinase after ζ-PKC-dependent Ser-phosphorylation. PI3K-IA activation recruits the AP-2 adaptors that transfer plasma membrane vesicles into early endosomes. Thus, the Na,K-ATPase serves as its own scaffold, organizing the receptor signals that ultimately downregulate its activity. Serotonin, acting through GPCR, can activate β-PKC phosphorylation of two serines within the N-termini of the endocytosed Na,K-ATPase α1 subunits. This evidently recruits AP-1 adaptors that initiate reincorporation of Na,K-pumps into plasma membrane.(Adapted with permission from Fig. 4 of Yudowsky, et al., 2000).

Parathyroid hormone (PTH) can inhibit Na,K-ATPase by 50% in renal proximal tubules. PTH-receptor binding stimulates Ca-dependent ERK phosphorylation via Src kinase and PLC. ERK activation stimulates phosphorylation and activation of PLA2. The latter’s catalytic products activate and translocate PKCα, leading to its phosphorylation of the α subunit and the latter’s endocytosis. The PTH path differs from the inhibitory DA path in going through activation of Src kinase, PLC and Ca-dependent ERK phosphorylation (Khundmiri et al., 2008).

Recruitment of Na+,K+ pumps from the endosome membrane in response to serotonin- or angiotensin-activated GPCRs requires phosphorylation of the α subunit at both Ser11 and Ser18 residues and binding of AP-1 to the α-subunit, mediated by PKCβ. In brain and kidney cells, D1 and D2 receptors can each be found complexed with Na,K-ATPase and the DA receptors display reciprocally negative regulatory effects (Hazelwood et al., 2008). Ouabain-induced endocytosis of Na,K-ATPase is discussed later.




The distributions of α-subunit isoforms provide clues to their different physiological functions

While having 85% identity, the most substantial sequence differences among the α-isoforms occur in their N-terminal regions and in an 11-residue sequence of the large cytoplasmic loop. When assayed in cell cultures, the isoforms differ in their apparent affinities for intracellular Na+ (α1<α2<α3) (Arystarkhova et al., 1999) and extracellular K+ (α3<α2=α1) (Munzer et al., 1994). The α2-, α3- and α4-isoforms are unique conformers that specify their cellular and subcellular localization. Mutations in human α2- and α3-isoforms have been identified in separate families with two inherited diseases: familial hemiplegic migraine type 2 for α2 (de Vries et al., 2009) and rapid onset dystonia with Parkinsonism for α3 (Brashear et al., 2007).




Regulatory factors direct the trafficking of Na,K-ATPase during its synthesis

These factors, although not understood, are responsible for directing the particular enzyme units to specific locations in the plasmalemma where their functions are coordinated with those of other membrane structures. Examples of coordination are with AMPA receptors (Zhang et al., 2009) (see Ch. 17), Ca- transporters (see later), astrocytic aquaporin 4 and glutamate transporters (see Aquaporins later) and molecules involved in signal transduction (see next).




The Na,K-ATPase/Src complex functions as a signal receptor for cardiotonic steroids (CTS)

CTS, including ouabain and marinobufagenin, are found in the systemic circulation of mammalian species. Endogenous CTS are synthesized in the adrenal cortex and brain and have been found in the hypothalamus of Milan hypertensive rats, even though the detailed biosynthesis is still poorly understood (Lingrel, 2010). Agrin, an endogenous regulator of brain function, was originally discovered as an endogenous antagonist of Na,K-ATPase α3. Through its inhibition of Na,K-ATPase α3 subunit, agrin plays important roles in Ca2+ homeostasis and neuronal activity (Hilgenberg et al., 2006).

Binding of endogenous CTS at sub-nanomolar ranges may not cause significant inhibition of Na,K-ATPase pumping activity, but may provoke multiple protein kinase signaling events including ERK cascades, PLC/PKC pathways, PI3K/Akt signaling and mitochondrial production of reactive oxygen species (ROS) (Fig. 3-5) (Li & Xie, 2009). As described in Figure 3-5, Na,K-ATPase directly interacts with Src, a non-receptor tyrosine kinase, forming a receptor complex for CTS to relay its extracellular binding to intracellular signaling events. At least two pairs of domain–domain interactions are involved. The Na,K-ATPase second cytosolic domain binds Src SH2 domain, while the N domain directly associates with Src kinase domain and inhibits Src activation. The Na,K-ATPase conformational changes induced by the CTS binding provide the driving force to release the Src kinase domain from the N domain, and then to trigger the activation of Src, which transactivates receptor tyrosines such as EGF receptor, resulting in the assembly and activation of protein kinase cascades such as Ras/Raf/ERK and PLC. The activation of PLC generates IP3 and diacylglycerol, leading to increases in cytosolic Ca2+ and the activation of PKC. Thus, the Na,K-ATPase can form a Src-coupled receptor. While the Na,K-ATPase provides the ligand-binding site, the associated Src acts as a signal transducer, capable of converting and amplifying the binding signal through lipid and protein kinase cascades (see Li & Xie, 2009 for references). While all the ouabain effects on Na,K-ATPase may be conformational, it is not known whether the CTS signaling site on Na,K-ATPase is the same as the extracellular ouabain-binding site that produces the enzyme inhibition and ouabain-induced incorporation of Pi into microsomal Na,K-ATPase that has been observed (Siegel et al., 1969; Siegel & Josephson, 1972).
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Figure 3-5 Schematic presentation of Na,K-ATPase-mediated signal transduction. Na,K-ATPase forms a signaling complex composed of multiple structural proteins (ankyrin, caveolin), receptors (IP3R, EGFR), and protein and lipid kinases (Src-kinase, PI3K). Ouabain binding to an extracellular site on Na,K-ATPase induces conformational changes in the enzyme that alter its interactions with the intracellular proteins. Ouabain binding leads to activation of both the Src/EGFR/Ras/Raf/MEK/ERK kinase cascade and the PI3K/Akt pathway. These events in turn promote PLC-catalyzed production of IP3 and DAG, which activate IP3R in the ER membrane and PKC, respectively. IP3R, depicted as the 6-TM structure in the ER membrane, is the Ca2+ channel that will release Ca2+ (yellow hexagon) from the ER to the cytoplasm in response to an increase in IP3. Ankyrin is involved in organizing the Na,K-ATPase –IP3R complex. Akt, protein kinase B; DAG, diacylglycerol; EGFR, epidermal growth factor receptor; ER, endoplasmic reticulum; ERK, extracellular-signal regulated protein kinase; IP3, inositol 1,4,5-trisphosphate; IP3R, IP3 receptor; NCX, Na,Ca antiporter; PI3K, phosphatidylinositol 3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; PKC, protein kinase C; PLC, phospholipase C; ROS, reactive oxygen species. The large red arrows depict caveolin in the flask-shaped caveolae. See also Figure 3-6 for participation of P-type pumps and mitochondria in overall Ca2+ homeostasis.

Na,K-ATPase undergoes endocytosis upon activation of Na,K-ATPase signaling by CTS (see Fig. 3-5). Inhibition of Src or PI3K prevents CTS-induced endocytosis of Na,K-ATPase, suggesting their involvement. Functionally, CTS-induced endocytosis of Na,K-ATPase serves as a basis to terminate the signal, to relay the signal or to target it to specific intracellular compartments. It is also involved in the regulation of other membrane transporters, such as the coordinated down-regulation of basolateral Na,K-ATPase and apical Na/H exchanger (NHE3) trafficking in proximal tubular cells so that the pump and leaks can be matched (Cai et al., 2008a). For detailed references and reviews of the physiological and pathological functions of CTS, please see Lingrel, 2010; Li & Xie, 2009.




Domain-specific interactions make the Na,K-ATPase an important scaffold in forming signaling microdomains

In addition to binding Src, the Na,K-ATPase interacts with many other proteins. For example, the third cytosolic domain (CD3) of Na,K-ATPase interacts with moesin, which links to actin and modifies ankyrin binding (Kraemer et al., 2003); PLC-γ (Li & Xie, 2009); adaptor protein 2 (Doné et al., 2002); cofilin, an actin-modulating protein (Kim et al., 2002); and arrestin 2 and spinophilin, which modulate GPCRs and Na,K-ATPase endocytosis (Kimura et al., 2007). The proline-rich motif within the N-terminus of Na,K-ATPase is accessible to the SH3 domain of PI3K p85 subunit and this interaction also regulates endocytosis of Na,K-ATPase (Yudowski et al., 2000). The N-terminus also interacts with IP3R, NCX and caveolin-1. These interactions bring the transporters and their regulatory proteins together to form cell-specific signaling complexes that allow spatial and temporal regulation of signal transduction and coordination with transmembrane transport. Moreover, these interactions are important for establishing stable membrane structures such as lipid rafts (Cai et al., 2008b) (see Ch. 2). Coordinated oligomolecular complexes of Na,K-ATPase with calcium transporters, glutamate transporters, aquaporin 4, Kir4.1 channels and mGluR5 in astrocyte perisynaptic membranes, and AMPA receptors are discussed in the relevant sections below.

Unexpected roles of the Na,K-ATPase through its scaffolding partners are also indicated in regulation of caveolae, cell motility and tight junctions (Barwe et al., 2005; Cai et al., 2008b; Rajasekaran & Rajasekaran, 2009). Bindings between PI3K and Na,K-ATPase α1 subunit, and those between annexin II and Na,K-ATPase β–subunit, regulate cell motility through the assembly of Na,K-ATPase/annexin II/PI3K complex at plasma membranes (Barwe et al., 2005). The Na,K-ATPase also associates with PP2A and ouabain reduces PP2A activity, induces phosphorylation of occludin, and therefore modulates tight junction functions in epithelial cells (Rajasekaran & Rajasekaran, 2009). Interestingly, the Na,K-ATPase β-subunit in glial cells also mediates neural-astrocyte interactions (Lecuona et al., 1996).






Ca Adenosinetriphosphatases and Na,Ca Antiporters

ATP-dependent Ca2+ pumps and Na,Ca antiporters act in concert to maintain a low concentration of free cytosolic Ca2+. The concentration of cytosolic free calcium ion, [Ca2+]i, in unstimulated cells is between 10−8 and 10−7
 mol/l, which is more than 10,000-fold lower than extracellular free Ca2+. Most intracellular Ca2+ is stored in the endoplasmic reticulum. Because cytoplasmic [Ca2+] has many different intracellular signaling functions, its regulation is complex and its impairment can be catastrophic (Fig. 3-6). The coordinated regulation of cytosolic [Ca2+] by Ca pumps, Na, Ca antiporter and Na,K-ATPase is discussed below.
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Figure 3-6 Calcium homeostasis. In the figure, calcium ions are represented by filled red circles. Ca2+ enters cells through a variety of ligand- and voltage-regulated channels, but basal cytoplasmic free Ca2+ is maintained at less than micromolar levels. Cytoplasmic Ca2+ is regulated coordinately by a Na+/Ca2+ antiporter in plasma membranes and by P-type Ca-ATPases in plasma membranes and endoplasmic reticulum. The driving force for Na+/Ca2+ antiporter exchange is the inwardly directed Na+ gradient, which is maintained by α2 or α3 Na,K-ATPases. Mitochondria can participate transiently in Ca2+ homeostasis if the capacities of these other systems are exceeded. ER stores of Ca2+ can be released by second messengers, such as IP3 or Ca2+ itself, in response to various receptor systems. See Figure 3-5 for proposed model of ouabain signaling and regulation of the ER stores.




The Primary Plasma Membrane Ca Transporter (PMCA)


PMCA is a plasmalemma P-type pump with high affinity for Ca2+

The Km=100–200 nmol/l for Ca2+ but the transport capacity is relatively low. The stoichiometry of PMCA is one Ca2+ transported for each ATP hydrolyzed. These pumps probably do not carry out bulk movements of Ca2+ but, having a high affinity, are most effective in maintaining very low concentrations of cytosolic Ca2+ in resting cells. A distinguishing characteristic of the PMCAs is that, in addition to binding Ca2+ as a substrate, they require activation at very low Ca2+ levels by binding calmodulin, the effect of which is to increase the affinity of the substrate Ca2+ site by 20- to 30-fold. This highly cooperative activation mechanism makes the PMCAs very sensitive to small changes in cytosolic [Ca2+]i. At least four PMCA genes (ATP2B1–4) form a multigene family but alternative splicing leads to many more isoforms, which are differently expressed and regulated in different cell types. The isoforms are activated also by acid phospholipids, protein kinases and other factors. Three isoforms, PMCA1–3, occur in brain; each has a distinct distribution (Di Leva et al., 2008).






Smooth Endoplasmic Reticulum Calcium Pumps (SERCA)


SERCA, another P-type Ca pump, was first identified in sarcoplasmic reticulum

There are three isoforms of SERCA that are products of separate genes. SERCA-1 is expressed in fast-twitch skeletal muscle; SERCA-2a in cardiac/slow-twitch muscle; SERCA-2b, an alternatively spliced form, is expressed in smooth muscle and non-muscle tissues; and SERCA-3 is expressed in endothelial, epithelial, and lymphocytic cells and platelets. SERCA-2b is the major form expressed in brain, where it is found predominantly in neurons. SERCA pumps Ca2+ from cytosol into the ER for storage. Ca2+ is released from the ER through the IP3 receptor (IP3R) when it binds the signal molecule IP3. The Ca pumps of ER normally reduce cytoplasmic [Ca2+] to <1 mM. However, rapid restoration of such low [Ca2+] subsequent to plasma membrane depolarizations requires coordinate activity of the plasmalemma Na,Ca antiporter (see discussion below).




High-resolution structural data exist for the SERCA1a Ca pump

The data illuminate the structure of all P-type transporters (Fig. 3-3 ). Unlike that of the Na,K pump, the catalytic subunit of the SERCA Ca2+ pumps is active and does not require association with another subunit. However, the cardiac isoform, SERCA-2a, associates with a small membrane protein, phospholamban, that can regulate heartbeat strength and rate. The Ca2+ pump reaction mechanism is essentially the same as that illustrated in Figure 3-2 for Na,K pumps except that two Ca2+ are exchanged in each cycle, probably for four protons. The primary sequences for the α subunits of the Na,K- and H,K-ATPases can be superimposed on these Ca2+-pump structures with only minor adjustments necessary to allow for small deletions and insertions.

Notice, in Figure 3-3, that the substrate cations are bound to ionophoric sites consisting of side chains contributed by four adjacent transmembrane helices, and that the E2 configurations of these helices are rotated relative to the E1 configurations. Examination of the paths of these helices through the bilayer does not reveal any obvious ‘channel’ through the membrane. This is consistent with studies of the reaction mechanism, which have shown that, at successive stages of the cycle, the cations either have access from only one side of the membrane or are ‘occluded’ within the pump molecule. Notice also that transmembrane helix 5, which contributes to the ionophoric domain, extends as a helix well into the cytoplasmic P domain, transforming into a β-sheet structure just at its boundary with the ‘signature sequence’, ICSDKTGTL. This is conserved in all P pumps and includes the aspartyl residue (space-filled residue in Fig. 3-3), which reacts with ATP and water within each catalytic cycle.

The sodium and calcium ion pumps can be isolated to near purity and still exhibit most of the biochemical properties of the ‘native’ pump. Some kinetic properties of both these pumps in ‘native’ membranes are altered or disrupted as membrane preparations are purified. For example, when measured in intact membranes, the time dependencies of phosphorylation and dephosphorylation of the pump catalytic sites exhibit biphasic fast-to-slow rate transitions; this characteristic progressively disappears as the membranes are treated with mild detergents. One suggested explanation is that, as the pumps begin to cycle within intact membranes, the catalytic subunits associate into higher oligomers that may permit more efficient transfer of the energy from ATP into the ion transport process. There is structural evidence indicating that Na,K pumps exist in cell membranes as multimers of (αβ)2.






Other P-Type Transporters


P-type copper transporters are important for neural function

Wilson’s and Menke’s diseases have major neurological components (Ch. 49). The Wilson’s disease–mutated gene codes for a transporter, expressed chiefly in liver, which functions in Cu2+ transport, and the deficit in Cu2+ transport leads to decreased synthesis of the Cu2+-containing protein ceruloplasmin. The Menke’s disease-mutated gene codes for a closely related transporter that regulates intestinal Cu2+ absorption (Lutsenko et al., 2007).






V0V1 Proton Pumps


The V0V1-ATPase pumps protons into golgi-derived organelles

V0 is the transmembrane domain and V1 is the cytosolic-facing domain. Their specialized neuronal function is to generate the proton–electrochemical gradient that energizes the H+-antiporters that, in turn, concentrate neurotransmitters from the cytosol into presynaptic vesicles (Ch. 12). The V0V1 structure of these pumps (Fig. 3-7) is similar to that of the F0F1-ATP synthases and they pump protons via a similar rotor and stator mechanism. Unlike F0F1, which animals express only in mitochondria, the particular Golgi organelle that V0V1 targets depends on the isoform of α subunit that is expressed (Morel, 2003).

[image: image]

Figure 3-7 Structural organization of the vesicular proton pump, V-ATPase. V-ATPase is composed of numerous subunits organized as illustrated by color coding: the cytoplasmic domain, V1, contains eight different subunits (A–H), with three copies of the ATP binding subunits A and B; the membrane domain, termed V0, is a hexameric ring composed of proteolipid C subunits (5 C and 1 C″) and single copies of subunits A and D. Functionally, V-ATPase consists of a rotor (white lettering) and a stator domain (black lettering). The rotor consists of the hexameric proteolipid C ring and a stalk made of subunits D and F; the stator consists of the remaining subunits, which are fixed to the membrane via subunit A. Expression of different subunit-A isoforms targets the V-ATPase to different membranes. ATP binding to and hydrolysis by the three subunits A presumably act on subunit D to induce rotation via asymmetric conformational transitions as has been described for the F0F1 ATP synthase. Rotation of the hexameric C ring translocates protons from the cytoplasmic interface of the proteolipid hexamer into the lumen of synaptic or Golgi-derived vesicles. The V1 domain reversibly dissociates, in physiological conditions, to regulate V-ATPase activity.(With permission, from reference (Morel, 2003).)






ATP-Binding Cassettes


The ABC transporters are products of one of the largest known gene superfamilies

Of 48 ABC genes expressed in humans, evidence exists for 13 ABC transporters having some activity in brain, mainly in brain lipid transport (reviewed in detail in Kim et al., 2008). Each transporter consists of two cytoplasmic nucleotide-binding domains (NBDs) and two transmembrane domains (TMDs). The NBDs are highly conserved across the ABC families and contain motifs typical of ATP-binding sites, whereas the TMD structures vary, probably because they are adapted to a wide variety of substrates. In eukaryotes the C-terminal of each NBD is linked to a TMD. In some cases the functional unit is (NBD-TMD)2 and, in others, the first TMD is covalently linked to the second NBD.




The Three-dimensional structures of several ABC transporters from prokaryotes have been determined

MsbA is a homodimeric ATP-binding cassette (ABC) exporter that is essential for most gram-negative bacteria to transport the lipid A hydrophobic moiety of the cytoplasmic membrane to the outer membrane. The lipid otherwise would accumulate as an endotoxin. MsbA is also responsible for exporting many of the substrates of the human multidrug-resistance P-glycoprotein ABCB1. MsbA is a prototype ABC exporter for studies of the conformational movements that constitute the catalytic cycle of these ABC exporters. Figure 3-8 compares NBD structures from nearly identical MsbA transporters from E. coli and S. typhimurium that crystallized with their TMDs in open (Fig. 3-8A) and closed (Fig. 3-8B) conformations, respectively. Hypothetically, substrate would be acquired and transported as a result of the conformational cycle energized by its coupling to ATP hydrolysis (Doshi et al., 2010).
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Figure 3-8 Structure of homodimeric MsbA. 
A: The “open-apo” crystal structure of the E. coli MsbA dimer in a nucleotide-free inward-facing conformation (PDB, 3B5W, full model) reveals residues E208C and E208C’ (marked in red and orange) predicted to be separated by more than 55Å (too wide for disulfide cross-linking). In and Out refer to the inside and outside of the plasma membrane, respectively. B: In the closed outward-facing AMP–PNP-bound crystal structure of S. typhimurium MsbA (PDB 3B60) in which the NBDs dimerize, this distance is only about 6Å (permitting thapsigargin disulfide cross-linking between E208C–E208C’).(With permission, from Fig. 1 of reference (Doshi, et al., 2010).)

In the closed configuration (Fig. 3-8B), demonstrated by disulfide bridging between two CYS residues substituted for two GLU208 in the cytoplasmic extensions of transmembrane helices 4/4’, the two NBD domains bind to each other as a homodimer. As shown in Figure 3-9, nucleotide binds in the pocket formed between these two domains (Jones & George, 2004). In the open configuration (Fig. 3-8A), presumably coupled to ATP hydrolysis, the NBDs separate (Doshi et al., 2010; Jones & George, 2004).
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Figure 3-9 Ribbon diagram of an NBD dimer (PDB 1f30). β strands are depicted as arrows and α helices as coiled ribbons. The two nucleotides, shown as stick models, bind to form part of the interface that stabilizes the dimeric interaction.(With permission, from Fig. 5 of reference (Jones & George, 2004).)




ABCA1 translocates cholesterol and phospholipids outward across the plasma membrane

They are delivered first to the inner plasmalemma leaflet via vesicular pathways (Vance & Hayashi, 2010). This process occurs in astrocytes and developing neurons. Astrocytes also secrete apoE. Extracellular apoE binds and interacts with ABCA1 to promote cholesterol and phospholipid efflux from cultured astrocytes through a mechanism that results in apoE-stabilized HDL-like particles (see Fig. 2-7). In the absence of apolipoprotein, ABCA1 is rapidly proteolyzed by calpain with a T1/2 of only about 20 minutes in some cells. However, apolipoproteins protect ABC1A from calpain and increase its level of expression. Thus the interaction of apolipoprotein with ABCA1 is part of the regulatory process of cholesterol efflux. A closely related transporter, ABCA2, is in oligodendrocytes and is markedly upregulated during myelinization (Vance & Hayashi, 2010).




The multidrug-resistance proteins (MDR) can ‘flip’ amphipathic molecules

These molecules, including membrane phospholipids and sphingolipids, are flipped from the inner to the outer leaflet of plasma membranes and are instrumental in blood–brain barrier function (Ueno, 2009). One member, MDR3, can selectively transport phosphatidylcholine. MDR1 or ‘P-glycoprotein’ is the classic MDR, consisting of two cassettes within a single peptide chain. By pumping the drugs out of the cells, its elevated expression during chemotherapy can decrease the chemosensitivity of cancer cells. P-glycoprotein is expressed at high concentrations in the luminal membranes of brain capillaries and probably accounts for many drug-exclusion functions of the blood–brain barrier (Ueno, 2009). Adrenoleukodystrophy and Zellweger syndrome (Ch. 43) result from defects in two different genes that specify ‘single-cassette’ proteins targeted to peroxisomes.






Secondary Active Transport

Secondary transporters employ energy stored in ion gradients to transport other ions and molecules uphill. Many of these are symporters or antiporters linked to Na+ or proton gradients (Fig. 3-1). However, the situation is often more complex, involving more than one ion gradient. A systematic nomenclature for secondary transporters is based on genomic analyses of the evolutionary relationships among those transporters that are members of a large ‘solute carrier’ family (SLC). Na-dependent glucose and neurotransmitter transport are discussed below. Na+-dependent amino acid transport across cell membranes in general is subserved by several systems classified according to the structure of the amino acid. The reader is referred to a comprehensive review (Bröer, 2008).


Brain capillary endothelial cells and some neurons express a Na-dependent D-glucose symporter

SGLT1 (SLC5A1) was the first characterized of the large SLC5 family of Na+-dependent symporters that transport various solutes and ions into cells (Vemula et al., 2009). In brain vascular endothelium, SGLT1 expression is limited to the luminal membranes of brain capillary endothelial cells. This suggests that SGLT1 and GLUT1 (glucose transporter 1) are both involved in glucose transport from blood into capillary endothelia, whereas glucose efflux from the endothelia into astrocytes and neurons depends primarily on GLUT1. The low affinity of GLUT1 for intracellular glucose (Km ~25 mmol/l) may require SGLT1 on the luminal membrane to accumulate sufficiently high endothelial intracellular glucose to maintain an adequate rate of supply to the astrocytic endfeet.




Neurotransmitter sodium symporters (NSS) effect the recovery of neurotransmitters from synaptic clefts

The reuptake of neurotransmitters into the presynaptic cytosol and their storage in cytoplasmic vesicles is accomplished by the tandem actions of the sodium symporters in plasmalemma and the proton antiporters in the vesicle membranes. Sodium-dependent symporters mediate neurotransmitter reuptake from synaptic clefts into neurons and glia, utilizing energy from the Na+ gradient across the plasmalemma. Proton-dependent antiporters concentrate neurotransmitters from neuronal cytoplasm into presynaptic vesicles, utilizing energy from the proton gradient across the vesicle membrane (Fig. 3-10C). The concentrating forces may be quite large, as in the case of glutamate illustrated in Figure 3-10C. The glutamate cytosol concentration is in the order of 1000-fold relative to the extracellular concentration and the intravesicular concentration is in the order of 20-fold relative to the cytosol. While the exact demand by neurotransmitter reuptake on cerebral energy metabolism is difficult to ascertain, the required subservient H+- and Na,K-ATPase activities contribute substantially to the increased metabolic rate associated with neuronal activity (see Ch. 11).
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Figure 3-10 Structure of a glutamate transporter. This bacterial glutamate transporter provides the first high-resolution model of a glutamate transporter (Yernool, et al., 2004). The X-ray data indicate a trimeric structure. (A) A view of the trimer extracellularly and perpendicular to the bilayer. (B) A view from the bilayer plane. The trimer forms a deep bowl that allows extracellular solutes to access the extracellular glutamate-binding site located near the center of the bilayer plane. The helices represented by colored cylinders are those involved in the structure of the ionophoric sites, which involve transmembrane helices 7 and 8 and two re-entrant loops, HP1 (yellow) and HP2 (red), that enter from opposite sides of the bowl. The objects marked ‘Density’ appear to be glutamates bound at the ionophoric sites. The authors discuss this structure in terms of a model in which each bound glutamate is carried into the cytoplasm by obligatory coupling to the symport of 3 Na+ and 1 H+. (With permission from reference (Yernool, et al., 2004).) (C) Processes involved in neurotransmitter uptake and packaging at nerve endings. Concentration into the cytoplasm is achieved by means of Na+ symporters with high affinity and specificity for the neurotransmitter in the plasmalemma. As indicated in red, μM extracellular glutamate is concentrated to 10 mM levels in cytoplasm and to about 200 mM in the vesicles. Synaptic vesicle membranes contain the V-ATPase proton pump (Fig. 3-7) and chloride channels, which together acidify the internal vesicle space and generate a proton gradient that drives the neurotransmitter-selective antiporters.




There are two distinct subfamilies of neurotransmitter sodium symporters

The larger subfamily, SLC6, includes the Na+,Cl−-dependent symporters for γ-amino butyric acid (GABAT), glycine (GLYT1,2), norepinephrine (NET), dopamine (DAT), and serotonin (SERT) (Torres et al., 2003). In this group, Cl− is cotransported but, because in most cells it is passively distributed across the plasma membrane, chloride ion diffusion does not supply energy to the system. GABA reuptake is mediated by the secondary symporters, GABAT1–4 (SLC6A1–4), which are expressed in GABAergic neurons (see Ch. 18). Glycine symporters in the CNS are labeled GLYT1 and 2. GLYT2 is mainly expressed in glycinergic neurons and GLYT1 is found in glia and neurons. Of particular interest is the finding of GLYT1 on presynaptic glutamatergic nerve endings, where they interact with NMDA glutamatergic receptors. The smaller subfamily, SLC1, includes the Na+-dependent glutamate symporters that are discussed later.




The SLC6 subfamily of symporters for amino acid transmitters and biogenic amines is characterized by a number of shared structural features

The features shared across the subfamily are 12 predicted transmembrane helices with intracellular N- and C-terminals, multiple N-glycosylation sites and several phosphorylation sites. Most of the current structural data relate to the biogenic amine transporters that are the major research targets for psychotherapeutic medicines and addictive substances such as cocaine, methylphenidate and amphetamine. The catecholamine and serotonin transporters are inhibited by a variety of drugs, both therapeutic and addictive. See Chs. 60 and 61 and (Eriksen et al., 2010; Wang & Lewis, 2010) for detailed reviews.




SLC1 proteins encompass glutamate symporters as well as some amino- and carboxylic-acid transporters expressed in bacteria

X-ray diffraction data have been obtained from crystals of one of these (Yernool et al., 2004) (Fig. 3-10). Analysis of multiple sequence alignments indicates that this molecule has a high degree of structural similarity to the glutamate transporters that are expressed in brain. Each subunit appears to contain an ionophoric site that can bind glutamate, probably in association with three Na+ and one H+. This site is located near the central plane of the bilayer and involves two of the eight transmembrane helices plus two ‘re-entrant loops’, one from each side, which may act as ‘access gates’ that open sequentially to permit binding and dissociation within each transport cycle.




The glutamate symporters in brain are coded by five different but closely related genes, SLC1A1–4 and SLC1A6

There are several trivial names for each of the corresponding proteins. The symporters can all symport one Glu with three Na+ and one H+, and antiport one K+ within each cycle, but they differ in their cellular expression. The isoforms have different regulatory interactions and are expressed in different cell types. Being responsible for exquisite control of the access of the main excitatory transmitter in brain, glutamate, to specific synapses and for protection against excitotoxicity, coordination of the glutamate symporters with other synaptic structures and transporters is to be expected. Their density and distribution are regulated at transcriptional and post-translational levels. Astrocytes recover most of the synaptically released glutamate via the transporters GLT1/EAAT2 (aka SLC1A2) and GLAST/EAAT1 (aka SLC1A3). They convert much of this to glutamine, a reaction catalyzed by glutamine synthetase in the astrocytes, and the glutamine is recycled to neurons via the neuronal membrane Na+-dependent amino acid transporter system (system A) (Blot et al., 2009). A mutant form of SLC1A2 has been associated with one form of amyotrophic lateral sclerosis (see Ch. 45). Knockout animals deficient in GLAST or GLT-1 have elevated extracellular glutamate and, in the case of mice, have lethal seizures (Jiang & Amara, 2010).




Failure of regulation of glutamate concentration in its synaptic, extracellular and cytosol compartments leads to critical pathology

While brain total glutamate concentration is about 10 μmol/l, extracellular glutamate measured by in vivo microdialysis is normally only 3–4 μmol/l. Glutamate within the synaptic cleft may be reduced by the glutamate transporter to 0.6 μmol/l or less. Na,K-ATPase is linked to the glutamate transporters GLAST and GLT-1 representing an oligomolecular complex that functions as an integrated unit (Rose et al., 2009). Under depolarizing or anoxic conditions that deplete ATP, the membrane potential and the Na+ and K+ gradients can decrease to levels that cause the glutamate symporters to fail or to operate in reverse, producing 100- to 1,000-fold increases in extracellular glutamate, which is the condition known as excitotoxicity (see in Ch. 35).

Perisynaptic astrocytic transporters confine the extracellular free glutamate to receptors nearest to the release sites and prevent spill over onto adjacent synapses. The total concentration of glial transporters in some CNS synaptic regions is estimated to be sufficient to bind the glutamate content of three to five vesicles per synapse. This ‘buffering’, which occurs mostly in endfeet of astrocytes, is essential for reliable synaptic transmission of high-frequency signals.




Choline transporter: termination of the synaptic action of acetylcholine is unique among neurotransmitters

Acetylcholine action is terminated by hydrolysis rather than by transport (Ch. 13). Consequently, cholinergic neurons recover choline, rather than acetylcholine, via the high-affinity choline transporter CHT-1. A major fraction of these CHT-1 transporters reside in presynaptic vesicles and are only incorporated into the presynaptic membranes concurrently with the release of acetylcholine (Ferguson et al., 2003). This is a form of regulation somewhat analogous to that observed for the SLC6 family noted above. Structurally, CHT-1 is most similar to the Na+-dependent glucose symporter and is classified within the SLC5 gene family.




Packaging neurotransmitters into presynaptic vesicles is mediated by proton-coupled antiporters

The V0V1-type primary transporters (H+-ATPase) pump protons into the lumen of the vesicles. The protons then exchange for the cytosolic neurotransmitters via the vesicle antiporters.

Glutamate packaging antiporters are VGLUT-1, -2, and -3. VGLUT-1 and -2 are principally localized in glutamatergic neurons. They exhibit high specificity but low affinity (~1 mmol/l) for cytoplasmic glutamate. They are saturated by the high concentration of cytoplasmic glutamate (~10 mM). Some indication of the functional significance of different isoforms can be inferred from demonstrations that VGLUT2 is expressed in some dopaminergic neurons whereas VGLUT3 vesicles occur in some serotonergic and GABAergic interneurons. Glutamate released from such neurons may be acting on metabotropic presynaptic receptors as autoregulators. The ability of vesicles to concentrate glutamate is critical to life, as shown by the facts that VGLUT1 and VGLUT2 full knockout mice do not survive past weaning or birth (Wallén-Mackenzie et al., 2010).

The GABA-packaging antiporter VGAT (or VIAAT) was first identified by the characterization of a Caenorhabditis elegans mutant gene that produces a phenotype mimicking ablation of an identified GABA neuron. The mammalian ortholog of this gene functions in both GABAergic and glycinergic neurons. It is a proton antiporter and, like the VGLUTs, has relatively low affinity for its substrates, GABA and glycine.

The monoamine neurotransmitters (serotonin, norepinephrine, epinephrine and dopamine) are packaged into vesicles by the relatively nonspecific antiporters VMAT1 (SLC18A1) and VMAT2 (SLC18A2) (Eiden et al., 2004). Neuronal selectivity for a particular monoamine is determined by the particular biosynthetic enzymes expressed in the neuron. VMAT1 is predominantly distributed to the periphery for sequestration of epinephrine and norepinephrine and to melatoninergic cells of the pineal gland, where it concentrates serotonin. While VMAT2 is mainly in the CNS, where it concentrates dopamine, norepinephrine, epinephrine and histamine, it is also found in histaminergic cells of gastric epithelium and in beta cells of the pancreas. According to recent research with mammalian neurons and neuroendocrine cells, VMAT1 and VMAT2 uptake and storage of monoamines is subject to regulation by two Ca2+-dependent activator proteins of secretion (CAPS1 and 2) linked to the heterotrimeric GTPase Go (Brunk et al., 2009). Beside functioning in packaging of neurotransmitters, these vesicles may act as a protective mechanism to remove from the cytosol endogenous oxidizing substances such as dopamine and exogenous toxicants, such as MPTP+ or methamphetamine, that produce oxidative stress (Guillot & Miller, 2009). Acetylcholine is packaged in synaptic vesicles of both central and peripheral neurons by the same antiporter, namely VAChT (SLC18A3) (Eiden et al., 2004).






General Physiology of Neurotransmitter Uptake and Storage

Presynaptic vesicles are estimated to each contain approximately 3,000–5,000 transmitter molecules. the internal volume of a vesicle is such that its internal transmitter concentration may be ~0.5 mol/l. Vesicle contents may be released within less than 1 ms and <0.02 μm from the postsynaptic receptors. The volume within a synaptic cleft of ~1 μm3 will be ~1,000-fold greater than the vesicle volume, so that the instantaneous concentration is about 0.5 mmol/l. Because only 3–4 free molecules within the volume of such a cleft are effectively ~1 μmol/l, rapid inactivation of a postsynaptic receptor requires removal of essentially all of the transmitter. Glutamate transporters have affinity constants of more than 10 μmol/l, and transport reaction cycles are slow relative to impulse rates. This problem appears to be solved by having an extremely high density of transporters in the astroglial processes immediately adjacent to CNS glutamatergic synapses. The densities of astroglial transporters in processes near glutamatergic synapses are estimated to be 5,000–10,000/μm2 (Lehre & Danbolt, 1998); binding of glutamate to transporters is an important factor in the rapid (ms) removal of glutamate and thus the distribution of transporters can regulate the accessibility of glutamate to extrasynaptic receptors.

Cytoplasmic chloride ion must be transported outward to generate the Cl− gradient that allows GABA- or glycine-gated channels to hyperpolarize neurons by admitting Cl−. In mature neurons, this outward transport is mediated by a K,Cl symporter, KCC2. However, immature neurons, in contrast, accumulate chloride via an inward Na,Cl symporter, NKCC1. Thus, activation of GABAA channels in immature neurons is depolarizing (see Ch.18). The ratio of KCC2/NKCC1 expression increases with maturation in most neurons and can be regulated in mature neurons. For example, in suprachiasmatic neurons this ratio is controlled by clock genes and in other neurons by endocrine cycles.

In the ‘normal’ state of mature neurons, the K+ diffusion potential is similar to the membrane resting potential and thus has little ability to energize KCC2. However, K+ released during membrane depolarization may transiently activate KCC2 symport, lower cytoplasmic [Cl−] and increase the inhibitory postsynaptic current through GABAA channels. Excitation elevates cytoplasmic [Ca2+]. This elevation apparently upregulates KCC2 and is the basis of inhibitory ‘coincidence detection,’ which has been demonstrated in hippocampal neurons; this coincidence is that of excitatory impulses arriving simultaneously with GABAA channel activation at inhibitory synapses (Woodin, et al., 2003).




The Cation Antiporters


Na,Ca exchangers are important for rapidly lowering high pulses of cytoplasmic Ca2+

They can remove cytoplasmic Ca2+ up to 10 times faster than SERCA or PMCA pumps. The NCX exchange process is electrogenic, with three Na+ exchanged for one Ca2+. Three Na,Ca-antiporter isoforms are expressed in brain: NCX1 and NCX3 in neurons, NCX2 predominantly in glia.




Na,K-ATPase α subunits are coordinated with Na,Ca antiporters and Ca pumps

In tissue culture, astrocytes, hippocampal neurons and arterial myocytes all express α1 diffusely in their plasmalemma. In contrast, immunocytochemically stained α2 in astroglia and α3 in myocytes and neurons display reticular patterns that colocalize with the Na,Ca antiporter (NCX) patterns in each of the cell types (Fig. 3-11) (Juhaszova & Blaustein, 1997). These plasmalemma reticular patterns also coincide with the patterns of staining for junctional complexes in sarcoplasmic reticulum and on junctional complexes in endoplasmic reticulum of astroglia and neurons. These junctional complexes contain the smooth endoplasmic reticulum Ca pumps (SERCA).
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Figure 3-11 Localization of Na+ pump α1 and α2 isoforms in primary cultured astrocytes. Cells were incubated with monoclonal antibodies specific for α1 or α2. The original fluorescent images were filtered by ‘nearest neighbor’ deblurring and the restored images compare portions of two astrocytes labeled with these antibodies. Both cells were later treated with a fluorescent dye, DiOC, to stain ER and mitochondria. When the respective antibody-labeled images (green) and DiOC-stained images (red) are superimposed, a yellow reticular pattern is observed where the ER and Na+/K+ pumps coincide.(Adapted with permission from Fig. 4 of Juhaszova & Blaustein (1997).)

Physical coupling among the Na,K-ATPase, NCX and sarcoplasmic reticulum calcium store was first demonstrated in smooth muscle cells. The N-termini of the α2 and α3 isoforms contain a common structural motif that allows these isoforms to be targeted to the plasmalemma microdomains overlying “junctional” sarco-endoplasmic reticulum (Juhaszova & Blaustein, 1997; Song et al., 2006).




The overall mechanism for regulation of cytosolic Ca2+ is complex

The overall mechanism depends on cell-specific interactions among the Na,K-ATPase, NCX, IP3R, regulatory and structural proteins (see Figs. 3-5 and 3-6). In addition to calcium entry through NCX, recent research has demonstrated a direct interaction between the Na,K-ATPase α subunit and IP3Rs in the ER (see Fig 3-5) (Chen et al., 2008; Liu et al., 2008). IP3Rs are IP3-gated Ca2+ channels that are linked by ankyrin-B to the plasmalemma Na,K-ATPase and NCX to form a functional calcium signaling domain in cardiac myocytes (Liu et al., 2008) (see also IP3R in Chs. 23, 24).

In response to stimulation of G protein-coupled receptors or receptor-tyrosine kinases, either PLC-β or PLC-γ is recruited to the membrane and activated. The activated PLC in turn catalyzes the metabolism of PIP2, producing the second messenger IP3 that binds to and opens IP3Rs. A three-amino acid sequence (LEU-LYS-LYS) at the N-terminus of Na,K-ATPase α subunit is essential for its binding to IP3R (Zhang et al., 2006).

Of many structural proteins, ankyrin is one of the most important for the formation of the calcium-signaling microdomains because it may use the Na,K-ATPase as an anchor to bridge the ER IP3Rs to the plasma membrane receptors or channels/transporters. In addition to its interactions with NCX and IP3R, the interactions of Na,K-ATPase with regulatory and structural proteins such as PLC and ankyrin play an important role in stabilizing the microdomain structure (Fig. 3-5) (Liu et al., 2008).






The Anion Antiporters


Anion antiporters comprising the SLC8 gene family all transport bicarbonate

CNS energy production derives almost entirely from glycolysis, resulting in a rate of metabolic CO2 production nearly equal to the rate of oxygen consumption. In adult human brain, this is about 1.5 mmol/l per minute (Ch. 31). Because most neurons express only low concentrations of carbonic anhydrase, CO2 diffuses out of neurons mostly unhydrated, but is converted to HCO3− before it enters the blood. The Cl,HCO3 -anion antiporter (previously termed anion exchanger AE1(SLC4A1) and also known as band 3 protein) is a major protein of erythrocytes, where it mediates rapid uptake of HCO3− in exchange for Cl− and functions in the reverse direction in lungs to exchange HCO3−. An isoform of this antiporter (AE3) is expressed in neurons, which suggests that significant anion exchange occurs across neuronal membranes (see in Alper, 2006 for references).




Intracellular pH in brain is regulated by Na,H antiporters, anion antiporters and Na,HCO3 symporters

In principle the products of cerebral energy metabolism, primarily water and CO2, may leave the brain and enter the circulation without disturbing the ionic balance. However processes such as incomplete oxidation, CO2 hydration or Ca2+ influx can change local pH. Neuronal activity is accompanied by intracellular acidification and extracellular alkalinization. Cerebral metabolic rate decreases with decreasing pH so that, without adequate pH control, local metabolic deficits can be amplified and propagated (Siesjö et al., 1985). The pH response of astrocytes to membrane depolarization is opposite to the neuronal response: intracellular alkalinization and extracellular acidification occur. The neuronal acidification appears to involve antiporter exchange of HCO3− for Cl−, whereas astrocytic alkalinization is probably mediated by a Na,HCO3− symporter. This is an oversimplification of CNS pH regulation in view of the fact that additional secondary transporters are involved in various aspects of local pH regulation.

Na,H antiporters (NHE) occur in synaptosomes, glia and neuroblastoma cells (Cai et al., 2008a). They are relatively inactive at neutral pH but with a decrease in intracellular pH they produce an efflux of protons at the expense of the Na+ gradient. The NHE transport stoichiometry is 1:1. Activation by an internal pH decrement apparently results from protonation of a cytoplasmic site, which allosterically increases the affinity of the proton ionophoric site. In some cells, the NHE is under additional control by receptor mechanisms. Several growth factors and hormones produce transient cytoplasmic alkalinization, probably by mediating a protein kinase phosphorylation of the antiporter, which increases its affinity for cytoplasmic protons (Slepkov et al., 2007).






Facilitated Diffusion: Aquaporins and Diffusion of Water


Simple diffusion of polar water molecules through hydrophobic lipid bilayers is slow

In fact, the rate of diffusion would be much too slow to account for the observed rates of water flux across membranes in cells. Therefore, it was hypothesized that specific transporters or channels regulate rapid water movement across cell membranes. Peter Agre and colleagues in 1992 isolated and identified the first member of a family of water transport molecules, now called aquaporin 1 (AQP1). Presently, this family is known to have 13 members found in mammals and about 150 in total found throughout all biological species. The aquaporin family consists of two subsets of channel proteins. One is the classical group, permeated only by water. The second group, aquaglyceroporins, is permeable to water or glycerol and to other small molecules such as urea (for references, see (Zeuthen, 2010)).

What do aquaporins do to lipid membranes? Cell membranes or synthetic lipid vesicles with normally low permeability to water will absorb water, swell and burst upon exposure to hypoosmotic solutions, if reconstituted with AQP1. The water permeability of membranes containing AQP1 can be about 100 times greater than that of membranes without aquaporins. The water permeability conferred by AQP1 (about 3 billion water molecules per subunit per second) is reversibly inhibited by Hg2+, exhibits low activation energy and is not accompanied by ionic currents or translocation of any other solutes, ions or protons. Thus, the movement of water through aquaporins is an example of facilitated diffusion (Fig. 3-1), in this case driven by osmotic gradients.




Crystallographic and architectural data are available for AQP1 and AQP4

The 28 kDa monomeric protein of the prototypical AQP1 (Ueno, 2009) consists of six membrane-spanning α-helixes with both the carboxyl and amino terminals on the cytoplasmic surface and exists in membranes as a homotetramer. Each of the monomers, having roughly an hourglass configuration, contains a central water channel that can be accessed from either the extracellular or intracellular vestibules. A positively charged arginine residue near the pore obstructs protonated water (H3O+) and other cations, while two positively charged dipoles at the midpoint of the pore disrupt hydrogen bonds and prevent protons from passing through the pore (Zeuthen, 2010).




The aquaporins found in brain are AQP1, 4 and 9

AQP1 is in epithelial cells of choroid plexus (blood–ventricular CSF barrier); AQP4 is in basolateral surfaces of ependymal cells (ventricular CSF–brain barrier), astrocytic plasmalemma including perisynaptic lamellae (neuronal–astrocyte interface), subpial glial limitans (subarachnoid CSF–brain interface), and is most concentrated in astrocytic perivascular end-feet (blood–brain barrier); and AQP9, an aquaglycerol transporter, is in tanycytes and a small set of catecholaminergic neurons in the brainstem. Thusly, AQP4 provides the interface for water transport between brain and the systemic circulation at three locations, via perivascular endfeet, subpial glial limitans and ependyma.

AQP1 functions together with a number of transporters in choroid plexus to produce and regulate the formation and composition of CSF. In choroid plexus, AQP1 is localized to the apical surface of the epithelium where Na,K-ATPase, Na+/K+/2Cl− (NKCC) cosymporter and HCO3− channels are also situated. The basolateral membranes contain Cl,HCO3 -and Na,H-antiporters. The Na,K-ATPase pumping Na+ out of the epithelial apical surfaces into the ventricle provides the energy driving the osmotic gradient that extrudes water from epithelial cell apical surfaces through the AQP1 transporter.




In astrocytic perivascular endfeet membranes, AQP4 is anchored to the dystrophin complex of proteins

AQP4 is linked specifically to α-syntrophin (α-syn) that connects the cell cytoskeleton to the extracellular matrix (see Chs. 2 and 8). The anchoring proteins maintain the AQP4 in regular orthogonal arrays of particles (termed OAPs) that can be visualized by freeze-fracture electron microscopy as intramembrane particles in the endfeet. The AQP4 monomer exists in two forms: a full-length peptide and a truncated peptide starting with the 23rd amino acid (MET23) (Ho et al., 2009). The formation of OAPs requires α-syn and the shorter peptide that is the main constituent of the OAPs. The amount of OAPs is directly related to the ratio of short to long peptides (usually 3:1) and the OAPs exhibit greater water permeability than do the single monomers (Nicchia et al., 2010). Therefore, regulation of the ratio of short to long isoforms has the potential for regulating water transport and osmotic homeostasis through the BBB at the endfeet (Illarionova et al., 2010). The anchoring of AQP4 to α-syn is also critical to water permeability, since OAPs do not form in its absence and the astrocytic endfeet in mice that are α-syn null are defective in water transport (Amiry-Moghaddam et al., 2003).




AQP4 exists in astrocyte membranes and is coordinated with other proteins with which its function is integrated

In astrocytes from rat striatum and cerebellum, AQP4 interacts with the α1-catalytic subunit of Na,K-ATPase and with the mGluR5 receptor but not with astrocyte glutamate transporter GLT-1 (analogue of human EAAT2). The N-terminal segment 23–32 of AQP4 is critical for these interactions, while phosphorylation of the adjacent threonine 33 may be a regulatory factor. Thus, it is surmised that AQP4, Na,K-ATPase and mGluR5 function as an integrated oligomolecular complex in synaptic units (Illarionova et al., 2010).

AQP4 is found colocalized with inward rectifying potassium Kir4.1 and Kir5.1 channels in endfeet of brain astrocytes and retinal Mueller cells. In brain, homomeric Kir4.1 or heteromeric Kir4.1/5.1 are found at perisynaptic astrocytic processes, while only the heteromeric 4.1/5.1 channels are at the endfeet (Fig. 3-12) (Hibino et al., 2010). The Kir4.1 channels permit K+ efflux or influx and are weakly inward rectifiers at the endfeet of astroglia or Mueller cells, thus facilitating the siphoning of K+ away from perineuronal regions to the vitreous or capillary blood. The dense colocalization of AQP4 and Kir4.1 channels promotes the coordinated flux of water and K+ from the periaxonal and perisynaptic regions through the astroglial syncytium and the endfeet into the systemic circulation (spatial buffering) (Masaki et al., 2010).
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Figure 3-12 Spatial buffering of K+ by astrocytes. Subsequent to its release from neuronal membranes during neural activity, the diffusion of K+ toward the vascular bed is dependent on the coupled flow of water through the AQP4 channels and K+ through the colocalized Kir4.1/5.1 channels in astrocytic, and finally through the perivascular astrocytic endfeet into the vascular bed in the CNS parenchyma and subpial glial limitans. Homomeric Kir4.1 and heteromeric 4.1/5.1 channels are located at perisynaptic astrocytic membranes, while only heteromeric 4.1/5.1 are found at the endfeet.(From Hibino, et al., 2010 with permission.)




Rapid diffusion of K+ and H2O from Neuronal extracellular space by astroglia is critical to brain function

High extracellular K+ depolarizes neurons. Neural activity discharges K+, which, if not rapidly removed from the extracellular fluid, lowers the membrane potential of adjacent neurons. Normal neuronal activity can lead to elevations of 1–3 mmol/l in [K+]e but, during epileptogenesis, concentrations can be three to four times higher (see Ch. 40). Usually, the upper limit of axonal impulse-conduction frequency is set by a conduction block that occurs when extracellular K+ accumulates to a concentration of 25–30 mmol/l. In spreading depression, [K+]e may reach 60 mM. Both neurons and astroglia are involved in K+ uptake but their relative contributions are difficult to assess. It is clear that neurons accumulate K+ almost exclusively by means of active transport, but the Na,K pump is slow relative to the channel-mediated K+ release from neurons and to the rates of K+ increase in the extracellular space. Moreover, the neuronal Na,K-pump is saturated at low [K+]e, making it an ineffective regulator for this purpose.

Glial processes invest nearly all extrasynaptic neuronal surfaces (see Ch. 1), and two of their principal functions are to regulate brain water and [K+]e. The extracellular space of the brain consists primarily of the 150–250 Å clefts separating glia and neurons. Astrocytes have higher K+ permeability via Kir and NKCC channels and water permeability via AQP4 than most neurons, and astrocytes are extensively interconnected by gap junctions. K+ efflux from a neuron can diffuse into the local glial cytoplasm, and compensatory K+ efflux can occur from more distal reaches of the glial syncytium, where the [K+]e is lower, as discussed in Figure 3-12. It should be noted that this ‘spatial buffering’ is a diffusion process that requires no energy input.




Short-term regulation of AQP4 may result from phosphorylation of either of two serine residues

Phosphorylation of Ser180, stimulated by dopamine and catalyzed by PKC, results in decreased water permeability, while phosphorylation of Ser111, activated by CaMKII, increases water permeability of AQP4. Ser111 is in a strategic position for control of channel gating. As mentioned above, agonists at mGluR1/5 receptors increase water permeability of astrocytes. These effects depend on NOS activation, suggesting that Ser111 can be phosphorylated by PKG via the pathway of mGluR-CaMKII-NO-cGMP-PKG signaling. Since mGluR5 activation increases the rate of hypoosmotic swelling in rat hippocampal slices, and since there is excessive release of glutamate in infarcted brain, this activation pathway may account for the experimental observations that ablation of AQP4 attenuates post-infarct brain edema (Gunnarson et al., 2008). By similar reasoning, one may expect dopamine agonists or PKC activators to reduce post-infarct cerebral edema (for references, see Yukutake & Yasui, 2010).

In neuromyelitis optica (NMO, or Devic’s disease), the foci of edema and inflammation in optic nerve and CNS are associated with a specific IgG autoantibody produced against AQP4. The NMO-IgG reacts with a native extracellular epitope on the intact AQP4-anchoring protein complex in the astrocyte plasmalemma and initiates a complement-dependent inflammatory reaction while permeabilizing the membrane, as revealed in studies with cultured astrocytes (see references in Nicchia et al., 2010; Wingerchuk et al., 2007; and Box 39.).






Facilitated Diffusion of Glucose and Myoinositol


Facilitated diffusion of glucose across the blood–brain barrier is catalyzed by GLUT-1, -2 and -3

These are products of the SLC2 gene superfamily. The SLC2 (solute carrier) superfamily consists of 12 glucose transporters (GLUT1–12) and one H+-myoinositol cotransporter (HMIT or GLUT13). They all have 12 transmembrane segments with the N- and C-termini both on the cytoplasmic aspect and a specific N-linked oligosaccharide side chain on either the first or fourth extracellular loop.

The Km of GLUT1 is 1–2 mmol/l for glucose influx and 20–30 mmol/l for efflux. A proposed transport mechanism evokes mutually exclusive glucose binding to sites internal and external to the plasmalemma; glucose binding to the extracellular side would induce a conformational change involving transport of the glucose. Possibly GLUT1 exists in membranes as a conformationally asymmetric dimer or tetramer (see (Simpson et al., 2008) for a comprehensive review).

GLUT1 is predominantly expressed in brain endothelial cells of the blood–brain barrier and on the astrocytic endfeet covering the abluminal surface of capillaries. GLUT1 is expressed also in Schwann cells and perineurium. GLUT1 is essential for glucose delivery from blood into brain through the astrocyte endfeet. Astrocytes metabolize glucose to lactate, which can be transferred into neurons via the monocarboxylate transporters MCT1 and MCT2 (see also Ch. 11). A hereditable mutation in the gene for GLUT1 results in a limited glucose supply to the brain and a syndrome of infantile epilepsy, acquired microcephaly and hypoglycorrhachia. A number of milder phenotypic variants have been described (Pascua, et al., 2004). It is noteworthy that, despite its vital dependence on an adequate glucose supply (Ch. 11), the brain relies for its supply of glucose on facilitators rather than active transport; therefore, supply is largely regulated by local blood flow (Ch. 11).

GLUT3 occurs in neurons, mainly in plasmalemma and to a lesser extent in nonsynaptic intracellular vesicles. GLUT2 and glucokinase are believed to be part of a glucose sensor system in certain neurons that modulate feeding behavior and regulate glucose uptake by peripheral tissues: their mRNAs are expressed in human ventromedial and arcuate nuclei of the hypothalamus (Simpson et al., 2008). GLUT8 is expressed in certain brain regions, including hippocampus, amygdala, olfactory cortex, hypothalamus, brainstem and posterior pituitary nerve endings. It is mainly observed in intracellular vesicles and may be translocated to the plasmalemma by as-yet-unknown regulatory stimuli. This endocytic recycling model of regulation may apply to others of the GLUT family. For example, GLUT4 in skeletal and cardiac muscle and adipose tissue occurs mostly in an intracellular vesicle compartment. Insulin activates its rapid translocation to the cell surface, resulting in increased cellular uptake of glucose. Exercise also regulates glucose uptake through trafficking of GLUT4 to the cell surface, but by an insulin-independent mechanism. Deficiencies in GLUT4 may underlie some variants of diabetes type 2 and insulin resistance as well as some skeletal or cardiac muscle disorders (Simpson et al., 2008).




HMIT is an H-coupled myoinositol symporter

High levels of its expression are observed in neurons and glia of hippocampus, hypothalamus, cerebellum and brainstem. Since myoinositol is a precursor for phosphatidyl inositol, which itself is a critical regulator of many neuronal processes (Ch. 23), HMIT regulation is possibly involved in various mood and behavior patterns that are affected by inositol metabolism and by pharmacologic agents that modify inositol metabolism (see Chs. 58, 60).


Therapy of Brain Edema

Potential Pharmacologic Regulation of Aquaporin 4

George J. Siegel

Inhibition or downregulation of AQP4 may aid in therapy of cytotoxic edema while activation or upregulation of AQP4 may aid in therapy of vasogenic brain edema (Saadoun & Papadopoulos 2010). In using mice null for AQP4, studies showed that AQP4 facilitates edema production manifested by astrocytic swelling under experimental conditions producing cerebral ischemia, hyponatremia, water intoxication or other hypoosmotic conditions, or meningitis. The AQP4 or α-syn null animals show less edema than do the respective wild types. In α-syn null animals, the deficit is in the number of OAPs, not in AQP4 monomers. The AQP4-null mice also exhibit prolonged seizures and delayed K+ reuptake from the ECF during cortical spreading depression, which reveals the loss of K+ flow through Kir4.1 channels and loss of water flow through AQP4 channels. These experimental paradigms show that AQP4 facilitates edema production manifested by astrocytic swelling under conditions that produce cerebral ischemia, hyponatremia, meningitis, water intoxication, or other hypoosmotic conditions. These are all examples of cytotoxic edema.

In contrast to the above-mentioned conditions, brain tumors or brain abscesses in animals null for AQP4 produced more edema than in the wild type, indicating that AQP4 facilitates removal of this type of edema. These are examples of vasogenic edema. Other examples of vasogenic edema in AQP4-null mice include intracerebral hemorrhage (Tang et al., 2010) and subarachnoid hemorrhage (Tait et al., 2010). This type of edema is produced independently of AQP4 (which has been ablated in the null animals) but requires AQP4 for its elimination through the three available AQP4 routes: perivascular endfeet around intraparenchymal vessels, the subpial glia limitans, and ependyma. In human edematous brain tumors, astrocytes adjacent to the tumor show increased expression of AQP4 throughout the astrocyte plasmalemma, not only at endfeet. This upregulation of AQP4 may be a protective mechanism.

Animals with overexpression of AQP4 in the endfeet develop more brain edema after water intoxication than do the wild type. Thus, AQP4 in the astrocytic endfeet is rate limiting for osmotic water movements across the blood–brain barrier. AQP4 is also important in spinal cord edema but fewer data are available (see references in Saadoun & Papadopoulos, 2010; Yukutake & Yasui, 2010 for further reading and methodology).

Recent reports along these lines are notable: arylsulfonamide AqB013 is an antagonist of AQP1 and AQP4 (Yool et al., 2010); phorbol myristate acetate, which is an activator of PKC, results in downregulation of AQP4 after cerebral ischemia in rats (Fazzina et al., 2010); in a study of water permeability of Xenopus oocytes expressing AQP4 and the vasopressin G protein-coupled receptor V1(a)R, the permeability was reduced in a vasopressin-dependent manner as a result of V1(a)R-dependent internalization of AQP4 (Moeller et al., 2009). It is notable that this interaction with vasopressin involves PKC activation and is reduced by mutation of Ser180 on AQP4 to alanine, as reported by Moeller and colleagues (Moeller et al., 2009), just as in studies with dopamine-dependent inhibition of mammalian astrocyte AQP4 described in this chapter. Edaravone, a free radical scavenger used in Japan for treatment of acute ischemic stroke, has been found to reduce the infarct area, improve neurologic deficit scores and markedly reduce AQP4 immunoreactivity and protein levels in the infarct area of rat brain after experimental cerebral ischemia (Kikuchi et al., 2009). The recently made discoveries of regulatory pathways for AQP4 that are sensitive to dopamine, glutamate and vasopressin provide strategies for continued investigation in the therapy of cytotoxic edema. Although the precise means of regulating water homeostasis in brain under all conditions are not yet fully understood, the available data point to certain processes meriting investigation regarding AQP4 function: channel gating, regulation by kinases, and OAP formation (Yukutake & Yasui, 2010).
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Chapter 4

Electrical Excitability and Ion Channels

Bertil Hille and William A. Catterall

Outline


Membrane Potentials and Electrical Signals in Excitable Cells

Excitable cells have a negative membrane potential

Real cells are not at equilibrium

Transport systems may also produce membrane potentials

Electrical signals recorded from cells are of two types: stereotyped action potentials and a variety of slow potentials

Action Potentials in Electrically Excitable Cells

During excitation, ion channels open and close and a few ions flow

Gating mechanisms for Na+ and K+ channels in the axolemma are voltage dependent

The action potential is propagated by local spread of depolarization

Membranes at nodes of ranvier have high concentrations of Na+ channels

Functional Properties of Voltage-Gated Ion Channels

Ion channels are macromolecular complexes that form aqueous pores in the lipid membrane

Voltage-dependent gating requires voltage-dependent conformational changes in the protein component(s) of ion channels

Pharmacological agents acting on ion channels help define their functions

The Voltage-Gated Ion Channel Superfamily

Na+ channels were identified by neurotoxin labeling and their primary structures were established by cDNA cloning

Ca2+ channels have a structure similar to Na+ channels

Voltage-gated K+ channels were identified by genetic means

Inwardly rectifying K+ channels were cloned by expression methods

The Molecular Basis for Ion Channel Function

Much is known about the structural determinants of the ion selectivity filter and pore

Voltage-dependent activation requires moving charges

The fast inactivation gate is on the inside

Ion Channel Diversity

Na+ Channels are primarily a single family

Three subfamilies of Ca2+ channels serve distinct functions

There are many families of K+ channels

More ion channels are related to the NaV, CaV and KV families

There are many other kinds of ion channels with different structural backbones and topologies

Ion channels are the targets for mutations that cause genetic diseases

Box: Ion Channelopathies
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Ion channels are macromolecular pores in the cell membranes of all cells. They open and close in response to stimuli (gating) and are permselective to specific cations or anions. Ion fluxes in ion channels generate the resting potential across the plasma membrane and the action potentials and synaptic responses of excitable cells. Various drugs and toxins block the channel pore and change the channel open probability. Ion channels are glycoproteins often formed from multiple transmembrane subunits. The subunits of many channel families have been cloned and sequenced, and for a few of them there are X-ray crystal structures providing direct correspondence between sequence, structure, and function. The voltage-gated channels specific for Na+, K+, and Ca2+ have a pseudo-fourfold symmetry with one pore formed in the middle and four voltage sensors. Mutation of many ion channels leads to familial neurological, cardiac, muscle, and transport organ defects.

The nervous system enables animals to receive and act on internal and external stimuli with speed and coordination. Activities of the nervous system are reflected in ongoing electrical and chemical signals. Consider a simple reflex arc mediating reflex withdrawal of the leg from a painful stimulus. Several cell types are involved in a network, shown diagrammatically in Figure 4-1. Messages travel from skin receptors through the network as a volley of electrical disturbances, terminating in contraction of specific muscles. This chapter concerns the origin of electrical potentials in such excitable cells—potentials generated by the passive diffusion of Na+, K+, Ca2+ and Cl− ions through highly selective molecular pores in the cell plasma membrane called ion channels. Such channels play a role in membrane excitation that is as central as the role of enzymes in metabolism. The opening and closing of specific ion channels shape the membrane potential changes. The interested reader is referred to Hodgkin and Huxley (1964), Armstrong (2003), Nicholls et al. (2001) and Hille (1997, 2001) for more detailed treatment of this subject. Over 500 human genes coding for subunits of ion channels have been identified.

[image: image]

Figure 4-1 Path of excitation in a simplified spinal reflex that mediates withdrawal of the leg from a painful stimulus. In each of the three neurons and in the muscle cell, excitation starts with a localized slow potential and is propagated via an action potential (a.p.). Slow potentials are the generator potential (g.p.) at the skin receptor; the excitatory postsynaptic potentials (e.p.s.p.) in the interneuron and motoneuron, and the end-plate potential (e.p.p.) at the neuromuscular junction. Each neuron makes additional connections to other pathways that are not shown.


Membrane Potentials and Electrical Signals in Excitable Cells


Excitable cells have a negative membrane potential

Before examining the variety of electrical signals, consider the electrochemical theory behind their generation. At rest, the cytoplasm is electrically more negative than the external bathing fluid by 30–100 mV. This potential drop occurs across the cell’s plasma membrane, as is revealed by recording with an electrolyte-filled glass pipette microelectrode. When the sharp tip of such an electrode passes through the plasma membrane, it reports a sudden negative drop, the resting potential of the cell. By convention, the membrane potential is defined as ‘inside’ minus ‘outside,’ so the resting potential is a negative number. Signals that make the cytoplasm more positive than it is at rest are said to depolarize the membrane, and those making it more negative are said to hyperpolarize the membrane.

Membrane potentials arise from the diffusion of ions (Nicholls et al., 2001; Hille, 1997; 2001). Consider the electrolyte system represented in Figure 4-2 (left), where a porous membrane separates aqueous solutions of unequal concentrations of a fictitious salt KA. Assume that the membrane pores are permeable exclusively to K+ so that K+ begins to diffuse across the membrane but A− does not. Initially the movement of K+ from the concentrated side to the dilute side exceeds the movement in the reverse direction, so a few K+ ions flow down their concentration gradient. This process does not continue for long, because each K+ ion carries a positive charge from one compartment to the other and leaves a net negative charge behind. The growing separation of charge creates an electrical potential difference (the membrane potential) between the two solutions. The accumulated positive charge on the side into which the K+ ions diffuse sets up an electrical force that opposes further net movement of K+, and soon the membrane potential stops changing. The membrane potential reached in a system with only one permeant ion and no perturbing forces is called the equilibrium, or Nernst, potential for that ion; thus, the final membrane potential for the system in Figure 4-2 is the K+ equilibrium potential EK. At that potential, there is no further net movement of K+, and unless otherwise disturbed, the membrane potential and ion gradient will remain stable indefinitely. The value of the Nernst potential is derived from thermodynamics by recognizing that the change of electrochemical potential Δμj, for moving the permeant ion j+z across the membrane, must be zero at equilibrium: 
[image: image] (1)
where R is the gas constant (8.31 J)/°/mol, T is absolute temperature in Kelvin (°C+273.2), and F is Faraday’s constant (96,500 C/mol). Using terms appropriate to biology, [j]o and [j]i represent activities of ion j+z outside and inside a cell; z is the ionic valence; and E the membrane potential, defined as ‘inside minus outside’. Solving for E, and calling it Ej to denote the ion at equilibrium gives the Nernst equation for j:
[image: image] (2)
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Figure 4-2 Origin of the membrane potential in a purely K+-permeable membrane. The porous membrane separates unequal concentrations of the dissociated salt K+A−. In the first ‘jiffy,’ the membrane potential, E, recorded by the electrodes above is zero and K+ diffuses to the right down the concentration gradient. The anion A− cannot cross the membrane, so a net positive charge builds up on the right and a negative charge on the left. At equilibrium, the membrane potential, caused by the charge separation, has built up to the Nernst potential, EK, where the fluxes of K+ become equal in the two directions.

For practical use at 20°C, the Nernst equation can be rewritten
[image: image] (3)
showing that for a 10:1 transmembrane gradient, a monovalent ion can give rise to 58 mV of membrane potential. Table 4-1 gives approximate intracellular and extracellular concentrations of the four electrically most important ions in a mammalian skeletal muscle cell and the Nernst potentials calculated from these numbers at 37°C (neglecting possible activity coefficient corrections). Experimentally it is found that the resting muscle membrane is primarily permeable to K+ and Cl− and, therefore, the resting potential in muscle is −90 mV, close to the equilibrium potentials EK and ECl. To summarize, membrane potentials arise by diffusion of a small number of ions down their concentration gradient across a permselective membrane.

Table 4-1. Approximate Free Ion Concentrations in Mammalian Skeletal Muscle

[image: Image]




Real cells are not at equilibrium

Although the concept of equilibrium potentials is essential to understanding and predicting the membrane potentials generated by ion permeability, real cells actually never are at equilibrium, because different ion channels open and close during excitation, and even at rest several types of channels are open simultaneously. Under these circumstances, the ion gradients are dissipated constantly, albeit slowly, and ion pumps are always needed in the long run to maintain a steady state (see Ch. 3). When the membrane is permeable to several ions, the steady-state potential is given by the sum of contributions of the permeant ions, weighted according to their relative permeabilities Pj:
[image: image] (4)

This Goldman–Hodgkin–Katz voltage equation is often used to determine the relative permeabilities of ions from experiments where the bathing ion concentrations are varied and changes in the membrane potential are recorded (Hille, 2001).




Transport systems may also produce membrane potentials

The equations just discussed describe passive electrodiffusion in ion channels where the only motive forces on ions are thermal and electrical, and they explain almost all the potentials of excitable cells. However, one other class of electric current source in cells can generate potentials: the ion pumps and other membrane transporters that couple ion movements to the movements of other molecules. In excitable cells, the most prominent is the Na+/K+ pump (see Ch. 3), which gives a net export of positive charge and hence can hyperpolarize the plasma membrane slightly in proportion to the rate of pumping (Nicholls et al., 2001); but hyperpolarization from this electrogenic pumping is at most a few millivolts. By contrast, mitochondria (and plant, algal, fungal, and bacterial cells) have powerful current sources in their proton transport system. Their membrane potentials are often dominated by this electrogenic system and cannot be described in terms of diffusion in passive ion channels.




Electrical signals recorded from cells are of two types: stereotyped action potentials and a variety of slow potentials

The action potential of axons is a brief, spike-like depolarization that propagates regeneratively as an electrical wave without decrement and at a high, constant velocity from one end of the axon to the other (Hodgkin, 1964; Nicholls et al., 2001). It is used for all rapid signaling over a distance. For example, in the reflex arc of Figure 4-1 action potentials in motor axons would carry the message from spinal cord to leg, telling some muscle fibers of the biceps femoris to contract. In large mammalian axons at body temperature, the action potential at any one patch of membrane may last only 0.4 ms as it propagates at a speed of 100 m/s. The action potential is normally elicited when the cell membrane is depolarized beyond a threshold level; and it is said to arise in an all-or-nothing manner because a subthreshold stimulus gives no propagated response, whereas every suprathreshold stimulus elicits the stereotyped propagating wave. Underlying the propagated action potential is a regenerative wave of opening and closing of voltage-gated ion channels that sweeps along the axon. Action potentials are also frequently referred to as spikes or impulses. Most nerve and muscle cells and many endocrine cells can make action potentials.

By contrast, slow potentials are localized membrane depolarizations and hyperpolarizations, with time courses ranging from several milliseconds to minutes. They are associated with a variety of transduction mechanisms. For example, slow potentials arise postsynaptically at the sites of action of neurotransmitter molecules (see Ch. 12) and in transduction sites of sensory receptors (see Chs. 51–54). Slow potentials are graded in relation to their stimulus and sum with each other within the cell while decaying passively over a distance of no more than a few millimeters from their site of generation. Underlying the slow potential is a graded and local opening or closing of ion channels reflecting the intensity of the stimulus. These channels are gated by stimuli other than voltage. The natural stimulus for the initiation of propagated action potentials is a depolarizing slow potential exceeding the firing threshold. In each of the cell types involved in the reflex arc in Figure 4-1, depolarizing slow potentials initiate propagating action potentials as the message moves forward.






Action Potentials in Electrically Excitable Cells


During excitation, ion channels open and close and a few ions flow

The membrane potential does not change unless there is a net charge movement across the membrane. During a propagated action potential, ion channels permeable to Na+ open, some Na+ enters the fiber, and the membrane potential swings transiently toward ENa. When these pores close again, the membrane potential returns to rest near EK and ECl. During activity the extra ion fluxes impose an extra load on the Na+/K+ pump and the Ca2+ pump, consuming ATP and stimulating an extra burst of cellular oxygen consumption until the original gradients are restored.

How large are these fluxes? The physical minimum, calculated from the rules of electricity, is very small. Only 10−12 equivalents of charge need be moved to polarize 1 cm2 of membrane by 100 mV, meaning that, ideally, the movement of 1 pmol/cm2 of monovalent ion would be enough to depolarize the membrane fully. With this kind of Na+ gain, a squid giant axon of 1 mm diameter could be stimulated 105 times and a mammalian unmyelinated fiber of 0.2 μm diameter only 10–15 times before the internal Na+ concentration would be doubled, assuming that the Na, K pump had been blocked.




Gating mechanisms for Na+ and K+ channels in the axolemma are voltage dependent

The breakthrough in explaining the action potential came with an electrical method to study the kinetics of ion permeability changes directly. In a classic series of experiments, Hodgkin, Huxley and Katz (Hodgkin, 1964; Nicholls et al., 2001; Hille, 1997, 2001; Hodgkin & Huxley, 1952) studied squid giant-axon membranes by the method they called the voltage clamp. Their method controls the membrane voltage electrically while ion movements are recorded as electric current flowing across the membrane. The recorded current can be resolved into individual ionic components by changing the ion content of the solutions that bathe the membrane. The voltage clamp is a rapid and sensitive assay for studying the opening and closing of ion channels. Today, a widely used miniature version of the voltage clamp is the patch clamp, which has sufficient sensitivity to study the current flow in a single ion channel (Hamill et al., 1981). A glass micropipette, the patch pipette, with a tip diameter <1 μm, is fire polished at the tip and then pressed against the membrane of a cell. Because the tip is smooth, it seals to the membrane in the annular contact zone, rather than piercing the membrane, and defines a tiny patch of the cell surface whose few ion channels can be detected easily by the currents flowing through them. The patch clamp readily measures fluxes of as little as 10−20
 mol of ion in less than 1 ms.

With the voltage clamp, Hodgkin and Huxley (Hodgkin, 1964; Hodgkin et al., 1952; Bezanilla, 2000) discovered that the opening and closing conformational changes of axonal Na+ and K+ channels are directly controlled by the membrane potential. Hence, channel gating (these conformational changes) derives its energy from the work done by the electric field on charged residues of the channel macromolecule. Hodgkin and Huxley (1952) identified currents from two types of ion-selective channel—Na+ channels and K+ channels—that account for almost all the current in axon membranes. Then they made a kinetic model of the opening and closing steps, simplified in Figure 4-3. Depolarization of the membrane is sensed by the voltage sensors of each channel and causes the conformational reactions to proceed to the right. Repolarization or hyperpolarization causes them to proceed to the left. We can understand the action potential in these terms. The action potential, initiated by a depolarizing stimulus, begins with a transient, voltage-gated opening of Na+ channels that allows Na+ to enter the fiber and depolarize the membrane fully, followed by a transient, voltage-gated opening of K+ channels that allows K+ to leave and repolarize the membrane. Figure 4-4 shows a calculation of the temporal relation between channel-opening and membrane-potential changes in an axon at 18.5°C, using the full kinetic model of Hodgkin & Huxley (1952).
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Figure 4-3 Simplified kinetic model for opening and closing steps of Na+ and K+ channels. Adapted from Hodgkin & Huxley (1952).
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Figure 4-4 Events of the propagated action potential calculated from theHodgkin & Huxley (1952)
kinetic model. Because the action potential is a nondecrementing wave, the diagram shows equivalently the time course of events at one point in the axon or the spatial distribution of events at one time as the excitation propagates to the left. Upper. Action potential (EM) and the opening and closing of Na+ and K+ channels. The Nernst potentials for Na+ and K+ are indicated by ENa and EK. Lower. Local circuit currents. The intense loop on the left spreads the depolarization to the left into the unexcited membrane.




The action potential is propagated by local spread of depolarization

How does the action potential propagate smoothly down an axon, bringing new channels into play ahead of it? Any electrical depolarization or hyperpolarization of a cell membrane spreads a small distance in either direction from its source by a purely passive process often called cable spread or electrotonic spread. The spread occurs because the intracellular and extracellular media are much better conductors than is the membrane, so that any charges injected at one point across the membrane repel each other and disperse along the membrane surface. The lower part of Figure 4-4 shows diagrammatically the so-called local circuit currents that spread the depolarization forward. In this way, an excited depolarized membrane area smoothly depolarizes the next unexcited region ahead of the action potential, bringing it above firing threshold, opening Na+ channels there, and advancing the wave of excitation. The action potential in the upper part of Figure 4-4 is calculated by combining the known geometry of the squid giant axon with the rules of ionic electricity and the Hodgkin and Huxley kinetic equations for the voltage-dependent gating of Na+ and K+ channels. The success of the calculations means that the factors described are sufficient to account for action-potential propagation, a triumph of biophysics.




Membranes at nodes of ranvier have high concentrations of Na+ channels

A wide variety of cells have now been studied by voltage clamp methods, and quantitative descriptions of their permeability changes are available. All axons, whether vertebrate or invertebrate, operate on the same principles: They have a small background permeability, primarily to K+, that sets the resting potential and display brief, dramatic openings of Na+ and K+ channels in sequence to shape the action potentials. Chapter 10 describes myelin, a special adaptation of large (1–20 μm diameter) vertebrate nerve fibers for higher conduction speed. In myelinated nerves, like unmyelinated ones, the depolarization spreads from one excitable membrane patch to another by local circuit currents; but, because of the insulating properties of the coating myelin, the excitable patches of axon membrane (the nodes of Ranvier) may be more than 1 mm apart, so the rate of progression of the impulse is faster. Nodes of Ranvier have at least 10 times as many Na+ channels per unit area as other axons to depolarize the long, passive internodal myelin. The Na+/K+ pump is also concentrated at nodes (see Ch. 3). Between nodes, the internodal axon membrane has K+ channels but far fewer Na+ channels.






Functional Properties of Voltage-Gated Ion Channels


Ion channels are macromolecular complexes that form aqueous pores in the lipid membrane

We have learned much about ion channel function from voltage clamp and patch clamp studies on channels still imbedded in native cell membranes (Hodgkin, 1964; Armstrong, 2003; Nicholls et al., 2001; Hille, 1997, 2001; Hodgkin & Huxley, 1952; Bezanilla, 2000). A diversity of channel types was discovered in the different cells in the body, where the repertoire of functioning channels is adapted to the special roles each cell plays (Hille, 2001). The principal voltage-gated ones are the Na+, K+ and Ca2+ channels, and most of these are opened by membrane depolarizations. Figure 4-5A summarizes the major functional properties of a voltage-gated channel in terms of a fanciful cartoon drawn before the availability of crystal structures. The pore is narrow enough in one place, the ionic selectivity filter, to ‘feel’ each ion and to distinguish among Na+, K+, Ca2+ and Cl−. The channel also contains charged components that sense the electric field in the membrane and drive conformational changes that open and close gates controlling the permeability of the pore. In voltage-gated Na+, K+ and Ca2+ channels, the gates close the intracellular mouth of the pore and the selectivity filter is near the outer end of the pore.
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Figure 4-5 (A) Diagram of the functional units of a voltage-gated ion channel and (B) the hypothesized binding sites for several drugs and toxins affecting Na+ channels. The drawing is fanciful, and the dimension and shapes of many parts are not known. Drug receptors: TTX, tetrodotoxin and saxitoxin; ScTx, scorpion toxins and anemone toxins; BTX, batrachotoxin, aconitine, veratridine and grayanotoxin; LA, local anesthetics; Ca2+, divalent ions screening and associating with surface negative charge.

How did the voltage clamp show that a channel is a pore? The most convincing evidence was the large ion flux a single channel can handle. In patch-clamp studies, it is common to observe ionic currents of 2–10 pA flowing each time one channel in the patch is open. This would correspond to 12–60×106 monovalent ions moving per second. Such a turnover number is several orders of magnitude faster than known carrier mechanisms and agrees well with the theoretical properties of a pore of atomic dimensions.

Water molecules break and make hydrogen bonds with other waters 1011–1012 times per second, and alkali ions exchange water molecules or other oxygen ligands at least 109 times per second. In these terms, the progress of an ion across the membrane is not the movement of a fixed hydrated complex; rather, it is a continual exchange of oxygen ligands as the ion dances through the sea of relatively free water molecules and polar groups that form the wall of the pore. Dipoles and charged groups in the pore provide stabilization energy to the permeating ion, compensating for those water molecules that must be left behind as the ion enters into the pore. Evidence for important negative charges in the selectivity filter of Na+ and Ca2+ channels comes from a block of their permeability as the pH of the external medium is lowered below pH 5.5 (Hille, 2001) and from site-directed mutagenesis of aspartate and glutamate residues in cloned channels (Heinemann et al., 1992).

The minimum pore size of ion channels was first determined from the van der Waals dimensions of ions that will pass through them (Hille, 2001). The voltage-gated channels, which show considerable ion selectivity, are so narrow that ions need to shed several (not all) water molecules to pass through. The ion fluxes are often described by models with temporary binding to attractive sites and jumps over energy barriers. Formally, the kinetics of flux through channels can be formulated similarly to enzyme kinetics. It is assumed that the channel passes through a sequence of ‘channel–ion complexes’ as it catalyzes the progression of an ion across the membrane. Such theories also can describe other properties of ion channels, such as selectivity, saturation, competition and block by permeant ions (Hille, 2001).




Voltage-dependent gating requires voltage-dependent conformational changes in the protein component(s) of ion channels

On theoretical grounds, a membrane protein that responds to a change in membrane potential must have charged or dipolar amino acid residues, located within the membrane electric field, acting as voltage sensors as illustrated in Figure 4-5A (Hille, 2001; Hodgkin & Huxley, 1952; Bezanilla, 2000). Changes in the membrane potential then exert a force on these charged residues. If the energy of the field-charge interactions is great enough, the protein may be induced to undergo a change to a new, stable conformational state in which the net charge or the location of charge within the membrane electric field has been altered. For such a voltage-driven change of state, the steepness of the state function versus membrane potential curve defines the equivalent number of charges that move, according to a Boltzmann distribution. On this basis, activation of Na+ channels would require the movement of as many as 12 positive charges from the intracellular to the extracellular side of the membrane. The movement of a larger number of charges through a proportionately smaller fraction of the membrane electrical field would be equivalent.

Such movements of membrane-bound charge give rise to tiny ‘gating’ currents that can be detected electrophysiologically (Armstrong, 1981). Their voltage and time dependence are consistent with the multistep changes of channel state from resting to active. In contrast to activation, fast inactivation from the open state of Na+ channels and certain K+ channels does not seem to be a strongly voltage-sensitive process. This inactivation can be removed irreversibly by proteolytic enzymes acting from the intracellular side of the channel. It requires regions of the channel that are exposed at the intracellular surface of the membrane.




Pharmacological agents acting on ion channels help define their functions

The Na+ channel is so essential to successful body function that it has become the target in evolution of several potent poisons. The pharmacology of these agents has provided important insights into the further definition of functional regions of the channel (Armstrong, 2003; Hille, 2001; Catterall, 1980). Figure 4-5B shows the probable sites of action of four prominent classes of Na+ channel agents. At the outer end of the channel pore is a site where the puffer fish poison tetrodotoxin (TTX), a small, lipid-insoluble charged, binds with a Ki of 1–10 nmol/l and blocks Na+ permeability. A second important class of Na+ channel blockers includes such clinically useful local anesthetics as lidocaine and procaine and related antiarrhythmic agents. They are lipid-soluble amines with a hydrophobic end and a polar end, and they bind to a hydrophobic site on the channel protein where they also interact with the inactivation gating machinery. The relevant clinical actions of local anesthetics are fully explained by their mode of blocking Na+ channels. Two other classes of toxins either open Na+ channels spontaneously or prevent them from closing normally once they have opened. These are lipid-soluble steroids, such as the frog-skin poison batrachotoxin (BTX) and the plant alkaloids aconitine and veratridine, all three of which act at a site within the membrane, and peptide toxins from scorpion and anemone venoms, which act at two sites on the outer surface of the membrane. Most scorpion and anemone toxins block the inactivation gating step specifically. Interestingly, the affinity of the channel for each of these classes of toxins depends on the gating conformational state of the channel.

Similarly, specific agents affect K+ channels or Ca2+ channels. Most K+ channels can be blocked by tetraethylammonium ion, Cs+, Ba2+ and 4-aminopyridine (Armstrong, 2003; Hille, 2001). Except for 4-aminopyridine, there is good evidence that these ions become lodged within the channel at a narrow place from which they may be dislodged by K+ coming from the other side. In addition, certain K+ channels can be distinguished by their ability to be blocked near the outer mouth by polypeptide toxins from scorpion (charybdotoxin), bee (apamin), or snake (dendrotoxin) venoms. Ca2+ channels can be blocked by externally applied divalent ions, including Mn2+, Co2+, Cd2+ and Ni2+. Different Ca2+ channel subtypes can be distinguished by their block by dihydropyridines (nifedipine), cone snail toxins (ω-conotoxins) and spider toxins (agatoxins).






The Voltage-Gated Ion Channel Superfamily

Why should we study the structural properties of the channel macromolecules themselves? Although biophysical techniques define the functional properties of voltage-sensitive ion channels clearly, it is important to relate those functional properties to the structure of the channel proteins. We focus first on the discovery of the ion channel proteins, in which three different experimental approaches were used.


Na+ channels were identified by neurotoxin labeling and their primary structures were established by cDNA cloning

Neurotoxins act at several different sites on Na+ channels to modify their properties (Figures 4-5B, 4-6A). Photoreactive derivatives of the polypeptide toxins of scorpion venom were covalently attached to Na+ channels in intact cell membranes, allowing direct identification of channel components. Reversible binding of saxitoxin and tetrodotoxin to their common receptor was used as a biochemical assay for the channel protein. Solubilization of excitable membranes with nonionic detergents released the Na+ channel, and the solubilized channel was purified by chromatographic techniques that separate glycoproteins by size, charge and composition of covalently attached carbohydrate (Agnew, 1984; Barchi, 1984; Catterall, 1986). Na+ channels consist of a large α-subunit, a glycoprotein with molecular mass of 260,000, that is usually in association with glycoprotein β-subunits with molecular masses of 33,000–36,000 (Fig. 4-6A). An important step in the study of a purified membrane transport protein is to reconstitute its function in the pure state. This was accomplished by reconstitution of the Na+ channel in phospholipid vesicles and in planar phospholipid bilayers. The purified channels retained the voltage dependence, ion selectivity, and pharmacological properties of native channels, confirming that the correct ion channel protein had been purified in functional form.
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Figure 4-6 Structural model of the Na+ channel. 
(A) Left. A topological model of the rat brain Na+ channel illustrating the probable transmembrane orientation of the three subunits, the binding sites for tetrodotoxin (TTX) and scorpion toxin (ScTX), oligosaccharide chains (wavy lines) and cAMP-dependent phosphorylation sites (P). Right. An en face view of the protein from the extracellular side illustrating the formation of a transmembrane ion pore in the midst of a square array of four transmembrane domains of the α subunit. (B) A transmembrane folding model of the α and β subunits of the Na+ channel. The amino acid sequence is illustrated as a narrow line, with each segment approximately proportional to its length in the molecule. Transmembrane α-helices are illustrated as cylinders. The positions of amino acids required for specific functions of Na+ channels are indicated: ++ positively charged voltage sensors in the S4 transmembrane segments; O, residues required for high affinity binding of TTX with their charge characteristics indicated by −, + or open field; h, residues required for fast inactivation; P in a circle, sites for phosphorylation by cAMP-dependent protein kinase; and P in a diamond, sites for phosphorylation by protein kinase C. (C) Sequential gating of the Na+ channel. A reaction pathway from closed to open Na+ channels is depicted. Each square represents one homologous domain of the α subunit. Each domain undergoes a conformational change initiated by a voltage-driven movement of its S4 segment, leading eventually to an open channel. Inactivation of the channel occurs from the final closed state and the open state by folding of the intracellular loop connecting domains III and IV into the intracellular mouth of the transmembrane pore.

The amino acid sequences of the Na+ channel α, β1 and β2 subunits were determined by cloning and sequencing DNA complementary to their mRNAs, using antibodies protein sequence, and oligonucleotides developed from work on purified Na+ channels (Noda et al., 1986; Isom et al., 1994; Catterall, 2000a). The primary structures of these subunits are illustrated as transmembrane folding models in Figure 4-6B. The large α subunits are composed of 1,800–2,000 amino acids and contain four repeated domains having greater than 50% internal sequence identity. Each domain contains six segments that form transmembrane α-helices and an additional membrane reentrant loop that forms the outer mouth of the transmembrane pore (see below). In contrast, the smaller β1 and β2 subunits consist of a large extracellular N-terminal segment with a structure similar to antigen-binding regions of immunoglobulin, a single transmembrane segment and a short intracellular segment (Fig. 4-6B).




Ca2+ channels have a structure similar to Na+ channels

The same general experimental strategy was successfully applied to voltage-gated Ca2+ channels. Drugs and neurotoxins that act on Ca2+ channels were used to identify and purify their protein components, and the ion transport function of the purified channels was restored by reconstitution (Fig. 4-7A) (Catterall, 2000b; Hofmann et al., 1994). Like Na+ channels, Ca2+ channels have a principal subunit, designated α1, which is structurally homologous to the Na+ channel α subunit. They have associated α2 and δ subunits, which form a disulfide-linked transmembrane glycoprotein complex, and β subunits, which are intracellular (Fig. 4-7A). In addition, Ca2+ channels in skeletal muscle have a transmembrane γ subunit. The auxiliary subunits of Ca2+ channels are not related in primary structure to the Na+ channel β subunits.

[image: image]

Figure 4-7 Transmembrane organization of voltage-gated Ca2+ channels, K+ channels and relatives. 
(A) The primary structures of the subunits of voltage-gated Ca2+ channels are illustrated. Cylinders represent probable α-helical transmembrane segments. Bold lines represent the polypeptide chains of each subunit, with length approximately proportional to the number of amino acid residues. (B) The primary structures of the plasma membrane cation channels related to K+ channels are illustrated as transmembrane folding diagrams based on analysis of the hydrophobicity of the amino acid sequence. Transmembrane α-helices are illustrated as cylinders. The remainder of the polypeptide chain is illustrated as a bold line, with the length of each segment approximately proportional to the length of its amino acid sequence. K
V
, voltage-gated K+ channel; K
Ca
, Ca2+-activated K+ channel types 2 and 3; CNG, cyclic nucleotide-gated channel; K
ir
, inward rectifying K+ channel.




Voltage-gated K+ channels were identified by genetic means

Genes that harbor mutations causing an easily detectable altered phenotype can be cloned directly from genomic DNA without information about the protein they encode. The Shaker mutation in Drosophila causes flies to shake when under ether anesthesia and is accompanied by loss of a specific K+ current in the nerve and muscle of the mutant flies. Cloning successive pieces of genomic DNA from the region of the chromosome that specifies this mutation allowed isolation of DNA clones encoding a protein related in amino acid sequence to the α subunit of Na+ channels (Jan & Jan, 1997). The K+ channel protein is analogous to one of the homologous domains of Na+ or Ca2+ channels (Jan & Jan, 1997) and functions as a tetramer of four separate subunits, analogous to the structure of Na+ and Ca2+ channels (Fig. 4-7B). Like the Na+ channels and the Ca2+ channels, the K+ channels have auxiliary subunits, which include intracellularly located β subunits as well as minK or minK-related subunits that have a single transmembrane segment (Jan & Jan, 1997; Pongs, 1999).




Inwardly rectifying K+ channels were cloned by expression methods

A third experimental approach was used to clone and characterize inwardly rectifying K+ channels, the simplest member of the ion channel protein family (Jan & Jan, 1997; Doupnik et al., 1995). DNA complementary to mRNAs from brain or heart was prepared and separated into pools. mRNA was prepared from each pool and its ability to direct the synthesis of K+ channels in Xenopus oocytes was measured. The active cDNA was isolated by repeatedly dividing the pool of cDNAs until only a single one remained. The amino acid sequence that it encoded showed that inwardly rectifying K+ channels have only two transmembrane segments (Fig. 4-7B), analogous to the S5 and S6 segments of voltage-gated Na+, Ca2+ or K+ channels. Four subunits are required to form an ion channel. Thus, these two segments also form the transmembrane pores of voltage-gated Na+, Ca2+ or K+ channels.






The Molecular Basis for Ion Channel Function

The cloning of the cDNA encoding the ion channel subunits permitted detailed tests of the functional properties of the polypeptides. cDNA clones can be expressed in recipient cells and the resulting ion channels can be studied by voltage-clamp methods. Only the principal α subunits of the Na+, Ca2+ or K+ channels are required for function (Noda et al., 1986; Goldin et al., 1986). However, co-expression of the auxiliary subunits increases the level of expression and modifies the voltage-dependent gating, conferring more physiologically correct functional properties on the expressed channels (Isom et al., 1994). These results indicate that the principal subunits of the voltage-gated ion channels are functionally autonomous, but the auxiliary subunits improve expression and localization and modulate physiological properties.


Much is known about the structural determinants of the ion selectivity filter and pore

Which amino acid sequences are involved in forming the ion selectivity filter and pore? Insight into this question first came from studies of the amino acid residues required for binding of tetrodotoxin, which blocks the Na+ channel ion selectivity filter at the outer mouth of the pore (Fig. 4-5B). Site-directed mutagenesis experiments showed that pairs of amino acid residues required for high-affinity tetrodotoxin binding are located in analogous positions in all four domains near the carboxyl ends of the short membrane-re-entrant segments between transmembrane α-helices S5 and S6 (Terlau et al., 1991) (Fig. 4-6B). Six of these eight residues are negatively charged and may interact with permeant ions as they approach and move through the channel. In agreement with this idea, mutation of the only two of these residues that are not negatively charged (see domains III and IV, Fig. 4-6B) to glutamic acid residues, as present in the analogous positions in the Ca2+ channel, confers Ca2+ selectivity on the Na+ channel (Heinemann et al., 1992). Parallel results implicated these same regions of the K+ channel in determining ion selectivity and conductance (Miller, 1990). These results led to the idea that these segments, often called the P loops, form the ion selectivity filter. The three-dimensional structure of the pore formed from the S5 and S6 segments and the intervening P loop was elegantly determined by X-ray crystallography of a bacterial K+ channel (Doyle et al., 1998). As in inward rectifier K+ channels (Fig. 4-7B), the subunits of this bacterial channel have just two transmembrane segments (analogous to S5 and S6), which form α-helices that cross the membrane at an angle to form an ‘inverted teepee’ structure (Fig. 4-8A, left). The P loops are cradled in this structure to form the narrow ion selectivity filter at the extracellular end of the pore. This remarkable structure elucidates the molecular basis for the formation of a transmembrane pore and suggests a mechanism for ion conduction (see below).
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Figure 4-8 The ion selectivity filter and pore of Na+ and K+ channel illustrated with the extracellular side upwards. 
(A) A drawing of the three-dimensional structures of K+ channels in the closed and open states, adapted from the three-dimensional structures of the K+ channel from the bacteria Streptococcus lividans (closed, left) and Methanobacterium terrmoautotrophicum (open, right). Only two subunits are shown for clarity. (B) A drawing of K+ ions moving single file through the ion selectivity filter of the K+ channel from S. lividans. The four ion-coordination sites are thought to work in pairs. In one cycle of outward K+ conductance, K+ ions occupy sites 1 and 3 (orange), shift to sites 2 and 4 (gray), and then the K+ ion in site 4 moves into the extracellular space while a new K+ ion occupies site 1 and the K+ ion in site 2 moves to site 3, reestablishing the initial state. (C) A drawing of the local anesthetic receptor site in the pore of the Na+ channel. The amino acid residues that are thought to contact a bound etidocaine molecule (yellow) are indicated in a space-filling format for the S6 segments in domains I (red), III (green) and IV (blue). (D) The structure of a KV channel in resting and activated/open states. The structure of the voltage-gated K+ channel KV1.2 is illustrated as a molecular model derived from X-ray crystallographic determination of the structure of the activated state of the channel (Long et al., 2005) and modeling of the testing state (Yarov-Yarovoy et al., 2006. The figure illustrates a complete pore formed from the S5 (yellow) and S6 (red) transmembrane segments plus the P loop between them (orange) from four subunits of the channel. For clarity, only a single voltage sensor from one subunit of the channel is illustrated with its four transmembrane segments. Three additional voltage sensors would be symmetrically located to the right of the pore, behind it, and in front of it. The S4 segment of the voltage sensor is illustrated in green with the four positively charged arginine residues (R1-R4) that serve as gating charges superimposed as blue balls. The S1 (purple) and S2 (light blue) segments are illustrated as cylinders, and a key negatively charged residue in the S2 segment (E1) is represented as a red ball. Left, closed state. This model of the closed state is derived from structural modeling (Yarov-Yarovoy et al., 2006). Its pore is closed by the straight conformation of the S6 helices, and its S4 segment is drawn inward such that the R1 gating charge is interacting with the key negatively charged residue E1. In this inward position, the S4 segment pushes on the pore and keeps the S6 segments straight, thereby keeping the pore closed. Right, activated/open state. The model of this state of the channel is derived directly from the X-ray crystal structure (Yarov-Yarovoy et al., 2006). The intracellular end of the pore is opened by the bending of the S6 segments, as in Figure 4-8A. A unique feature of this structure is the connection of the voltage sensor on the left to the pore-forming module that is in the front of the pore through the S4-S5 linker (purple). Surprisingly, the voltage sensor makes its most intimate contacts with the pore-forming module of the adjacent subunit in clockwise direction as viewed from the extracellular side of the membrane. It is possible that this interwoven arrangement of the four subunits allows them to gate the pore simultaneously.

How does the pore open? The structure illustrated in Figure 4-8A (left) may represent the closed state because the α-helices lining the inner pore cross at their intracellular ends, apparently closing the pore. In contrast, the structure of a distantly related bacterial K+ channel (Jiang et al., 2002), which is gated open by binding of Ca2+, has a bend of approximately 30° in the inner pore helix (analogous to S6) at the position of a highly conserved glycine residue (Fig. 4-8A, right). This conformational change appears to open the pore at its intracellular end by splaying open the bundle of inner pore helices. Mutational studies of Na+ channels support this pore-opening model because replacement of the conserved glycine with proline, which strongly favors a bend in the α-helix, also strongly favors pore opening and greatly slows closure (Zhao et al., 2004).

Once the pore is open, K+ ions appear to move outward in single file. Analysis of crystals shows that four K+ ions can interact with the backbone carbonyl groups of the amino acid residues that form the ion selectivity filter (Fig. 4-8B). It is thought that two K+ ions occupy sites 1 and 3 (Fig. 4-8B, orange) and then switch to sites 2 and 4 (gray). The K+ ion in site 4 would dissociate into the extracellular space, the K+ ion in site 2 would move to site 3, and another K+ ion from the intracellular space would bind to site 1. In this way, the pore would remain occupied by two ions, during steady outward conduction.

Local anesthetics bind in the inner pore of Na+ channels and block them (Fig. 4-5B). What is the structure of the local anesthetic binding site? A combination of site-directed mutagenesis and molecular modeling (Catterall, 2000a) reveals that local anesthetics and related antiepileptic drugs bind to a receptor formed by amino acid residues at specific positions in the S6 segments in domains I, III and IV of the Na+ channel, as illustrated in Figure 4-8C. The aromatic and hydrophobic side chains of these amino acids contact the aromatic and substituted amino groups of the drug molecules and hold them in the receptor site, where they block ion movement through the pore.




Voltage-dependent activation requires moving charges

Structural models for voltage-dependent gating of ion channels must identify the voltage-sensors or gating charges (Fig. 4-5A) within the channel structure and suggest a plausible mechanism for transmembrane movement of gating charge and its coupling to the opening of a transmembrane pore. The S4 segments of the homologous domains have been proposed as voltage sensors (Catterall, 1986; Guy & Conti, 1990). These segments, which are conserved among Na+, Ca2+ and K+ channels, consist of repeated triplets of two hydrophobic amino acids followed by a positively charged residue. In the α-helical configuration, these segments would form a spiral of positive charge across the membrane, a structure that is well suited for transmembrane movement of gating charge (Fig. 4-5A). The positive charges are thought to be neutralized by negative charges in the nearby S2 and S3 segments. Much direct evidence in favor of designating the S4 segments as voltage sensors comes from mutagenesis studies (Bezanilla, 2000; Jan & Jan, 1997; Stühmer et al., 1989). Neutralization of positive charges results in progressive reduction of the steepness of voltage-dependent gating and of the apparent gating charge, as expected if indeed the S4 segments are the voltage sensors. At the resting membrane potential, the force of the electric field would pull the positive charges inward. Depolarization would abolish this force and allow an outward movement of the S4 helix. This outward movement has been detected in clever experiments that measure the movement of chemically reactive cysteine residues substituted for the native amino acids in S4 by analyzing the functional effects of specific chemical reactions at those substituted cysteines or the fluorescence of chemical probes located there (Bezanilla, 2000; Yang et al., 1996; Gandhi & Isacoff, 2002). This movement of the S4 helix is proposed to initiate a more general conformational change in each domain. After conformational changes have occurred in all four domains, the transmembrane pore can open and conduct ions (Fig. 4-6C).

Recent structural studies reveal the conformation of the voltage sensor. The structure of a voltage-gated K+ channel (Kv1.2), determined by x-ray crystallography, reveals that the S1-S4 segments form a compact four-helix transmembrane bundle (Fig. 4-8D). The structure determined by X-ray crystallography captured the activated state of the voltage sensor and the open state of the pore. Molecular modeling methods have been used to predict the structure of the resting state (Fig. 4-8D). By comparing the predicted structure of the resting state to the experimentally determined structure of the activated state, one can visualize the movement of the voltage sensor in response to depolarization of the membrane. The gating charges in the voltage sensor (blue balls) are in an outward position in this activated state structure, as revealed by the interactions observed between R3, R4 and the key negative charge E1. The three-dimensional structure of the resting state has not been determined by X-ray crystallography. The difficulty in determining the structure of the resting state using this technique may be caused by its voltage dependence—the resting state is only observed in an excitable cell at the resting membrane potential of −70 mV to −90 mV, and there is not an equivalent membrane potential in a protein crystal. A model of the resting state has therefore been developed using protein modeling methods, based on the structure of the activated state shown here, the structure of the closed pore of the KcsA channel (Fig. 4-8D), and molecular constraints based on widely accepted experimental results. The model illustrates the pore in a closed conformation, formed by straightening of the S6 segments, and the voltage sensor in a resting conformation. The S4 segment is retracted into the cell by at least 6 Å, and the R1 and R2 gating charges are now interacting with the key negative charge E1. This inward movement of the S4 segment of the voltage sensor moves the position of the S4-S5 linker (purple) and forces closure of the pore. The model of the resting state is approximate and will likely be revised when its structure is determined by X-ray crystallography, if that is possible.

From these two structural models, one can visualize the steps in the gating of a voltage-gated ion channel. In the closed state, the negative internal membrane potential of −70 mV to −90 mV pulls the S4 gating charges inward by electrostatic force. The inward position of the S4 segment exerts a force on the S4-S5 linker, straightens the S6 segment, and closes the pore at its inner mouth. When the cell is depolarized, the electrostatic force pulling the S4 segment is relieved. In response to the change in electrostatic force, the S4 segment moves outward with each positive gating charge interacting with the negatively charged amino acid E1 in turn to ease their movement through the voltage sensor. When the R3 and R4 gating charges reach E1, the outward force on the S4-S5 linker is sufficient to pull on the pore-forming module and bend the S6 segment, resulting in opening of the pore at its intracellular end. Once the pore is open, the fast inactivation mechanism is engaged and the inactivation gate closes. This evolving structural view is still a minimal mechanism of voltage-dependent gating of an ion channel, and many details remain to be added to this picture in future research.




The fast inactivation gate is on the inside

Shortly after opening, many voltage-gated ion channels inactivate. The inactivation process of Na+ channels can be prevented by treatment of the intracellular surface of the channel with proteolytic enzymes (Armstrong, 1981) or antibodies against the intracellular segment connecting domains III and IV (h, Fig. 4-6B) (Vassilev et al., 1998), and expression of the Na+ channel as two pieces with a cut between domains III and IV greatly slows inactivation (Stühmer et al., 1989). A single cluster of three hydrophobic residues in this intracellular loop is required for fast inactivation (West, Patton, Scheuer et al., 1992) and inactivation is eliminated if these three hydrophobic residues are mutated to hydrophilic ones. Mutation of a single phenylalanine in the center of this motif nearly completely blocks fast inactivation of the channel. The segment of the Na+ channel between domains III and IV is therefore proposed to serve as the inactivation gate by forming a hinged lid which folds over the intracellular mouth of the pore after activation (Catterall, 2000a) (Figs. 4-6C and 4-9A). The cluster of hydrophobic residues may bind to the intracellular mouth of the pore like a latch to keep the channel inactivated.
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Figure 4-9 Mechanisms of inactivation of Na+ and K+ channels. 
(A) A hinged-lid model for Na+ channel inactivation, illustrating the inactivation gate formed by the intracellular segment connecting domains III and IV and the critical cluster of hydrophobic residues that forms a latch holding the inactivation gate closed. IFM, isoleucine-phenylalanine-methionine. (B) A ball-and-chain model of K+ channel inactivation. Each of the four subunits of a K+ channel has a ball-and-chain structure at its N-terminus. Any one of the four can bind to the intracellular mouth of the open channel and inactivate it.

A detailed model of K+ channel inactivation has been derived from mutagenesis experiments on the original Shaker K+ channels from Drosophila (Armstrong, 2007; Hoshi et al., 1990; Zagotta et al., 1990). The N-terminal of the K+ channel serves as an inactivation particle and both charged and hydrophobic residues are involved. A ball-and-chain mechanism (Armstrong, 1981; Hoshi et al., 1990; Zagotta et al., 1990) has been proposed in which the N-terminal segment serves as a loosely tethered ball that inactivates the channel by diffusion and binding in the intracellular mouth of the pore (Fig. 4-9B). Consistent with this mechanism, synthetic peptides whose amino acid sequences correspond to that of the inactivation particle region can restore inactivation to channel mutants whose N-terminus has been removed. The mechanisms of inactivation of Na+ and K+ channels are similar in that in each case hydrophobic amino acid residues seem to mediate binding of an inactivation particle to the intracellular mouth of the pore. They differ in that charged amino acid residues are important in the inactivation particle of K+ channels but not Na+ channels, and that the inactivation particle is located over 200 residues away from the membrane at the N-terminus of the K+ channel, compared to only 12 residues away from the membrane between domains III and IV of the Na+ channel. It is likely that the hinged-lid mechanism of Na+ channel inactivation evolved from the ball-and-chain mechanism of K+ channels.






Ion Channel Diversity

There are a surprisingly large number of evolutionarily and structurally related ion channel proteins—in the human genome more than 140 genes encode these proteins (Table 4-2) (Hille, 2001; Catterall et al., 2002). What do they all do? Experiments in progress in many laboratories are beginning to reveal the meaning of this exceptional ion channel diversity.

Table 4-2. The Voltage-gated Ion Channel Protein Superfamily

[image: Image]


Na+ channels are primarily a single family

There are 10 human genes encoding voltage-gated Na+ channels (Table 4-2), and at least 9 of the 10 encode members of a single family (NaV1.1–1.9) (Catterall et al., 2002). These Na+ channels are expressed in different tissues and cells, but their function is almost always to initiate action potentials in response to membrane depolarization.




Three subfamilies of Ca2+ channels serve distinct functions

In many cell types, it is not uncommon to find several Ca2+ channels that open with depolarization. The inflow of Ca2+ can assist in depolarizing cells, but it also performs an important messenger role. The entering Ca2+ may activate exocytosis (secretion), contraction, gating of other channels, ciliary reorientation, metabolic pathways, gene expression, etc. (see Ch. 24). Indeed, whenever an electrical message activates any non-electrical event, a change of the intracellular free Ca2+ concentration acts as an intermediary.

Genes that encode voltage-gated Ca2+ channels (Table 4-2) are grouped in three subfamilies that have distinct functions. In general, the members of a subfamily are greater than 75% identical in amino acid sequence in their conserved transmembrane regions, while there is only 25–50% amino acid sequence identity between these subfamilies (Catterall et al., 2002). The CaV1 subfamily of Ca channels conducts L-type Ca currents that initiate excitation–contraction coupling in muscle cells and secretion in endocrine cells, control gene transcription, and regulate many enzymes. The CaV2 subfamily conducts N-, P/Q-, and R-type Ca2+ currents and is particularly concentrated in nerve terminals where a Ca2+ influx is required for fast release of chemical neurotransmitters (see Ch. 12). The CaV3 subfamily conducts T-type Ca currents that are activated at negative membrane potentials and are transient. These channels are important in repetitively firing cells, like the sinoatrial nodal cells that serve as pacemakers in the heart and the neurons in the thalamus that generate sleep rhythms. This division of Ca2+ channels is ancient—the worm Caenorhabditis elegans has a single member of each of these Ca2+ channel subfamilies. Evidently, specialization of Ca2+ signaling is crucial for even simple nervous systems.




There are many families of K+ channels

K+ channels have many different roles in cells. For example, in neurons they terminate the action potential by repolarizing cells, set the resting membrane potential by dominating the resting membrane conductance, determine the length and frequency of bursts of action potentials, and respond to neurotransmitters by opening or closing and causing prolonged changes in membrane potential (Hille, 2001). These channels are regulated by a combination of voltage, G proteins and intracellular second messengers. Many K+ channels are gated primarily by voltage (KV, Table 4-2). They can be divided into 12 subfamilies based on their amino acid sequence relationships (Catterall et al., 2002). In neurons, all the KV channels are primarily involved in repolarizing the membrane to terminate action potentials.

In addition to the KV family, the inward rectifier family, Kir (Table 4-2), comprises seven subfamilies of channels (Jan & Jan, 1997; Catterall et al., 2002) that are primarily involved in setting the resting membrane potential. The Kir3 subfamily is strikingly activated by G protein βγ subunits released by activation of G-protein–coupled receptors (see Ch. 21). This has an important regulatory influence on the resting membrane potential in many neurons. The Kir6 subfamily forms a complex with a large nucleotide binding protein (the sulfonylurea receptor, SUR) to form ATP-gated K+ channels that couple changes in intracellular ATP and ADP to changes in the resting membrane potential.

A third type of K+ channel, K2P, has a structure similar to two fused Kir subunits, and only two K2P subunits are required to form a pore (Table 4-2) (Goldstein et al., 2001; Matulef & Zagotta, 2003). These channels are often called leak channels or open rectifiers because they are continuously open. Like the Kir channels they are important in setting the resting membrane potential. Their activity is often regulated by lipid messengers or kinases.




More ion channels are related to the NaV, CaV and KV families

Remarkably, evolution has created an even more diverse array of ion channels based on variations of the structure of voltage-gated K+ channels (Fig. 4-7B) (Catterall et al., 2002). Ca2+-activated K+ channels (KCa) have a core, six-transmembrane-segment architecture similar to KV channels, and they also contain a region in their C-terminal domain that can bind Ca2+ itself or the ubiquitous regulatory protein calmodulin. Binding of Ca2+ or Ca2+/calmodulin to the C-terminal domain can act synergistically with membrane depolarization to activate the channel. These channels couple changes in intracellular Ca2+ concentration to repolarization of the membrane potential. Some members of the group of channels respond to intracellular Na+ instead of Ca2+.

Cyclic nucleotide-modulated ion channels (Table 4-2) are not K+-selective. Nevertheless, their inward current of Na+ and Ca2+ ions is conducted through a channel that is similar in overall architecture to Shaker K+ channels. This protein family includes the CNG channels, which respond only to cyclic nucleotides, and the HCN channels, which are activated synergistically by hyperpolarization and cyclic nucleotide binding (Catterall et al., 2002; Matulef & Zagotta, 2003). The CNG channels are involved in signaling of visual and olfactory information. In contrast, the HCN channels are required for normal rhythmic electrical discharges by the sinoatrial node in the heart and the pacemaker cells of the thalamus.

There is also a large family of transient receptor potential (TRP) channels (Catterall et al., 2002; Clapham, 2003) (Table 4-2). These channels, first discovered as the target of a mutation in the Drosophila eye, also resemble KV channels in architecture. However, they are nonselective in most cases, allowing both Na+ and Ca2+ to enter cells when they are active, and they are not strongly affected by membrane potential, even though they have an S4 segment with some positive charges. The activity of this diverse group of channels is regulated in numerous ways, including by lipid messengers, protons, and temperature. These channels transduce taste responses and aversive responses to hot chili peppers, menthol, mustards, and other chemicals. They may also serve as mechanosensory channels under some circumstances. It is likely that we have much more to learn about the physiological roles of this interesting family of ion channels




There are many other kinds of ion channels with different structural backbones and topologies

The channels used in the action potential contrast with those generating slower potential changes at synapses and sensory receptors by having strongly voltage-dependent gating. The other channels have gates controlled by chemical transmitters, intracellular messengers or other energies such as mechanical deformations in touch and hearing. The ionic selectivity of these channels includes a very broad, monovalent anion permeability at inhibitory synapses, a cation permeability (about equal for Na+ and K+) at excitatory synapses at the neuromuscular junction and at many sensory transducers, and other, more selective K+ and Na+ permeabilities in other synapses. The acetylcholine receptors of the neuromuscular junction and brain, the excitatory glutamate receptors and the inhibitory GABA and glycine receptors all have been solubilized and chemically purified, and the amino acid sequences of their subunits have been determined by the methods of molecular genetics (see Chs. 13–18). The structural features that are responsible for the function of these ligand-gated channels have been recently elucidated by X-ray crystallography.

Recent research shows there is a great diversity of ion channels playing a great diversity of roles in cells throughout the body. We know now that hundreds of genes code for structural components of channels. Beyond its functions in the nervous system, channel activity in endocrine cells regulates the episodes of secretion of insulin from the pancreas and epinephrine from the adrenal gland. Channels initiate and regulate muscle contraction and cell motility. Channels form part of the regulated pathway for the ion movements underlying absorption and secretion of electrolytes by epithelia. Channels also participate in cellular signaling pathways in many other electrically inexcitable cells. Thus, while they are especially prominent in the function of the nervous system, ion channels are actually a basic and ancient component of all cellular life, even bacteria (Hille, 2001).




Ion channels are the targets for mutations that cause genetic diseases

Given the prominent role that ion channels play in control of cellular function, it is not surprising that mutations on ion channels can cause diseases. However, the number of genetic ion channelopathies is remarkable, including genetic forms of epilepsy, migraine headache, ataxia, and chronic pain in the nervous system (Box 4-1). Studies of these rare genetic forms of disease are providing important new insights into the more prevalent (but more difficult to study) spontaneously arising forms of these neurological diseases.


Ion Channelopathies

Bertil Hille, William A. Catterall

Human geneticists have revealed a surprisingly large number and diversity of genetic diseases caused by mutations in ion channels. This work began with discovery that paramyotonia congenita and hyperkalemic periodic paralysis are caused by mutations in skeletal muscle sodium channels (Venance et al., 2006), and has expanded to include many different types of diseases (Table below; Ashcroft, 2006). Most often these diseases are dominant, so that only one of the two alleles of the ion channel gene is mutated in patients. These mutations may cause gain or loss of channel function. Moreover, different mutations in the same gene can cause different clinical syndromes because of the different mutational effects. A few examples from sodium channelopathies of the nervous system will serve to illustrate these points.

Three different types of periodic paralysis are caused by different mutations in NaV1.4 channels, the primary sodium channel in skeletal muscle (Venance et al., 2006). Paramyotonia congenita is caused by mutations that have a primary effect of slowing the fast inactivation of sodium channels. The mutations therefore cause these channels to stay open too long and to re-open during repolarization of the action potential, resulting in repetitive firing of action potentials and inappropriately long contractions and re-contractions of skeletal muscle. In contrast, hyperkalemic periodic paralysis is caused by mutations that impair the slow inactivation process of NaV1.4 channels and therefore cause muscle depolarization, action potential block, and paralysis.

Chronic pain is caused by gain-of-function mutations in NaV1.7 channels, which are important for action potential generation and conduction in pain-sensing neurons in dorsal root ganglia (Dib-Hajj et al., 2010). Impairment of the fast-inactivation process of these sodium channels leads to paroxysmal extreme pain disorder, characterized by intense pain in the rectum, eyes, and mouth. In contrast, mutations that alter the voltage dependence of both activation and slow inactivation of these channels cause inherited erythromelalgia, characterized by burning pain in the extremities. Remarkably, rare families in which both alleles of the NaV1.7 gene have loss-of-function mutations have congenital indifference to pain, in which all sensation of pain is lost. This recessive genetic disease is a serious problem for affected children, who injure themselves without realizing that it is harmful.

Epilepsy is caused by uncontrolled electrical signaling in the brain. Mutations of NaV1.1 channels, one of the three sodium channel types expressed in adult brain, cause multiple clinical forms of epilepsy in children (Catterall et al., 2010). Surprisingly, the most severe form of this group of diseases, severe myoclonic epilepsy of infancy, is caused by loss-of-function mutations that act in a dominant manner. Because sodium channels initiate the action potential, it might be expected that loss-of-function mutations in epilepsy could only reduce electrical excitability. However, studies of this disease in mutant mice have shown that mutation of NaV1.1 channels primarily impairs firing of GABAergic inhibitory neurons (see Chapter 18), which disinhibits action potential firing by excitatory neurons and causes epilepsy (Catterall et al., 2010). In this case, gain-of-function effects on excitability arise at the cellular level because of this failure of inhibitory neuron function.

As the examples from sodium channelopathies of the nervous system shown in the Table below reveal, there is a diversity of mechanisms at both molecular and cellular levels through which mutations in ion channels can cause disease.
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Properties of Brain Lipids

Lipids have multiple functions in brain

Membrane lipids are amphipathic molecules

The hydrophobic components of many lipids consist of either isoprenoids or fatty acids and their derivatives

Isoprenoids have the unit structure of a five-carbon branched chain

Brain fatty acids are long-chain carboxylic acids that may contain one or more double bonds

Complex Lipids

Glycerolipids are derivatives of glycerol and fatty acids

In sphingolipids, the long-chain aminodiol sphingosine serves as the lipid backbone

Box: Cardiolipin and Energy Metabolism in Normal Brain, Neurodegeneration and Gliomas

Analysis of Brain Lipids

Chromatography and mass spectrometry are employed to analyze and classify brain lipids
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Lipids have critical roles in nervous system structure and function. Synaptic complexes and myelin are characterized by unique lipid compositions that contribute to the specialized properties of these nervous system structures. Multiple signaling pathways involving lipid intermediates regulate cell differentiation and synaptic transmission. Lipid modification of proteins is a key mechanism for modulating the activity of trophic factors and receptors. Since lipids constitute about one-half of brain tissue by dry weight, it is not surprising that lipid biochemistry and neurochemistry have evolved together. Like other tissues, the brain contains phospholipids, sterols and sphingolipids. Many complex lipids, including gangliosides, cerebrosides, sulfatides and phosphoinositides, were first discovered in brain, where they are highly enriched compared to other tissues. In fact it was J. L. W. Thudichum who first defined the chemical composition of the brain including a number of lipids, e.g., cerebrosides, sulfatides, sphingomyelin, and several phospholipids. The brain is also enriched in many other specialized phospholipids, including the vinyl ether–linked phospholipids called plasmalogens.


Introduction

Lipids have critical roles in nervous system structure and function. Synaptic complexes and myelin are characterized by unique lipid compositions that contribute to the specialized properties of these nervous system structures. Multiple signaling pathways involving lipid intermediates regulate cell differentiation and synaptic transmission. Lipid modification of proteins is a key mechanism for modulating the activity of trophic factors and receptors. Since lipids constitute about one-half of brain tissue by dry weight, it is not surprising that lipid biochemistry and neurochemistry have evolved together. Like other tissues, the brain contains phospholipids, sterols and sphingolipids. Many complex lipids, including gangliosides, cerebrosides, sulfatides and phosphoinositides, were first discovered in brain, where they are highly enriched compared to other tissues. In fact it was J. L. W. Thudichum who first defined the chemical composition of the brain including a number of lipids, e.g., cerebrosides, sulfatides, sphingomyelin, and several phospholipids (Thudichum, 1884). The brain is also enriched in many other specialized phospholipids including the vinyl ether–linked phospholipids called plasmalogens.




Properties of Brain Lipids


Lipids have multiple functions in brain

While in other parts of the body lipids have a major role in energy storage in the form of triacylglycerol, e.g., heart and muscle, in the brain the primary functions of lipids are formation of biomembranes and lipid-mediated signal transduction. In addition, derivatives of lipids, for example the utilization of arachidonic acid to form the bioactive eicosanoids (see Ch. 36) and the utilization of sterols to form neurosteroids, have a much broader dynamic role in brain function than previously thought. Indeed, some membrane lipids, such as polyphosphoinositides and phosphatidylcholine, which were previously believed to have only a structural role, also have important functions in signal transduction across biological membranes. Cholesterol and sphingolipids play a central role in formation of lipid rafts, which function in protein trafficking and signaling at the cell surface (see Ch. 2). The covalent modification of proteins by fatty acids and by isoprenoids has an integral role in anchoring and organizing proteins within biomembranes (see below). These discoveries established that lipids participate in both the function and the structure of neural membranes.




Membrane lipids are amphipathic molecules

All membrane lipids are amphipathic molecules with a small polar, or hydrophilic, moiety and a large nonpolar, or hydrophobic, moiety. The hydrophilic regions of lipid molecules associate with water and water-soluble ionic compounds by hydrogen and electrostatic bonding. The hydrophobic regions cannot form such bonds and therefore associate with each other outside the aqueous phase by weak interactions such as Van der Waal forces. Because of these properties, phospholipids naturally form micelles or bilayers, with the hydrophilic portions of the molecule interacting with the aqueous phase and the hydrophobic portions interacting with each other in a “tail-to-tail” manner (see Ch. 2). The concentration at which this interaction occurs is called the critical micelle concentration (CMC). For phospholipids this is very low (nM), while for fatty acids this can range from 5 μM for palmitic acid to 90 μM for arachidonic acid, respectively. On the other hand, lipid molecules containing comparatively large polar groups, such as lysophospholipids, gangliosides and natural or synthetic detergents, are fairly soluble in water. However, like all lipid molecules, even these highly soluble lipids will form micelles once the solubility limit or CMC is reached.




The hydrophobic components of many lipids consist of either isoprenoids or fatty acids and their derivatives

Lipids were originally defined operationally, on the basis of their extractability from tissues with organic solvents such as a chloroform/methanol mixture, but this is no longer the sole criterion. For example, the protein component of myelin proteolipid is extractable into lipid solvents but, nevertheless, is not considered to be a lipid since its structure is that of a highly hydrophobic polypeptide. In fact, many integral membrane proteins contain ‘hydrophobic’ membrane-spanning regions (see Ch. 2). Conversely, gangliosides are considered to be lipids on the basis of their structure, even though they are water soluble. It is apparent, then, that lipids are defined not only by their physical properties but also on the basis of their chemical structure. Chemically, lipids can be defined as compounds containing long-chain fatty acids and their derivatives or linked isoprenoid units. Fatty acids in lipids are either esterified to the trihydroxy alcohol glycerol or are present as amides of sphingosine, a long-chain dihydroxyamine. The isoprenoids are made up of branched-chain units and include sterols, primarily cholesterol.




Isoprenoids have the unit structure of a five-carbon branched chain

Isoprenoid units have the formula C5H8 and the structure:
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These isoprenoid units are used as the building blocks for the most abundant sterols in the brain and this synthesis occurs in both neurons and glia, especially in oligodendrocytes, in the developing brain, but almost exclusively in astrocytes in the adult brain. It is important to note that cholesterol found in the blood does not enter into the brain and that the brain relies on synthesis of cholesterol de novo (see Ch. 2 for additional details). Unlike other tissues, normal adult brain contains virtually no cholesteryl esters, except in some demyelinating diseases such as X-linked adrenoleukodystrophy. Cholesteryl esters and desmosterol, the immediate biosynthetic precursor of cholesterol, are found in developing brain and in some brain tumors but not in normal adult brain. Other isoprenoid substances are also present in brain: dolichols, very long (up to C100) branched-chain-alcohols that are cofactors for glycoprotein biosynthesis; squalene, which is the linear C30 precursor of all steroids; and the carotenoids, including retinal and retinoic acid. Some isoprene units, such as farnesyl (C15) and geranyl-geranyl (C20), are found covalently linked via thioether bonds to membrane proteins (see below for structures of some of these compounds and for the numbering system for cholesterol).




Brain fatty acids are long-chain carboxylic acids that may contain one or more double bonds

The brain contains a variety of straight-chain monocarboxylic acids, with an even number of carbon atoms ranging from C12 to C26. The hydrocarbon chain may be saturated or may contain one or more double bonds, all in cis (Z) configuration. When multiple double bonds are present, they are nonconjugated and almost always three carbons apart. The unsaturated fatty acids are classified by the location of the first carbon of the first double bond closest to the methyl end and are defined by the n nomenclature. For instance, for linoleic acid, there are 18 carbons and two double bonds with the first double bond found on the 6th carbon from the methyl end, and is thus 18:2n-6 (Fig. 5-1). The major unsaturated fatty acid families are n-3, n-6 and n-9; these families are not interconvertable, e.g., n-3 cannot become an n-6 (for review, see Barceló-Coblijn & Murphy, 2009). These nomenclature conventions are convenient from both the biochemical and the nutritional points of view because fatty acids are elongated and degraded in vivo by two carbon units from the carboxyl end. Animals need certain polyunsaturated fatty acids (PUFAs), termed essential fatty acids (linoleic acid [LNA or 18:2n-6], and alpha-linolenic acid [ALA or 18:3n-3]), in their diet, as discussed below and in Ch. 36. A similar, widely used but outdated nomenclature uses the omega (ω) designation, indicating the position of the first double bond counting from the methyl (ω−carbon) end. The brain contains some unusual fatty acids, such as very long (20–26 carbons), odd-numbered and 2-hydroxy fatty acids, prevalent in the cerebrosides. A list of major brain fatty acids with their common names and structures is given in Figure 5-1.
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Figure 5-1 Structures of some fatty acids of neurochemical interest (see alsoFig. 5-7
and text). The ‘n minus’ nomenclature for the position of the double bond(s) is given here. Note that the position of the double bond from the carboxyl end can also be indicated by the symbol Δ, so that linoleic acid may be also be designated as 18:2Δ9,12. The linolenic acid shown is the α isomer.






Complex Lipids


Glycerolipids are derivatives of glycerol and fatty acids

Most brain glycerolipids are produced using phosphatidic acid (PtdOH) as a central precursor, which is 1-acyl, 2-acyl-sn-glycerol-3-phosphate. The notation sn refers to stereochemical numbering, with the secondary hydroxyl group of glycerol at C-2 shown on the left, that is, the l-configuration of Fischer’s projection, and the phosphate at C-3. This special nomenclature is employed because, unlike the trioses or other carbohydrates, glycerol does not have a reporter carbonyl group to assign an absolute D- or L-configuration. As shown in Figure 5-2, the hydroxyl groups on C-1 and C-2 of glycerolipids are esterified with fatty acids. The fatty acid at sn-1 is usually saturated or monounsaturated, whereas that at sn-2 is generally polyunsaturated. In addition, there are lipid species in which sn-1 is ether-linked either to an aliphatic alcohol, termed an alkyl, or to an αβ-unsaturated alcohol, alk-1-enyl, which are referred to as plasmalogens (Fig. 5-2). While diacylglycerophospholipids contain an alkali-labile, acid-stable ester linkage that can be saponified, the alkyl ether linkage is alkali- and acid-stable whereas the alkenyl ethers are alkali-stable and acid-labile (see Barceló-Coblijn & Murphy, 2009). A useful general term that includes all of these various aliphatic substituents, acyl, alkenyl and alkyl, is ‘radyl.’ For example, 1,2-diradyl-sn-glycerol-3-phosphorylethanolamine is a term that includes phosphatidylethanolamine (PtdEtn) as well as its plasmalogen analogs (PlsEtn) and the alkyl analogs (PakCho). More recently these have been referred to as ethanolamine glycerophospholipids or EtnGpl.
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Figure 5-2 The structure of phosphoglycerides. In most lipids, X is acyl, that is, R–(C=O). In alkyl ethers, present mainly in brain ethanolamine glycerophospholipids (2–3%), X is a long-chain hydrocarbon (C16, C18). For plasmalogens, which constitute about 60% of adult human brain ethanolamine glycerophospholipids, X is 1-alk-1′enyl (i.e., –C=CH–R). Arrows indicate sites of enzymatic hydrolysis of the phosphoglycerides. PLA
1
, phospholipase A1; PLA
2
, phospholipase A2; PLC, phospholipase C; PLD, phospholipase D. Note that myo-inositol is written in the D-configuration, where the 1′ position is linked to the PtdOH moiety. For polyphosphoinositides, additional phosphate groups are present in the 3, 4 or 5 positions. See Chapter 23 for further detail regarding the stereochemistry of inositol and the use of the turtle representation.

If positions 1 and 2 are acylated and the sn-3 hydroxyl group is free, the lipid is a 1,2-diacyl-sn-glycerol (DAG). The DAGs play both a biosynthetic (see later) and a lipid-mediated signaling role in that they activate protein kinase C (PKC) (see Chs. 23 and 25). In addition, DAGs can be fusogenic and have been proposed to play a role in altering cell morphology, for example, in fusion of synaptic vesicles (see Ch. 7). Other non–phosphorus-containing glycerides of interest are DAG-galactoside and its sulfate. These minor glycolipids are found primarily in white matter and appear to be analogous to their sphingosine-containing counterparts, the cerebrosides, described below.

Glycerophospholipid classes are defined on the basis of the substituent base at sn-3 of the diacylglycerophosphoryl (phosphatidyl) function (Fig. 5-2). The bases are short-chain polar alcohols phosphodiester-linked to PtdOH. The amount and distribution of these lipids vary with brain regions, age, and disease states (Sastry, 1985; Wells & Dittmer, 1967). See also Fig 5-3. In quantitatively decreasing order in adult human brain, they are ethanolamine glycerophospholipids which include the plasmalogens (PlsEtn) and phosphatidyl ethanolamine (PtdEtn), phosphatidylcholine (PtdCho, historically called ‘lecithin’); and phosphatidylserine (PtdSer). The phosphoinositides include phosphatidylinositol (PtdIns), phosphatidylinositol-4-phosphate (PtdIns-4P) and phosphatidylinositol 4,5-bisphosphate (PtdIns-4,5P2), which are quantitatively minor phospholipids but play an important role in lipid-mediated signal transduction and membrane trafficking. They are also commonly found abbreviated as PI, PIP and PIP2 respectively, and are discussed in more detail, as are the phosphatidylinositide-3-phosphate (PtdIns-3-P) family of inositides, in Ch. 23. The phosphatidylglycerol (PtdGro) in brain, as in other tissues, are present in mitochondrial membranes. Of these, cardiolipin (Ptd2Gro) is the most prevalent (see Box 5-1).

Each phospholipid class in a given tissue has a characteristic fatty acid composition. Though the same fatty acid may be present in a number of lipids, the quantitative fatty acid composition is different for each class of lipids and remains fairly constant during the growth and development of the brain. A typical distribution profile of the major fatty acids in rat brain phospholipids is given in Table 5-1. Not only do the phospholipids differ in the structure of the polar head groups, or phospholipid classes, but within each class there are a variety of combinations of pairs of fatty acids, giving rise to molecular species that differ in the nature and positional distribution of fatty acids esterified to the glycerol backbone. For example, the 1-stearoyl, 2-arachidonyl (18:0-20:4) species is predominant in PtdIns, while 22:6 acids are enriched in PtdEtn and PtdSer. The fatty acid substituents for a given phospholipid class isolated from white and gray matter may differ dramatically. Thus, white matter PtdEtn contains 42% 18:1 and 3% 22:6, while gray matter PtdEtn contains only 12% 18:1 and 24% 22:6 (Lee & Hajra, 1991). As noted below, brain lipids contain some unusually long and polyunsaturated fatty acids from both the n-3 and n-6 families of essential fatty acids, which cannot be biosynthesized in the animal body de novo (see also Ch. 36). This implies the existence of a mechanism for transporting essential fatty acids across the blood–brain barrier, which is driven both by diffusion of the fatty acids as well as protein facilitated uptake. The formation of an acyl-CoA by long chain acyl-CoA synthetases and utilization of fatty acids to form lipids is also a key driving force for fatty acid uptake. In fact, acyl-CoA synthetases may have a major role in defining molecular species and trafficking fatty acids into specific metabolic pools (Barceló- Coblijn & Murphy, 2009; Milner et al., 2010) and these molecular species are also defined by specific enzyme steps during phospholipid biosynthesis (see below). There is considerable interest in the role of the polyunsaturated fatty acids and their metabolites in brain after breakdown of their parent phospholipids in conditions such as ischemia and hypoxia (see Chs. 11 and 35).

Table 5-1. Distribution Profile of the Major Individual Molecular Species in the Diacylglycerol Moieties of Rat Brain Phosphoglycerides*
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In sphingolipids, the long-chain aminodiol sphingosine serves as the lipid backbone

Sphingosine resembles a monoradyl glycerol but has asymmetric carbons at both C-2 and C-3. The chiral configuration is like that of the tetrose D-erythrose. That is, the amino group at C-2 and hydroxyl group at C-3 are in cis configuration (2S, 3R). Unlike unsaturated fatty acids, the double bond between C-4 and C-5 in sphingosine is in the trans (E) configuration. In the IUPAC-IUB nomenclature, the saturated analog of sphingosine, dihydrosphingosine or D-erythro-2-amino-1,3-octadecanediol, is termed sphinganine, and sphingosine is (E-4) sphingenine. While in most sphingolipids the sphingosine is 18 carbons long, in brain gangliosides there is a significant representation of the C20 homolog.

The amino group of sphingosine is acylated with long-chain fatty acids and the N-acylated product is termed a ceramide (Fig. 5-3). C-1 of ceramide is linked to different head groups to form various membrane lipids. For example, sphingomyelin is the phosphodiester of ceramide and choline. The fatty acids in sphingomyelin have a bimodal distribution: in white matter they are mostly 24 carbons long (lignoceric and nervonic) while in gray matter stearic acid (18:0) predominates (see Table 5-1). Most of the glycolipids in brain consist of ceramide glycosidically linked at C-1 with different mono- or polysaccharides. The major glycolipid of mammalian brain is galactocerebroside, in which galactose is β-glycosidically linked to ceramide; it constitutes about 16% of total adult human brain lipid (Fig. 5-3). Sulfatide is galactocerebroside esterified to sulfate at the 3 position of galactose and constitutes about 6% of brain lipid. Cerebrosides are present mainly in brain white matter, especially in myelin, and generally contain very-long-chain normal (lignoceric and nervonic), α-hydroxy (cerebronic) and odd-numbered fatty acids, such as 23:0 and 23h:0. Myelin is a specialized plasma membrane that surrounds nerve processes; it is elaborated by oligodendroglial cells in the CNS and by Schwann cells in the PNS (see Chs. 1, 10 and 31). A number of neurological disorders appear to involve myelin selectively (Ch. 39). The content of myelin-enriched cerebrosides and sulfatides can also be reduced secondary to ganglioside storage (Fig. 5-3). Brain also contains many other glycolipids that are polysaccharide derivatives of glucocerebroside (Cer-Glc). Many monosaccharides, such as galactose (Gal), glucose (Glc), N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), fucose and others, are present in various linkages in these carbohydrate head groups. One important carbohydrate is sialic acid, or N-acetyl (or N-glycolyl)-neuraminic acid (NANA), an N-acylated, nine-carbon amino sugar (Fig. 5-5B) containing a free carboxyl group. NANA is enzymatically formed by condensation of N-acetyl- (or N-glycolyl-) mannosamine with phosphoenolpyruvate. The sialic acid-containing glycolipids contain a free carboxylic group and are termed gangliosides. Many gangliosides have been identified in neural and other tissues, and their classification and nomenclature are somewhat complex (Yu & Ando, 1980). Svennerholm classified the gangliosides according to the number of sialic acid residues present in the molecule and its relative migration rate on thin-layer chromatograms (Fig. 5-3). IUPAC-IUB has proposed a different systematic nomenclature for both gangliosides and neutral glycolipids, or globosides. The structure and nomenclature of a major brain ganglioside are given in Fig. 5-5A (see below for other gangliosides).


Cardiolipin and Energy Metabolism in Normal Brain, Neurodegeneration and Gliomas

Thomas N. Seyfried

Cardiolipin (Pdt2Gro or 1,3-diphosphatidyl-sn-glycerol, CL) is a complex mitochondrial-specifc phospholipid that regulates numerous enzyme activities, especially those related to oxida-tive phosphorylation and coupled respiration. CL is essential for effcient oxidative energy production and mitochondrial function. CL contains two phosphate head groups, three glycerol moieties, and four fatty acyl chains and is primarily enriched in the inner mitochondrial membrane (Box Fig. 5-1). CL binds complexes I, III, IV and V and stabilizes the supercomplexes (I/III/IV, I/III and III/IV), demonstrating an absolute requirement of CL for catalytic activity of these respiratory enzyme complexes (Kiebish et al., 2008). CL restricts pumped protons within its head group domain, thus providing the structural basis for mitochondrial membrane potential and supplying protons to the ATP synthase. Respiratory-complex proteins that interact with CL have evolved to form hydrophobic grooves on their surface. These grooves accommodate the fatty acid chains of CL. While the amino acid sequence of electron transport proteins is highly conserved, considerable variability occurs in the acyl chain composition of CL across tissues and disease states.
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Box Fig. 5-1 Structure of cardiolipin (1, 1′, 2, 2′-tetraoleyl cardiolipin). This is one of the over 100 cardiolipin molecular species present in mouse brain mitochondria.

Recent studies using multidimensional mass spectrom-etry–based “shotgun” lipidomics (MDMS-SL) identifed almost 100 molecular species of CL in highly purifed mitochondria from mammalian brain (Cheng et al., 2008; Kiebish et al., 2008). Moreover, these molecular species form a unique pattern, consisting of seven major groups, when arranged according to fatty acid chain length and degree of unsaturation (Kiebish et al., 2008) (Box Fig. 5-2). This unique fatty acid pattern is expressed in CL analyzed from synaptic mitochondria (enriched in neurons) as well as from non-synaptic (NS) mitochondria (enriched in cell bodies of neurons and glia). In contrast to the complex fatty acid molecular speciation found in brain CL, CL analyzed from non-neural tissues such as liver and heart contains mostly tetra 18:2 CL. The brain therefore appears unique among tissues in expressing a very complex distribution of CL fatty acid molecular species.
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Box Fig. 5-2 Distribution of cardiolipin molecular species in C57BL/6J (B6) mouse brain and in syngeneic CT-2A and EPEN brain tumor mitochondria. Cardiolipin fatty acid molecular species are plotted on the abscissa and arranged according to the mass-to-charge ratio based on percentage distribution. The molecular species are subdivided into seven major groups (I–VII) as we previously described (Kiebish et al., 2008, 2009). All values are expressed as the mean of three independent mitochondrial preparations, where tissue from six cortexes or tumors was pooled for each preparation. It is clear that fatty acid molecular species composition differs markedly between and among tumors and their syngeneic mouse hosts.With permission from Kiebish et al (2009) and ASN Neuro.

The unique distribution of molecular species in brain CL is thought essential for neural cell energy metabolism and could contribute to the metabolic compartmentation of the brain (Kiebish et al., 2008). In light of the role of CL in maintaining electron transport chain activities, disturbances in the content and composition of CL could profoundly infuence energy metabolism and neural cell viability and function. Analysis of CL composition and content in models of neurodegeration will elucidate the role of CL metabolism and mitochondrial function in various neurodegenerative diseases. Recent evidence demonstrates the role of α-synuclein in regulating the CL composition in brain, thus highlighting a role of altered mitochondrial lipid metabolism and function in Parkinson’s disease. Defciencies in α-synuclein resulted in decreased remodeling of neural CL corresponding to decreased linked I/III electron transport chain activities, thus demonstrating an importance of cardiolipin maintenance in regulating neural mitochondrial functionality in neurodegeneration (Ellis et al., 2005). Additionally, changes in cardiolipin content have also been found in models of aging, traumatic brain injury, and familial amyotrophic sclerosis (Pope et al., 2008). Mutations in the Tafazzin gene, a characterized cardiolipin transacylase, is the cause of Barth syndrome, which results in severe alterations in cardiolipin remodeling and mono-lysocardiolipin accumulation, leading to dilated cardiomyopa-thy, neutropenia, muscle weakness, and a loss of mitochondrial function. The effect of Tafazzin mutations on the maintenance of brain cardiolipin has not yet been investigated. Additionally, Tangier’s disease, caused by mutations in the ATP-binding cassette transporter 1 gene (ABCA1), also results in abnormal cardiolipin composition and accumulation in lysocardiolipin (Fobker et al., 2001); however, the effects of ABCA1 mutations on brain cardiolipin have not been investigated. Thus, the accrual of further knowledge on the role of changes in brain cardiolipin in various diseases will greatly improve our understanding of disease pathology involving altered mitochondrial metabolism in brain function.

Major changes in the content and distribution of CL molecular species have also been reported in mouse brain tumors. In marked contrast to the symmetrical distribution of CL molecular species seen in NS mitochondria of normal C57BL/6J (B6) mouse brain, the syngeneic CT-2A astrocytoma and ependymoblas-toma (EPEN) tumors display a preponderance of shorter-chain molecular species, with reduced amounts of the longer-chain polyunsaturated species (Box Fig. 5-2). Additionally, the CL composition in mitochondria isolated from cultured non-neoplastic B6 astrocytes is markedly different from the CL composition of NS mitochondria from B6 brain. The CL composition of the AC is similar to that of the cultured CT-2A and EPEN tumor cells in expressing an abundance of short chain saturated or mono-unsaturated species characteristic of immature CL (Kiebish et al., 2009). Expression of immature CL is associated with signif-cant reduction of complex I activity, requiring a compensatory increase in glycolysis to maintain energy balance. These fnd-ings indicate that tumorigenesis and growth environment can alter the CL composition of neural cells in different ways. As CL infuences respiratory energy metabolism, alterations in CL composition can compromise mitochondrial function and neural cell physiology.
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Figure 5-3 High-performance thin-layer chromatogram (HPTLC) of cerebral cortex neutral lipids (A), acidic lipids (B), and gangliosides (C) in normal and Sandhoff disease mice (M), cats (C), and humans (H). The amount of neutral lipids and acidic lipids spotted per lane was equivalent to approximately 70 μg and 200 μg brain dry weight, respectively. The neutral lipid and the acidic lipid plates were developed to a height of 4.5 cm and 6.0 cm, respectively, with chloroform: methanol: acetic acid: formic acid: water (35:15:6:2:1 by volume), and were then developed to the top with hexane: diisopropyl ether: acetic acid (65:35:2 by volume). The bands were visualized by charring with 3% cupric acetate in 8% phosphoric acid solution. The amount of ganglioside spotted per lane was equivalent to 1.5 μg sialic acid. The plate was developed in one ascending run with chloroform: methanol: 0.02% aqueous calcium chloride (55:45:10 by volume). Gangliosides were visualized with the resorcinol-HCl spray and are named according to Svennerholm’s nomenclature (see Fig. 5-5). CE, cholesteryl esters; TG, triacylglycerols; IS, internal standard; Chol, cholesterol; CM, ceramide; CB, cerebroside (doublet, indicated by arrow); PE, phosphatidylethanolamine; PC, phosphatidylcholine; SM, sphingomyelin; GA2, asialo GM2; LPC, lyso-phosphatidylcholine, FA, fatty acids; CL, cardiolipin; PA, phosphatidic acid; Sulf, sulfatides (doublet, indicated by arrow); PS, phosphatidylserine; PI, phosphatidylinositol. The arrows identify reductions in galactocerebrosides (A), sulfatides (B), and elevation of GM2 (C).(From Baek et al., 2009 and Lipids, with permission.)
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Figure 5-4 Structure of some simple sphingolipids. X may be a complex polysaccharide either containing sialic acid (gangliosides) or not (globosides). See also Figures 5-5 and 5-9 for the nomenclature and structure of some of the complex brain sphingolipids.
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Figure 5-5 (A) The structure of a major brain ganglioside, which is termed GD1a according to the nomenclature of Svennerholm. G denotes ganglioside, D indicates disialo, 1 refers to the tetrasaccharide (Gal-GalNac-GalGlc-) backbone and a distinguishes positional isomers in terms of the location of the sialic acid residues (see also Fig. 5-9). In IUPAC-IUB nomenclature, this ganglioside is termed IV3NeuAc,II3NeuAc-Gg4Cer, where the Roman numerals indicate the sugar moiety (from ceramide) to which the sialic acids (NeuAC) are attached and the Arabic numeral superscript denotes the position in the sugar moiety where NeuAC are attached; Gg refers to the ganglio (Gal-GalNAc-Gal-Glc) series and the subscript 4 to the four-carbohydrate backbone for the ‘ganglio’ series. (B) The structure of sialic acid, also called N-acetyl neuraminic acid (NeuAc or NANA). Human brain gangliosides are all N-acetyl derivatives; however, some other mammalian brains, such as bovine, may contain the N-glycolyl derivatives. The metabolic biosynthetic precursor for sialylation of glycoconjugates is CMP-sialic acid, forming the phosphodiester of the 5′OH of cytidine and the 2-position of neuraminic acid.






Analysis of Brain Lipids


Chromatography and mass spectrometry are employed to analyze and classify brain lipids

The lipids from brain are generally extracted with a mixture of chloroform and methanol using variations of a method originally described by Folch et al (1957). In most procedures, the tissue or homogenate is treated with 19 volumes of a 2:1 (v/v) mixture of chloroform methanol. A single liquid phase is formed, leaving behind a residue of macromolecular material, primarily protein, with lesser amounts of DNA, RNA and polysaccharides. The subsequent addition of a small amount of water containing 0.9% KCl to the CHCl3-methanol extract leads to separation into a lower chloroform phase containing the majority of lipids and an upper phase of water and methanol that contains low–molecular-weight metabolites and polar lipids, such as gangliosides. If the lower phase is evaporated to dryness and then dissolved in a lipid solvent such as chloroform, proteolipid protein remains as a precipitate and can be removed at this point. Gangliosides can be extracted from the aqueous phase by repartitioning into a nonpolar solvent. Acidic phospholipids such as the polyphosphoinositides are poorly extracted at neutral pH, so it is necessary to acidify the initial chloroform-methanol mixture for their recovery (Hajra et al., 1987). Unfortunately, the acidity leads to cleavage of plasmalogens, primarily PlsEtn and PlsCho. The lipids can be fractionated using a variety of techniques including thin-layer chromatography (TLC), high-performance liquid chromatography (HPLC) and liquid chromatography coupled with mass spectral (LC-MS) analysis. In addition, ion exchange column chromatography coupled with high-performance thin-layer chromatography (HPTLC) can be used to separate all major brain lipid groups including gangliosides, as shown in Figure 5-3. A typical lipid composition of adult human brain is given in Table 5-2, and HPTLC comparison of lipid distribution in adult mouse, cat, and human normal and GM2 ganglioside storage disease is shown in Fig. 5-3. HPLC using silicic acid as the stationary phase can also be used to separate various lipid classes (Barceló-Coblijn et al., 2010).

Table 5-2. Lipid Composition of Normal Adult Human Brain*
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For analysis of individual esterified fatty acids in a given lipid class, methyl esters are prepared directly by alkaline methanolysis, and the lipids separated by TLC or by HPLC as described above (Barceló-Coblijn et al., 2010). The amide-linked fatty acids of the sphingolipids require more vigorous conditions of methanolysis, such as treatment with HCl methanol. The methyl esters are then separated by gas–liquid chromatography (GLC). The molecular species can also be separated by reverse-phase HPLC; in this method the phospholipids are converted to DAG via phospholipase C and then derivatized with an ultraviolet-absorbing benzoyl group (Lee & Hajra, 1991). Subsequent separation of the derivatized DAG is achieved on the basis of differences in hydrophobicity and separated by HPLC using a C-18 column. While this technique is very useful for studies involving metabolism, a more rapid and modern technique is the use of shotgun lipidomics to analyze underivatized intact phospholipids using quantitative electrospray ionization/mass spectrometry method (ESI/MS). This method rapidly and directly analyzes the molecular profile, or ‘lipidome,’ of different lipid classes in very small samples, using total lipid extracts from tissues or cultured cells. By manipulating the ionization method, the mass spectrographs of polar or non-polar lipids can be obtained (Han et al., 2003). This method and the use of lipid arrays allow precise and quantitative identification of the lipid profile of a given tissue, and map functional changes that occur (Box 5-1).






Brain Lipid Biosynthesis


Acetyl coenzyme A is the precursor of both cholesterol and fatty acids

The hydrophobic chains of lipids, that is, fatty acids and isoprenoids, are biosynthesized from the same two-carbon donor, acetyl coenzyme A (acetyl-CoA), with differences in condensation leading to different products. In cholesterol biosynthesis, two acetyl-CoA molecules are condensed to form acetoacetyl-CoA, which can be further condensed with a third acetyl-CoA to form a C6 branched-chain dicarboxylic acyl-CoA, termed β-hydroxy-β-methylglutaryl (HMG)-CoA. HMG-CoA is reduced by 2 NADPH+ to form mevalonic acid, and this reduction is catalyzed by the enzyme HMG-CoA reductase, the principal regulatory enzyme for the biosynthesis of isoprenoids (Brown & Goldstein, 1986). Mevalonic acid undergoes pyrophosphorylation by two consecutive reactions with ATP, and the product is decarboxylated to form isopentenyl pyrophosphate. This C5H8 isoprene unit is the building block of all isoprenoids. Two isoprene units, isopentenyl pyrophosphate and dimethyl allyl pyrophosphate, condense to form geranyl pyrophosphate (C10), which then condenses with another C5 unit to form farnesyl pyrophosphate (C15), the precursor of many different isoprenoids, such as dolichol, a very-long-chain (up to C100) alcohol; a redox coenzyme, ubiquinone; and cholesterol. Polyisoprenyl pyrophosphates also alkylate some proteins via a thioether bond, e.g., farnesyl pyrophosphate, which anchors them in biomembranes (see below). During cholesterol biosynthesis, two farnesyl pyrophosphate molecules reductively condense in a head-to-head manner to form squalene, a C30 hydrocarbon. Squalene is oxidatively cyclized to form lanosterol, a C30 hydroxysteroid. After three demethylations, lanosterol is converted to cholesterol (C27). An outline of the pathway of biosynthesis of cholesterol is shown in Fig. 5-5. Once formed, brain cholesterol turns over very slowly, and there is both metabolic and analytic evidence to indicate an accretion of brain cholesterol with age (see Ch. 2 and Dietschy, 2009).

Fatty acids are biosynthesized via elongation of C2 units. Here, acetyl-CoA is carboxylated by bicarbonate to form malonyl-CoA, which then condenses with an acetyl-CoA to form a β-ketoacyl-CoA and CO2. This release of CO2 (HCO3−) drives the reaction forward and elongates the chain by acetyl units. The ketone group is then enzymatically reduced, dehydrated and hydrogenated, resulting in an acyl-CoA that is two carbons longer than the parent acyl-CoA. NADPH acts as the reducing agent for the reduction of both the ketone group and the double bond. All four reactions, condensation, reduction, dehydration and hydrogenation, are carried out by fatty acid synthase, a large, multifunctional, dimeric enzyme. This cycle is repeated until the proper chain length (>C12) is attained, after which the fatty acid is hydrolyzed from its thioester link with the enzyme.
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Figure 5-6 Pathways of biosynthesis of isoprenoids.

Preformed or exogenous fatty acids are extended by a similar mechanism and catalyzed by enzyme(s) called elongases that are present in the endoplasmic reticulum (ER) (Cinti et al., 1992). There is also a minor mitochondrial chain-elongation system in which acetyl-CoA rather than malonyl-CoA is utilized to lengthen the fatty acid chain. Fatty acids are converted to unsaturated fatty acids mainly in the endoplasmic reticulum by desaturases. Fatty acyl-CoA desaturases, of which Δ9-desaturases are most characterized, remove two hydrogens from the CH2-CH2 groups of long-chain intermediates, such as 18:0-CoA by oxidizing them with molecular oxygen. In brain, this enzyme is responsible for the conversion of stearic acid (18:0) to oleic acid (18:1n-9) and palmitic acid (16:0) to palmitoleic acid (16:1n-7) (see Fig. 5-1). The electrons are transferred via cytochrome b5 which in turn is reduced to NADH via cytochrome b5 reductase. In brain, the major PUFAs contained in phospholipids are arachidonic acid (ARA or 20:4n-6) and docosahexaenoic acid (DHA or 22:6n-3), are major phospholipid components, although other major PUFAs in the brain include 22:4n-6 and 22:5n-3. While these fatty acids are taken up from the plasma (Barceló-Coblijn & Murphy, 2009), the astrocytes in the brain fully express the complement of enzymes to elongate and desaturate the essential fatty acid precursors 18:2n-6 and 18:3n-3 to longer-chain n-6 and n-3 family members. These longer-chain fatty acids are formed by chain elongation and desaturation of shorter-chain fatty acids (Fig. 5-7). The additional double bonds are introduced between an existing double bond and the fatty acid carboxyl group. For example, stearic acid (18:0) is converted to oleic acid (18:1n-9) in brain but cannot be interconverted to linoleic acid (18:2n-6). Thus, fatty acids of the n-3 and n-6 series are considered “essential fatty acids” because they can be only obtained from dietary sources, mainly from plants. In instances where n-6 fatty acids are not available in the diet, then n-9 fatty acids are further chain-elongated and desaturated to form abnormal fatty acids in an effort to compensate for a loss of n-6 fatty acids and form 20:3n-9 (Fig. 5-7). This fatty acid is named ‘Mead acid’ after its discovery by James Mead in the tissues of animals fed a fat-free diet over extended periods. Mead acid is a structural substitute for arachidonic acid and, like ARA in normal animals, is enriched in the PtdIns of essential-fatty-acid–deficient animals. However, it does not form bioactive molecules such as the eicosanoids. Another example is in n-3 dietary deficiency; arachidonic acid (ARA or 20:4n-6) is elongated and desaturated to form docosapentaenoic acid (DPAn-6 or 22:5n-6), which is a structural substitute for docosahexaenoic acid (DHA or 22:6n-3), and like DHA is found in DHA enriched phospholipids such as PtdEtn and PtdSer.
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Figure 5-7 Pathways for the interconversion of brain fatty acids. Palmitic acid (16:0) is the main end product of brain fatty acid synthesis. It may then be elongated, desaturated and/or β-oxidized with the carbons recycled to form different long chain fatty acids. The monoenes (18:1n-7, 18:1n-9, 24:1n-9) are the main unsaturated fatty acids formed de novo by Δ9 desaturation and chain elongation. As shown, the very-long-chain fatty acids are α-oxidized to form α-hydroxy and odd-numbered fatty acids. The polyunsaturated fatty acids (PUFAs) are formed mainly from exogenous dietary fatty acids, such as linoleic (18:2n-6) and α-linolenic (18:3n-3) acids, by chain elongation and desaturation at Δ5 and Δ6, as shown. The accepted Sprecher pathway is shown for the formation of 22:6n-3 by elongation and Δ6 unsaturation of 22:5n-3 in the endoplasmic reticulum to form 24:6n-3, followed by one cycle of β-oxidation (–C2) in peroxisomes (Sprecher, 2000). This is illustrated in the biosynthesis of DHA (22:6n-3) above. In severe essential fatty acid deficiency, the abnormal PUFAs, such as 20:3n-9 and 22:5n-6 are also synthesized de novo to substitute for the normal PUFAs.

Fatty acids are degraded by two-carbon units in a reverse manner analogous to their biosynthesis. The acyl-CoA formed is first dehydrogenated to αβ-unsaturated acyl-CoA, and then hydrated to β-hydroxyacyl-CoA, followed by oxidation to β-ketoacyl-CoA. The C–C bond between C-2 and C-3 of the latter compound is broken by a free CoA molecule via thiolysis to form an acyl-CoA that is two carbons shorter and acetyl-CoA. Unlike fatty acid biosynthesis, each step of the β-oxidation of fatty acids is catalyzed by a distinct enzyme. These are present both in mitochondria and in peroxisomes. Though the biochemical steps are similar in the two cellular compartments, there are some differences between the peroxisomal and mitochondrial β-oxidation pathways. In mitochondria, the first dehydrogenation is carried out by an FAD-containing enzyme, which is coupled to oxidative phosphorylation, thus generating ATP. In peroxisomes, however, this dehydrogenation is carried out by a flavin-containing oxidase, which reacts directly with molecular oxygen to form H2O2, which is further decomposed by peroxisomal catalase to H2O and O2, thus wasting the chemical energy. Two separate mitochondrial enzymes, enoyl-CoA hydratase and β-hydroxy acyl-CoA dehydrogenase, catalyze the next two reaction steps, while in peroxisomes both the reactions are catalyzed by a single multifunctional enzyme protein. The mitochondrial β-oxidation pathway is most efficient for long-chain fatty acids (<C20) and these fatty acids are used for energy and for carbons essential for the synthesis of amino acid neurotransmitters and cholesterol (Ch. 11; Barceló-Coblijn et al., 2009), while the peroxisomal β-oxidation pathway is probably responsible for the oxidation of very-long-chain fatty acids (>C20). In addition, the peroxisomal β-oxidation pathway is critical in the Sprecher pathway (Voss et al., 1991) for the formation of DHA from DPAn-3 and is responsible for converting 24:6n-3 to 22:6n-3 (DHA) (Voss et al., 1991). A number of genetic diseases involve peroxisomal disorders, such as Zellweger’s cerebrohepatorenal syndrome and X-linked adrenoleukodystrophy, in which there is an accumulation of these very-long-chain saturated fatty acids (Moser et al., 2001), especially in neural tissues (see Ch. 43), illustrating the importance of this system in maintaining proper brain fatty acid composition.

In addition to the classical β-oxidation of fatty acids, known to occur in all tissues, significant α-oxidation, especially of the fatty acids of galactocerebroside, occurs in brain. In this reaction, carbon 2, termed the α carbon, of a long-chain fatty acid is hydroxylated, then oxidized and decarboxylated to form a fatty acid one carbon shorter than the parent fatty acid. This quantitatively minor α-hydroxylation pathway may explain the origins of both the comparatively large amounts of odd carbon fatty acids and of 2-hydroxy fatty acids in brain galactocerebrosides. Another α-oxidation pathway normally present in liver and other tissues is defective in the genetic disorder Refsum’s disease. This results in the failure to metabolize the dietary branched-chain fatty acid phytanic acid (see Fig. 5-1), which can be initially metabolized only by ω-oxidation in these patients (Wanders et al., 2001). In Refsum’s disease, this branched-chain fatty acid accumulates in nervous tissues, resulting in severe neuropathy (see Ch. 38)




Phosphatidic acid is the precursor of all glycerolipids

Phospholipid biosynthesis is linked to glycolysis through the use of dihydroxyacetone phosphate (DHAP), formed from sn-glycerol-3-phosphate (Gro-3-P) via its reduction by NADH, catalyzed by glycerophosphate dehydrogenase. Gro-3-P is subsequently acylated by the consecutive action of glycerophosphate acyl transferase (GPAT) to from lysophosphatidic acid (lysoPtdOH). Two forms of GPAT are found in the brain: one in the mitochondria and one in the endoplasmic reticulum (ER). This step requires an acyl-CoA, and this enzyme acylates the sn-1 position with a saturated or monounsaturated fatty acid. LysoPtdOH is thus acylated in the ER by lysophosphatidic acid acyltransferase (LAT) to form the central precursor phosphatidic acid (PtdOH).

For PtdOH to form more complex phospholipids, it is hydrolyzed to 1,2-diacyl-sn-glycerol (DAG) by the action of phosphatidic acid phosphatase (PAP). This DAG is then a central precursor for the Kennedy pathway reactions that form PtdEtn and PtdCho. For PtdEtn biosynthesis, CDP-Etn is condensed with the DAG by ethanolamine phosphotransferase, forming PtdEtn. This enzyme prefers a PUFA at the sn-2 position of the DAG, possibly accounting for the large amount of 20:4n-6 and 22:6n-3 associated with PtdEtn. For PtdCho, CDP-Cho is condensed with the DAG by choline phosphotransferase. PtdCho can also be formed by the sequential methylation of PtdEtn by phosphatidylethanolamine methyltransferase (PEMT). Although this is a minor route, it may account for formation of PUFA-enriched PtdCho, as this enzyme has a preference for a PtdEtn with a 22:6n-3 in the sn-2 position. Phosphatidylserine (PtdSer) is formed by base exchange using PtdCho and PtdEtn as substrates, linking its formation to the Kennedy pathway. PtdSer synthase I and PtdSer synthase II catalyze these reactions, with PtdSer synthase II using only PtdEtn as a substrate, thereby accounting for the enrichment of PtdSer in 22:6n-3. PtdSer can be decarboxylated in the mitochondrion by PtdSer decarboxylase to form mitochondrial PtdEtn (Kennedy, 1986).

To synthesize phosphatidylinositol (PtdIns) and cardiolipin (Ptd2Gro), PtdOH is converted to CDP-DAG by CDP-DAG synthase, an enzyme with very high activity in the brain and a preference for a PtdOH containing an sn-1 18:0 and an sn-2 20:4n-6 (Fig. 5-7). Using this CDP-DAG, PtdIns is formed by the condensation of myo-inositol to the CDP-DAG by PtdIns synthase. PtdIns is sequentially phosphorylated on the inositol moiety by specific kinases to form a variety of products key to lipid-mediated signal transduction in the brain (see Ch. 23). The CDP-DAG is also used to form Ptd2Gro via the sequential actions of three enzymes located in the inner mitochondrial membrane. These enzymes are glycerol phosphate transferase, which forms PtdGroP, and phosphatidylglycerol phosphatase, which in turn dephosphorylates PtdGroP to form PtdGro, the direct precursor for Ptd2Gro. Cardiolipin synthase condenses a CDP-DAG with PtdGro to form cardiolipin (Ptd2Gro), a crucial phospholipid required for mitochondrial function (see Box 5-1). The pathways from brain phospholipid biosynthesis, including the enzymes that catalyze each step, are summarized in Figure 5-8.
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Figure 5-8 Schematic representation of glycerophospholipid biosynthesis. Note that dihydroxyacetone phosphate (DHAP) may be reduced to glycerophosphate or may be first acylated and then serve as a precursor of ether lipid. The alkyl analog of phosphatidic acid (i.e., 1-O-alkyl,2-acyl-sn-glycerol-3-P, PakOH) is converted to the alkyl analog of phosphatidylethanolamine (PtdEtn) by the same diacylglycerol (DAG) pathway as shown for the diacyl lipids, and the alkyl analog of PtdEtn is dehydrogenated to form the 1-alk-1′enyl analog of PtdEtn, ethanolamine plasmalogen (PlsEtn, not shown). As mentioned in the text, phosphatidic acid (PtdOH) is converted to DAG, which is converted to the major brain lipids phosphatidylcholine (PtdCho) and PtdEtn. The acidic lipids are formed via the conversion of PtdOH to CDP-DAG. PtdEtn is converted to PtdCho via methylation while both PtdEtn and PtdCho are converted to PtdSer via base exchange. Not only PtdEtn (as shown) but also PtdCho is converted to PtdSer by base-exchange reaction. Exchange of the head group of PtdCho with ceramide to form sphingomyelin is also shown. The enzymes catalyzing lipid biosynthesis are as follows: 1, glycerophosphate dehydrogenase; 2, dihydroxyacetone phosphate acyltransferase; 3, sn-glycerol-3-phosphate acyltransferase; 4, acyl/alkyl dihydroxyacetone phosphate reductase; 5, alkyl dihydroxyacetone phosphate synthase; 6, 1-acyl glycerol-3-phosphate acyltransferase; 7, phosphatidate phosphohydrolase; 8, diacylglycerol cholinephosphotransferase; 9, diacylglycerol ethanolaminephosphotransferase; 10, phosphatidylethanolamine N-methyl transferase and phosphatidyl-N-methylethanolamine N-methyl transferase; 11, phosphatidylethanolamine:serine transferase; 12, phosphatidylserine decarboxylase; 13, phosphatidate cytidyltransferase; 14, phosphatidylinositol synthase; 15, CDP-DAG:glycerol-3-phosphate phosphatidyltransferase; 16, phosphatidylglycerol phosphatase; 17, cardiolipin synthase; 18, phosphatidylinositol-4-kinase; 19, phosphatidylinositol-4-phosphate 5-kinase; 20, phosphatidylcholine:ceramide cholinephosphotransferase.

The newly biosynthesized phospholipids undergo deacylation to the corresponding lysophospholipids, which can be further degraded or reconverted to the parent lipids by reacylation, often with a different fatty acyl substitute. The reacylation of lysophospholipids occurs by transferring acyl groups from acyl-CoAs or from other phospholipids either by CoA-dependent or CoA-independent acyltransferase. The acyltransferase(s) catalyzing the reacylation reactions is very specific toward the acyl donor and lysophospholipid substrates. These preferences, combined with selectivity during the biosynthesis of phospholipids highlighted above, are important processes by which the specific distribution of fatty acids in each individual class of membrane phosphoslipid is regulated. Thus, the initial fatty acid composition of a biosynthesized lipid may not reflect its ultimate composition.

To synthesize ether phospholipids, the first two reactions occur in the peroxisome (Hajra, 1995). DHAP is used as the precursor from glycolysis and is first acylated by DHAP acyltransferase in the peroxisome, forming 1-acyl DHAP, which is then converted to an ether lipid by alkyl DHAP synthase, which exchanges the acyl group in the sn-1 position with a fatty alcohol, generally 16:0alc, 18:0alc, or 18:1alc. The enzymes catalyzing these first two steps have peroxisomal targeting sequences. Two additional steps occur in the ER. The ketone at the sn-2 position is reduced to an OH group using NADPH and is catalyzed by alkyl/acyl DHAP reductase, thereby forming a 1-O-alkylGro, which is a substrate for LAT to synthesize an ether linked form of PtdOH referred to as PakOH. Similar to other pathways, PakOH is a substrate for PAP to form a 1-O-alkyl, 2-acyl glycerol product which is used by ethanolamine or choline phosphotransferase in the presence of CDP-Etn or CDP-Cho to form PakEtn or PakCho, respectively. The PakEtn can then be desaturated between the α and β carbons by delta-1-desaturase, forming the vinyl ether linkage that characterizes the plasmalogens; in turn, this enzyme produces ethanolamine plasmalogen (PlsEtn). PlsEtn is the direct precursor for PlsCho and may be converted to by the action of PEMT, which can use a vinyl ether–linked substrate. Note that delta-1-desaturase cannot use PakCho as a substrate, although this important lipid is the precursor for platelet activating factor (Ch. 36) (Fig. 5-8).

The phospholipids are hydrolyzed by specific phospholipases, as indicated in Figure 5-2. The acyl groups at sn-1 and sn-2 are hydrolyzed by phospholipases A1 and A2 (PLA1, PLA2), respectively. The presence of PLA1 in brain is inferential. The head groups are hydrolyzed by class-specific phospholipases. Thus, PtdCho and PtdIns-4,5P2 are cleaved by different phospholipases. The bond between DAG and phosphate is hydrolyzed by phospholipase C, generating a DAG and inositol 1,4,5-triphosphate (IP3), which act as downstream activators of PKC family kinases. The bond between the phosphate and the polar alcohol is hydrolyzed by phospholipase D and releases a PtdOH that is further converted via phosphatidic acid phosphatase (PAP) to a DAG. Note that this system does not release IP3 and is operative in the ER and elsewhere, while the PLC system is operative at the level of the nuclear and plasma membranes. These enzymes are important not only for the catabolism of these lipids but also for the generation of biological signal-transduction-messenger lipid products such as DAG and the formation of 2-arachidonyl glycerol, a potent endocannabinoid (Ch. 61), by the hydrolysis of the sn-1 fatty acid on DAG by DAG lipase. Many of these enzymes are regulated, indirectly or directly, by cell-surface receptors. The brain also contains specific hydrolases—a plasmalogen-selective PLA2 that releases arachidonic acid, with the lysoplasmalogen further hydrolyzed by the action of lysoplasmalogenase, which catalyzes the hydrolysis of the alkenyl-ether bond to form long-chain aldehydes and lysolipids or glycerophosphorylethanolamine, respectively.




Sphingolipids are biosynthesized by adding head groups to the ceramide moiety

Sphinganine, also termed dihydrosphingosine, is biosynthesized by a decarboxylating condensation of serine with palmitoyl-CoA to form a keto intermediate, which is then reduced by NADPH (Fig. 5-9). Sphinganine is acylated, then dehydrogenated to form ceramide. Free sphingosine ‘salvaged’ from sphingolipid breakdown, also termed sphingenine, can be enzymatically acylated with acyl-CoA to form ceramide.
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Figure 5-9 Pathways for biosynthesis of sphingolipids. Ceramide (Cer) is the precursor of all sphingolipids. Ceramide is converted to cerebroside (Cer-Gal), the main brain glycolipid, which is further converted to cerebroside sulfate (sulfatide) as shown. Cer-Gal is also converted to ganglioside (GM4), which is present in brain myelin. Most other gangliosides originate from Cer-Glc, and the main pathways for formation of these lipids are shown. The abbreviations using Svennerholm’s nomenclature are shown in parentheses. (See Figs. 5-4 and 5-5.) The first letter, G, is for ganglioside. The second letter, M, D, T or Q, represents the number of sialic acid residues. Isomeric configurations of NANAs are distinguished by a and b. The main gangliosides of adult human brain are GM1, GD1a, and GD1b.

Ceramide is the precursor of all sphingolipids; sphingomyelin is formed by a reaction that transfers the head group of PtdCho to ceramide to form sphingomyelin and DAG (Figs. 5-8 and 5-9), while sphingosine-containing glycolipids are formed from consecutive glycosylation of ceramide by various nucleotide carbohydrate derivatives. For example, galactocerebroside is formed by glycosylation of ceramide with UDPGal, whereas glucocerebroside is formed by glycosylation of ceramide with UDPGlc (Radin, 1984). The latter, Cer-Glc, is the precursor of neutral glycolipids, also termed globosides, and acidic glycolipids, also termed gangliosides. The CMP derivative of the N-acetyl (or N-glycolyl) neuraminic acid NANA, or NeuAc, is the donor of this moiety to form gangliosides. Some of the reactions forming these complex glycolipids are shown in Figure 5-9. The specificity of these membrane-bound glycosyl transferases toward the lipid substrate and to the water-soluble nucleotide derivatives determines the structures of the products.

These same glycolipids are broken down by specific hydrolases present in lysosomes and stimulated by noncatalytic lysosomal proteins. A congenital deficiency of either one of the hydrolases or in the helper proteins results in the accumulation of lipid intermediates in lysosomes, leading to a lysosomal storage disease. For example, in Gaucher’s disease, Cer-Glc accumulates because of a defect in its hydrolysis, whereas in Tay–Sachs disease, the GM2-ganglioside concentration is increased because of a deficiency in hexosaminidase A, the hydrolase releasing N-acetylgalactosamine (see Ch. 43).






Genes for Enzymes Catalyzing Synthesis and Degradation of Lipids

Because of interest in genetic lysosomal lipid storage diseases (Ch. 43), genes coding for a number of lipid hydrolytic enzymes have been identified and cloned. Progress has also been made in the elucidation of genes coding for biosynthetic enzymes, including transferases in the pathway for ganglioside formation and the UDP-glycosyltransferases that lead to cerebroside formation. In recent years, dozens of genes coding for enzymes catalyzing synthesis of cholesterol, phospholipids, galactolipids and gangliosides have been identified. Mutant or knockout mice defective in specific enzymes involved in lipid synthesis have provided powerful tools for genetic analysis of lipid function in the nervous system. For example, disruption of the genes for ceramide galactosyl transferase or galactosyl ceramide sulfotransferase, enzymes synthesizing galactocerebroside and sulfatide, both major sphingolipid components of myelin, gave unexpected results. While myelination and compaction of myelin was not affected initially, the mice displayed abnormal paranodal junctions and later disruption of myelin stability. Comparison of the two kinds of knockout mice showed that sulfatide plays a critical role in the proper localization and maintenance of Na+ channels at the paranode (Ishibashi et al., 2002) (see Ch. 10). Negative phenotypes can be informative as well. The hypothesis that complex gangliosides play a role in synaptic transmission was examined by deleting GM2/GD2 synthase, an enzyme that catalyzes an early step in ganglioside biosynthesis, then testing neurotransmitter release at the neuromuscular junction (Bullens et al., 2002). Transmitter release was not altered under normal conditions, suggesting a redundancy or compensatory action of complex ganglioside function at the synapse.




Lipids in the Cellular Milieu


Lipids are transported between membranes

As indicated above, lipids are often biosynthesized in one intracellular membrane and must be transported to other intracellular compartments for membrane biogenesis. Because lipids are insoluble in water, special mechanisms must exist for the inter- and intracellular transport of membrane lipids. Vesicular trafficking, cytoplasmic transfer-exchange proteins and direct transfer across membrane contacts can transport lipids from one membrane to another. The best understood of such mechanisms is vesicular transport, wherein the lipid molecules are sorted into membrane vesicles that bud out from the donor membrane and travel to and then fuse with the recipient membrane. The well-characterized transport of plasma cholesterol into cells via receptor-mediated endocytosis is a useful model of this type of lipid transport (Brown & Goldstein, 1986; Maxfield & Wustner, 2002). A brain-specific transporter for cholesterol has been identified (see Chapter 2). It is believed that transport of cholesterol from the endoplasmic reticulum to other membranes and of glycolipids from the Golgi bodies to the plasma membrane are mediated by similar mechanisms. The transport of phosphoglycerides is less clearly understood. Recent evidence suggests that net phospholipid movement between subcellular membranes may occur via specialized zones of apposition, as characterized for transfer of PtdSer between mitochondria and the ER (Voelker, 2003).




Membrane lipids may be asymmetrically oriented

In the ‘fluid-mosaic’ model of biomembranes, the lipids form a bimolecular leaflet in which proteins are embedded (Ch. 2). This model, with some modifications, is useful in explaining a number of membrane phenomena, but it does not take into account the complex arrangement and function of various polar head groups and different fatty acids present in biomembrane lipids, nor the enrichment of specific proteins and lipids in lateral domains, or rafts, within the bilayer. Lipids can move freely within the same plane of the bilayer, but their movement from one leaflet of the bilayer to another is thermodynamically restricted. It is not clear how this asymmetric distribution of lipids in biomembranes originates. It is postulated that membranes contain ATP-dependent transporters that catalyze a ‘flip-flop’ transbilayer movement of lipids (Contreras et al., 2010). Specificity of such ‘flippase’, ‘floppase’ and ‘scramblase’ activities may be responsible for the asymmetric distribution of lipids between the inner and outer leaflets of the membrane bilayer. Transfer of lipids from one side of the bilayer to the other may also be the result of the enzymatic generation of lipids, such as diacylglycerol or ceramide at one side of the membrane, and may play a role in the formation of lipid rafts (Ch. 2).

In some biomembranes, such as those of red blood cells, the choline-containing phospholipids PtdCho and sphingomyelin are known to be enriched in the outer leaflet, while the amino lipids PtdEtn and PtdSer are concentrated in the inner leaflet of the plasma membrane. This arrangement probably also exists in the plasma membrane of most other cells. Studies with the serine-binding protein annexin V indicate that PtdSer appears in the plasma membrane outer leaflet in apoptosis (Williamson & Schlegel, 2002). The glycolipids, especially the gangliosides, are enriched in the extracellular side of the plasma membrane, where they may function in intercellular communication and act as receptors for certain ligands; for example, GM1 acts as a receptor for cholera toxin and GD1b for tetanus toxin. In support of this hypothesis, it has been shown that plasma membrane contains an ATP-dependent phospholipid translocase that selectively catalyzes the transport of the aminophospholipids PtdSer and PtdEtn but not of PtdCho from the outer to the inner lipid layer of the membrane (Daleke & Lyles, 2000). A glucosyl ceramide translocase, required for transport of glucosyl ceramide from the cytoplasmic surface to the luminal surface of the Golgi membrane for synthesis of neutral glycosphingolipids, has been identified as ABCA1 or multiple drug resistance protein 1 (De Rosa et al., 2003) (Ch. 3).




Some proteins are bound to membranes by covalently linked lipids

A number of membrane-bound proteins are covalently linked with various lipids, which promotes association of the protein with the lipid bilayer. These modifications include glycerophosphatidyl inositol (GPI) anchors, cysteine acylation, N-terminal myristoylation, isoprenylation, and C-terminal sterol addition (Levental et al., 2010). Addition of GPI with saturated fatty acids tethers a major family of extracellular proteins to the membrane, predominantly in lipid rafts. Transmembrane and intracellular proteins can undergo S-acylation with saturated fatty acids, again leading to association with lipid rafts. For example, in myelin proteolipid protein, fatty acids (16:0, 18:0, 18:1) are attached to the cysteine moieties in the protein as thioesters [Chap. 10]. Analysis of the neuronal palmitoyl-proteome has identified palmitoylaton of neurotransmitter receptors, transporters, adhesion molecules, SNAREs and other vesicular trafficking proteins (Kang et al., 2008). Drug-induced activity paradigms suggest that palmitoylation contributes to activity-dependent changes in synaptic morphology and function. A number of cellular proteins are also acylated with myristic acid (14:0) on the free amino group of N-terminal amino acids. A class of proteins, including Ras, a proto-oncogene product, has been shown to form covalent links with farnesyl (C15) or C20 isoprenes via a thioether linkage to cysteine (Glomset et al., 1990). The lipid anchor in Ras, which occupies a central position in intracellular signal transduction, is essential for its activity. The Hedgehog family of proteins contains palmitic acid linked to the amino terminal domain and cholesterol covalently linked to the carboxy terminal signaling domain (Bijlsma et al., 2004), making them the only sterolated proteins identified to date. These proteins are of critical importance in patterning during development and in tumorigenesis. Lipidated Hedgehog proteins are secreted from cells via the membrane transporter Dispatched, and then transduce signals through two membrane-bound receptors, Patched and Smoothened.




Lipids have multiple roles in cells

Many lipids have both structural and regulatory roles in the cell. For example, while arachidonic acid (20:4n-6) is a major constituent of brain inositides and PtdEtn, the free acid is also a precursor of a number of important biomessengers, the eicosanoids, such as prostaglandins, prostacyclins, leukotrienes and thromboxanes (see Ch. 36). Arachidonic acid itself acts as a biomessenger by activating certain isoforms of PKC. It may also be found in a derivatized form. It has been identified in amide linkage with ethanolamine as anandamide or esterified to the 2-position of glycerol, and both have been proposed as possible endogenous ligands for brain cannabinoid receptors (Sugira & Waku, 2002). Oleic acid amide has been reported to be an endogenous sleep-promoting factor (Mendelson & Basile, 2001), as has the prostanoid prostaglandin D2 (Satoh et al., 1996). DAG is an important precursor for lipid biosynthesis in the endoplasmic reticulum, but in the plasma membrane it acts as a second messenger, activating PKC. Major structural lipids, such as Ptdlns and PtdCho, are also intimately involved in the signal-transduction process (see Ch. 23). The ether lipid 1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocholine, termed platelet activating factor and commonly referred to as PAF, has potent biomessenger activity in aggregating platelets, releasing eicosanoids and modulating glutamate release and plasticity at the synapse (Bazan, 2003) (see Ch. 36). Lysophosphatidic acids have been identified as extracellular ligands acting via several G-protein-coupled receptors. Sphingolipids, including ceramide, sphingosine and sphingosine-1-phosphate, have been implicated in neurodegeneration and in numerous cell regulatory processes (Soliven et al., 2011). For example, tumor necrosis factor-α, the cytokine interleukin-1β and nerve growth factor act through their receptors to induce sphingomyelin hydrolysis to ceramide, which then activates a number of downstream activities, including protein kinases and phosphatases, triggering cell-cycle arrest, proliferation, differentiation or cell death (Buccliero & Futerman, 2003; Gulbins, 2003; Jana et al., 2009). At the neuronal presynaptic terminal, ceramide, sphingosine and sphingosine 1-phosphate appear to be involved in priming and docking of synaptic vesicles, vesicle fusion and regulation of neurotransmitter release (Haughey, 2010).






Summary

Lipids have critical roles in nervous system structure and function. They contribute to the unique composition of synaptic complexes and myelin, and participate in multiple signaling pathways involving lipid intermediates. Lipid modification of proteins is a key mechanism for modulating the activity of trophic factors and receptors. The structure and synthesis of cholesterol and phospholipids, as well as complex lipids including gangliosides, cerebrosides, sulfatides and phosphoinositides, have been characterized in detail. Chromatography and mass spectrometry can directly analyze the molecular profile or ‘lipidome’ of different lipid classes in very small samples. Lipids are transported within the cell and transferred enzmatically from one side of the membrane bilayer. Signaling across cell membranes occurs primarily in lateral domains, or rafts, enriched in specific proteins and lipids, especially cholesterol and glycolipids.
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The cytoskeleton is a vital, dynamic component of the nervous system. Neurons and glia exhibit a remarkable diversity of shapes. Neurons do not divide, so their distinctive morphologies are maintained throughout life. Biochemical and immunological evidence indicates that the shape of cells in the nervous system is closely connected to their functions. Understanding the proteins and cellular structures that underlie cell morphology is thus essential for understanding the neural functions. Proteins of the cytoskeleton play a central role in the creation and maintenance of cell shapes in all tissues. In eukaryotic cells: they provide structural organization for the cell interior, and are tracks for intracellular transport. The cytoskeleton comprises the core framework of cellular morphologies. Because cytoskeletal structures play a particularly prominent role in the nervous system, cytoskeletal proteins represent perhaps a third or more of total brain protein. In fact, much of our knowledge about cytoskeletal biochemistry is based on studies of proteins purified from brain.


Introduction

Neurons and glia exhibit a remarkable diversity of shapes. These different morphologies are so characteristic and distinctive that they have been used since the time of Cajal to define neural functions. For example, Purkinje cells in the cerebellum have such distinctive morphologies that they are readily identifiable in any vertebrate. Neurons do not divide, so their distinctive morphologies are maintained throughout life. Biochemical and immunological markers are used to delineate neuronal populations. Their distributions are found to correlate well with populations previously defined on morphological grounds. This evidence indicates that the shape of cells in the nervous system is closely connected to their functions. Understanding the proteins and cellular structures that underlie cell morphology is thus essential for understanding the neural functions.

Proteins of the cytoskeleton play a central role in the creation and maintenance of cell shapes in all tissues. They serve multiple roles in eukaryotic cells. First, they provide structural organization for the cell interior, helping to establish metabolic compartments. Second, cytoskeletal structures serve as tracks for intracellular transport, which creates and maintains differentiated cellular functions. Finally, the cytoskeleton comprises the core framework of cellular morphologies.

Methods for visualizing individual neurons and glia in vivo have depended for more than 100 years on histochemical reactions with cytoskeletal elements, and even now these methods have not been surpassed. Because cytoskeletal structures play a particularly prominent role in the nervous system, cytoskeletal proteins represent a large fraction of total brain protein, comprising perhaps a third or more of the total. In fact, much of our knowledge about cytoskeletal biochemistry is based on studies of proteins purified from brain. The aims of this chapter are twofold: first to provide an introduction to the cytoskeletal elements themselves and second to examine their role in neuronal and glial function. Throughout, the emphasis will be on the cytoskeleton as a vital, dynamic component of the nervous system.




Molecular Components of the Neuronal Cytoskeleton


Along with the nucleus and mitochondria, the cytoskeleton is one of several biological structures that define eukaryotic cells

The term ‘cytoskeleton’ is often used as if it described a single, unified structure, but the cytoskeleton of neurons and other eukaryotic cells comprises three distinct, interacting structural complexes that have very different properties: microtubules (MTs), neurofilaments (NFs) and microfilaments (MFs). Each has a characteristic composition, structure and organization that may be further specialized in a particular cell type or subcellular domain. The defining structural elements have long been identifiable in electron micrographs (Fig. 6-1), and a considerable amount is known about the detailed organization of these components in neurons and glia. Each set of cytoskeletal structures will be considered in turn.

[image: image]

Figure 6-1 The cytoskeleton and organization of the axon in cross-section. Left. Electron micrograph of a myelinated toad axon in cross-section taken near a Schmidt–Lanterman cleft; axon diameter is slightly reduced and the different domains within the axoplasm are emphasized. Right. Diagram highlighting key features of the axoplasm. Portions of the myelin sheath surrounding the axon can be seen (My). Most of the axonal diameter is taken up by the neurofilaments (clear area). There is a minimum distance between neurofilaments and other cytoskeletal structures that is determined by the side arms of the neurofilaments. (These side arms are visible between some of the neurofilaments in the electron micrograph, left.) The microtubules (MT) tend to be found in bundles and are more irregularly spaced. They are surrounded by a fuzzy material that is also visible in the region just below the plasma membrane (stippled areas, right). These areas are thought to be enriched in actin microfilaments and presumably contain other slow component b (SCb) proteins as well. The stippled regions with embedded microtubules are also the location of membranous organelles in fast axonal transport (larger, filled, irregular shapes, right). Both microtubule and microfilament networks need to be intact for the efficient movement of organelles in fast transport.(Electron micrograph provided by Dr Alan Hodge. From Hodge, A. and Adelman, W. In: Structure and Function in Excitable Cells. New York: Plenum, 1983, pp. 75–111, with permission.)




Microtubules act as both dynamic structural elements and tracks for organelle traffic

Neuronal MTs are structurally similar to those found in other eukaryotic cells (reviewed in Amos & Schlieper, 2005; Hyams & Lloyd, 1994; Wade, 2007, 2009). The core structure is a polymer of 50 kDa tubulin subunits. Heterodimers of α-and β-tubulin align end to end to form protofilaments, 13 of which join laterally to form a hollow tube with an outer diameter of 25 nm (Fig. 6-2). Examples also exist of MTs with 12 and 14 protofilaments. The α- and β-tubulins are the best-known members of a unique protein family that have significant sequence similarity (Burns & Surridge, 1994). There is approximately 40% sequence identity between α- and β-tubulins, and even greater identity within α and β gene subfamilies (Luduena, 1998). Conservation of primary sequence for tubulins is also high across species, so tubulins from yeast can readily coassemble with tubulins from human brain. Tubulin dimers bind two GTPs and exhibit GTPase activity that is closely linked to assembly and disassembly of microtubules Amos & Schlieper, 2005 Desai & Mitchison, 1997). While many questions remain about tubulin and its interactions, the structure of the αβ-tubulin dimer has recently been derived from electron diffraction studies (Nogales et al., 1998), providing a basis for dissection of MT functional architecture.
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Figure 6-2 Microfilaments, microtubules and intermediate filaments in the nervous system. Each cytoskeletal structure has a distinctive ultrastructure. This schematic illustrates the major features of the core fibrils. The microfilament consists of two strands of actin subunits twisted around each other like strings of pearls. The individual subunits are asymmetrical, globular proteins that give the microfilament its polarity. The microtubule is also made from globular subunits, but in this case the basic building block is a heterodimer of a- and b-tubulins. These ab dimers are organized into linear strands, or protofilaments, with b-tubulin subunits oriented toward the plus end of the microtubule. Protofilaments form sheets in vitro that roll up into a cylinder with 13 protofilaments forming the wall of the microtubule. Assembly of both microfilaments and microtubules is coupled to slow nucleotide hydrolysis, ATP for microfilaments and GTP for microtubules. The subunits of both glial filaments and neurofilaments are rod-shaped molecules that will self-assemble without nucleotides. The core filament structure is thought to be a ropelike arrangement of individual subunits. Glial filaments are typical type III intermediate filaments in that they form homopolymers without side arms. In contrast, neurofilaments are heteropolymers formed from three subunits, NFH, NFM and NFL for the high-, medium- and low-molecular-weight subunits. The NFH and NFM subunits have extended carboxy-terminal tails that project from the sides of the core filament and may be heavily phosphorylated.

Heterodimers in a MT are oriented in the same direction, so the resulting MT has asymmetric ends that differ in their assembly properties (Amos & Schlieper, 2005; Desai & Mitchison, 1997; Wade, 2007). The β-tubulin subunit is exposed at the ‘plus’ end, which is the preferred end for addition of tubulin dimers. The opposite ‘minus’ end grows more slowly at physiological concentrations of tubulin. In the case of free microtubules, the balance between assembly and disassembly at each end defines a critical concentration for net microtubule growth. MT assembly under in vitro conditions involves a slow nucleation step followed by a more rapid net growth phase; a kinetic pattern described as ‘dynamic instability.’ In glia and most other non-neuronal cells, however, the minus ends of MTs are usually bound at the site of nucleation, which is associated with the centrosome or pericentriolar complex of the cell (Amos & Schlieper, 2005; Desai & Mitchison, 1997), a site often called the microtubule organizing center (MTOC) (Luders & Stearns, 2007; Wiese & Zheng, 2006). Anchoring of MT minus ends helps establish and maintain the polarity of cellular MTs. Anchoring and nucleation of microtubules appears to require a third class of tubulin, γ-tubulin, which is detectable only as part of the pericentriolar complex (Joshi, 1994; Moritz & Agard, 2001; Raynaud-Messina & Merdes, 2007).

The organization of MTs in neurons differs several ways from that seen in non-neuronal cells (Fig. 6-3) (Conde & Caceres, 2009). Axonal and dendritic MTs are not continuous back to the cell body, nor are they associated with any visible MTOC. Axonal MTs can be more than 100 µm long, but they have uniform polarity, with all plus ends distal to the cell body. Dendritic MTs are typically shorter and often exhibit mixed polarity, with only about 50% oriented plus-end distal. Recent work suggests that MTs in both axons and dendrites are nucleated normally at the MTOC, but they are then released from the MTOC and delivered to neurites (Baas et al., 2006).
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Figure 6-3 The axonal and dendritic cytoskeletons differ in both composition and organization. The major differences are illustrated diagrammatically in this diagram. With one exception, all cytoskeletal proteins are synthesized on free polysomes in the cell body, then transported to their different cellular compartments. The exception is MAP2, which is the major microtubule-associated protein of dendrites. While some MAP2 is synthesized in the cell body, MAP2 mRNA is specifically enriched in the dendritic compartment and a significant fraction is thought to be synthesized there. The microtubules of cell bodies, dendrites and axons are thought to be nucleated at the microtubule-organizing center (MTOC), then released and delivered to either the dendrites or axon. In the dendrite, microtubules often have mixed polarities with both plus and minus ends distal to the cell body. The functional consequence of this organization is uncertain but may help explain why dendrites taper with distance from the cell body. In contrast, all axonal microtubules are oriented with the plus end distal to the cell body and exhibit uniform distribution across the axon. Although some tau protein can be detected in cell bodies and dendrites, axonal microtubules are enriched in tau and axonal tau is differentially phosphorylated. MAP2 appears to be absent from the axon. Neurofilaments are largely excluded from the dendritic compartments but are abundant in large axons. The spacing of neurofilaments is sensitive to the level of phosphorylation. Microtubules and neurofilaments both stop and start in the axon rather than being continuous back to the cell body. The microfilaments are more dispersed in their organization and may be difficult to visualize in the mature neuron. They are most abundant near the plasma membrane but are also enriched in presynaptic terminals and dendritic spines. GA, Golgi apparatus.

While MTs in neurons are composed of the same basic constituents as those in non-neuronal cells, they are strikingly more diverse (Table 6-1). Brain MTs contain tubulins of many different isotypes, with many different post-translational modifications, and also have a variety of associated proteins (Amos & Schlieper, 2005; Halpain & Dehmelt, 2006). MT composition varies according to location, such as in axons or dendrites, suggesting that brain MTs exist in specialized forms to perform designated tasks in the unique environments of the neuron. For example, axonal MTs contain stable segments that are unusually resistant to treatments that depolymerize MTs in other cells (Brady, 1993). Such stable domains are preserved as short MT segments and may serve to nucleate or organize MTs in axons (Dent et al., 1999), particularly during regeneration. This and other specializations of axonal microtubules (see below) may reflect the unusual requirements of the neuronal cytoskeleton, where remarkably long microtubules are maintained at considerable distances from sites of new protein synthesis in the cell body.

Table 6-1. Major Microtubule Cytoskeletal Proteins of the Nervous System



	Protein
	Expression pattern and distribution
	Modifications



	α-tubulin (multigene family)
	In all cells, but some isoforms are preferentially expressed in brain
	Acetylation and others

	β-tubulin (multigene family)
	In all cells, but some isoforms are preferentially expressed in brain
	Phosphorylation and others

	γ-tubulin
	In all cells, pericentriolar region/MTOC
	

	MAP1a
	Appears late, preferentially in dendrites
	Phosphorylation

	MAP1b (multigene family)
	Appears early, then declines; enriched in axons
	Phosphorylation

	MAP2a
	High molecular weight, dendritic in mature neurons
	Phosphorylation

	MAP2b
	High molecular weight, dendritic expressed throughout lifetime
	Phosphorylation

	MAP2c (single gene)
	Low molecular weight, dendritic in developing neurons
	Phosphorylation

	Tau – high MW
	Peripheral axons with distinctive phosphorylation pattern
	Phosphorylation

	– low MW (alternative splicing of a single gene)
	Enriched in CNS axons with distinctive phosphorylation pattern
	Phosphorylation

	MAP4
	Primarily nonneuronal, multiple forms, widespread distribution
	Phosphorylation at mitosis

	Katanin
	Widespread distribution, enriched at MTOC, severs MT
	Phosphorylation

	Stathmin
	Widespread distribution, destabilizes MT
	Phosphorylation

	Spastin
	Widespread distribution, enriched at branch points, severs MT
	

	Fidgetin
	Widespread distribution, destabilizes MT
	

	APC
	Localizes to the tip of early neurites and axons. Enrichment in axonal growth cones precedes axonal outgrowth.
	Phosphorylation

	EB1
	Widespread distribution, binds to growing microtubule plus ends
	

	EB2
	Widespread distribution, binds to growing microtubule plus ends
	




Multiple genes exist for bothα- and β-tubulins. Tubulin isotypes differ primarily at the carboxy terminus, the region where most post-translational modifications and MAP interactions occur. While most α- and β-tubulin isotypes are expressed in all tissues, some are expressed preferentially in different tissues. For example, class III and IVa β-tubulins are neuron specific (McKean et al., 2001). It is not known if such examples of tissue-specific expression imply that different isotypes are structurally suited to function in different tissues, or merely that different tubulin genes are part of different tissue-specific developmental programs. Where it can be evaluated, all isotypes available in a given cell appear capable of coassembly and typically can be detected in all cellular MTs.

Although precise cellular functions of each specific tubulin isotype remain virtually unknown, genetic evidence has accumulated that different tubulins may have different roles in the development and function of neurons (Tischfield & Engle, 2010). For example, mutations in the neuron-specific β-tubulin class III result in a spectrum of human neurological disorders known as TUBB3 syndromes. While some mutations in TUBB3 result in the ocular motility disorder CFEOM3, some others lead to behavioral and cognitive disorders, facial paralysis, and/or late-onset axonal sensorimotor polyneuropathy (Tischfield et al., 2010). Similarly a missense mutation in the tubulin-specific chaperone E (TBCE) gene leads to progressive motor neuropathy in mice. TBCE is a tubulin-binding chaperone that helps in the assembly of the tubulin α-β heterodimer (Bommel et al., 2002). These molecular observations suggest that perturbation of the normal MT dynamic properties is sufficient to cause neurodegeneration. Curiously, diseases associated with tubulins tend to affect the nervous system preferentially and different mutations may affect different populations of neurons (Tischfield & Engle, 2010) (see Box). Indeed, recent studies showed that use of drugs that alter MT dynamics in vivo might be neuroprotective (Trojanowski et al., 2005) suggesting that alterations in MT dynamics may be involved in some late-onset neurological disorders.

Brain MTs also contain a variety of post-translational modifications. When purified mammalian tubulin is analyzed by isoelectric focusing, over 20 different isoforms can be seen (Luduena, 1998). These are explained by a combination of multiple genes and various post-translational modifications. The two best-studied post-translational modifications of tubulin are α-tubulin detyrosination and acetylation (reviewed in Fukushima et al., 2009). Most α-tubulins are expressed with a carboxy-terminal tyrosine residue. This tyrosine can be removed by tubulin carboxypeptidase and then replaced by tubulin tyrosine ligase, in a rapid cycle that occurs on the majority of available tubulin. Since the carboxypeptidase acts only on assembled tubulin and the ligase acts on unassembled tubulin, this tyrosination/detyrosination cycle is linked to MT dynamics. These changes do not alter MT stability, but rather serve to report on MT turnover. Typically, newly assembled MTs will contain Tyr-tubulin. The longer a MT remains polymerized, the higher its content of detyrosinated tubulin, or Glu-tubulin. A second prominent post-translational modification of neuronal α-tubulin is lysine-ε-acetylation. The enzyme responsible for acetylation, tubulin acetyltransferase, like tubulin carboxypeptidase, acts only on assembled tubulin.

Neuronal β-tubulin isotypes appear to be subject to fewer post-translational modifications (Fukushima et al., 2009). For example, the βIII isotype of brain is phosphorylated. While the function of this modification is not clear, correlations with neurite outgrowth in neuroblastoma cells have been made. Another modification of β-tubulin is polyglutamylation, the addition of 1–5 glutamyl units to the γ-carboxyl group of a glutamate residue near the C-terminus (Kann et al., 2003). This summary of tubulin posttranslational modifications should not be considered exhaustive, as novel modifications continue to be reported. Despite the plethora of neuronal tubulin post-translational modifications, none are known to have a direct effect on MT properties, although they may correlate with specific states (i.e., assembly, microtubule age, etc.).

MTs in vivo invariably include members of a heterogeneous set of proteins known as microtubule-associated proteins (MAPs) (Amos & Schlieper, 2005; Cassimeris & Spittle, 2001; Dehmelt & Halpain, 2005; Halpain & Dehmelt, 2006). MAPs interact with MTs rather than with free tubulin and maintain constant stoichiometry with the tubulin in MTs through cycles of assembly and disassembly. Several categories of brain MAPs can be grouped in two families: MAP1 (1A and 1B) (Halpain & Dehmelt, 2006), as well as MAP2/tau (2A and 2B) and tau protein. MAP1 and MAP2 families are high molecular weight (>270 kD), while tau is a single gene with extensive alternative splicing. In addition, there are other MAPs of intermediate molecular weight, such as MAP3 and MAP4. These groups of MAPs are collectively known as ‘fibrous’ or ‘structural’ MAPs because they have been observed to form lateral extensions between adjacent MTs and between MTs and other cytoskeletal elements (Schoenfeld & Obar, 1994). Some classify the MT-based molecular motor kinesin and dynein as MAPs, and these proteins drive the intracellular transport of membrane-bounded organelles along MT tracts as well as the movement of cytoskeletal elements (see Ch. 8, Axonal Transport), but these proteins do not meet the criteria of cycling with tubulin through assembly and disassembly.

The high molar ratio of structural MAPs to tubulin in brain suggests that MAPs may play an important role in determining MT properties. Some MAPs are differentially distributed in neurons (Cassimeris & Spittle, 2001). For example, MAP 2 is found primarily in cell bodies and dendrites, and tau is enriched in axons. Additionally, changes in MAP expression and MAP phosphorylation during development suggest they may play a role in modulating MT function in the developing brain (Schoenfeld & Obar, 1994). For example, MAPs 1A and 1B occur in both axons and somatodendritic domains, but MAP 1B is preferentially phosphorylated in axons and especially in developing axons. In humans, as many as six different tau proteins may be derived by alternative splicing from a single tau gene (Goedert, 2004; Deshpande et al., 2008). Both the expression and phosphorylation of the different tau isoforms are regulated throughout development. While MAPs affect nucleation and stability of MTs in vitro, these may not be their primary functions in vivo. Other likely functions include roles in MT spacing and organization, compartmentation, protection from microtubule severing proteins (Qiang et al., 2006), scaffolds for signaling molecules and interaction with other cellular structures.

Recently, another types of microtubule associated proteins have been defined that affect MT polymerization (stathmin, fidgetin) or lead to severing of MT (spastin and katanin). Stathmin destabilizes MT either by reducing available tubulin dimer or by altering the frequency of catastrophe at MT plus ends (Steinmetz, 2007). Fidgetin, katanin and spastin are all AAA-family ATPases and katanin/spastin sever MTs (Baas et al., 2005; Roll-Mecak & McNally, 2010). Fidgetin causes MT disassembly when overexpressed, and is important for chromosome movement in mitosis (Zhang et al., 2007), but has not been shown to play a role in mature neurons. Unlike katanin and spastin, purified fidgetin has not been shown to sever MT in vitro.

In neurons, katanin and spastin actions lead to release of MTs from the MTOC and allow transport of the assembled MT in axons and dendrites (Baas et al., 2005). MT reconfiguration and organization may require the association of molecular motors to short and mobile microtubule polymers. The “cut-and-run” model of MT reorganization proposes that long MTs are stationary, compared to short MTs that are motile, so neurons reorganize their MT arrays by severing MT polymers through the regulated activity of MT-severing enzymes (i.e., katanin and spastin). Although katanin is widely distributed within neurons it is highly expressed in developing axons; conversely its expression level decreases when axons reach their targets, suggesting a direct role of katanin in axonal remodeling and elongation. Recent experimental evidences showed that overexpression of katanin results in an increase in axonal processes development. On the contrary, inhibiting katanin induces profound deleterious effects on axonal outgrowth (Baas et al., 2005). These experimental findings suggest that MT severing and reconfiguration may play a role in axonal formation and development. Katanin has multiple regulatory mechanisms including tau binding to MTs, acetylation and phosphorylation (Baas et al., 2005; Sudo & Baas, 2010).

Spastin is a MT-severing enzyme that is more restricted to the nervous system than katanin (Baas et al., 2005; Roll-Mecak & McNally, 2010). One important property of spastin is its capacity to induce branch formation. Indeed, depletion of spastin in neurons result in a reduction of axonal length associated with a substantial reduction of axonal branching (Yu et al., 2008). Remarkably, mutations in spastin lead to a particular dying-back neuropathy collectively known as human hereditary spastic paraplegia (HSP), which appears to be unrelated to its role in severing MTs. Mutations in spastin are associated with dysfunction and degeneration of long axons of pyramidal tracts, apparently via a molecular mechanism involving deregulation of axonal transport (Solowska et al., 2008).

Finally, another group of MT binding proteins are known as microtubule plus-end tracking proteins (+TIPs) (Conde & Caceres, 2009). Members of the+TIP family include adenomatous polyposis coli (APC), a protein enriched at the tips of minor processes committed to become an axon (Votin et al., 2005). APC is also frequently mutated in colon cancer, but this may not be related to its action on MTs. End-binding proteins 1 and 3 (EB1 and EB3) are widely distributed within neurons in association to MT plus ends. EB1 is upregulated during axonal formation and may be required for axon elongation (Morrison et al., 2002). Interestingly, EB3 binds drebrin, an actin-binding protein involved in dendritic spine formation, and is enriched in growth cone filopodia. When the EB3–drebrin association is impaired, growth cone formation and process extension is impaired (Geraldo et al., 2008). Due to their ability to bind to MT plus ends, EB proteins fused to fluorescent proteins have been used to study the dynamic properties of MTs (Matov et al., 2010).

MTs serve multiple roles in neurons. Besides acting as the substrate for the transport of membrane-bounded organelles, MTs are necessary for the extension of neurites during development; they provide the structural basis for maintaining neurites after extension and they also help maintain the definition and integrity of intracellular compartments. The diversity of these functions is reflected in differences in the biochemistry and metabolic stability of different MTs.




Neuronal and glial intermediate filaments provide support for neuronal and glial morphologies

As a class of cytoskeletal structures, intermediate filaments (IFs) display an unusual degree of cell specificity and are often used as markers of cellular differentiation. They comprise a family of related genes that have been classified in five types (Herrmann et al., 2007). All five share homology in a core rod domain, which contains multiple a-helical domains that can form coiled/coils. The sequence homology in this conserved domain is sufficient that some antibodies recognize all known IFs from mammals through a wide range of invertebrates. IFs are also ultrastructurally similar regardless of type, forming 8–10 nm ropelike filaments that may be several micrometers long. However, NFs differ from the other IFs because they have sidearms that project from their surface. The result is that IFs in non-neuronal cells are often seen in densely packed bundles, while NFs are widely spaced (Fig. 6-4).
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Figure 6-4 Glial filaments and neurofilaments are easily recognized in electron micrographs. The glial filaments lack side arms and often appear to be densely packed, with neighboring subunits almost touching (large arrows in left panel). In contrast, the spacing between neurofilaments is typically much greater (large arrows in right panel). This spacing is due to the side arms of neurofilaments formed by the tails of the high- and medium-molecular-weight neurofilaments (NFH and NFM, respectively). These tails are heavily phosphorylated in large axons such that NFH tails may have 50 or more phosphates added to the multiple repeats of a consensus phosphorylation site. NFM tails have fewer sites and typically only 10 to 12 phosphates. Charges on the surface of phosphorylated neurofilaments are thought to repel neighboring filaments, creating the large spacing. For comparison, a 25 nm microtubule is indicated in the right panel (thin arrow).(Micrograph provided by H. Ross Payne and Scott Brady.)

Types I and II are the keratins that are found in various combinations in epithelial cells throughout the body. Keratin IFs must include representative subunits of both type I and type II IF subunits, with each tissue having a characteristic combination. In contrast, type III IF subunits typically form homopolymers. They include IFs that are characteristic of less-differentiated cells like glial or neuronal precursors, as well as those seen in more specialized cell types like smooth muscle cells and mature astrocytes. These three types of IF not only share sequence homology within their rod domains; in addition, their genes exhibit similar exon and intron structure. Type IV IFs are all neuron specific and have a common pattern of exons and introns that differs from that seen in types I–III. Finally, type V polypeptides are the nuclear lamins, which form the walls of the nuclear envelope structure rather than typical IF structures. All eukaryotes express type V lamins, but plants, many unicellular organisms and arthropods do not express other IF types. Cytoplasmic IFs are nearly ubiquitous in vertebrate cells, and some cells contain more than one type of IF in their cytoplasm. Curiously, oligodendrocyte precursors contain vimentin IFs, but these are lost during differentiation, making mature oligodendrocytes one of the few vertebrate cell types that lack cytoplasmic IFs.

The nervous system contains an unusually diverse set of intermediate filaments (Table 6-2) with distinctive cellular distributions and developmental expression (Herrmann et al., 2007; Lariviere & Julien, 2004). Despite their molecular heterogeneity, all intermediate filaments appear as solid, ropelike fibers 8–12 nm in diameter. Neuronal intermediate filaments (NFs) can be hundreds of micrometers long and have characteristic sidearm projections, while filaments in glia or other nonneuronal cells are shorter and lack sidearms (Fig. 6-2). The existence of NFs was established long before much was known about their biochemistry or properties. As stable cytoskeletal structures, NFs were noted in early electron micrographs, and many traditional histological procedures that visualize neurons are based on a specific interaction of metal stains with NFs.

Table 6-2. IF Proteins of the Nervous System



	IF Type
	Subunit
	Cell type



	Type III
	Vimentin
	Neural and glial precursors

		GFAP
	Astrocytes, some Schwann cells

		Peripherin
	Subset of neurons, particularly in PNS, may coassemble with NFH/NFM/NFL

		Desmin
	Smooth muscle cells in vasculature

	Type IV
	NFH
	

		NFM
	

		NFL
	Most neurons, most abundant in large neurons

		α-Internexin
	Subset of neurons, particularly parallel fibers in cerebellum, may also coassemble with NFH/NFM/NFL

	Type V
	Nuclear lamins
	Nuclear envelope

	Type VI
	Nestin
	Neuroectodermal precursors in developing brain




The primary type of IF in large myelinated axons is formed from three subunit proteins known as the neurofilament triplet: NF high-molecular-weight subunit (NFH, 180–200 kDa); NF middle-molecular-weight subunit (NFM, 130–170 kDa); and NF low-molecular-weight subunit (NFL, 60–70 kDa) (Herrmann & Aebi, 2000; Larivere & Julien, 2000; Lee & Cleveland, 1996). A separate gene encodes each of the subunit proteins. The NF triplet proteins are type IV IF proteins that are expressed only in neurons and have a characteristic domain structure. The amino-terminal regions of all three subunits interact via α-helical-coiled coils to form the core of the filament. NFM and NFH also have long carboxy-terminal regions, which project from the core filaments as sidearms. NFH, and to a lesser extent NFM, have a large number of consensus phosphorylation sites for proline-directed kinases in this carboxy-terminal extension (>50 on NFH and>10 on NFM in many species). In large myelinated axons, most, if not all, of these sites are phosphorylated (Herrmann et al., 2007; Lariviere & Julien, 2004). This phosphorylation of NFH and NFM sidearms alters the charge density on the NF surface, repelling adjacent NFs with similar charge. Such mutual repulsion by the sidearms of NFs is thought to be a major determinant of axonal caliber (de Waegh et al., 1992).

Other IFs are also found in the nervous system (Herrmann et al., 2007; Lariviere & Julien, 2004). Vimentin is the most widely expressed type III IF and is found in a variety of cell types like fibroblasts, microglia and smooth muscle cells as well as in embryonic cell types including neuronal and glia precursors. Astrocytes and some Schwann cells contain the type III IF glial fibrillary acidic protein (GFAP). This distribution has led to the widespread use of GFAP immunoreactivity to identify astrocytes in culture and in tissue. In contrast to NFs, type III IFs like GFAP lack sidearms and often appear to be tightly bundled.

At least three other IFs occur in selected neurons or neuronal precursors: α-internexin, peripherin and nestin (Herrmann & Aebi, 2000; Lariviere & Julien, 2004). All of these are most prominently expressed during development, then downregulated. Based on sequence and gene structure, peripherin is a type III IF, while α-internexin is a type IV IF. Nestin is the most divergent of the IFs that form filaments, and the nestin sequence has characteristics of both type III and type IV IFs. As a result, nestin is sometimes considered to be a distinct IF type (type VI). While the NF triplet proteins and α-internexin are components of both CNS and PNS neurons, peripherin appears to be expressed preferentially in PNS neurons. Both can coassemble with NF triplet proteins in vitro and may do so in vivo, but can also form homopolymeric filaments. Both are expressed at higher levels in a variety of developing neurons, and expression becomes more restricted as neurons mature. Many neurons cease to express α-internexin during maturation. However, a few neurons retain the expression of IFs containing α-internexin. Notably, IFs of parallel fibers in the cerebellar cortex contain only α-internexin subunits. Peripherin continues to be expressed in some peripheral neurons in maturity. Although nestin is specific to the nervous system, it is expressed in multipotent neuroectodermal precursors and suppressed during subsequent development (Wiese et al., 2004). For this reason it can be used as an early marker for differentiation of precursor cells.

Not all neurons have NFs. Indeed, one entire phylum in the animal kingdom, arthropods, expresses only type V nuclear lamins, so arthropod cells have no IF cytoskeletal structures at all. In addition, mature oligodendrocytes lack IFs although their embryonic precursors contain vimentin. Clearly, the IFs are not essential for cell survival. Yet, in large myelinated fibers, NFs make up the bulk of axonal volume and represent a substantial fraction of the total protein in brain. In most organisms, IFs in both glia and neurons contribute to the distinctive morphologies of these cells. They are thought to provide mechanical strength and a stable cytoskeletal framework. In neurons, NFs play an important role in regulating cellular and axonal volumes and are a primary determinant of axonal caliber in large fibers. Finally, NFs exhibit an unusual degree of metabolic stability, which makes them well suited for a role in stabilizing and maintaining neuronal morphology (Lariviere & Julien, 2004; Lasek, 1988).




Actin microfilaments and the membrane cytoskeleton play critical roles in neuronal growth and secretion

This major class of cytoskeletal elements is perhaps the oldest family. Certainly, the actin cytoskeleton has the most diverse composition and organization. MFs are formed from 43 kDa actin monomers that are arranged like two strings of pearls intertwined into fibrils 4–6 nm diameter (Fig. 6-2) [26]. Actins are a gene family with six distinct genes expressed in mammals, four of which are expressed in brain (Perrin & Ervasti, 2010), as are several actin-related proteins (Steinmetz et al., 1997). A remarkable variety of proteins have been found to interact with actin MFs, ranging from myosin motors to cross-linkers, bundling proteins to anchoring proteins, and sequestration proteins to small GTPase regulatory proteins (dos Remedios et al., 2003; Letourneau, 2009).

Actin MFs are found throughout neurons and glia, but they are enriched in cortical regions of the cell near the plasmalemma and are particularly concentrated in presynaptic terminals, dendritic spines and growth cones. Under most circumstances in the nervous system, MFs are short oligomers organized into a meshwork most apparent near the plasma membrane and in the vicinity of axonal MTs. MFs are the main components of the membrane cytoskeleton, and this may be their primary role in mature neurons. The actin cytoskeleton also plays an important role in the Golgi complex (GC) morphology. Actin and actin-associated proteins, like spectrin and myosin, are associated with the GC, although their exact functions are not fully understood. However, the cytoplasmic arrangement of actin filaments is directly involved in the subcellular localization and the shape of GC (Valderrama et al., 1998). Spectrin is thought to provide a cross-linked matrix surrounding GC membranes, similar to its role at the plasma membrane, providing structural integrity, as well as defining putative GC microdomains and possibly mediating interactions with dynactin and dynein (Holleran et al., 2001). The prominent actin bundles (stress fibers) seen in fibroblasts and many other non-neuronal cells in culture are not characteristic of neurons in vivo or in vitro. Most neuronal MFs are less than a micron in length. However growth cones contain many longer MFs, with bundles of MFs in the filopodia and lamellipodia in addition to the typical more dispersed actin network (Fig. 6-4) (Lowery & Van Vactor, 2009; Pak et al., 2008). The role of actin MFs in the growth cone will be considered in greater detail below.

Many MF-associated proteins (dos Remedios et al., 2003; Letourneau, 2009) have been described in the nervous system (Table 6-3). In general, a good deal is known about their distribution and function in primary cultures of neurons and glia, but less is known about their role in the mature nervous system. Two that have been characterized more extensively are the major non-actin structural elements of the membrane cytoskeleton: spectrin and ankyrin. Spectrin is a flexible rod-shaped molecule composed of homologous a- and b-subunits, originally characterized as a component of the erythrocyte membrane cytoskeleton. Neurons were the first cell type, other than erythrocytes, shown to contain spectrins, and the brain form was initially called fodrin. Spectrin heterodimers align end to end to form tetramers, which are cross-linked by short-actin MFs. This spectrin–actin meshwork is tightly coupled to the plasma membrane through direct binding to membrane proteins (Beck & Nelson, 1996). Some of these interactions occur via the protein ankyrin, which has separate binding sites for specific membrane proteins and b-spectrin (Fig. 6-5). In neurons, specific isoforms of spectrin and ankyrin are localized to axons, dendrites and paranodal regions. The spectrin and ankyrin isoforms in perikarya and dendrites tend to be highly homologous to the erythrocyte forms and distinct from the spectrin and ankyrin isoforms that occur in axons.

Table 6-3. Selected Microfilament-Associated Proteins Expressed in the Nervous System



	Protein
	Activity
	Cellular location



	Actin
	Core subunit of MFs
	Throughout neurons and glia, enriched in growth cones and in membrane cytoskeleton

	Tropomyosin
	Stabilize MFs
	Co-distributed with most MFs

	Spectrin/fodrin
	Cross-link MFs in membrane cytoskeleton
	Enriched in membrane cytoskeleton

	Ankyrin
	Links MF/spectrin to membrane proteins
	Membrane cytoskeleton, distinct forms in axon, dendrite and nodes of Ranvier

	Fimbrin
	MF bundling and cross-linking
	Growing neurites

	Gelsolin
	Fragments MFs and nucleates assembly, regulated by Ca2+
	Growing neurites, glia, mature neurons

	β-thymosin
	Binds actin monomers and regulates MF assembly
	Growing neurites

	Profilin
	Binds actin monomers, inhibits MF formation, regulated by selected signal transduction pathways
	Growing neurites, glia, mature neurons

	Arp2/3
	Nucleation of actin MF assembly in cortex and initiation of MF branches
	Enriched in cell cortex where MF assembly is active

	N-WASP
	Interacts with Arp2/3 complex to nucleate branched actin MF assembly
	Enriched in cell cortex where MF assembly is active, binds to Cdc42/Rac small GTPases and Arp2/3 complexes

	Formin
	Nucleates straight actin filaments
	Enriched in cell cortex where MF assembly is active, binds to Rho small GTPase
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Figure 6-5 The cytoskeletal elements of a growth cone are organized for motility. In this diagram of a growth cone, a typical distribution of major cytoskeletal structures is shown. The microfilaments are longer and more prominent in the growth cone than in other regions of a neuron. They are bundled in the lamellipodia and particularly in the filopodia. A combination of actin assembly, microfilament cross-linking and myosin motors (see Ch. 28) is thought to mediate this movement. In the central core of the growth cone, the microfilaments may interact with axonal microtubules, which do not extend to the periphery. These microtubules may be pulled toward the preferred direction of growth and appear to be necessary for net advance. In the absence of microtubules, filopodia extend and retract but the growth cone does not advance. Microtubule movements are thought to be a combination of assembly and contractility. Finally, the neurofilaments appear to stabilize the neurite and consolidate advances but appear to be excluded from the growth cone proper.

A variety of additional MF bundling or linking proteins have been described in the nervous system (dos Remedios et al., 2003). For example, fimbrin may play a role in the formation of microfilament bundles in growth cone filopodia. Still other actin-binding proteins may regulate MF assembly. Gelsolin fragments MFs in a Ca2+-sensitive manner, but also caps and nucleates MFs. In contrast, profilin and β-thymosins bind to actin monomers and may act in part by sequestering actin subunits, although this oversimplifies the effects of these proteins. The list of actin MF-associated proteins has become quite long, and this diversity reflects the many forms of MF-based cytoskeletal structures.

Recent studies on mechanisms for regulation of MF assembly have identified a number of components critical for creating and maintaining the actin membrane cytoskeleton including Arp2/3 and the WASp/Scar family (Pollard, 2007). Arp2 and Arp3 are actin-related proteins that form a complex with five other unique polypeptides [28, 36]. The first member of the WASP/Scar family was isolated from hematopoietic cells and is mutated in a rare disease known as Wiskott–Aldrich syndrome. Other family members were expressed at high levels in brain and other tissues. Briefly, members of the Cdc/Rac family of small GTPases activate WASp/Scar proteins. Activated WASp/Scars bind to the Arp2/3 complex to initiate a new MF or a branch of an existing MF. Often actin monomer is sequestered in association with profilin to limit assembly. A second signal (PIP or PIP2) stimulates dissociation of actin and profilin and rapid MF assembly occurs. This pathway is particularly important in neuronal activities like growth cone motility. A second pathway for initiating and regulating actin filament assembly is mediated by the formins (Goode & Eck, 2007; Pollard, 2007), and is also mediated by a small GTPase, but in this case Rho is responsible (Goode & Eck, 2007; Pollard, 2007). Formins create straight filaments, whereas the WASP/Arp2/3 pathway produces branched filament networks.

MFs in the nervous system appear to have a variety of functions. The neuronal membrane cytoskeleton plays a role in maintaining the distribution of plasma membrane proteins, establishing cell morphologies and segregating axonal and dendritic proteins into their respective compartments. MFs and the membrane cytoskeleton also mediate the interactions between neurons and the external world, including cell adhesion molecules, extracellular matrix components and neighboring cells (see Ch. 9). In neurons and glia, cell adhesion sites such as tight junctions and focal adhesion plaques interact with the MF cytoskeleton either directly or indirectly. The cortical MF meshwork also restricts access of organelles to the plasma membrane and is involved in both regulated and constitutive secretion. Finally, MFs are the basis of filopodia and lamellipodia, which are essential for cell migration, growth cone motility and myelination.






Ultrastructure and Molecular Organization of Neurons and Glia


A dynamic neuronal cytoskeleton provides for specialized functions in different regions of the neuron

The cytoskeleton in different regions of a neuron differs with regard to both composition and function. While both neurons and glia exhibit distinctive specializations in their cytoskeletal elements, distinct domains are most easily visualized within the neuron. In order to maintain the polarized morphology of a neuron, cytoskeletal, cytoplasmic and membranous elements must be assembled and targeted in a characteristic and consistent manner. The biochemical diversity of each of these elements is striking, as the composition of proteins in the axon differs significantly from that in cell bodies and dendrites. There is diversity even along the length of a single axon. In this section, several examples are given that illustrate how characteristic features of the somatodendritic and axonal cytoskeletons are generated and maintained. A common theme underlying each example is the dynamic nature of the cytoskeleton.




Both the composition and organization of cytoskeletal elements in axons and dendrites become specialized early in differentiation

A brief description of how the cytoskeletal elements within axons and dendrites are established illustrates the dynamic nature of the cytoskeleton. The sequence of events has been described for neurons in primary culture (Conde & Caceres, 2009; Mandell & Banker, 1995). Postmitotic neurons initially extend and retract multiple neuritic processes. These early short neurites are of comparable length and growth rate. All contain MTs oriented with plus ends distal to the cell body and all have both MAP2 and tau microtubule-associated proteins. Eventually, in neurons that elaborate an axon, one neurite outgrows the others. This first long neurite continues to grow without tapering and becomes the single axon. Under culture conditions that lack directional information, the choice of neurite that becomes the axon appears to be stochastic. Cues in the local environment are likely to specify a particular direction for neurite outgrowth in vivo. As the axon grows, it loses MAP2, while tau is enriched and become differentially phosphorylated (Dehmelt & Halpain, 2005). Subsequent to axonal outgrowth, some of the other neurites are stabilized and begin to extend. The number of dendrites varies with type of neuron, ranging from the single dendritic process that partially fuses with the axon to produce the single branched process of dorsal root ganglion pseudo-unipolar neuron, to the elaborate branching dendrite of the Purkinje cell and to multipolar motor neurons with both apical and basal dendritic arbors. Most neurites that develop into dendrites become tapered as they grow. When dendrites reach this stage, they begin to contain MTs in both orientations. More or less concurrently, MAP2 becomes enriched in the dendritic processes. Initially, the smallest form of MAP2 is abundant, but a shift to predominantly high molecular weight isoforms occurs with maturation (Dehmelt & Halpain, 2005).

As axons and dendrites mature, their differences become more apparent (Conde & Caceres, 2009; Mandell & Banker, 1995). In axons, MTs have a uniform orientation with plus ends distal to the cell body, but dendrites contain MTs in both orientations. Dendrites and to a lesser extent perikarya contain MAP2, which is excluded from axons at an early stage. Curiously, MAP2 mRNA is one of several mRNAs that are specifically transported into the dendrite and translated locally. No other cytoskeletal protein has been found to display a similar expression pattern, and protein synthetic machinery for the other proteins is excluded from the axon. Expression of dendritic mRNAs is affected by synaptic activity, but its physiological function is uncertain. In contrast, tau is enriched in axons and NFs similarly occur primarily in axons. The phosphorylation of MAP 1B, tau and NFs is maintained at a high level in axons (Lee & Cleveland, 1996; Schoenfeld & Obar, 1994). Neuron-specific isoforms of spectrin and ankyrin exist only in axons (Beck & Nelson, 1996).

While tau is not restricted to the growing axonal process, tau expression appears to be critical for the initial elongation event that defines an axon-to-be. If tau expression is blocked before the commitment to axonal outgrowth through use of antisense oligonucleotides, no axon is formed (Caceres & Kosik, 1990). If tau expression is blocked after commitment, the axon is retracted, suggesting that tau–MT interactions are important for axonal differentiation, but the phenotype of the tau knockout mouse is very mild (Harada et al., 1994), suggesting that other MAPs may substitute for tau in development. Similarly, reduction in MAP2 expression inhibits dendrite differentiation. That MAP2 and tau seem to bestow upon MTs the ability to form ‘dendrite-like’ or ‘axon-like’ processes respectively is suggested by experiments in which these MAPs have been expressed in non-neuronal cells. MAP2 and tau differentially affect the packing density of MTs, so, while these MAPs may not trigger the initial polarization of neurons, they no doubt contribute to maintenance of the polarized phenotype (Conde & Caceres, 2009; Mandell & Banker, 1995). For both axons and dendrites, cytoskeletal composition and organization are carefully orchestrated during differentiation and maturation.

Although axonal and dendritic microtubules differ in their associated proteins and organization, both are thought to originate in the cell body. Microtubules are likely to continue to grow after entry in the axon or dendrite, but there is little evidence for de novo formation of microtubules in either region. The evidence suggests that both are nucleated at the MTOC as in other cell types. Instead of remaining associated with the MTOC, neuritic MTs are released from the MTOC and transported into the neurite. The sites where most elongation occurs and where specific microtubule-associated proteins are added remains a matter of dispute. Similarly, the molecular mechanisms by which different cytoskeletal compositions are maintained in different neuronal compartments are unknown.

As the size and shape of neurons change during development, the composition of the IF cytoskeleton varies coordinately. Different types of neurons and neurons in different stages of development vary in the number and composition of their IFs (Lee & Cleveland, 1996). For example, in many neurons peripherin andα-internexin are expressed very early in neuronal differentiation, then downregulated. NFL and NFM are detectable during initial neurite outgrowth, while NFH is not expressed at significant levels until much later. Phosphorylation of NFH and NFM occurs even later in development, and only reaches its full extent in large myelinated axons. Additionally, NFs in different neuronal populations may not contain the same subunit stoichiometry for NFL, NFM and NFH.






Cytoskeletal Structures in the Neuron Have Complementary Distributions and Functions

While each set of cytoskeletal elements has a distinctive spectrum of composition, stability and distribution, all three interact with each other. They have complementary functions and may be coordinately regulated. Such interactions can be seen during development of the nervous system, in mature neuron/glia interactions and in neuropathologies.


Microfilament and microtubule dynamics underlie growth cone motility and function

The mechanisms by which neurons make appropriate synaptic connections are a subject of great interest. The first stages of this process are neurite elongation and pathfinding. As the growing tip of a growth cone advances across a substrate, the growth cone must interpret extracellular cues to steer the growing neurite in the right direction (Lowery & Van Vactor, 2009; Pak et al., 2008). Growth cones receive both attractive and repulsive cues and respond by selectively stabilizing, destabilizing or rearranging actin and MT cytoskeletons to allow for directed growth (see also Ch. 32). This section briefly describes how extracellular signals mediate rearrangements of the cytoskeleton.

The periphery of growth cones can be roughly divided into two domains. Filopodia are long, thin, spike-like projections that grow and retreat rapidly from the growth cone surface; lamellipodia are web-like veils of cytoplasm that also spread and retract, often between filopodia. The body of the growth cone similarly includes two domains: the area of cytoplasm beyond the cylindrical neurite that adheres to the substratum, which is actin rich, and the central microtubules that enter from the shaft of the axon (Lowery & Van Vactor, 2009). Filopodia and lamellipodia sample the environment for favorable conditions; then the body of the growth cone moves forward as the axon elongates. The distribution of the three cytoskeletal elements in the growth cone is well established (Fig. 6-4) (Lowery & Van Vactor, 2009; Pak et al., 2008). In neurites MTs occur as bundles, which then splay out into single filaments in the body of the growth cone, but MTs do not extend beyond the base of the filopodia. NFs are limited to the shaft of the neurite and do not extend beyond the proximal edge of the growth cone. Actin MFs make up the majority of the growth cone cytoskeleton. They form a complex meshwork that includes a number of actin-associated proteins beneath the entire plasma membrane of lamellipodia and the growth cone body. Bundles of actin MFs form the cores of filopodia (Lowery & Van Vactor, 2009; Pak et al., 2008). Forces generated by rearrangement of the actin MFs help realign the MTs, and eventually the NFs, to the preferred direction for growth (Lowery & Van Vactor, 2009).

The diameter of a growth cone is often much greater than that of the neurite, allowing it to sample a large volume of the environment. Typically, the shape of a growth cone is constantly changing, with filopodia and lamellipodia extending and retracting, receiving signals from the surface of other cells, the extracellular matrix or the surrounding media. A number of factors may elicit a growth response, including soluble neurotrophins and membrane or matrix-bound ligands. In addition, repulsive signals have been identified that lead to collapse of filopodia or lamellipodia and to retraction of growth cones. The extension of filopodia and lamellipodia are regulated in part by members of the Rho and Rac family of low-molecular-weight GTPases (Burridge & Wennerberg, 2004).

Signals in response to extracellular guidance cues that cause growth cones to steer probably involve multiple pathways (Gallo & Letourneanu, 2004; Lowery & Van Vactor, 2009). When one or a few filopodia receive an attractive cue, the growth cone will turn in that direction. At least two things occur in the region of the growth cone chosen for further growth. First, extracellular signals activate cell surface receptors to recruit a multiprotein complex that links the receptor to the actin meshwork beneath the surface. This is likely to involve a variety of signals including local Ca2+ transients, release of PIP and PIP2, activation of Cdc42/Rac small GTPases, and phosphorylation of cytoskeletal proteins in the vicinity. Rapid polymerization of actin MFs leads to a protrusion of the membrane at the site of growth. This burst of actin polymerization is probably due to the concerted actions of a number of different actin-binding proteins (Lowery & Van Vactor, 2009; Pak et al., 2008), and the membrane protrusion may also involve actin-based motors like myosins (Brown & Bridgman, 2004) (see Ch. 8). More or less concurrent with MF rearrangements, the splayed MTs in the growth cone body begin to invade the selected site (Gordon-Weeks, 2004; Zhou & Cohan, 2004). This invasion may involve both MT elongation and MT movements. Once MTs form an ordered bundle oriented in the new direction, the membrane of the growth cone collapses around the MT bundle to create an extension of the neurite cylinder and the NFs are advanced to consolidate new growth. Then the growth cone begins looking for the next signal. While this description is an oversimplification of growth cone steering events, it nevertheless illustrates that growth cones are highly motile and very dynamic entities.




The axonal cytoskeleton may be influenced by glia

In cross-sections of large myelinated axons, most of the volume is occupied by NFs separated from each other by sidearm spacers. Spaces between fields of NFs are occupied by one of two specialized regions: MTs with membrane-bounded organelles or electron-dense regions adjacent to MTs and to the plasma membrane cortex (Fig. 6-1). These electron-dense areas are enriched in short actin MFs. Such images suggest a static cross-linked cytoskeleton and do not reveal the underlying dynamics of the axonal cytoskeleton. In fact, fully mature neurons also have a dynamic cytoskeleton that is both engaged in axonal transport (Chapter 8) and responsive to the local environment.

The relationships between an axon and its myelinating glia are both intimate and extensive. Originally, these relationships were thought to be specified by signals from the axon that elicited specific responses in glial cells after contact, including proliferation and myelination (Brady, 1993). Little thought was given to the possibility of glia influencing neurons. However, more recent studies indicate that the axonal cytoskeleton is also altered locally by glial contacts. Axonal cytoskeletal elements are subject to constant modulation via signals from the axonal environment, including both target cells and cells forming the myelin sheath. Such signals appear to influence axonal branching, synapse formation and axonal caliber.

The response of the axon to loss of myelin is instructive. In the Trembler mutant mouse, with a mutation in the PNS myelin protein PMP22 (see Chapter 38), axons in the PNS undergo a continuing cycle of partial myelination followed by demyelination. The result is a thin or absent peripheral myelin sheath and a reduction in axonal caliber (Fig. 6-6). Remarkably, this reduction in axonal caliber is highly localized to segments of axon with disrupted myelin. The local nature of these changes was proven by studies in which regions of Trembler sciatic nerve were grafted into normal nerves. Only those axon segments surrounded by Trembler Schwann cells have reduced diameters. More importantly, the reduction in axon caliber is due to an increase in NF density in Trembler nerves by a factor of two, even though the actual amount of NF protein is not changed. The increased NF packing density means that the same number of NFs now occupies a smaller volume producing a smaller axon. This change in density appears to be due to a reduction in the phosphorylation of NFH and NFM tail domains, which allows the individual NFs to be packed more tightly (de Waegh et al., 1992; Witt & Brady, 2000). Such changes are restricted to axons in contact with Trembler Schwann cells. Thus, it is the direct interaction between the axons and the Schwann cells that modulates the axonal cytoskeleton. The influence of myelinating Schwann cells is not restricted to NFs, because the stability, organization and composition of the MT cytoskeleton are also altered in Trembler nerves.
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Figure 6-6 The local environment can alter the organization of the axonal cytoskeleton. 
(A) In a normal myelinated axon of the sciatic nerve, neurofilaments and microtubules are widely spaced, so they occupy considerable volume. (B) In contrast, a comparably sized axon from the sciatic nerve of the demyelinating Trembler mutant mouse has a denser cytoplasm, with neurofilaments densely packed. This has been shown to result from a shift in the net dephosphorylation of neurofilaments produced by demyelination. This effect on the axonal cytoskeleton is highly localized. (C) Similar changes in the organization and phosphorylation of the axonal cytoskeleton occur even over the short gap in the myelin sheath which occurs at the node of Ranvier. Such changes illustrate the dynamic nature of the axonal cytoskeleton. Bars represent 0.5 mm with (A) and (B) at the same magnification.(Micrographs supplied by Sylvie de Waegh and Scott Brady.)

The effects of myelin can be observed in intact normal nerve as well. A similar change in cytoskeletal organization occurs in normal myelinated nerves at nodes of Ranvier (Scherer et al., 2004). Beginning in the paranodal regions where compact myelin is lost, the diameter of the axon is reduced; the packing density of NFs in increased; and NF phosphorylation is reduced. Thus, the myelinating glial environment constantly influences the axonal cytoskeleton, providing a dramatic example of the dynamic nature of the neuronal cytoskeleton.




Levels of cytoskeletal protein expression change after injury and during regeneration

As described above there are substantial changes in the composition and organization of neuronal and glial cytoskeletal elements during development. Changes are equally dramatic following injury to the nervous system. Some changes reflect the switch from maintaining cellular structures to growth or repair modes. The response of PNS neurons during regeneration may fall into this category. In other cases, the response is incomplete or may be a reactive response to the injury. For example, after CNS injury, astrocytes become reactive, rapidly proliferate and frequently form a glial scar. The hallmark of this glial scar is a dramatic increase in GFAP IF bundles, which allows the astrocytes to fill the injured zone and provide mechanical support for surrounding uninjured tissues (Qiu et al., 2000). Unfortunately, the glial scar often represents a physical barrier to neuronal elongation and repair.

The neuronal response to injury has been studied in some detail to gain a better understanding of why mammalian CNS neurons regenerate poorly or not at all, while PNS neurons regenerate effectively (see also Chapter 32). Although regeneration is often described as paralleling developmental growth of neurons, the distinctive pattern of changes in the neuronal cytoskeleton during regeneration differs in some important ways from changes during development. First, there is a coordinate downregulation in NF subunit expression following injury. NFH, NFM and NFL protein and mRNA levels in the perikarya decline rapidly after injury and do not recover until after reconnection with an appropriate target cell has occurred. Unlike the case during development, where NFH expression lags behind the other two, all three NF subunits decline and recover coordinately during regeneration. Concurrent with the reduction in NF protein levels following injury, both tubulin and actin increase significantly. While NF proteins are low throughout the elongation phase of regeneration, tubulin and actin expression remains high during neurite growth and synaptogenesis. As might be expected, there are associated changes in the expression of MAPs and MF-associated proteins during regeneration as well.

The observation that selected tubulin genes are preferentially upregulated during regeneration has led to proposals that some tubulin isoforms are better suited for neurite growth (see Box 6-1). Nonetheless, the idea that changes in cytoskeletal protein are required for effective regeneration is consistent with observations that changes in cytoskeletal protein expression after injury are limited or altered in CNS neurons that fail to regenerate after injury. The precise regulation of cytoskeletal gene expression during both development and regeneration suggests the importance of these structures for neuronal growth.




Alterations in the cytoskeleton are frequent hallmarks of neuropathology

A definitive diagnosis for many neurological disorders depends on a histological examination. The identifying characteristic for a number of neuropathologies is a disrupted or aberrant cytoskeleton. This is a feature of many toxic neuropathies and a number of neurodegenerative conditions, including motor neuron disease, frontotemporal dementia (FTDP-17) and Alzheimer’s disease. Although other neuronal functions may also be affected and the initial cause of the disease may not directly involve the cytoskeleton, the associated pathogenic disruption of cytoskeletal function may be a key element in the loss of neurons or neuronal function. In recent years, a new class of neurological disorders captured a lot of attention in the neuroscience community. Both sporadic and familial forms of these puzzling disorders exist, but all of them exhibit a characteristic accumulation of tau protein aggregates, which have come to be known as tauopathies (Hernandez & Avila, 2007) (see Ch. 47). In the broadest sense, any disease that involves pathological changes in tau may be considered a tauopathy, including Alzheimer’s disease (Duyckaerts et al., 2009). Mutations in the tau gene have now been linked to familial forms of these tauopathies, with differences in the severity of symptoms and the cellular location of tau accumulations depending on the specific mutation. These mutations comprise a heterogeneous group of neurological disorders known as FTDP-17 (Hernandez & Avila, 2007). The pathological hallmark in both sporadic and familial tauopathies is the presence of intracellular tau filamentous inclusions that are typically abnormally phosphorylated.

In some cases, the primary pathogenic mechanism is an effect on one or more cytoskeletal structures. For example, some widely used chemotherapeutic agents for treatment of tumors act by disrupting microtubule function in the spindles of rapidly dividing cancer cells. Such drugs can affect MTs in both neuronal and non-neuronal cells. Perhaps the two best known examples are vincristine and paclitaxel (taxol). While these two compounds have opposite actions on microtubules, long-term or high-dosage treatment with either leads to a high frequency of associated neuropathies. Vincristine is a classic antimicrotubule drug that destabilizes existing MTs and blocks assembly of new MTs. In contrast, paclitaxel stabilizes MTs and leads to formation of numerous short MTs in inappropriate sites. Despite these differences, peripheral neuropathies are a troublesome side effect of both drugs. Neuronal viability is compromised because MT function is compromised. Moreover, other environmental toxins or chemicals may interfere with neurofilaments.

In fact, a number of neuropathologies with diverse pathogenic mechanisms have associated disruptions in axonal NF. Neurofilaments accumulate in the cell bodies of motor neurons in patients with amyotrophic lateral sclerosis and related motor neuron diseases (Pasinelli & Brown, 2006). The example of motor neuron disease is particularly interesting, because the symptoms of motor neuron disease can be produced in animal models in several very different ways. Some of these animal models have little obvious relevance to the cytoskeleton, such as those resulting from point mutations in a superoxide dismutase gene. Others directly involve neurofilaments, such as transgenic mice that express defective NF subunits or overexpress normal NF subunits. Regardless of how these animal models are produced, a characteristic feature of motor neuropathology is the accumulation of poorly phosphorylated NFs in cell bodies and initial segments (Lariviere & Julien, 2004).


Tubulin Mutations and Neurological Diseases

Yuyu Song, Scott T. Brady

Heterozygous missense mutations in genes for different tubu-lin isotypes, such as TUBA1, TUBB2B and TUBB3, as well as a homozygous splice-site mutation in TUBA8, have been associated with a wide spectrum of neurological diseases. Based on the major phenotypes observed and likely underlying cellular mechanisms in patients and animal models, these mutations can be divided into two categories: the frst shows lissencephaly and polymicrogyria (e.g., TUBA1, TUBA8, TUBB2B and a subset of TUBB3 mutations) due primarily to cortical cell migration problems; the second shows misinnervation / disinnervation in certain nerves (e.g., the other subset of the TUBB3 mutations) due mainly to aberrant guidance and maintenance of axons. Additional neurological symptoms can be found in both categories, including intellectual impairment and motor defects, ranging from mild to severe. Potential molecular mechanisms include disrupted formation of MT heterodimers; perturbed MT polymerization; altered interactions between MAPs or motor proteins (kinesin and dynein) and MTs; impaired axonal transport and changes in intrinsic dynamic properties of MTs. Some of these phenotypes are shared among different mutations at various sites on several isotypes, but others appear to segregate with specifc tubulin iso-types and may be confned to structural domains or even certain amino acid residues. Why some amino acid substitutions lead to distinct phenotypes while others exhibit more similarities is still not clear. One possibility is that different tubulin isotypes may play different roles in neuronal structures and functions during development and maturation, as well as maintenance and modeling throughout life. Four distinct functional aspects may be seen with a given mutation: (1) altered interactions with other tubulin monomers in forming heterodimers or with other tubulin dimers in forming protoflaments; (2) differential binding to GTP/GDP and MAPs that regulate intrinsic properties of MT dynamics and stability; (3) reduced affnity for motor proteins needed to maintain axonal transport and axon guidance; (4) changed responses to environmental cues that determine MT polarity and direction of axon growth. Here, we use a subtype of TUBB3 mutations to illustrate genotype–phenotype correlations and to demonstrate some potential cellular/molecular mechanisms.


Neuron-specifc β-III tubulin (TUBB3) mutations may produce congenital fbrosis of extraocular muscles 3 (CFEOM3)

Recently, a class of TUBB3 mutations were shown to produce CFEOM3 (Tischfeld et al., 2010), which is a group of eye movement disorders caused by dysfunction of the oculomotor nerve and/or the extraocular muscles innervated by it, and can result from genetic errors in axon growth and guidance. Children suffering from CFEOM are usually affected at birth due to dominant negative mutations. The classical CFEOM symptoms (ptosis and restricted eye movements) are observed as well as additional nervous system disorders, such as peripheral axonal neuropathy, facial paralysis, or intellectual and behavioral impairments. Conventional neuroimaging reveals a spectrum of abnormalities including hypoplasia of oculomotor nerves, as well as dysgenesis of the corpus callosum, anterior commissure, and corticospinal tracts. The most common mutation, which causes relatively isolated CFEOM3, results from an R262C amino acid substitution. A Tubb3R262C knock-in mouse model reveals axon guidance defects of the oculomotor nerve and central axon tracts, without evidence of cortical cell migration abnormalities (Tischfeld et al., 2010). These defects suggest that aberrant axon growth and guidance might provide the cellular basis for the disorder, but what is the underlying molecular mechanism? Structural analysis showed that the mutation site for R262C is located in the loop between helix H8 and strand 7 of β-tubulin, below helices H12 and H11, which normally forms a putative hydrogen bond with H12 through the carbonyl oxygen of residue D417. The R262C mutation would abolish this hydrogen bond, potentially affecting motor protein interactions with MTs and leading to isolated CREOM3. Several severe disease-associated TUBB3 substitutions (e.g., E410K and D417N/H) reside directly at putative kinesin interaction sites on β-tubulin. Further, kinesin-microtubule interactions were decreased both in the Tubb3R262C knock-in mouse model and in yeast models bearing the entire allelic series of mutations (Tischfeld & Engle, 2010). Therefore, mutations in TUBB3 may cause aberrant axon growth and maintenance by directly or indirectly altering MT interactions with other proteins, including but not necessarily limited to molecular motors in the kinesin family.

Thus, the genetics showed that tubulin mutations could be associated with a clinical neurological disease, CFEOM3. This phenotype is a sensitive indicator of errors in axon growth and guidance, providing insights into which functions of tubulin and MTs affect axon growth and guidance. The genetic studies generate basic neurochemical studies that illuminate pathogenic mechanisms as well as elucidating molecular pathways essential for axon guidance and circuit formation throughout the mammalian nervous system. In turn, these studies may lead to new therapeutic strategies, advancing the care of patients.





Other diseases with disruptions in neurofilament organization include diabetic neuropathy and Charcot-Marie-Tooth disease (see Chapter 38). For these diseases, the disruption of neurofilaments may either be a secondary effect, as in the case of Trembler axons, or a direct effect. For example, some forms of Charcot-Marie-Tooth peripheral neuropathy result from mutations in a neurofilament subunit (Brownlees et al., 2002). In most cases, neuronal degeneration is an eventual consequence, but neuronal function may be impaired prior to substantial loss of neurons. Generally, disruptions of neurofilaments have the most severe consequences in large motor neurons, which is consistent with the fact that the largest neurons have the highest levels of neurofilament expression.




Phosphorylation of cytoskeletal proteins is involved both in normal function and in neuropathology

An entire book could be devoted to research on the phosphorylation of cytoskeletal proteins. Phosphorylation of cytoskeletal components may affect their assembly and organization as well as their associated function. As described above, levels of phosphorylation on NFs are a major determinant in regulation of axonal caliber, and a specific set of phosphorylations is a hallmark of tau protein in axons. The phosphorylation of other MAPs is carefully regulated during development and maturation of the nervous system. Similarly, many MF-associated proteins are regulated by phosphorylation, so that the local action of kinases and phosphatases may underlie many changes in the membrane cytoskeleton and growth cone motility.

Phosphorylation of cytoskeletal proteins has also been linked to various neuropathologies. For example, the NF accumulations seen in many diseases have aberrant phosphorylation patterns. A more significant change may be the hyperphosphorylation of brain MAP tau, a well-known regulator of neurite extension and MT stability (Conde & Caceres, 2009), which is associated with the formation of neurofibrillary tangles in Alzheimer’s disease (AD) (Goedert, 2004). Abnormally phosphorylated and folded protein tau is missorted from axons to somatodendritic compartments in neurons from AD brain, as well as in animal models of AD. One potential functional consequence of abnormal tau phosphorylation and folding is the loss of MT binding capacity, with the concomitant reduction of MT assembly, stability and integrity (Conde & Caceres, 2009; Goedert, 2004). Neurofibrillary tangles contain distinctive paired helical filaments that are extremely resistant to solubilization and analysis. They were initially thought to be aberrant NFs based on their dimensions, but a careful immunochemical and biochemical dissection showed that the primary polypeptide present in tangles was tau, the axonally enriched MAP (Kosik et al., 1988). The tau in neurofibrillary tangles is differentially phosphorylated and this misphosphorylation is thought to play a role in the formation of tangles. While the precise etiology of neurofibrillary tangles and their relationship to the deposition of amyloid are not yet certain, the appearance of these tangles is closely correlated with loss of neurons and their number is a good indication of how far the disease has advanced. Clearly, alterations in the axonal cytoskeleton are an important component of the Alzheimer’s neuropathology (Hernandez & Avila, 2007) (see Chs. 46–47).






Summary

The architectures of neurons and glia are generated by the diverse specializations of MTs, NFs and MFs. Each of these components forms a set of structures that are constantly changing and subject to the influence of extracellular signals. While the importance of the cytoskeleton for development, maintenance and regeneration of nerve fibers is now well documented, many details about their activities remain to be delineated. Continued exploration of these phenomena will provide the basis for a deeper understanding of neuronal development, regeneration and neuropathology.
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Disorder (OMIM 1D #) Inheritance  Genetic lesion (OMIM ID #) Comments
Adrenoleukodystrophy (300100) Xlinked ABCDI (300371), Peroxisomal membrane Decreased peroxidation of
protein in the ABC transporter family saturated, very-long-chain fatty
acids, causing their accumulation
in brain, adrenal glands and other
tissues.
Aicardi-Goutieres syndrome. AGS1 AR Heterogeneous: AGS1, TREXI (606609); Genes involved are ubiquitously
(225750), AGS2 (610181), AGS3 (610329), AGS? (610181), subunit B of ribonuclease H2  expressed.
AGS4 (610333) AGSS (612952) (RNASEH2B; 610326); AGS3, RNASEH2C
(610330); AGS4 RNASEH2A (606034); AGSS,
SAMHDI gene (606754)
Alexander disease (203450) AD' glial fibrillary acidic protein (GFAP, 137780)  Usually results from de novo
heterozygous mutations.
Canavan'’s disease (271900) AR Aspartoacylase (608034) Widespread white matter
edema with diminished myelin;
N-acetylaspartic aciduria.
Charcot-Marie-Tooth disease and other PMP-22, PO, connexin-32 and other genes Variable degrees of myelin
inherited neuropathies See text and references therein. deficiency specific to the PNS.
Krabbe disease (245200) Galactocylceramidase (606890) Macrophages (globoid cells)
contain galactocerebroside.
Maple syrup urine disease (248600) AR Branched-chain keto acid dehydrogenaseel,  Impaired catabolism of the
alpha (608348) or beta (248611) polypeptide;  branched-chain amino acids,

Megalencephalic leukoencephalopathy ~ AR
with subcortical cysts (604004)

Metachromatic leukodystrophy (250100) AR

Pelizaeus-Merzbacher disease (312080)  X-linked
Phenylketonuria (216600) AR
Vanishing white matter disease AR

dihydrolipoamide branched-chain

transacylase (248610); dihydrolipoamide
dehydrogenase (238331)

Megalencephalic leukoencephalopathy with
subcortical cysts gene 1 (MLCI, 605908)

Arylsulfatase A (607574)
PLP1(300401)

Phenylalanine hydroxylase (612349)

Eukaryotic initiation factor 2B (eIF2B)

leucine, isoleucine and valine.

Function of MLC1 is unknown.

Accumulation of sulfatide in brain

Variable degrees of hypomyelination
due to different alterations in the
‘major structural protein of CNS
myelin. Similar to the jimpy mouse.
Hypomyelination may be caused
by inhibition of amino acid
transport and/or protein synthesis
by the high level of phenylalanine
that accumulates.

Genes involved are ubiquitously
expressed.

*OMIM, Online Mendelian Inheritance in Man (http:/www.ncbi.nlm.nih.gov/omim/); AR, autosomal recessive; AD, autosomal dominant.
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Gene Frotein Location Inheritance Froposed molecular effects/pathogenic

relevance
APP B-amyloid precursor protein  21g21 dominant increase in AS production or ABs/AB-ratio
PSEN1 presenilin 1 14q24 dominant increase in AB;p/Ayrratio

PSEN2 e 1931 Jrver— e i AR AR il
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Symbol ‘Substrate examples

Iransporter

Na*/K* Na*, K*
Na*/H* = Na*,H* L Ab
CI~/HCO;~ - ar, HCOs™ L Ab
Na*-CI-K* Na*-Cl-K*
_
Glucose transporter -1 Glut1 1L, Ab,IC
Essential neutral amino acid L1 Leucine, valine, isoleucine, phenylalanine, tryptophan L Ab
system
Cationic amino acid system Y+ Lysine, arginine and ornithine L,Ab
Acidic amino acid system Xg Glutamate, arginine s
Glutamine n Glutamine L
Na-+-dependent amino acid transporters: A Alanine Ab
Asc Alanine, cysteine, serine Ab
N Glutamine, asparagine histidine Ab
EAAT Aspartate, glutamate Ab
Asparagine. isoleucine Ab

Transferrin TR Tron-transferrin iR
Low density receptor related protein 1 LRPL Lipoproteins, A3 L, Ab
Immunoglobulin G forR 15G s
Leptin = Leptin

Receptor for advanced glycosylation RAGE Glycosylated proteins, 5100

end-products

P-glycoprotein Anticancer drugs (vinblastine) Anthypertensives (Celiprolol) L

Antidepressants (Amitriptyline) HIV protease inhibitors
(Amprenavir, indinavir) Fluorescent dyes (rhodamine 123)

Breast cancer resistance Anticancer drugs (anthracyclines) Flavonoids, Sulphated L
estrogens
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Gene Frotein Location Inheritance  Froposed molecular effects/pathogenic
relevance

LRRK2 leucine-rich repeat kinase 2 12q12 dominant ‘mishandling of a-synuclein

PARK2 parkin (E3 ubiquitin protein ligase) 6q25 recessive proteasomal and lysosomal degradation;
mitochondrial dysfunction

PARK7 DI 1p36.23 recessive oxidative stress; proteasomal degradation

PINK1 PTEN induced putative kinase 1 1p36 recessive proteasomal and lysosomal degradation;
mitochondrial dysfunction

SNCA a-synuclein 4q21 dominant aggregation of a-synuclein; neurotransmitter

release and vesicle furnover
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Gene Protein Location % Risk change!  Proposed molecular effects/pathogenic
relevance”

APOE apolipoprotein E 19913 ~400% aggregation & clearance of Af; cholesterol
‘metabolism

BN bridging integrator 1 2q14 -15% production & dearance of A%

cD33* CD33 molecule (siglec) 19133 -10% innate immune system response

cLut dlusterin sp211 -10% aggregation & clearance of Af;
inflammation

cr1t ‘complement component (3b//4b) 192 15% clearance of Af; inflammation

receptor 1
PICALM! phosphatidylinositol binding clathrin ~ 11q14 -15% ‘production & dlearance of AB; synaptic

assembly protein

transmission

Only genesfoci showing genome-wide sigr
other potential suscepibility genes s the AlzGene database at htp:/Avwwalzgene.or,

fndicates gones/ocioriginaly identiied by GWAS.
tApproximate change in discase risk (increase or decrease) per capy of minor allele as compared to non-carriers of mino allle
laleciiony i bt SRS Do Thar i SacHnnal evhdenbe i Yiuks Yo 1 i doascn Ui 1t ToF taie Hetitie).

cant (P = 5 x 10-5 risk ffcts and independent replication are incuded. Fo an up-t-date overvi ofthes and
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Solute Units  Flasma 5k Katio
Na* mM 140 141 1

K* mM 46 29 063

Ca?* mM 5 25 05

Mg mM 17 24 14

cr mM 101 124 123
Glucose mM 5 3 06

Amino Acids

Glutamate M 8 18147 002018
Glycine M 249 4785 00120034
Taurine M 78 5368  007-0.09
Alanine M 330 232378 00701
Proteins

Albumin mg/ml 42 0192 0,005
Transferrin mg/ml 26 0014 0005
Fibrinogen mg/ml 325 000275 0.000008
Immunoglobulin  mg/ml  9.87 0012 0001

R, SISy S W | 0.0046 0.0015
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Gene Protein Location % Risk change*  Proposed molecular effects/pathogenic
relevance?

BsTI* bone marrow stromal cell antigen 1 4p15 ~25% disruption of calcium homeostasis in
dopaminergic neurons

GAK/DGKQ" unknown” 4pl6 ~30% na.

GBA S-glucosidase 1921 ~300 aggregation of a-synuclein

HLA ‘major histocompatibility complex, class Tl 6p21.3 ~15% immune system response

LRRK2 leucine-rich repeat kinase 2 12q12 ~200% ‘mishandling of a-synuclein

MAPT ‘microtubule-associated protein tau 17q21.1 ~30% aggregation of a-synuclein (?)

(+-protein)
PARK16" unknown™ 1932 ~40% na.
SNCA a-synuclein 4q21 ~40% ‘aggregation of a-synuclein;

neurotransmitter release and vesicle
turnover

Only genes/ loci showing genome-wide significant (P = 5 x 10°®) risk-effects and independent replication are included. For an up-to-date overview of these and
other potential susceptibility genes see PDGene database at http: //wiww.pdgene.org.
‘Indicates genes/lodi originally identified by GWAS.
tApproximate change in disease risk (increase or decrease) per copy of minor allele as compared to non-carriers of minor allele.
“Selection of proposed effects; note that the functional evidence for these loci s often scarce (see text for more detals).

**For these loci, the associated markers map to several genes (see text for details).
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Gene Frotein Location % Kisk  Froposed
change!  molecular
effects/
pathogenic
relevance?

TMEMI06B* transmembrane 7p213  ~60%  unknown
protein 106B

Only genes/loci showing genome-wide significant (P = 5 x 10~%) risk-effects
and independent replication are included.

‘Indicates genes/loci originally identified by GWAS.

tApproximate change in disease risk (increase or decrease) per copy of minor
il e et s i i o i e
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Gene Frotein Location Froposed molecular effects/pathogenic
relevance

CHMP2B chromatin modifying protein 2B 3p11.2 dominant interference with endosome-lysosome fusion

GRN granulin 17q2132 dominant impairment of neuronal survival;
inflammation

MAPT ‘microtubule-associated protein tau  17q21.1 dominant impairment of microtubule assembly and

(v—protein) ‘axonoplasmic transport
vcp o i e 9p133 dominant ks
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Gene Protein Location % Risk change* Proposed relevance to ALS
pathogenesisT

GWA_9p21.2% unknown’ 9p212 ~25% na.
UNC13AY unc-13 homolog A (C. elegans) 19p13.11 ~20% synaptic vesicle priming.

Only genes/loci showing genome-wide significant (P = 5 x 10 risk-effects and independent replication are included. For an up-to-date overview of these and
other potential susceptibility genes see the ALSGene database at http://www.alsgene.org.

‘Indicates genes/loci originally identified by GWAS.

tApproximate change in disease risk (increase or decrease) per copy of minor allele as compared to non-carriers of minor allele.

“For this locus, the associated markers map to no known genes (see text for details).

ISelection of proposed effects, note that the functional evidence for these loci is often scarce (see text for more details).
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Organic Aciduria

‘Enzyme deficiency

Clinical findings

[Ireatment

Isovaleric Acidemia Isovaleryl-CoA

Dehydrogenase

3-Methylerotonic Aciduria 3-Methylcrotonyl-CoA.

Carboxylase (biotin

dependent)
3-Methylglutaconic 3-Methylglutaconyl-CoA
Aciduria Hydratase
3-Hydroxy-3-Methyl- 3-Hydroxy-3-Methyl-Glutaryl-
Glutaric Aciduria CoA Lyase

2-Methylacetoacetyl-CoA  2-Methylacetoacetyl-CoA

Thiolase Deficiency Thiolase
3-OH-Butyryl-CoA 3-OH-butyryl-CoA Deacylase
Deacylase Deficiency

Propionic Acidemia Propionyl-CoA Carboxylase

Methylmalonic Acidemia  Two Forms:

1. Methylmalonyl-CoA

Mutase

2. Deficiency of metabolism
of vitamin Byy, a cofactor

for the reaction

Type I Glutaric Aciduria

Type Il Glutaric Aciduria  Deficiency of electron
transport flavoprotein or of

ETFubiquinone reductase
Biotinidase Deficiency ~ Biotinidase
Holocarboxylase Holocarboxylase Synthetase
Synthetase Deficiency

Glutaryl-CoA Dehydrogenase

Neonate: fulminant syndrome: coma,
convulsions. Rancid odor of “sweaty socks”.
Older child: developmental delay, mental
retardation, recurrent vomiting. Odor of
“sweaty socks”

Infancy: vomiting, metabolic acidosis,
hyperlactatemia, convulsions, coma.

Older child (2-5years): recurrent vomiting,
metabolic acidosis, hypoglycemia and
progressive lethargy

Speech delay; developmental delay usually
is mild

Vomiting, lethargy, coma, convulsions,
‘metabolic acidosis. Hypoglycemia without
significant ketoaciduria

Recurrent acidosis, ketosis, vomiting, often
with hypoglycemia. Prompt clinical response
to intravenous glucose. Mental retardation
not usual

Multiple congenital anomalies, tetralogy of
Fallot, facial dysmorphism, brain dysgenesis

Fulminant syndrome in neonate: coma,
convulsions. Hyperglycinemia and
hyperammonemia common.

Milder, later-onset form: developmental
retardation, failure to thrive, recurrent
vomiting

Severe form: acidosis, hyperammonemia,
hepatomegaly, hyperglycinemia,
hypoglycemia, coma, convulsions, growth
failure, psychomotor retardation. Basal
ganglia damage (“metabolic stroke”) is
frequent, especially involving globus
pallidus

Defects of vitamin By metabolism may show
homocystinemia

Macrocephaly commen. Initially normal.
Develop hypotonia, opisthotonus, seizures,
rigidity, dystonia, facial grimacing. Atrophy
of caudate and putamen

Hepatomegaly, hypoglycemia without
ketonuria, lipid storage myopathy with
hypotonia, metabolic acidosis, rancid urine
odor (“sweaty socks”), enlarged and cystic
Kidneys, hepatic cysts, facial dysmorphism
Eczema, seizures, deafness, lactic acidosis,

hyptonia, lethargy, ataxia, neuropathy,
immune deficiency, optic atrophy, alopecia

Profound acidosis with ketonuria, lactic
acidosis, tachypnea, lethargy, hypotonia,
seizures, unusual urinary odors. Usually
severe neonatal onset

Low protein diet to restrict intake
of leucine (precursor to isovaleric
acidemia)

Carnitine

Glycine to promote acylation of
isovalery-COA

Low protein diet to restrict intake of
leucine

Low protein diet to restrict intake of
leucine

Low protein diet to restrict intake of
leucine

Avoidance of fasting to prevent
hypoglycemia

Avoid prolonged fasting. Glucose
infusion during acute episode

None

Special diet low in isoleucine,
valine, methionine, threonine.
Carnitine supplementation. Liver
transplantation may be beneficial

Special diet low in isoleucine,
valine, methionine, threonine.
Carnitine supplementation. Liver
transplantation may be beneficial.
Glucose and bicarbonate during
acute episodes

Special diet low in lysine and
tryptophan

Typically fatal in infancy. Profound
developmental delay in rare
surviving infant

Biotin supplementation

Biotin supplementation
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AGC kinases PKA *R-(R/K)x-5/T- CcAMP
PKG -R/K-R/K~x-S/T- GMP
PKC -R/K-x-8/T-R/K- Ca?*, DAG, lipids
AKT (PKB) “(R)}-R/(K)x-S/T-P)- PtdIns(3,4,5)Ps
RSKs “R/K-x-RxxS/T- regulatory phosphorylation
GRKs ? Ptdlns(4,5)P,
CaM kinases CaMKI “Rxx-S/T- Ca?*/CaM
CaMKIl “Rxx-S/T- Ca?*/CaM
CaMKVI “Rexx-5/T- Ca?*/CaM
MLCK (MLC only substrate) Ca?*/CaM
Other CaMKK1 Ca?*/CaM

Protein Kinase Family  Prominent Member Consensus Motif for Substrate Cofactor Required for Activation/Inhibition
CMGC kinases CDK5 xS/T-P- P35, p39
ERK (MAPK) §/T-Px regulatory phosphorylation
GSK3 x5/T-Px or-5/ TxxxS/ regulatory phosphorylation
T(phospho)
CLK
JNKs (SAPKs) (x5/TP") regulatory phosphorylation
CK1 kinases K1 -5/T(phospho)-x-x-S/T-
STE kinases MEKs Tx¥- regulatory phosphorylation
PAKs GTPase
TKL kinases RAF RAS-GTP
LRRK2 ?
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Disorder

‘Biochemical derangement

(lassical findings

Ireatment

I Branched-Chain Amino
Aciduria (Maple Syrup
Urine Disease)

IL. Glutaric Acidurias

IIL. Phenylketonuria (PKU)

IV. Non-ketotic
Hyperglycinemia

V. Homocystinuria

VL Urea Cycle Defects

VIL Disorders of
Glutathione

VIIL Disorders of GABA

IX. Canavan’s Disease

Defective branched-chain amino
acid breakdown (Fig. 42-1)

Type I: Primary defect of glutarate
oxidation

Type II: Defect of electron transfer
flavoprotein

Usually defect of phenylalanine
hydroxylase. In care cases, defect
of biopterin metabolism (Fig. 42-3;
Reaction 1)

Defect of the glycine cleavage
system (Fig. 42-4)

Usually a failure of cystathionine
synthase (Fig. 42-2; Reaction 6).
Rarely associated with aberrant
vitamin B-12 metabolism (Fig. 42-2)

Failure to convert ammonia to urea

via urea cycle (Fig. 42-5)

Defective synthesis of glutathione,
the major intra-cellular anti-oxidant

Vitamin By-dependent seizures
often an absence of succinic

semialdehyde dehydrogenase

Absence of N-acetylaspartate
acylase

Coma, convulsions, vomiting,
respiratory failure in neonate

‘Type I: Severe basal ganglia/cerebellar
disease with macrocephaly. Onset
1-2years

Type II: Fulminant neurologic
syndrome of the neonate. Often with
renal/hepatic cysts. Usually fatal

Normal at birth. Mental retardation
in untreated children. Avoidable
with early institution of diet therapy.
Prognosis less favorable in PKU

secondary to defect of biopterin
‘metabolism

Intractable seizures in neonate.
Usually fatal in first few weeks of life

‘Thromboembolic diathesis, marfanoid
habitus, ectopia lentis. Mental
retardation is frequent

Coma, convulsions, vomiting,
respiratory failure in neonate.

Often mistaken for sepsis of the
newborn. Mental retardation, failure
to thrive, lethargy, ataxia and coma
in the older child. Associated with
hyperammonemia and abnormalities
of blood aminogram

Spinocerebellar degeneration, mental
retardation, cataracts, hemolysis.
Severe acidosis in some cases

Hypotonia, ataxia, mental retardation
in older child. Increased urine
4-OH-butyric acid

Rapidly progressive demyelinating
disease of infancy

Diet low in branched-chain amino
acids

‘Thiamine for By-responsive
disorders (rare)

Hepatic transplantation

Diet low in lysine and fryptophan

Supplementation with coenzyme
Q riboflavin, canitine

Diet low in phenylalanine
Carbidopa

Diet low in glycine
NMDA receptor blockers (variable
efficacy)

Sodium benzoate to lower blood
glycine

Diet low in methionine

Vitamin By in pyridoxine-
responsive syndromes

Vitamin By in responsive
syndromes.

Anticlotting agents

Low protein diet

Acylation therapy (sodium
benzoate, sodium phenylacetate)
Arginine therapy in selected
syndromes

Hepatic transplantation

N-acetyleysteine (variable
response)
Pyridoxine (Bs-dependent

disorder)
Inhibitors of GABA transaminase

Gene therapy (experimental)

*For disorders of carbohydrate metabolism see Chapter 43.
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Family M2 Toxin-mediated ADP-ribosylation Effector protein(s)”

2

Glay 52,000 Cholera Adenylyl cyclase (activation)

(Y 52,000

Gus 45,000

G 45,000

Goatt 45,000

G

el 41,000 Pertussis Adenylyl cyclase (inhibition)

Gas 40,000 K* channel (activation)

Gug 41,000 Ca?* channel (inhibition)
?PL-Phospholipase C (activation)
?Phospholipase A;

G 39,000 Pertussis K* channel (activation)

Goo2 39,000 Ca?* channel (inhibition)

Gant 39,000 Cholera and pertussis Phosphodiesterase (activation) in rods and cones

s 40,000

G 41,000 Unknown Phosphodiesterase (activation) in taste epithelium

s 41,000 None ?Adenylyl cyclase (inhibition)

; 41,000-43,000

Gag None PL-Phospholipase C (activation)

Gan Unknown

Gana

Gais

Gate

G 44,000 None Rho-GEFs (activation)

Gan2

Ga13

Question marks indicate that the association between the particular G proteins and effector proteins shown in the table remains tentative.
*Values shown reflect apparent M, by gel electrophoresis in most cases. Values shown for G,gus, Gz and G,y 15 reflect calculated M, based on

amino acid sequence.

®For several of the effector proteins listed, the functional regulation of the effector is mediated, in part or in full, by the fy subunits associated with

B B L i S
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‘White matter

Substance® Human  Bovine  Rat  Human  Bovine  Gray matter (human) Whole brain (rat
300 27 295 390 395 553 569
700 753 705 549 550 27 370
Cholesterol 277 281 73 275 26 20 230
Galactocerebroside 27 240 27 198 25 54 146
Sulfatide 38 36 71 54 50 17 48
Total galactolipid 275 293 315 264 26 73 23
Ethanolamine phosphatides 156 174 167 149 136 27 198
Phosphatidyl choline 12 109 13 128 129 27 20
Sphingomyelin 79 71 32 77 67 69 38
Phosphatidylserine 48 65 70 79 14 87 72
Phosphatidylinositol 06 08 12 09 09 27 24
Plasmalogens® 123 141 u1 12 122 88 116
Total phospholipid 31 430 40 459 463 695 576

*Protein and lipid figures in percent dry weight; all others in percent total lipid weight.
bPlasmalogens are primarily ethanolamine phosphatides.
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‘Family regulatory/kinetic characteristics Genes described Inhibitors™

1 Ca?*/calmodulin-stimulated PDEs PDE1A/IB, low affinity, ~ PDE1A PDE1B PDEIC Trifluoperazine Vinpocetine
AMP/cGMP PDEIC, high affinity for cAMP. SCH51866' (0.1mol /1)

2 <GMP-stimulated PDEs regulated by cGMP low affinity for ~ PDE2 (soluble, particulate) EHNA, erytho-9-(2-hydroxy-3-
cAMP and cGMP nonyl) adenine

3 <GMP-inhibited PDEs PDE3A Milrinone
Regulated by phosphorylation and <GMP high affinity, PDE3B Enoximone Amrinomet
<GMP > cAMP

4 AMP-specific PDEs regulated by phosphorylation and PDE4A PDE4B PDEAC PDE4D  Rolipram Ro20-1724
cAMP high affinity, cAMP >>3> cGMP

5 <GMP-binding, cGMP-specific PDEs regulated by PDESA Sildenafil Zaprinast Dipyridamole
phosphorylation, cGMP high affinity, cGGMP >>> cAMP SCH51866' (0.1pumol /1)

6 Retina cGMP specific PDEs regulated by transducin high ~ PDE6A PDEGB PDE6C Zaprinast Zaprinast Zaprinast
affinity, cGMP >>> cAMP

7 cAMP-specific PDE rolipram-insensitive PDE7A PDE7B -

8 cAMP-specific PDEs IBMX- and rolipram-insensitive PDESA PDESB -

9 <GMP-specific PDE IBMX-insensitive PDE9 SCH51866' (1.5umol /1)

10 Dual substrate, cAMP-inhibited PDE high affinity, PDEI10 SCH51866' (1.0pmol /1)
CcAMP >>> cGMP Dipyridamole

1 Dual substrate PDE <GMP > cAMP PDEIIA Dipyridamole

“In addition to the relatively specific inhibitors listed in this table, there are a number of compounds, particularly the methylxanthines (e, theophylline,
isobutylmethylxanthine (IEMX), papaverine, caffeine), that inhibit most major forms of PDE except the newer forms).

'SCH51866 is not selective and inhibits PDEL, PDES, PDE9, and PDE10 with IC50 values shown.

1The compounds listed here are among a large number that have been developed as specific inhibitors of PDE3.
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Disease lype lon Channel Family  Disease Name lon Channel Frotein  Gene

Hypokalemic periodic paralysis type2  Nayl4 SCN4A
Cay Channel Hypokalemic periodic paralysis type 1 Cayl.1 CACNAIS
Cardiac Arthythmia  Nay Channel Brugada syndrome Nayl5 SCNS5A
Ky Channel Long QT syndrome type 3 Nayl5 SCN5A
Long QT syndrome type 1 (plus deafness) Ky7.1 KCNQ1
Long QT syndrome type 2 KCNH2
Cay Channel Timothy syndrome (long QT interval Cayl2 CACNAIC
plus developmental defects and autism)
Kir Channel Andersen-Tawil syndrome (cardiac Kir2.1 KCNJ2
arthythmia with developmental defects
and periodic paralysis)
Kidney Failure Kir Channel Bartter’s syndrome (salt-wasting) Kir 1.1 KCNJL
TRP Channel Autosomal dominant polycystic kidney ~ TRPP2 TRPP2
disease
Focal segmental glomerulosclerosis TRPC6 TRPC6
Hyperinsulinemia  Kir Channel Congenital hyperinsulinemia Kir62 KCNJIL

and Diabetes
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c1 c2 PtdIns (mol %) PtdIns-4,5P; (mol %) PtdCho (mol %) PtdEtn (mol %) PtdSer (mol %)
16:0 22:6 14 0.1 33 48 08
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18:0 181 7.0 46 141 148 237

Ptdlns, phosphatidylinositol; Ptdlns-4,5P,, phosphatidylinositol-4,5-bisphosphate; PtdCho, phosphatidylcholine; PtdEtn, phosphatidylethanolamine; PtdSer,
phosphatidylserine.
*Adapted from Lee & Haijra (1991).
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Channel family Symbol  No.in human genome Frimary activators Frimary physiological roles in neurons
Voltage-gated Na* channel Nay 10 Depolarization Initiate action potentials
Voltage-gated Ca’* channel Cay 10 Depolarization Couple depolarization to Ca’* entry;
repetitive firing.
Voltage-gated K* channel Ky 40 Depolarization Repolarization
Inwardly rectifying K* K 15 G protein fv-subunits,  Set and regulate resting membrane
channels ATP potential
Two-pore K* channels Ko 15 Constitutively open Set resting membrane potential
Calcium-activated K* channel K, 8 Depolarization and Ca2*  Repolarization; regulation of repetitive
firing
Cyclic nucleotide-gated channels CNG 6 Cyclic AMPand cyclic  Visual and olfactory sensory
GMP transduction
Hyperpolarization and eyclie ~ HCN 4 Hyperpolarization; cyclic  Regulation of firing rate and pattern;
nucleotide-gated channels AMP and cyclic GMP regulation of pacemaking
Transient receptor potential TRP 2 Lipid messengers; heat and Ca>* homeostasis, thermal and pain

e

cold

PRI
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Selected Bioactive Peptides

Hypothalamic releasing factors

CRH: corticotropin releasing hormone
GHRH: growth hormone releasing hormone
GnRH: gonadotropin releasing hormone
Somatostatin

TRH: thyrotropin releasing hormone

Pituitary hormones

ACTH: adrenocorticotropic hormone
GMSH: a-melanocyte stimulating hormone
p-endorphin

GH: growth hormane.

PRL: prolactin

FSH: follicle stimulating hormone

LH: luteinizing hormone

TSH: thyrotropin [thyroid stimulating hormone]

Gl and brain peptides
CCK: cholecystokinin

Gastrin

GRP: gastrin releasing peptide

Motilin

Neurotensin

Substance K; substance P (tachykinins)

Circulating
Angiotensin
Bradykinin

Frog skin

Bombesin
Caerulein
Ranatensin

Opiate peptides

p-endorphin
Dynorphin
Leu-enkephalin
Met-enkephalin

Neurohypophyseal peptides
Oxytocin
Vasopressin

Neuronal and endocrine

ANF: atrial natriuretic peptide
CGRP: calcitonin gene-related peptide
VIP: vasoactive intestinal peptide

Gl and pancreas

Glucagon
PP: pancreatic polypeptide
Ghrelin

Neurons only?
Galanin

Neuromedin K
NPY: neuropeptide Y
PYY: peptide YY

Endocrine only?
Calcitonin

Insulin

Secretin

Parathyroid hormone
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CA3
DG

cA3

CA3 pyramidal neurons receive the mossy
fiber input from the granule neurons of the
dentate gyrus. This connection is part of the 3-
cell circuit of the hippocampus that is believed
to be involved in learing and memory.

Chronic corticosterone treatment or repeated
restraint stress promotes atrophy of apical
dendrites of CA3 pyramidal neurons.

Adrenalectomy causes neurons of the dentate
gyrus to die and to be replaced by new neurons,
whereas pyramidal neurons are unaffected.

Low levels of adrenal steroids prevent this

and stabilize the dentate granule neuron
population; they do this via Type | adrenal
steroid receptors.
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The ventrolateral ventromedial nuclei (VMN) and arcuate
nuclei (ARC) contain estrogen-sensitive neurons in which
estradiol induces receptors for progesterone. Dots indicate
approximate location of estrogen-sensitive neurons.

The VMN responds more rapidly and extensively to estradiol (E)
than ARC. VMN neurons respond to E within 2h; cell body

and nuclear diameters are increased; nucleolar size increases
and rough endoplasmic reticulum and ribosomal RNA increase
in the cytoplasm.

One of the consequences of this rapid increase in protein
synthetic capacity in VMN neurons is that E increases the
number of spines on dendrites and increases the density of
synapses in the VMN. These events occur cyclically during the
estrous cycle of the female rat. Dots indicate presynaptic
vesicles containing neurotransmitter.
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Names of mutants Inheritance’  Affected gene Comments

Jimpy mouse, rumpshaker X-linked proteolipid protein (PLP)  Variable degrees of oligodendrocyte death and CNS myelin

mouse, myelin-deficient (md) deficiency; decreased spacing at intraperiod line of compact

rat, shaking dog CNS myelin

Shiverer mouse, myelin- AR myelin basic protein (MBP)  Deletion or inversion of several MBP exons, very little

deficient mouse functional MBP expressed; severe CNS hypomyelination and

failure of compaction of major dense line

Trembler mouse (PMP-22) AD peripheral myelin protein-22  Hypomyelination specific for the PNS caused by point
(PMP-22) ‘mutations in transmembrane domains

Quaking mouse AR QKI family of proteins (QKI5, Hypomyelination more severe in CNS than PNS; abnormal
QKI6, QKI7 expressed in expression of RNA-binding proteins is likely to interfere with
oligodendrocytes) ‘normal splicing or transport of mRNAS for myelin proteins

Taiep rat (acronym: trembling, AR unknown Impaired myelin formation followed by demyelination in

ataxia, immobility, epilepsy,
paralysis)

the CNS, accumulation of microtubules in oligodendrocytes
interferes with transport of myelin proteins or mRNAs

References: Hudson, 2004; Campagnoni & Skoff, 2001; Baumann & Pham-Dinh, 2001; Nave & Griffiths, 2004; Wrabetz & Feliri, 2004; Hardy, 2004; Song et al., 2003.
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Gray matter (%) ‘White matter (%)

Constituent Fresh wt Dry wt Lipid Fresh wt Dry wt Lipid
Water 819 - - 716 - -
Chloroform— 95 526 - 87 306 -
methanol-insoluble

residue

Proteolipid protein 05 27 - 24 84 -
Total lipid 59 27 100 156 549 100
Upper-phase solids 22 121 - 17 60 -
Cholesterol 13 72 20 43 151 75
Phospholipid, total 41 27 695 72 252 459
PtdEtn 17 92 271 37 132 29
PtdCho 19 107 301 24 84 150
Sphingomyelin 04 23 69 12 42 77
Phosphoinositides 016 09 27 014 05 09
PtdSer 05 28 87 12 43 79
Galactocerebroside 03 18 54 31 109 198
Galactocerebroside 01 06 17 09 30 54
sulfate

Ganglioside, total" 03 17 - 005 018 -

*Modified from Suzuki (1981).
"Phospholipid fractions include plasmalogen, assuming that all plasmalogen is present as PtdEtn. Ratios of PtdEtn to PtdCho are 4:1 in white matter and 1:1 in gray
matter. In intact brain (based on analysis of rapidly microwaved rat brain), phosphoinositides are present in both white and gray matter in the ratio of 5:0.3:1 for
phosphatidylinositol (PtdIns) phosphatidylinositol-4-phosphate (PtdIns4P); phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5Py). Gangliosides are calculated on
the basis of total sialic acid, assuming that sialic acid constitutes 30% of the weight of a typical ganglioside; GD;a is the major ganglioside of both gray and white
matter. PtdEtn, phosphatidylethanolamine; PtdCho, phosphatidylcholine; PtdSer, phosphatidylserine.
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Characteristics  Hy H, Hy Hy

Cloned? Yes Yes Yes Yes
‘Gm Iu)mluahvn ‘Chromosome 6 Chromosome 13 Chromosome 2 ‘Chromosome 18
Effectors PLC: +IP,[+Ca?", +GMP,  +cAMP +PLC:Ca, IP§  —cAMP —cAMP
+NO)
PLC: +DAG [+PKC] —NHE +MAP kinase
PLA;: +AA, +TXA,; —Ca?" +Ca?*
+MAP kinase
Conductances!!  Excit: | Cation Bxcit: 1Ty Reduced cell firing, inhibition of Hyperpolarisation,
Ca?" channels outward current
Currents Excit: | Kieak Inhib: 1 Kys.
Inbib: 1K Excit: | Ty
Selective agonists  2-thiazolylethylamine, Amthamine Rea-methylhistamine*! 4-methyl-histamine
histaprodifen
Immepip*! VUFB430
Immethridine
Antagonists Pyrilamine (mepyramine)* Ranitidine ‘Thioperamide*? Thioperamide*!
Zolantidine* Clobenpropit! Todophenpropit*!
Ciproxyfan® 1897777120
Radioligands *Hepyrilamine 1®L.iodoaminopotentidine  *H-N°-methylhistamine [H]-histamine
SL.iodobolpyramine L.jodophenpropit PHH&I7777120
"Liodoproxyfan
Distribution  Hypothalamus, aminergic nuclei ~ Cerebral cortex, striatum,  Striatum, nucleus accumbens,  Hippocampus,
brain stem, cerebellum, thalamus, nucleus accumbens, cerebral cortex, substantia nigra, ~ cortex, striatum,
cortex, hippocampus ‘hippocampus, amygdala,  ventral and dorsal striatum thalamus, amygdala
cortex

The characteristcsof the four major classes of histamine receptors are summarized. Question marks indicate suggestion from the lterature thahave not been
confirmed. A, arachidonicacid; DAG, diacylglycerol; . ", cacium-activate potassium curent; s nositl 1,43-isphosphate; NHE, sodium-proton exchang,
PKC, proein kinase C; NO, nitric oxide; PLC, phosphoinositde-specific hosphalipase C; TXA thromboxane A

“Hs bran-penctratin, characteisticsafe syscmic administeation.

Al receptors may exstin non-neuronal brain tssue s well.

“Distribution in guinca pi (Hy and Hy) and rodent (H, Hq) brain. For the Hy receptor, distribution s very different across specics.

“Contradictory findings have boen roporod.

*Compounds show activie at both H, and H, eceptors.

I Isee Haas and Panula (2003) for details, including abbreviations for conductance changes.
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