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(chapters 4-7)

4 The Cells of the Nervous System

Neurons and glia develop from common neuroepithelial
cells of the embryonic nervous system and thus share
many structural and molecular characteristics (Figure 4–1).

The boundaries of these cells are de/ned by the cell
membrane or plasmalemma, which has the asymmetric
bilayer structure of all biological membranes and provides a
hydrophobic barrier impermeable to most water-soluble
substances. Cytoplasm has two main components: cytosol
and membranous organelles.

Cytosol is the aqueous phase of cytoplasm. In this phase only a few proteins
are actually free in solution. With the exception of some enzymes that catalyze
metabolic reactions, most proteins are organized into functional complexes. A
recent subdiscipline called proteomics has determined that these complexes
can consist of many distinct proteins, none of which are covalently linked to
another.
For example, the cytoplasmic tail of the N-methyl-3-aspartate (NMDA)-type
glutamate receptor, a membrane-associated protein that mediates excitatory
synaptic transmission in the central nervous system, is anchored in a large
complex of more than 100 scaffold proteins and protein-modifying enzymes.
(Many cytosolic proteins involved in second-messenger signaling, discussed in
later chapters, are embedded in the cytoskeletal matrix immediately
underneath the plasmalemma.)

Ribosomes, the organelle on which messenger RNA (mRNA) molecules are
translated, are made up of several protein subunits. Proteasomes, large
multienzyme organelles that degrade ubiquitinated proteins (a process
described later in this chapter), are also present throughout the cytosol of
neurons and glia.

Membranous organelles, the second main component of
cytoplasm, include mitochondria and peroxisomes as well as a
complex system of tubules, vesicles, and cisternae called the
vacuolar apparatus. Mitochondria and peroxisomes process
molecular oxygen. Mitochondria generate adenosine triphosphate
(ATP), the major molecule by which cellular energy is transferred
or spent, whereas peroxisomes prevent accumulation of the
strong oxidizing agent hydrogen peroxide. Thought to be derived
from symbiotic organisms that invaded eukaryotic cells early in
evolution, these two organelles are not functionally continuous
with the vacuolar apparatus.
The vacuolar apparatus includes the rough endoplasmic reticulum,
the smooth endoplasmic reticulum, the Golgi complex, secretory
vesicles, endosomes, lysosomes, and a multiplicity of transport
vesicles that interconnect these various compartments (Figure 4–
2). Their lumen corresponds topologically to the outside of the
cell; consequently, the inner lea0et of their lipid bilayer
corresponds to the outer lea0et of the plasmalemma

Proteins and phospholipids synthesized in the
rough endoplasmic reticulum (the portion of
the reticulum nearest the nucleus and studded
with ribosomes) and the smooth ER are
transported to the Golgi complex and then to
secretory vesicles, which empty their contents
when the vesicle membrane fuses with the
plasmalemma (a process called exocytosis).
This secretory pathway serves to add
membranous
components
to
the
plasmalemma and also to discharge any
contents of the secretory vesicles into the
extracellular space.
Conversely, plasmalemmal membrane is taken
into the cell in the form of endocytic vesicles
(endocytosis). These are incorporated into
early endosomes, sorting compartments that
are concentrated at the cell’s periphery.

A specialized portion of the rough ER forms the nuclear envelope,
a spherical flattened cisterna that surrounds chromosomal DNA
and its associated proteins (histones, transcription factors,
polymerases, and isomerases) and defines the nucleus.

The nuclear envelope is interrupted by nuclear pores, where
fusion of the inner and outer membranes of the envelope results
in the formation of hydrophilic channels through which proteins
and RNA are exchanged between the cytoplasm proper and the
nuclear cytoplasm. Even though nucleoplasm and cytoplasm are
continuous domains of cytosol, only molecules with molecular
weights less than 5,000 can pass through the nuclear pores freely
by diffusion. Larger molecules need help.
Some proteins have special nuclear localization signals, domains
that are composed of a sequence of basic amino acids (arginine
and lysine) that are recognized by soluble proteins called nuclear
import receptors (importins). At a nuclear pore this complex is
guided into the nucleus by another group of proteins called
nucleoporins

The cytoplasm of the nerve cell body extends into the
dendritic tree without functional differentiation.
Generally, all organelles in the cytoplasm of the cell
body are also present in dendrites, although the
densities of the rough endoplasmic reticulum, Golgi
complex, and lysosomes rapidly diminish with
distance from the cell body. In dendrites the smooth
endoplasmic reticulum is prominent at the base of
thin processes called spines (Figures 4–3 and 4–4), the
receptive portion of excitatory synapses.
Concentrations of polyribosomes in dendritic spines
are resumed to serve local protein synthesis (Figure
4–4).

In contrast to the continuity of the cell body and
dendrites, a sharp functional boundary exists between
the cell body at the axon hillock, where the axon
emerges. Ribosomes, rough endoplasmic reticulum,
and the Golgi complex—the organelles that comprise
the main biosynthetic machinery for proteins in the
neuron—are generally excluded from axons (see
Figure 4–3). Lysosomes and certain proteins are also
excluded. However, axons are rich in synaptic vesicles
and their precursor membranes.

Somatodendritic organelles are unable to enter the axon beginning at the level of the axon hillock. (A) Illustration of spinal cord neurons
showing exclusion of Nissl bodies (rough endoplasmic reticulum (ER)) from the proximal axon (taken from Held, 1895). (B) Exclusion of
wheat germ agglutinin (WGA) staining from the axon hillock in a catfish giant electromotoneuron. ax, axon. Inset: WGA labels the cis (c)- to
trans (t)-Golgi stacks; scale bar = 0.5 μm. Reprinted from Neuroscience, 52(3), Braun et al., “Cytoplasmic segregation and cytoskeletal
organization in the electric catfish giant electromotoneuron with special reference to the axon hillock region”, 745-756, 1993 with
permission from Elsevier. (C) Transferrin receptor (TfR)-containing somatodendritic vesicles (most of them classical early and recycling
endosomes) (magenta) are excluded from the axon at the level of the pre-axonal exclusion zone (PAEZ), proximal to the axon initial
segment (AIS; cyan) in cultured rat hippocampal neurons. Although these images were obtained using different methodologies and
neuronal types, they all coincide in revealing a region of the axon hillock devoid of somatodendritic markers, which was recently defined
as the PAEZ (Farías et al., 2015)
(Britt et al, 2018)

The axon initial segment (AIS) is located at the proximal
axon and is the site of action potential initiation. This
reflects the high density of ion channels found at the
AIS. Adaptive changes to the location and length of the
AIS can fine-tune the excitability of neurons and
modulate plasticity in response to activity. The AIS plays
an important role in maintaining neuronal polarity by
regulating the trafficking and distribution of proteins
that function in somatodendritic or axonal
compartments of the neuron.
Although the AIS was originally defined ultrastructurally
by fasciculated microtubules and an electron-dense
undercoat beneath the plasma membrane, it is now
defined molecularly by the master scaffolding protein
ankyrinG (ankG) and the voltage-gated ion channels
clustered by ankG.
In addition to its function controlling action potential
initiation in axons, the AIS also functions as a
gatekeeper to separate somatodendritic molecules from
entering axonal domains

Neuronal Cytoskeleton

The cytoskeleton determines the shape of a cell and is responsible for the asymmetric distribution of
organelles within the cytoplasm. It includes three filamentous structures: microtubules, neurofilaments, and
microfilaments. These fillaments and associated proteins account for approximately a quarter of the total
protein in the cell.

Microtubules form long scaffolds that extend from
one end of a neuron to the other and play a key role
in developing and maintaining cell shape. A single
microtubule can be as long as 0.1 mm. Microtubules
are constructed of protofilaments, each of which
consists of multiple pairs of a- and b-tubulin subunits
arranged longitudinally along the microtubule (Figure
4–5A).
Tubulin subunits bind to neighboring subunits along
the protofilament and also laterally between adjacent
protofilaments.
The tubulin dimer has a polar structure:

The negative end is oriented to the center of the cell
while the positive end extends out to the periphery,
to the dendrites and axon.

division

Microtubules grow by addition of guanosine triphosphate (GTP)-bound tubulin dimers at their positive end,
the end that points to the periphery. while microtubules undergo rapid cycles of polymerization and
depolymerization in dividing cells, in mature dendrites and axons they are much more stable.
This stability is caused by microtubule-associated proteins (MAPs) that promote the oriented polymerization and
assembly of the tubulin polymers. MAPs in axons differ from those in dendrites.

Tubulins are encoded by a multigene family. At least six
genes code the a- and b-subunits. Because of the expression
of the different genes or post transcriptional modifications
more than 20 isoforms of tubulin are present in the brain.

Microtubule Organizing Center (MTOC / Centrosome)

MAP2 is present in dendrites but not in
axons, whereas tau and MAP3 are present.
In Alzheimer disease and some other
degenerative disorders tau proteins are
modifed and abnormally polymerized, forming
a
characteristic
lesion
called
the
neurofibrillary tangle

Neurofilaments, 10 nm in diameter, are the bones of
the cytoskeleton (see Figure 4–5B). They are the most
abundant fibrillar component in axons; on average there
are 3 to 10 times more neurofilaments than microtubules
in an axon. Neurofilaments are related to intermediate
filaments of other cell types, including the cytokeratins of
epithelial cells (hair and nails), glial fibrillary acidic protein
in astrocytes, and desmin in muscle. Unlike microtubules,
neurofilaments are stable and almost totally polymerized
in the cell.

At 3–7 nm in diameter microfilaments are the thinnest of the three main types of
fibers that make up the cytoskeleton (Figure 4–5C). Like thin filaments of muscle,
microfilaments are made up of two strands of polymerized globular actin
monomers, each bearing an ATP or adenosine diphosphate (ADP), wound into a
double-stranded helix. Actin is a major constituent of all cells, perhaps the most
abundant animal protein in nature.
There are several closely related molecular forms: the a-actin of skeletal muscle
and at least two other molecular forms, b- and g. Each is encoded by a different
gene. Neural actin in higher vertebrates is a mixture of the b and g species, which
differ from muscle actin by a few amino acid residues. Most actin molecules are
highly conserved, not only in different cell
types of a species but also in organisms as distantly related as humans and
protozoa

Unlike microtubules and neurofilaments, actin filaments
are short. They are concentrated at the cell’s periphery in
the cortical cytoplasm just underneath the plasmalemma,
where they form a dense network with many actin-binding
proteins (eg, spectrin-fodrin, ankyrin, talin, and actinin).
This matrix plays a key role in the dynamic function of the
cell’s periphery, such as the motility of growth cones (the
growing tips of axons) during development, generation of
specialized microdomains at the cell surface, and the
formation of pre- and postsynaptic morphological
specializations

In addition to serving as cytoskeleton, microtubules and
actin filaments act as tracks along which organelles and
proteins are rapidly driven by molecular motors.
The motors used by the actin filaments, the myosins, also
mediate other types of cell motility, including extension of
the cell’s processes, and the translocation of membranous
organelles from the bulk cytoplasm to the region adjacent
to the plasma membrane. (Actomyosin is responsible for
muscle contraction.)

Motors used by the microtubules include kinesins and
dyneins.
Because the microtubules and actin fiaments are polar,
each motor drives its organelle cargo in only one direction.

Microtubules are arranged in parallel in the axon with positive
ends pointing away from the cell body and negative ends facing
the cell body.
This regular orientation permits some organelles to move
toward nerve endings and others to move away from nerve
endings, the direction being determined by the specific type of
molecule motor, thus maintaining the distinctive distribution of
axonal organelles (Figure 4–7).
In dendrites, however, microtubules with opposite polarities
are mixed together, explaining why the organelles of the cell
body and dendrites are similar.

In 1948 Paul Weiss demonstrated axonal transport when
he tied off a sciatic nerve and observed that axoplasm in
the nerve accumulated with time on the proximal side of
the ligature.
He concluded that axoplasm moves at a slow, constant
rate from the cell body toward terminals in a process he
called axoplasmic flow. Today we know that the flow
Weiss observed consists of two discrete mechanisms, one
fast and the other slow.

Membranous organelles move toward terminals (anterograde
direction) and back toward the cell body (retrograde direction)
by fast axonal transport, a form of transport that is faster than
400 mm per day in warm-blooded animals.
These organelles include synaptic vesicle precursors, large
dense-core vesicles, mitochondria, elements of the smooth
endoplasmic reticulum, as well as protein particles carrying
RNAs
Early experiments on dorsal root ganglion cells showed that
anterograde fast transport depends critically on ATP, is not
affected by inhibitors of protein synthesis (once the labeled
amino acid injected is incorporated), and does not depend on
the cell body, because it occurs in axons severed from their cell
bodies. In fact, active transport can occur in reconstituted cellfree axoplasm

In contrast, cytosolic and cytoskeletal proteins move only in the
anterograde direction by a much slower form of transport, slow
axonal transport.
Slow transport occurs only in the anterograde direction and
consists of at least two kinetic components that carry different
proteins at different rates. The slower component travels at 0.2
to 2.5 mm per day and carries the proteins that make up the
fibrillar elements of the cytoskeleton: the subunits of
neurofilaments and a- and b-tubulin subunits of microtubules.
Regeneration relies on this type of transport.
These transport mechanisms in neurons are adaptations of
processes that facilitate intracellular movement of organelles in
all secretory cells. Because these mechanisms all operate along
axons, they have been used by neuroanatomists to trace the
axon distribution of neurons

Molecular motors were first visualized in electron
micrographs as cross bridges between microtubules and
moving particles (Figure 4–7). The motor molecules for
anterograde transport (toward the positive end of
microtubules) are kinesin and a variety of kinesin-related
proteins.
The kinesins represent a large family of adenosine
triphosphatases (ATPase), each of which transports
different cargoes.
Kinesin is a hetero tetramer composed of two heavy
chains and two light chains. Each heavy chain has three
domains:
(1) a globular head (the ATPase domain) that acts as the
motor when attached to microtubules,
(2) a coiled-coil helical stalk responsible for dimerization
with the other heavy chain, and
(3) a fan-like carboxyl-terminus that interacts with the light
chains

The organelles moved by retrograde fast transport are
primarily endosomes generated by endocytic activity at
nerve endings, mitochondria, and elements of the
endoplasmic reticulum. Many of these components
degrade in lysosomes. Retrograde fast transport also
delivers signals that regulate gene expression in the
neuron’s nucleus. For example, activated growth actor
receptors are taken up into vesicles at nerve endings and
carried back along the axon to their site of action in the
nucleus. Transport of transcription factors informs the
gene transcription apparatus in the nucleus of conditions
in the periphery. Retrograde transport of these molecules
is especially important during nerve regeneration and
axon regrowth (see Chapter 54). Certain toxins (tetanus
toxin) as well as pathogens (herpes simplex, rabies, and
polio viruses) are also transported toward the cell body
along the axon.

The rate of retrograde fast transport is approximately onehalf to two-thirds that of anterograde fast transport.

Dynein superfamily proteins comprise two major groups,
cytoplasmic dyneins and axonemal dyneins; the latter also
called ciliary or flagellar dyneins. Dyneins are mechanoenzymes
that move along microtubules by hydrolyzing ATP. Cytoplasmic
dynein is used for intracellular transport and consists of a huge
protein complex of approximately 1.5 megadaltons, containing
multiple polypeptide subunits: two heavy chains (520 kDa) with
ATPase activity and generating movement along the
microtubules, two intermediate chains (74 kDa), four
intermediate light chains (33–59 kDa) and several light chains
(10–14 kDa)

Proteins Are Made in Neurons as in Other Secretory Cells
Secretory and Membrane Proteins Are Synthesized and Modi!ed in the Endoplasmic Reticulum

The function of a neuron is to
receive, process and potentially
store information from other
neurons, and then transmit an
integrated signal to other cells in
its network. A typical excitatory
neuron receives information from
1–10,000 other neurons and
transmits information to 50–
100,000 neurons; information
transfer occurs at specialized
junctions called synapses. This
complex morphology requires
unique solutions to maintain and
modify the proteins that are
required for the nervous system’s
correct
wiring
during
development and for its function
and plasticity during adulthood

Efficient neuronal function depends on the
continued modulation of the local neuronal
proteome. Local protein synthesis plays a central
role in tuning the neuronal proteome at specific
neuronal regions. Various aspects of translation
such as the localization of translational machinery,
spatial spread of the newly translated proteins,
and their site of action are carried out in
specialized neuronal subcompartments to result in
a localized functional outcome

Glia Form the Insulating Sheaths for Axons
A major function of oligodendrocytes and Schwann cells is to
provide the insulating material that allows rapid conduction of
electrical signals along the axon.
These cells produce thin sheets of myelin that wrap concentrically,
many times, around the axon. Central nervous system myelin,
produced by oligodendrocytes, is similar, but not identical to
peripheral nervous system myelin, produced by Schwann cells.

Both types of glia produce myelin only for segments of axons. This is
because the axon is not continuously wrapped in myelin, a feature
that facilitates propagation of action potentials (see Chapter 6). One
Schwann cell produces a single myelin sheath for one segment of
one axon, whereas one oligodendrocyte produces myelin sheaths
for segments of as many as 30 axons (Figure 4–13).
The number of layers of myelin on an axon is proportional to the
diameter of the axon—larger axons have thicker sheaths. Axons with
very small diameters are not myelinated; nonmyelinated axons
conduct action potentials much more slowly than do myelinated
axons because of their smaller diameter and lack of myelin
insulation

Glia Form the Insulating Sheaths for Axons
The regularly spaced segments of myelin sheath are separated by
unmyelinated gaps, called nodes of Ranvier, where the plasma
membrane of the axon is exposed to the extracellular space for
approximately 1 μm
(Figure 4–14). This arrangement greatly increases the speed at which
nerve impulses are conducted (up to 100 m/s in humans) because
the signal jumps from one node to the next, a mechanism called
saltatory conduction (see Chapter 6).
Nodes are easily excited because they have a low threshold. In the
axon membrane at the nodes the density of Na+ channels, which
generate the action potential, is approximately 50 times greater than
in myelin-sheathed regions of membrane. Several cell adhesion
molecules in the paranodal regions keep the myelin boundaries
stable.

Glia Form the Insulating Sheaths for Axons
Myelin has bimolecular layers of lipid interspersed between protein
layers. Its composition is similar to that of the plasmalemma,
consisting of 70% lipid and 30% protein with high concentrations of
cholesterol and phospholipid.
In the central nervous system myelin has two major proteins: myelin
basic protein, a small, positively charged protein that is situated on
the cytoplasmic surface of compact myelin, and proteolipid protein, a
hydrophobic integral membrane protein. Presumably, both provide
structural stability for the sheath. Both have also been implicated as
important autoantigens against which the immune system can react
to produce the demyelinating disease, multiple sclerosis.
In the peripheral nervous system myelin contains a major protein, P0,
as well as the hydrophobic protein PMP22. Autoimmune reactions to
these proteins produce a demyelinating peripheral neuropathy, the
Guillain-Barré syndrome. Mutations in myelin protein genes also
cause a variety of demyelinating diseases in both peripheral and
central axons

Astrocytes are star-shaped glia found in all areas of the brain; indeed,
they constitute nearly half the number of brain cells.
They
• nourish neurons
• transport nutrients from blood to neurons
• regulate concentrations of ions and neurotransmitters
• modulate synaptic signaling
• enfold the BBB through end-feet
• ensheath synapses or groups of synapses
• Also help development through secreted factors

How do astrocytes regulate axonal
conduction and synaptic activity? The first
recognized physiological role was that of K+
buffering. When neurons fire action
potentials they release K+ ions into the
extracellular space. Because astrocytes have
high concentrations of K+ channels in their
membranes, they can act as spatial buffers:
They take up K+ at sites of neuronal activity,
mainly synapses, and release it at distant
contacts with blood vessels.
Astrocytes can also accumulate K+ locally
within their cytoplasmic processes along
with Cl− ions and water. Unfortunately,
accumulation of ions and water in
astrocytes can contribute to severe brain
swelling after head injury.

https://n.neurology.org/content/87/3/324.figures-only

Astrocytes also regulate neurotransmitter
concentrations in the brain. For example,
high-affinity transporters located in the
astrocyte’s plasma membrane rapidly clear
the neurotransmitter glutamate from the
synaptic cleft (Figure 4–17C). Once within
the glial cell, glutamate is converted to
glutamine by the enzyme glutamine
synthetase. Glutamine is then transferred to
neurons, where it serves as an immediate
precursor of glutamate (see Chapter 13).
Interference with these uptake mechanisms
results in high concentrations of
extracellular glutamate that can lead to the
death of neurons, a process termed
excitotoxicity.

https://n.neurology.org/content/87/3/324.figures-only
Astrocytes also
norepinephrine,
serotonin.

degrade dopamine,
epinephrine,
and

Astrocytes sense when neurons are active because they are depolarized by
the K+ released by neurons and have neurotransmitter receptors similar to
those of neurons. For example, Bergmann glia in the cerebellum express
glutamate receptors. Thus, the glutamate released at cerebellar synapses
affects not only postsynaptic neurons but also astrocytes near the
synapse.
The binding of these ligands to glial receptors increases the intracellular
free Ca2+ concentration, which has several important consequences. The
processes of one astrocyte connect to those of neighboring astrocytes
through gap junctions, allowing transfer of ions and small molecules
between many cells. An increase in free Ca2+ within one astrocyte
increases Ca2+ concentrations in adjacent astrocytes. This spread of Ca2+
through the astrocyte network occurs over hundreds of micrometers.

It is likely that this Ca2+ wave modulates nearby neuronal activity by
triggering the release of nutrients and regulating blood flow. An increase
in Ca2+ in astrocytes leads to the secretion of signals that enhance
synaptic function
These properties of astrocytes change in demyelinating diseases (see
bottom figure)

Diagram of regulation of fibrous and protoplasmic
astrocytes by inflammation and neuronal
activities. A, Fibrous astrocytes in the WM with
endfeet contacting blood capillaries and nodes of
Ranvier. B, Protoplasmic astrocytes in the GM
with endfeet contacting blood capillaries and
synapses.

Astrocytes also are important for the development of synapses. They
prepare the surface of the neuron for synapse formation and stabilize
newly formed synapses. For example, astrocytes secrete substances
called thrombospondins that promote the formation of new synapses.

In pathological states, such as chromatolysis produced by axonal
damage, astrocytes and presynaptic terminals temporarily retract from
the damaged postsynaptic cell bodies.

Astrocytes release neurotrophic and gliotrophic factors that promote
the development and survival of neurons and oligodendrocytes.
Astrocytes also protect other cells from the effects of oxidative stress.
For example, the glutathione peroxidase in astrocytes detoxifies toxic
oxygen free radicals released during hypoxia, in0ammation, and
neuronal degeneration

Cells of the ependyma and choroid plexus are derived
from immature neuroepithelium. The ependyma, a single
layer of ciliated cuboidal cells, lines all the ventricles of the
brain, helping to move cerebrospinal fluid through the
ventricular system (Figure 4–18A).
At several places in the lateral and fourth ventricles the
ependyma is continuous with cells of the choroid plexus,
which covers thin blood vessels that project into the
ventricles (Figure 4–18B). These choroid plexus epithelial
cells filter plasma from the blood and secrete this
ultrafiltrate as cerebrospinal fluid.

Unlike neurons, astrocytes, and oligodendrocytes, microglia do
not belong to the neuroectodermal lineage. Instead they derive
from bone marrow. Entering the central nervous system early
in development, they reside in all regions of the brain
throughout life (Figure 4–19). Their functions are not well
understood, although they probably play an important role in
immunological surveillance in the CNS, poised to react to
foreign invaders.
Of all of the cells in the central nervous system, microglia are
the best at processing and presenting antigens to lymphocytes
and secreting cytokines and chemokines during in0ammation.
Thus they serve to bring lymphocytes, neutrophils, and
monocytes into the central nervous system and expand the
lymphocyte population, important immunological activities in
infection, stroke, and immune-mediated demyelinating disease.
Microglia can also become macrophages, clearing debris after
infarcts (strokes) or other degenerative neurological disorders

(BAMs – border associated macrophages)

