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Chapter 1

Nervous System
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The Human Nervous System.

Latin  systema nervosum

The nervous system is an organ system containing a network of specialized cells called
neurons that coordinate the actions of an animal and transmit signals between different
parts of its body. In most animals the nervous system consists of two parts, central and
peripheral. The central nervous system of vertebrates (such as humans) contains the
brain, spinal cord, and retina. The peripheral nervous system consists of sensory neurons,
clusters of neurons called ganglia, and nerves connecting them to each other and to the
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central nervous system. These regions are all interconnected by means of complex neural
pathways. The enteric nervous system, a subsystem of the peripheral nervous system, has
the capacity, even when severed from the rest of the nervous system through its primary
connection by the vagus nerve, to function independently in controlling the
gastrointestinal system.

Neurons send signals to other cells as electrochemical waves travelling along thin fibers
called axons, which cause chemicals called neurotransmitters to be released at junctions
called synapses. A cell that receives a synaptic signal may be excited, inhibited, or
otherwise modulated. Sensory neurons are activated by physical stimuli impinging on
them, and send signals that inform the central nervous system of the state of the body and
the external environment. Motor neurons, situated either in the central nervous system or
in peripheral ganglia, connect the nervous system to muscles or other effector organs.
Central neurons, which in vertebrates greatly outnumber the other types, make all of their
input and output connections with other neurons. The interactions of all these types of
neurons form neural circuits that generate an organism's perception of the world and
determine its behavior. Along with neurons, the nervous system contains other
specialized cells called glial cells (or simply glia), which provide structural and metabolic
support.

Nervous systems are found in most multicellular animals, but vary greatly in complexity.
Sponges have no nervous system, although they have homologs of many genes that play
crucial roles in nervous system function, and are capable of several whole-body
responses, including a primitive form of locomotion. Placozoans and mesozoans—other
simple animals that are not classified as part of the subkingdom Eumetazoa—also have
no nervous system. In Radiata (radially symmetric animals such as jellyfish) the nervous
system consists of a simple nerve net. Bilateria, which include the great majority of
vertebrates and invertebrates, all have a nervous system containing a brain, one central
cord (or two running in parallel), and peripheral nerves. The size of the bilaterian nervous
system ranges from a few hundred cells in the simplest worms, to on the order of 100
billion cells in humans. Neuroscience is the study of the nervous system.

Structure

The nervous system derives its name from nerves, which are cylindrical bundles of tissue
that emanate from the brain and central cord, and branch repeatedly to innervate every
part of the body. Nerves are large enough to have been recognized by the ancient
Egyptians, Greeks, and Romans, but their internal structure was not understood until it
became possible to examine them using a microscope. A microscopic examination shows
that nerves consist primarily of the axons of neurons, along with a variety of membranes
that wrap around them and segregate them into fascicles. The neurons that give rise to
nerves do not lie entirely within the nerves themselves—their cell bodies reside within
the brain, central cord, or peripheral ganglia.

All animals more advanced than sponges have nervous systems. However, even sponges,
unicellular animals, and non-animals such as slime molds have cell-to-cell signalling
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mechanisms that are precursors to those of neurons. In radially symmetric animals such
as the jellyfish and hydra, the nervous system consists of a diffuse network of isolated
cells. In bilaterian animals, which make up the great majority of existing species, the
nervous system has a common structure that originated early in the Cambrian period,
over 500 million years ago.

Cells

The nervous system is primarily made up of two categories of cells: neurons and glial
cells.

Neurons

The nervous system is defined by the presence of a special type of cell—the neuron
(sometimes called "neurone" or "nerve cell"). Neurons can be distinguished from other
cells in a number of ways, but their most fundamental property is that they communicate
with other cells via synapses, which are membrane-to-membrane junctions containing
molecular machinery that allows rapid transmission of signals, either electrical or
chemical. Many types of neuron possess an axon, a protoplasmic protrusion that can
extend to distant parts of the body and make thousands of synaptic contacts. Axons
frequently travel through the body in bundles called nerves.

Even in the nervous system of a single species such as humans, hundreds of different
types of neurons exist, with a wide variety of morphologies and functions. These include
sensory neurons that transmute physical stimuli such as light and sound into neural
signals, and motor neurons that transmute neural signals into activation of muscles or
glands; however in many species the great majority of neurons receive all of their input
from other neurons and send their output to other neurons.
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Glial cells

Glial cells are non-neuronal cells that provide support and nutrition, maintain
homeostasis, form myelin, and participate in signal transmission in the nervous system.
In the human brain, it is estimated that the total number of glia roughly equals the number
of neurons, although the proportions vary in different brain areas. Among the most
important functions of glial cells are to support neurons and hold them in place; to supply
nutrients to neurons; to insulate neurons electrically; to destroy pathogens and remove
dead neurons; and to provide guidance cues directing the axons of neurons to their
targets. A very important type of glial cell (oligodendrocytes in the central nervous
system, and Schwann cells in the peripheral nervous system) generates layers of a fatty
substance called myelin that wraps around axons and provides electrical insulation which
allows them to transmit action potentials much more rapidly and efficiently.

Anatomy in vertebrates

Key:
* = Structure Central Nervous System (CNS)
* = Function « Brain and spinal cord
* [ntegrative and control centers
Peripheral Nervous System (PNS)
» Cranial nerves and spinal nerves
= Communication lines batween the CNS
and the rest of the body
Sensory (afferent) division Motor (efferent) division
» Somatic and visceral sensory nerve fibers = Motor nerve fibers
* Conducts impulses from receptors to * Conducts impulses from the CNS to
the CNS effectors (muscles and glands)
Sympathetic division Autonomic nervous Somatic nervous
= Mobilizes body systems during 4— sytem {ANS} sytem
activity (*fight or flight") = Visceral motor (involuntary) = Somatic motor (voluntary)
* Conducts impulses from the * Conducts impulses from the
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Diagram showing the major divisions of the vertebrate nervous system

The nervous system of vertebrate animals (including humans) is divided into the central
nervous system (CNS) and peripheral nervous system (PNS).
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The central nervous system (CNS) is the largest part, and includes the brain and spinal
cord. The spinal cavity contains the spinal cord, while the head contains the brain. The
CNS is enclosed and protected by meninges, a three-layered system of membranes,
including a tough, leathery outer layer called the dura mater. The brain is also protected
by the skull, and the spinal cord by the vertebrae.

The peripheral nervous system (PNS) is a collective term for the nervous system
structures that do not lie within the CNS. The large majority of the axon bundles called
nerves are considered to belong to the PNS, even when the cell bodies of the neurons to
which they belong reside within the brain or spinal cord. The PNS is divided into somatic
and visceral parts. The somatic part consists of the nerves that innervate the skin, joints,
and muscles. The cell bodies of somatic sensory neurons lie in dorsal root ganglia of the
spinal cord. The visceral part, also known as the autonomic nervous system, contains
neurons that innervate the internal organs, blood vessels, and glands. The autonomic
nervous system itself consists of two parts: the sympathetic nervous system and the
parasympathetic nervous system. Some authors also include sensory neurons whose cell
bodies lie in the periphery (for senses such as hearing) as part of the PNS; others,
however, omit them.

Horizontal bisection of the head of an adult man, showing skin, skull, and brain with grey
matter (brown in this image) and underlying white matter
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The vertebrate nervous system can also be divided into areas called grey matter ("gray
matter" in American spelling) and white matter. Grey matter (which is only grey in
preserved tissue, and is better described as pink or light brown in living tissue) contains a
high proportion of cell bodies of neurons. White matter is composed mainly of
myelinated axons, and takes its color from the myelin. White matter includes all of the
peripheral nerves, and much of the interior of the brain and spinal cord. Grey matter is
found in clusters of neurons in the brain and spinal cord, and in cortical layers that line
their surfaces. There is an anatomical convention that a cluster of neurons in the brain or
spinal cord is called a nucleus, whereas a cluster of neurons in the periphery is called a
ganglion. There are, however, a few exceptions to this rule, notably including the part of
the forebrain called the basal ganglia.

Comparative anatomy and evolution
Neural precursors in sponges

Sponges have no cells connected to each other by synaptic junctions, that is, no neurons,
and therefore no nervous system. They do, however, have homologs of many genes that
play key roles in synaptic function. Recent studies have shown that sponge cells express a
group of proteins that cluster together to form a structure resembling a postsynaptic
density (the signal-receiving part of a synapse). However, the function of this structure is
currently unclear. Although sponge cells do not show synaptic transmission, they do
communicate with each other via calcium waves and other impulses, which mediate some
simple actions such as whole-body contraction.

Radiata

Jellyfish, comb jellies, and related animals have diffuse nerve nets rather than a central
nervous system. In most jellyfish the nerve net is spread more or less evenly across the
body; in comb jellies it is concentrated near the mouth. The nerve nets consist of sensory
neurons that pick up chemical, tactile, and visual signals, motor neurons that can activate
contractions of the body wall, and intermediate neurons that detect patterns of activity in
the sensory neurons and send signals to groups of motor neurons as a result. In some
cases groups of intermediate neurons are clustered into discrete ganglia.

The development of the nervous system in radiata is relatively unstructured. Unlike
bilaterians, radiata only have two primordial cell layers, endoderm and ectoderm.
Neurons are generated from a special set of ectodermal precursor cells, which also serve
as precursors for every other ectodermal cell type.
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Bilateria

Nerve cord Brain

Anus Gut Mouth

Nervous system of a bilaterian animal, in the form of a nerve cord with segmental
enlargements, and a "brain" at the front

The vast majority of existing animals are bilaterians, meaning animals with left and right
sides that are approximate mirror images of each other. All bilateria are thought to have
descended from a common wormlike ancestor that appeared in the Cambrian period,
550-600 million years ago. The fundamental bilaterian body form is a tube with a hollow
gut cavity running from mouth to anus, and a nerve cord with an enlargement (a
"ganglion") for each body segment, with an especially large ganglion at the front, called
the "brain".

Area of the human body surface innervated by each spinal nerve
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Even mammals, including humans, show the segmented bilaterian body plan at the level
of the nervous system. The spinal cord contains a series of segmental ganglia, each giving
rise to motor and sensory nerves that innervate a portion of the body surface and
underlying musculature. On the limbs, the layout of the innervation pattern is complex,
but on the trunk it gives rise to a series of narrow bands. The top three segments belong
to the brain, giving rise to the forebrain, midbrain, and hindbrain.

Bilaterians can be divided, based on events that occur very early in embryonic
development, into two groups (superphyla) called protostomes and deuterostomes.
Deuterostomes include vertebrates as well as echinoderms, hemichordates (mainly acorn
worms), and Xenoturbellidans. Protostomes, the more diverse group, include arthropods,
molluscs, and numerous types of worms. There is a basic difference between the two
groups in the placement of the nervous system within the body: protostomes possess a
nerve cord on the ventral (usually bottom) side of the body, whereas in deuterostomes the
nerve cord is on the dorsal (usually top) side. In fact, numerous aspects of the body are
inverted between the two groups, including the expression patterns of several genes that
show dorsal-to-ventral gradients. Most anatomists now consider that the bodies of
protostomes and deuterostomes are "flipped over" with respect to each other, a
hypothesis that was first proposed by Geoffroy Saint-Hilaire for insects in comparison to
vertebrates. Thus insects, for example, have nerve cords that run along the ventral
midline of the body, while all vertebrates have spinal cords that run along the dorsal
midline.

Worms

Earthworm nervous system. 7op. side view of the front of the worm. Bottom: nervous
system in isolation, viewed from above
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Worms are the simplest bilaterian animals, and reveal the basic structure of the bilaterian
nervous system in the most straightforward way. As an example, earthworms have dual
nerve cords running along the length of the body and merging at the tail and the mouth.
These nerve cords are connected by transverse nerves like the rungs of a ladder. These
transverse nerves help coordinate the two sides of the animal. Two ganglia at the head
end function similar to a simple brain. Photoreceptors on the animal's eyespots provide
sensory information on light and dark.

The nervous system of one very small worm, the roundworm Caenorhabditis elegans,
has been mapped out down to the synaptic level. Every neuron and its cellular lineage has
been recorded and most, if not all, of the neural connections are known. In this species,
the nervous system is sexually dimorphic; the nervous systems of the two sexes, males
and hermaphrodites, have different numbers of neurons and groups of neurons that
perform sex-specific functions. In C. elegans, males have exactly 383 neurons, while
hermaphrodites have exactly 302 neurons.

Arthropods
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Internal anatomy of a spider, showing the nervous system in blue

Arthropods, such as insects and crustaceans, have a nervous system made up of a series
of ganglia, connected by a ventral nerve cord made up of two parallel connectives
running along the length of the belly. Typically, each body segment has one ganglion on
each side, though some ganglia are fused to form the brain and other large ganglia. The
head segment contains the brain, also known as the supraesophageal ganglion. In the
insect nervous system, the brain is anatomically divided into the protocerebrum,
deutocerebrum and tritocerebrum. Immediately behind the brain is the subesophageal
ganglion, which is composed of three pairs of fused ganglia. It controls the mouthparts,
the salivary glands and certain muscles. Many arthropods have well-developed sensory
organs, including compound eyes for vision and antennae for olfaction and pheromone
sensation. The sensory information from these organs is processed by the brain.
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In insects, many neurons have cell bodies that are positioned at the edge of the brain and
are electrically passive—the cell bodies serve only to provide metabolic support and do
not participate in signalling. A protoplasmic fiber runs from the cell body and branches
profusely, with some parts transmitting signals and other parts receiving signals. Thus,
most parts of the insect brain have passive cell bodies arranged around the periphery,
while the neural signal processing takes place in a tangle of protoplasmic fibers called
neuropil, in the interior.

"Identified'" neurons

A neuron is called identified if it has properties that distinguish it from every other
neuron in the same animal—properties such as location, neurotransmitter, gene
expression pattern, and connectivity—and if every individual organism belonging to the
same species has one and only one neuron with the same set of properties. In vertebrate
nervous systems very few neurons are "identified" in this sense—in humans, there are
believed to be none—but in simpler nervous systems, some or all neurons may be thus
unique. In the roundworm C. elegans, whose nervous system is the most thoroughly
described of any animal's, every neuron in the body is uniquely identifiable, with the
same location and the same connections in every individual worm. One notable
consequence of this fact is that the form of the C. elegans nervous system is completely
specified by the genome, with no experience-dependent plasticity.

The brains of many molluscs and insects also contain substantial numbers of identified
neurons. In vertebrates, the best known identified neurons are the gigantic Mauthner cells
of fish. Every fish has two Mauthner cells, located in the bottom part of the brainstem,
one on the left side and one on the right. Each Mauthner cell has an axon that crosses
over, innervating neurons at the same brain level and then travelling down through the
spinal cord, making numerous connections as it goes. The synapses generated by a
Mauthner cell are so powerful that a single action potential gives rise to a major
behavioral response: within milliseconds the fish curves its body into a C-shape, then
straightens, thereby propelling itself rapidly forward. Functionally this is a fast escape
response, triggered most easily by a strong sound wave or pressure wave impinging on
the lateral line organ of the fish. Mauther cells are not the only identified neurons in
fish—there are about 20 more types, including pairs of "Mauthner cell analogs" in each
spinal segmental nucleus. Although a Mauthner cell is capable of bringing about an
escape response all by itself, in the context of ordinary behavior other types of cells
usually contribute to shaping the amplitude and direction of the response.

Mauthner cells have been described as command neurons. A command neuron is a
special type of identified neuron, defined as a neuron that is capable of driving a specific
behavior all by itself. Such neurons appear most commonly in the fast escape systems of
various species—the squid giant axon and squid giant synapse, used for pioneering
experiments in neurophysiology because of their enormous size, both participate in the
fast escape circuit of the squid. The concept of a command neuron has, however, become
controversial, because of studies showing that some neurons that initially appeared to fit
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the description were really only capable of evoking a response in a limited set of
circumstances.

Function

At the most basic level, the function of the nervous system is to send signals from one
cell to others, or from one part of the body to others. There are multiple ways that a cell
can send signals to other cells. One is by releasing chemicals called hormones into the
internal circulation, so that they can diffuse to distant sites. In contrast to this "broadcast"
mode of signaling, the nervous system provides "point-to-point" signals—neurons project
their axons to specific target areas and make synaptic connections with specific target
cells. Thus, neural signaling is capable of a much higher level of specificity than
hormonal signaling. It is also much faster: the fastest nerve signals travel at speeds that
exceed 100 meters per second.

At a more integrative level, the primary function of the nervous system is to control the
body. It does this by extracting information from the environment using sensory
receptors, sending signals that encode this information into the central nervous system,
processing the information to determine an appropriate response, and sending output
signals to muscles or glands to activate the response. The evolution of a complex nervous
system has made it possible for various animal species to have advanced perception
abilities such as vision, complex social interactions, rapid coordination of organ systems,
and integrated processing of concurrent signals. In humans, the sophistication of the
nervous system makes it possible to have language, abstract representation of concepts,
transmission of culture, and many other features of human society that would not exist
without the human brain.
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Neurons and synapses

oy LA

Major elements in synaptic transmission. An electrochemical wave called an action
potential travels along the axon of a neuron. When the wave reaches a synapse, it
provokes release of a puff of neurotransmitter molecules, which bind to chemical
receptor molecules located in the membrane of the target cell.

Most neurons send signals via their axons, although some types are capable of dendrite-
to-dendrite communication. (In fact, the types of neurons called amacrine cells have no
axons, and communicate only via their dendrites.) Neural signals propagate along an
axon in the form of electrochemical waves called action potentials, which produce cell-
to-cell signals at points where axon terminals make synaptic contact with other cells.
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Synapses may be electrical or chemical. Electrical synapses make direct electrical
connections between neurons, but chemical synapses are much more common, and much
more diverse in function. At a chemical synapse, the cell that sends signals is called
presynaptic, and the cell that receives signals is called postsynaptic. Both the presynaptic
and postsynaptic areas are full of molecular machinery that carries out the signalling
process. The presynaptic area contains large numbers of tiny spherical vessels called
synaptic vesicles, packed with neurotransmitter chemicals. When the presynaptic
terminal is electrically stimulated, an array of molecules embedded in the membrane are
activated, and cause the contents of the vesicles to be released into the narrow space
between the presynaptic and postsynaptic membranes, called the synaptic cleft. The
neurotransmitter then binds to receptors embedded in the postsynaptic membrane,
causing them to enter an activated state. Depending on the type of receptor, the resulting
effect on the postsynaptic cell may be excitatory, inhibitory, or modulatory in more
complex ways. For example, release of the neurotransmitter acetylcholine at a synaptic
contact between a motor neuron and a muscle cell induces rapid contraction of the muscle
cell. The entire synaptic transmission process takes only a fraction of a millisecond,
although the effects on the postsynaptic cell may last much longer (even indefinitely, in
cases where the synaptic signal leads to the formation of a memory trace).

There are literally hundreds of different types of synapses. In fact, there are over a
hundred known neurotransmitters, and many of them have multiple types of receptor.
Many synapses use more than one neurotransmitter—a common arrangement is for a
synapse to use one fast-acting small-molecule neurotransmitter such as glutamate or
GABA, along with one or more peptide neurotransmitters that play slower-acting
modulatory roles. Molecular neuroscientists generally divide receptors into two broad
groups: chemically gated ion channels and second messenger systems. When a
chemically gated ion channel is activated, it forms a passage that allow specific types of
ion to flow across the membrane. Depending on the type of ion, the effect on the target
cell may be excitatory or inhibitory. When a second messenger system is activated, it
starts a cascade of molecular interactions inside the target cell, which may ultimately
produce a wide variety of complex effects, such as increasing or decreasing the
sensitivity of the cell to stimuli, or even altering gene transcription.

According to a rule called Dale's principle, which has only a few known exceptions, a
neuron releases the same neurotransmitters at all of its synapses. This does not mean,
though, that a neuron exerts the same effect on all of its targets, because the effect of a
synapse depends not on the neurotransmitter, but on the receptors that it activates.
Because different targets can (and frequently do) use different types of receptors, it is
possible for a neuron to have excitatory effects on one set of target cells, inhibitory
effects on others, and complex modulatory effects on others still. Nevertheless, it happens
that the two most widely used neurotransmitters, glutamate and GABA, each have largely
consistent effects. Glutamate has several widely occurring types of receptors, but all of
them are excitatory or modulatory. Similarly, GABA has several widely occurring
receptor types, but all of them are inhibitory. Because of this consistency, glutamatergic
cells are frequently referred to as "excitatory neurons", and GABAergic cells as
"inhibitory neurons". Strictly speaking this is an abuse of terminology—it is the receptors
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that are excitatory and inhibitory, not the neurons—but it is commonly seen even in
scholarly publications.

One very important subset of synapses are capable of forming memory traces by means
of long-lasting activity-dependent changes in synaptic strength. The best-known form of
neural memory is a process called long-term potentiation (abbreviated LTP), which
operates at synapses that use the neurotransmitter glutamate acting on a special type of
receptor known as the NMDA receptor. The NMDA receptor has an "associative"
property: if the two cells involved in the synapse are both activated at approximately the
same time, a channel opens that permits calcium to flow into the target cell. The calcium
entry initiates a second messenger cascade that ultimately leads to an increase in the
number of glutamate receptors in the target cell, thereby increasing the effective strength
of the synapse. This change in strength can last for weeks or longer. Since the discovery
of LTP in 1973, many other types of synaptic memory traces have been found, involving
increases or decreases in synaptic strength that are induced by varying conditions, and
last for variable periods of time. Reward learning, for example, depends on a variant form
of LTP that is conditioned on an extra input coming from a reward-signalling pathway
that uses dopamine as neurotransmitter. All these forms of synaptic modifiability, taken
collectively, give rise to neural plasticity, that is, to a capability for the nervous system to
adapt itself to variations in the environment.

Neural circuits and systems

The basic neuronal function of sending signals to other cells includes a capability for
neurons to exchange signals with each other. Networks formed by interconnected groups
of neurons are capable of a wide variety of functions, including feature detection, pattern
generation, and timing. In fact, it is difficult to assign limits to the types of information
processing that can be carried out by neural networks: Warren McCulloch and Walter
Pitts showed in 1943 that even networks formed from a greatly simplified mathematical
abstraction of a neuron are capable of universal computation. Given that individual
neurons can generate complex temporal patterns of activity all by themselves, the range
of capabilities possible for even small groups of interconnected neurons are beyond
current understanding.
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Ilustration of pain pathway, from René Descartes's Treatise of Man

Historically, for many years the predominant view of the function of the nervous system
was as a stimulus-response associator. In this conception, neural processing begins with
stimuli that activate sensory neurons, producing signals that propagate through chains of
connections in the spinal cord and brain, giving rise eventually to activation of motor
neurons and thereby to muscle contraction, i.e., to overt responses. Descartes believed
that all of the behaviors of animals, and most of the behaviors of humans, could be
explained in terms of stimulus-response circuits, although he also believed that higher
cognitive functions such as language were not capable of being explained
mechanistically. Charles Sherrington, in his influential 1906 book The Integrative Action
of the Nervous System, developed the concept of stimulus-response mechanisms in much
more detail, and Behaviorism, the school of thought that dominated Psychology through
the middle of the 20th century, attempted to explain every aspect of human behavior in
stimulus-response terms.

However, experimental studies of electrophysiology, beginning in the early 20th century
and reaching high productivity by the 1940s, showed that the nervous system contains
many mechanisms for generating patterns of activity intrinsically, without requiring an
external stimulus. Neurons were found to be capable of producing regular sequences of
action potentials, or sequences of bursts, even in complete isolation. When intrinsically
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active neurons are connected to each other in complex circuits, the possibilities for
generating intricate temporal patterns become far more extensive. A modern conception
views the function of the nervous system partly in terms of stimulus-response chains, and
partly in terms of intrinsically generated activity patterns—both types of activity interact
with each other to generate the full repertoire of behavior.

Reflexes and other stimulus-response circuits
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Simplified schema of basic nervous system function: signals are picked up by sensory
receptors and sent to the spinal cord and brain, where processing occurs that results in
signals sent back to the spinal cord and then out to motor neurons

The simplest type of neural circuit is a reflex arc, which begins with a sensory input and
ends with a motor output, passing through a sequence of neurons in between. For
example, consider the "withdrawal reflex" causing the hand to jerk back after a hot stove
is touched. The circuit begins with sensory receptors in the skin that are activated by
harmful levels of heat: a special type of molecular structure embedded in the membrane
causes heat to generate an electrical field across the membrane. If the electrical potential
change is large enough, it evokes an action potential, which is transmitted along the axon
of the receptor cell, into the spinal cord. There the axon makes excitatory synaptic
contacts with other cells, some of which project to the same region of the spinal cord,
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others projecting into the brain. One target is a set of spinal interneurons that project to
motor neurons controlling the arm muscles. The interneurons excite the motor neurons,
and if the excitation is strong enough, some of the motor neurons generate action
potentials, which travel down their axons to the point where they make excitatory
synaptic contacts with muscle cells. The excitatory signals induce contraction of the
muscle cells, which causes the joint angles in the arm to change, pulling the arm away.

In reality, this straightfoward schema is subject to numerous complications. Although for
the simplest reflexes there are short neural paths from sensory neuron to motor neuron,
there are also other nearby neurons that participate in the circuit and modulate the
response. Furthermore, there are projections from the brain to the spinal cord that are
capable of enhancing or inhibiting the reflex.

Although the simplest reflexes may be mediated by circuits lying entirely within the
spinal cord, more complex responses rely on signal processing in the brain. Consider, for
example, what happens when an object in the periphery of the visual field moves, and a
person looks toward it. The initial sensory response, in the retina of the eye, and the final
motor response, in the oculomotor nuclei of the brain stem, are not all that different from
those in a simple reflex, but the intermediate stages are completely different. Instead of a
one or two step chain of processing, the visual signals pass through perhaps a dozen
stages of integration, involving the thalamus, cerebral cortex, basal ganglia, superior
colliculus, cerebellum, and several brainstem nuclei. These areas perform signal-
processing functions that include feature detection, perceptual analysis, memory recall,
decision-making, and motor planning.

Feature detection is the ability to extract biologically relevant information from
combinations of sensory signals. In the visual system, for example, sensory receptors in
the retina of the eye are only individually capable of detecting "points of light" in the
outside world. Second-level visual neurons receive input from groups of primary
receptors, higher-level neurons receive input from groups of second-level neurons, and so
on, forming a hierarchy of processing stages. At each stage, important information is
extracted from the signal ensemble and unimportant information is discarded. By the end
of the process, input signals representing "points of light" have been transformed into a
neural representation of objects in the surrounding world and their properties. The most
sophisticated sensory processing occurs inside the brain, but complex feature extraction
also takes place in the spinal cord and in peripheral sensory organs such as the retina.

Intrinsic pattern generation

Although stimulus-response mechanisms are the easiest to understand, the nervous
system is also capable of controlling the body in ways that do not require an external
stimulus, by means of internally generated rhythms of activity. Because of the variety of
voltage-sensitive ion channels that can be embedded in the membrane of a neuron, many
types of neurons are capable, even in isolation, of generating rhythmic sequences of
action potentials, or rhythmic alternations between high-rate bursting and quiescence.
When neurons that are intrinsically rthythmic are connected to each other by excitatory or
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inhibitory synapses, the resulting networks are capable of a wide variety of dynamical
behaviors, including attractor dynamics, periodicity, and even chaos. A network of
neurons that uses its internal structure to generate temporally structured output, without
requiring a corresponding temporally structured stimulus, is called a central pattern
generator.

Internal pattern generation operates on a wide range of time scales, from milliseconds to
hours or longer. One of the most important types of temporal pattern is circadian
rhythmicity—that is, rhythmicity with a period of approximately 24 hours. All animals
that have been studied show circadian fluctuations in neural activity, which control
circadian alternations in behavior such as the sleep-wake cycle. Experimental studies
dating from the 1990s have shown that circadian rhythms are generated by a "genetic
clock" consisting of a special set of genes whose expression level rises and falls over the
course of the day. Animals as diverse as insects and vertebrates share a similar genetic
clock system. The circadian clock is influenced by light but continues to operate even
when light levels are held constant and no other external time-of-day cues are available.
The clock genes are expressed in many parts of the nervous system as well as many
peripheral organs, but in mammals all of these "tissue clocks" are kept in synchrony by
signals that emanate from a master timekeeper in a tiny part of the brain called the
suprachiasmatic nucleus.

Development

In vertebrates, landmarks of embryonic neural development include the birth and
differentiation of neurons from stem cell precursors, the migration of immature neurons
from their birthplaces in the embryo to their final positions, outgrowth of axons from
neurons and guidance of the motile growth cone through the embryo towards
postsynaptic partners, the generation of synapses between these axons and their
postsynaptic partners, and finally the lifelong changes in synapses which are thought to
underlie learning and memory.

All bilaterian animals at an early stage of development form a gastrula, which is
polarized, with one end called the animal pole and the other the vegetal pole. The gastrula
has the shape of a disk with three layers of cells, an inner layer called the endoderm,
which gives rise to the lining of most internal organs, a middle layer called the
mesoderm, which gives rise to the bones and muscles, and an outer layer called the
ectoderm, which gives rise to the skin and nervous system.
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Human embryo, showing neural groove
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Four stages in the development of the neural tube in the human embryo
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In vertebrates, the first sign of the nervous system is the appearance of a thin strip of cells
along the center of the back, called the neural plate. The inner portion of the neural plate
(along the midline) is destined to become the central nervous system (CNS), the outer
portion the peripheral nervous system (PNS). As development proceeds, a fold called the
neural groove appears along the midline. This fold deepens, and then closes up at the top.
At this point the future CNS appears as a cylindrical structure called the neural tube,
whereas the future PNS appears as two strips of tissue called the neural crest, running
lengthwise above the neural tube. The sequence of stages from neural plate to neural tube
and neural crest is known as neurulation.

In the early 20th century, a set of famous experiments by Hans Spemann and Hilde
Mangold showed that the formation of nervous tissue is "induced" by the underlying
mesoderm. For decades, though, the nature of the induction process defeated every
attempt to figure it out, until finally it was resolved by genetic approaches in the 1990s.
Induction of neural tissue requires inhibition of the gene for a so-called bone
morphogenetic protein, or BMP. Specifically the protein BMP4 appears to be involved.
Two proteins called Noggin and Chordin, both secreted by the mesoderm, are capable of
inhibiting BMP4 and thereby inducing ectoderm to turn into neural tissue. It appears that
a similar molecular mechanism is involved for widely disparate types of animals,
including arthropods as well as vertebrates. In some animals, however, another type of
molecule called Fibroblast Growth Factor or FGF may also play an important role in
induction.

Induction of neural tissues causes formation of neural precursor cells, called neuroblasts.
In drosophila, neuroblasts divide asymmetrically, so that one product is a "ganglion
mother cell" (GMC), and the other is a neuroblast. A GMC divides once, to give rise to
either a pair of neurons or a pair of glial cells. In all, a neuroblast is capable of generating
an indefinite number of neurons or glia.

As shown in a 2008 study, one factor common to all bilateral organisms (including
humans) is a family of secreted signaling molecules called neurotrophins which regulate
the growth and survival of neurons. Zhu et al. identified DNTI1, the first neurotrophin
found in flies. DNT1 shares structural similarity with all known neurotrophins and is a
key factor in the fate of neurons in Drosophila. Because neurotrophins have now been
identified in both vertebrate and invertebrates, this evidence suggests that neurotrophins
were present in an ancestor common to bilateral organisms and may represent a common
mechanism for nervous system formation.

Pathology

The nervous system is susceptible to malfunction in a wide variety of ways, as a result of
genetic defects, physical damage due to trauma or poison, infection, or simply aging. The
medical specialty of neurology studies the causes of nervous system malfunction, and
looks for interventions that can alleviate it.
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The central nervous system is protected by major physical and chemical barriers.
Physically, the brain and spinal cord are surrounded by tough meningeal membranes, and
enclosed in the bones of the skull and spinal vertebrae, which combine to form a strong
physical shield. Chemically, the brain and spinal cord are isolated by the so-called blood-
brain barrier, which prevents most types of chemicals from moving from the bloodstream
into the interior of the CNS. These protections make the CNS less susceptible in many
ways than the PNS; the flip side, however, is that damage to the CNS tends to have more
serious consequences.

Although peripheral nerves tend to lie deep under the skin except in a few places such as
the elbow joint, they are still relatively exposed to physical damage, which can cause
pain, loss of sensation, or loss of muscle control. Damage to nerves can also be caused by
swelling or bruises at places where a nerve passes through a tight bony channel, as
happens in carpal tunnel syndrome. If a peripheral nerve is completely transected, it will
often regenerate, but for long nerves this process may take months to complete. In
addition to physical damage, peripheral neuropathy may be caused by many other
medical problems, including genetic conditions, metabolic conditions such as diabetes,
inflammatory conditions such as Guillain-Barré syndrome, vitamin deficiency, infectious
diseases such as leprosy or shingles, or poisoning by toxins such as heavy metals. Many
cases have no cause that can be identified, and are referred to as idiopathic. It is also
possible for peripheral nerves to lose function temporarily, resulting in numbness as
stiffness—common causes include mechanical pressure, a drop in temperature, or
chemical interactions with local anesthetic drugs such as lidocaine.

Physical damage to the spinal cord may result in loss of sensation or movement. If an
injury to the spine produces nothing worse than swelling, the symptoms may be transient,
but if nerve fibers in the spine are actually destroyed, the loss of function is usually
permanent. Experimental studies have shown that spinal nerve fibers attempt to regrow in
the same way as peripheral nerve fibers, but in the spinal cord, tissue destruction usually
produces scar tissue that cannot be penetrated by the regrowing nerves.
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Chapter 2

Central Nervous System

The central nervous system (CNS) is the part of the nervous system that integrates the
information that it receives from, and coordinates the activity of, all parts of the bodies of
bilaterian animals—that is, all multicellular animals except sponges and radially
symmetric animals such as jellyfish. It contains the majority of the nervous system and
consists of the brain and the spinal cord. Some classifications also include the retina and
the cranial nerves in the CNS. Together with the peripheral nervous system, it has a
fundamental role in the control of behavior. The CNS is contained within the dorsal
cavity, with the brain in the cranial cavity and the spinal cord in the spinal cavity. In
vertebrates, the brain is protected by the skull, while the spinal cord is protected by the
vertebrae, and both are enclosed in the meninges.

Development

Neural groove Meural plate

Neural groove MNeural plate

Ectoderm MNeural groove

Neural tube

Neural tube

Development of the neural tube

During early development of the vertebrate embryo, a longitudinal groove on the neural
plate gradually deepens as ridges on either side of the groove (the neural folds) become
elevated, and ultimately meet, transforming the groove into a closed tube, the ectodermal
wall of which forms the rudiment of the nervous system. This tube initially differentiates
into three vesicles (pockets): the prosencephalon at the front, the mesencephalon, and,
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between the mesencephalon and the spinal cord, the rhombencephalon. (By six weeks in
the human embryo) the prosencephalon then divides further into the telencephalon and
diencephalon; and the rhombencephalon divides into the metencephalon and
myelencephalon.

As the vertebrate grows, these vesicles differentiate further still. The telencephalon
differentiates into, among other things, the striatum, the hippocampus and the neocortex,
and its cavity becomes the first and second ventricles. Diencephalon elaborations include
the subthalamus, hypothalamus, thalamus and epithalamus, and its cavity forms the third
ventricle. The tectum, pretectum, cerebral peduncle and other structures develop out of
the mesencephalon, and its cavity grows into the mesencephalic duct (cerebral aqueduct).
The metencephalon becomes, among other things, the pons and the cerebellum, the
myelencephalon forms the medulla oblongata, and their cavities develop into the fourth
ventricle.

Prosencephalon Mesencephalon

Rhombencephalon

Spinal cord

Brain regions of a 4 week old human embryo

Rhinencephalon, Amygdala,
Hippocampus, Neocortex,
Basal ganglia, Lateral
ventricles

Prosencephalon Epithalamus, Thalamus,
Hypothalamus,
Diencephalon Subthalamus, Pituitary
gland, Pineal gland, Third
ventricle

Telencephalon

Central
nervous Brain
system

Tectum, Cerebral peduncle,
Brain stem Mesencephalon  Pretectum, Mesencephalic
duct
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Evolution

The central nervous system (2) is a combination of the brain (1) and the spinal cord (3)

Planarians, members of the phylum Platyhelminthes (flatworms), have the simplest,
clearly defined delineation of a nervous system into a central nervous system (CNS) and
a peripheral nervous system (PNS). Their primitive brain, consisting of two fused anterior
ganglia, and longitudinal nerve cords form the CNS; the laterally projecting nerves form
the PNS. A molecular study found that more than 95% of the 116 genes involved in the
nervous system of planarians, which includes genes related to the CNS, also exist in
humans. Like planarians, vertebrates have a distinct CNS and PNS, though more complex
than those of planarians.

The basic pattern of the CNS is highly conserved throughout the different species of
vertebrates and during evolution. The major trend that can be observed is towards a
progressive telencephalisation: the telencephalon of reptiles is only an appendix to the
large olfactory bulb, while in mammals it makes up most of the volume of the CNS. In
the human brain, the telencephalon covers most of the diencephalon and the
mesencephalon. Indeed, the allometric study of brain size among different species shows
a striking continuity from rats to whales, and allows us to complete the knowledge about
the evolution of the CNS obtained through cranial endocasts.

Mammals — which appear in the fossil record after the first fishes, amphibians, and
reptiles — are the only vertebrates to possess the evolutionarily recent, outermost part of
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the cerebral cortex known as the neocortex. The neocortex of monotremes (the duck-
billed platypus and several species of spiny anteaters) and of marsupials (such as
kangaroos, koalas, opossums, wombats, and Tasmanian devils) lack the convolutions -
gyri and sulci - found in the neocortex of most placental mammals (eutherians). Within
placental mammals, the size and complexity of the neocortex increased over time. The
area of the neocortex of mice is only about 1/100 that of monkeys, and that of monkeys is
only about 1/10 that of humans. In addition, rats lack convolutions in their neocortex
(possibly also because rats are small mammals), whereas cats have a moderate degree of
convolutions, and humans have quite extensive convolutions.

Diseases of the central nervous system

There are many central nervous system diseases, including infections of the central
nervous system such as encephalitis and poliomyelitis, neurodegenerative diseases such
as Alzheimer's disease and amyotrophic lateral sclerosis, autoimmune and inflammatory
diseases such as multiple sclerosis or acute disseminated encephalomyelitis, and genetic
disorders such as Krabbe's disease, Huntington's disease, or adrenoleukodystrophy.
Lastly, cancers of the central nervous system can cause severe illness and, when
malignant, can have very high mortality rates.
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Chapter 3

Peripheral Nervous System

Brain: Peripheral nervous system
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The peripheral nervous system, or PNS, consists of the nerves and ganglia outside of
the brain and spinal cord. The main function of the PNS is to connect the central nervous
system (CNS) to the limbs and organs. Unlike the CNS, the PNS is not protected by the
bone of spine and skull, or by the blood—brain barrier, leaving it exposed to toxins and
mechanical injuries. The peripheral nervous system is divided into the somatic nervous
system and the autonomic nervous system; some textbooks also include sensory systems.

The cranial nerves are part of the PNS.

General classification
By direction

There are two types of neurons, carrying nerve impulses in different directions. These
two groups of neurons are:

e The sensory neurons are afferent neurons which relay nerve impulses toward the
central nervous system.

e The motor neurons are efferent neurons which relay nerve impulses away from
the central nervous system.

By function

The peripheral nervous system is functionally as well as structurally divided into the
somatic nervous system and autonomic nervous system. The somatic nervous system is
responsible for coordinating the body movements, and also for receiving external stimuli.
It is the system that regulates activities that are under conscious control. The autonomic
nervous system is then split into the sympathetic division, parasympathetic division, and
enteric division. The sympathetic nervous system responds to impending danger, and is
responsible for the increase of one's heartbeat and blood pressure, among other
physiological changes, along with the sense of excitement one feels due to the increase of
adrenaline in the system. ("fight or flight" responses). The parasympathetic nervous
system, on the other hand, is evident when a person is resting and feels relaxed, and is
responsible for such things as the constriction of the pupil, the slowing of the heart, the
dilation of the blood vessels, and the stimulation of the digestive and genitourinary
systems. ("rest and digest" responses). The role of the enteric nervous system is to
manage every aspect of digestion, from the esophagus to the stomach, small intestine and
colon.

Specific nerves and plexi
Ten out of the twelve cranial nerves originate from the brainstem, and mainly control the
functions of the anatomic structures of the head with some exceptions. The nuclei of

cranial nerves I and II lie in the forebrain and thalamus, respectively, and are thus not
considered to be true cranial nerves. CN X (10) receives visceral sensory information
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from the thorax and abdomen, and CN XI (11) is responsible for innervating the
sternocleidomastoid and trapezius muscles, neither of which is exclusively in the head.

Spinal nerves take their origins from the spinal cord. They control the functions of the
rest of the body. In humans, there are 31 pairs of spinal nerves: 8§ cervical, 12 thoracic, 5
lumbar, 5 sacral and 1 coccygeal. In the cervical region, the spinal nerve roots come out
above the corresponding vertebrae (i.e. nerve root between the skull and 1st cervical
vertebrae is called spinal nerve C1). From the thoracic region to the coccygeal region, the
spinal nerve roots come out below the corresponding vertebrae. It is important to note
that this method creates a problem when naming the spinal nerve root between C7 and T1
(so it is called spinal nerve root C8). In the lumbar and sacral region, the spinal nerve
roots for travel within the dural sac and they travel below the level of L2 as the cauda
equina.

Cervical spinal nerves (C1-C4)

The first 4 cervical spinal nerves, C1 through C4, split and recombine to produce a
variety of nerves that subserve the neck and back of head.

Spinal nerve C1 is called the suboccipital nerve which provides motor innervation to
muscles at the base of the skull. C2 and C3 form many of the nerves of the neck,
providing both sensory and motor control. These include the greater occipital nerve
which provides sensation to the back of the head, the lesser occipital nerve which
provides sensation to the area behind the ears, the greater auricular nerve and the lesser
auricular nerve. The phrenic nerve arises from nerve roots C3, C4 and CS5. It innervates
the diaphragm, enabling breathing. If the spinal cord is transected above C3, then
spontaneous breathing is not possible.

Brachial plexus (C5-T1)

The last four cervical spinal nerves, C5 through C8, and the first thoracic spinal nerve,
T1,combine to form the brachial plexus, or plexus brachialis, a tangled array of nerves,
splitting, combining and recombining, to form the nerves that subserve the arm and upper
back. Although the brachial plexus may appear tangled, it is highly organized and
predictable, with little variation between people.

Neurotransmitters

The main neurotransmitters of the peripheral nervous system are acetylcholine and
noradrenaline. However, there are several other neurotransmitters as well, jointly labeled
Non-noradrenergic, non-cholinergic (NANC) transmitters. Examples of such transmitters
include non-peptides: ATP, GABA, dopamine, NO, and peptides: neuropeptide Y, VIP,
GnRH, Substance P and CGRP.
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Chapter 4

Enteric Nervous System and Motor
System

Enteric nervous system
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The enteric nervous system is embedded in the lining of the gastrointestinal system

The enteric nervous system (ENS) is a subdivision of the peripheral nervous system
(PNYS), that directly controls the gastrointestinal system.

It is derived from neural crest.

Function

The ENS is capable of autonomous functions such as the coordination of reflexes,
although it receives considerable innervation from the autonomic nervous system and
thus is often considered a part of the ANS. Its study is the focus of
neurogastroenterology. The ENS can be damaged by ischemia. Transplantation has been
described as a theoretical possibility.
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Anatomy

The ENS consists of some one hundred million neurons, one thousandth of the number of
neurons in the brain, and considerably more than the number of neurons in the spinal
cord. The enteric nervous system is embedded in the lining of the gastrointestinal system.

The neurons of the ENS are collected into two types of ganglia: myenteric (Auerbach's)
and submucosal (Meissner's) plexuses. Myenteric plexuses are located between the inner
and outer layers of the muscularis externa, while submucosal plexuses are located in the
submucosa.

Complexity

The enteric nervous system has been described as a "second brain". There are several
reasons for this. The enteric nervous system can operate autonomously. It normally
communicates with the central nervous system (CNS) through the parasympathetic (eg,
via the vagus nerve) and sympathetic (eg, via the prevertebral ganglia) nervous systems.
However, vertebrate studies show that when the vagus nerve is severed, the enteric
nervous system continues to function.

In vertebrates the enteric nervous system includes efferent neurons, afferent neurons, and
interneurons, all of which make the enteric nervous system capable of carrying reflexes
and acting as an integrating center in the absence of CNS input. The sensory neurons
report on mechanical and chemical conditions. Through intestinal muscles, the motor
neurons control peristalsis and churning of intestinal contents. Other neurons control the
secretion of enzymes. The enteric nervous system also makes use of more than 30
neurotransmitters, most of which are identical to the ones found in CNS, such as
acetylcholine, dopamine, and serotonin. The enteric nervous system has the capacity to
alter its response depending on such factors as bulk and nutrient composition. In addition,
ENS contains support cells which are similar to astroglia of the brain and a diffusion
barrier around the capillaries surrounding ganglia which is similar to the blood-brain
barrier of cerebral blood vessels.

Motor system

The motor system is the part of the central nervous system that is involved with
movement. It consists of the pyramidal and extrapyramidal system. The motor pathway
also called pyramidal tract or the corticospinal tract start in the motor center of the
cerebral cortex. There are upper and lower motor neurons in the corticospinal tract. The
motor impulses originates in the Giant pyramidal cells or Betz cells of the motor area i.e
precentral gyrus of cerebral cortex. These are the upper motor neurons (UMN) of the
corticospinal tract. The axons of these cells pass in the depth of the cerebral cortex to the
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Corona radiata and then to the Internal Capsule passing through the posterior branch of
internal capsule and continue to descend in the Midbrain and the Medulla Oblongata. In
the lower part of Medulla oblongata 80 to 85% of these fibers decussate (pass to the
opposite side) and descend in the White matter of the Lateral funiculus of the spinal cord
on the opposite side. The remaining 15 to 20% pass to the same side. Fibers for the
extremities (limbs) pass 100% to the opposite side. The fibers of the corticospinal tract
terminate at different levels in the Anterior horn of the Grey matter of the spinal cord.
Here the Lower Motor Neurons (LMN) of the corticospinal cord are located. Peripheral
motor nerves carry the motor impulses from the anterior horn to the voluntary muscles.
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Chapter 5

Autonomic Nervous System
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The autonomic nervous system (ANS or visceral nervous system) is the part of the
peripheral nervous system that acts as a control system functioning largely below the
level of consciousness, and controls visceral functions. The ANS affects heart rate,
digestion, respiration rate, salivation, perspiration, diameter of the pupils, micturition
(urination), and sexual arousal. Whereas most of its actions are involuntary, some, such
as breathing, work in tandem with the conscious mind.

It is classically divided into two subsystems: the parasympathetic nervous system and
sympathetic nervous system. Relatively recently, a third subsystem of neurons that have
been named 'non-adrenergic and non-cholinergic' neurons (because they use nitric oxide
as a neurotransmitter) have been described and found to be integral in autonomic
function, particularly in the gut and the lungs.

With regard to function, the ANS is usually divided into sensory (afferent) and motor
(efferent) subsystems. Within these systems, however, there are inhibitory and excitatory
synapses between neurons.

The enteric nervous system is sometimes considered part of the autonomic nervous
system, and sometimes considered an independent system.

Anatomy

ANS innervation is divided into sympathetic nervous system and parasympathetic
nervous system divisions. The sympathetic division has thoracolumbar “outflow”,
meaning that the neurons begin at the thoracic and lumbar (T1-L2) portions of the spinal
cord. The parasympathetic division has craniosacral “outflow”, meaning that the neurons
begin at the cranial nerves (CN 3, CN7, CN 9, CN10) and sacral (S2-S4) spinal cord.

The ANS is unique in that it requires a sequential two-neuron efferent pathway; the
preganglionic neuron must first synapse onto a postganglionic neuron before innervating
the target organ. The preganglionic, or first, neuron will begin at the “outflow” and will
synapse at the postganglionic, or second, neuron’s cell body. The post ganglionic neuron
will then synapse at the target organ.

Sympathetic division

The sympathetic division (thoracolumbar outflow) consists of cell bodies in the lateral
horn of spinal cord (intermediolateral cell columns) of the spinal cord from T1 to L2.
These cell bodies are GVE (general visceral efferent) neurons, and are the preganglionic
neurons. There are several locations upon which preganglionic neurons can synapse for
their postganglionic neurons:

e Paravertebral ganglia of the sympathetic chain (these run on either side of the
vertebral bodies)

o Prevertebral ganglia (celiac ganglia, superior mesenteric ganglia, inferior
mesenteric ganglia)
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e Chromaffin cells of adrenal medulla (this is the one exception to the two-neuron
pathway rule: synapse is direct onto cell bodies)

These ganglia provide the postganglionic neurons from which innervation of target
organs follows. Examples of splanchnic (visceral) nerves are:

o Cervical cardiac nerves & thoracic visceral nerves which synapse in the
sympathetic chain

e Thoracic splanchnic nerves (greater, lesser, least) which synapse in the
prevertebral ganglion

e Lumbar splanchnic nerves which synapse in the prevertebral ganglion

e Sacral splanchnic nerves which synapse in the inferior hypogastric plexus

These all contain afferent (sensory) nerves as well, also known as GVA (general visceral
afferent) neurons.

Parasympathetic division

The parasympathetic division (craniosacral outflow) consists of cell bodies from one of
two locations: brainstem (Cranial Nerves III, VII, 1X, X) or sacral spinal cord (S2, S3,
S4). These are the preganglionic neurons, which synapse with postganglionic neurons in
these locations:

e Parasympathetic ganglia of the head (Ciliary (CN III), Submandibular (CN VII),
Pterygopalatine (CN VII), Otic (CN IX)
e In or near wall of organ innervated by Vagus (CN X)), Sacral nerves (S2, S3, S4))

These ganglia provide the postganglionic neurons from which innervations of target
organs follows. Examples are:

o The preganglionic parasympathetic splanchnic (visceral) nerves
e Vagus nerve, which wanders through the thorax and abdominal regions
innervating, among other organs, the heart, lungs, liver and stomach

Sensory neurons

The sensory arm is made of “primary visceral sensory neurons” found in the peripheral
nervous system (PNS), in “cranial sensory ganglia”: the geniculate, petrosal and nodose
ganglia, appended respectively to cranial nerves VII, IX and X. These sensory neurons
monitor the levels of carbon dioxide, oxygen and sugar in the blood, arterial pressure and
the chemical composition of the stomach and gut content. (They also convey the sense of
taste, a conscious perception). Blood oxygen and carbon dioxide are in fact directly
sensed by the carotid body, a small collection of chemosensors at the bifurcation of the
carotid artery, innervated by the petrosal (IXth) ganglion. Primary sensory neurons
project (synapse) onto “second order” or relay visceral sensory neurons located in the
medulla oblongata, forming the nucleus of the solitary tract (nTS), that integrates all
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visceral information. The nTS also receives input from a nearby chemosensory center, the
area postrema, that detects toxins in the blood and the cerebrospinal fluid and is essential
for chemically induced vomiting or conditional taste aversion (the memory that ensures
that an animal which has been poisoned by a food never touches it again). All these
visceral sensory informations constantly and unconsciously modulate the activity of the
motor neurons of the ANS

Motor neurons

Motor neurons of the ANS are also located in ganglia of the PNS, called “autonomic
ganglia”. They belong to three categories with different effects on their target organs (see
below “Function”): sympathetic, parasympathetic and enteric.

Sympathetic ganglia are located in two sympathetic chains close to the spinal cord: the
prevertebral and pre-aortic chains. Parasympathetic ganglia, in contrast, are located in
close proximity to the target organ: the submandibular ganglion close to salivary glands,
paracardiac ganglia close to the heart etc... Enteric ganglia, which as their name implies
innervate the digestive tube, are located inside its walls and collectively contain as many
neurons as the entire spinal cord, including local sensory neurons, motor neurons and
interneurons. It is the only truly autonomous part of the ANS and the digestive tube can
function surprisingly well even in isolation. For that reason the enteric nervous system
has been called “the second brain”.

The activity of autonomic ganglionic neurons is modulated by “preganglionic neurons”
(also called improperly but classically "visceral motoneurons") located in the central
nervous system. Preganglionic sympathetic neurons are in the spinal cord, at thoraco-
lumbar levels. Preganglionic parasympathetic neurons are in the medulla oblongata
(forming visceral motor nuclei: the dorsal motor nucleus of the vagus nerve (dmnX), the
nucleus ambiguus, and salivatory nuclei) and in the sacral spinal cord. Enteric neurons
are also modulated by input from the CNS, from preganglionic neurons located, like
parasympathetic ones, in the medulla oblongata (in the dmnX).

The feedback from the sensory to the motor arm of visceral reflex pathways is provided
by direct or indirect connections between the nucleus of the solitary tract and visceral
motoneurons.

Function

Sympathetic and parasympathetic divisions typically function in opposition to each other.
But this opposition is better termed complementary in nature rather than antagonistic. For
an analogy, one may think of the sympathetic division as the accelerator and the
parasympathetic division as the brake. The sympathetic division typically functions in
actions requiring quick responses. The parasympathetic division functions with actions
that do not require immediate reaction. Consider sympathetic as "fight or flight" and
parasympathetic as "rest and digest".
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However, many instances of sympathetic and parasympathetic activity cannot be ascribed
to "fight" or "rest" situations. For example, standing up from a reclining or sitting
position would entail an unsustainable drop in blood pressure if not for a compensatory
increase in the arterial sympathetic tonus. Another example is the constant, second to
second modulation of heart rate by sympathetic and parasympathetic influences, as a
function of the respiratory cycles. More generally, these two systems should be seen as
permanently modulating vital functions, in usually antagonistic fashion, to achieve
homeostasis. Some typical actions of the sympathetic and parasympathetic systems are
listed below.

Sympathetic nervous system

Promotes a "fight or flight" response, corresponds with arousal and energy generation,
and inhibits digestion.

o Diverts blood flow away from the gastro-intestinal (GI) tract and skin via
vasoconstriction.

o Blood flow to skeletal muscles and the lungs is enhanced (by as much as 1200%
in the case of skeletal muscles).

o Dilates bronchioles of the lung, which allows for greater alveolar oxygen
exchange.

o Increases heart rate and the contractility of cardiac cells (myocytes), thereby
providing a mechanism for the enhanced blood flow to skeletal muscles.

o Dilates pupils and relaxes the ciliary muscle to the lens, allowing more light to
enter the eye and far vision.

e Provides vasodilation for the coronary vessels of the heart.

o Constricts all the intestinal sphincters and the urinary sphincter.

o Inhibits peristalsis.

e Stimulates orgasm.

o Diabetes peristalsis

Parasympathetic nervous system

Promotes a "rest and digest" response, promotes calming of the nerves return to regular
function, and enhances digestion.

o Dilates blood vessels leading to the GI tract, increasing blood flow. This is
important following the consumption of food, due to the greater metabolic
demands placed on the body by the gut.

o The parasympathetic nervous system can also constrict the bronchiolar diameter
when the need for oxygen has diminished.

e Dedicated cardiac branches of the Vagus and thoracic Spinal Accessory nerves
impart Parasympathetic control of the Heart or Myocardium.

e During accommodation, the parasympathetic nervous system causes constriction
of the pupil and contraction of the ciliary muscle to the lens, allowing for closer
vision.
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o The parasympathetic nervous system stimulates salivary gland secretion, and
accelerates peristalsis, so, in keeping with the rest and digest functions,
appropriate PNS activity mediates digestion of food and indirectly, the absorption

of nutrients.

e Isalso involved in erection of genitals, via the pelvic splanchnic nerves 2—4.

e Stimulates sexual arousal.

Neurotransmitters and pharmacology

At the effector organs, sympathetic ganglionic neurons release noradrenaline
(norepinephrine), along with other cotransmitters such as ATP, to act on adrenergic
receptors, with the exception of the sweat glands and the adrenal medulla:

e Acetylcholine is the preganglionic neurotransmitter for both divisions of the ANS,
as well as the postganglionic neurotransmitter of parasympathetic neurons. Nerves
that release acetylcholine are said to be cholinergic. In the parasympathetic
system, ganglionic neurons use acetylcholine as a neurotransmitter, to stimulate

muscarinic receptors.

o At the adrenal cortex, there is no postsynaptic neuron. Instead the presynaptic
neuron releases acetylcholine to act on nicotinic receptors.

o Stimulation of the adrenal medulla releases adrenaline (epinephrine) into the
bloodstream which will act on adrenoceptors, producing a widespread increase in

sympathetic activity.

The following table reviews the actions of these neurotransmitters as a function of their

receptors.
Circulatory system

Heart

Target

cardiac output

SA node: heart rate
(chronotropic)

Atrial cardiac muscle:
contractility (inotropic)

Ventricular cardiac muscle

at AV node

Sympathetic (adrenergic)
B1, (B2): increases
B1, (B2) : increases

B1, (B2): increases
B1, (B2):

increases contractility
(inotropic)

increases cardiac muscle
automaticity

B1:

increases conduction

Parasympathetic
(muscarinic)

M2: decreases

M2: decreases

M2: decreases

M2:
decreases conduction
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increases cardiac muscle Atrioventricular block

automaticity
Blood vessels
Target Sympathetic (adrenergic) Parasympathetic (muscarinic)
vascular smooth muscle  al: contracts; 2: relaxes  M3: relaxes
renal artery al: constricts -
larger coronary arteries al and a2: constricts -
smaller coronary arteries  [2:dilates -
arteries to viscera ao: constricts ---
arteries to skin ao: constricts ---
arteries to brain al: constricts ---
arteries to erectile tissue  al: constricts M3: dilates
arteries to salivary glands a: constricts M3: dilates
hepatic artery B2: dilates -

arteries to skeletal muscle [2: dilates -
al and a2: constricts

Veins B2: dilates o

Other

Target Sympathetic (adrenergic)  Parasympathetic (muscarinic)
platelets a2: aggregates —

mast cells - histamine ~ B2: inhibits -

Respiratory system

Parasympathetic

Target Sympathetic (adrenergic) (muscarinic)

B2: relaxes (major

smooth muscles of contribution)
. . M3: contracts
bronchioles al: contracts (minor
contribution)

The bronchioles have no sympathetic innervation, but are instead affected by circulating
adrenaline

Nervous system

Target Sympathetic (adrenergic) Parasympathetic (muscarinic)
o al: contracts M3: contracts circular muscle
Pupil dilator muscle . .
(causes mydriasis) (causes miosis)
Ciliary muscle B2: relaxes M3: contracts
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(causes long-range focus)

Digestive system

Target Sympathetic (adrenergic)

f: stimulates viscous, amylase

salivary glands: secretions secretions

(causes short-range focus)

Parasympathetic
(muscarinic)

M3: stimulates watery

. . . ti
al: stimulates potassium cation secretions
lacrimal glands (tears) B: stimulates protein secretion ~ ---
kidney (renin) B1: secretes -

parietal cells -—-
al, B2: glycogenolysis,

liver ]
gluconeogenesis

adipose cells B1, B3: stimulates lipolysis

GI tract (smooth muscle) al, 02, B2: decreases

motility
sphincters of GI tract al, a2, B2: contracts
glands of GI tract no effect

Endocrine system
Target Sympathetic (adrenergic)

pancreas  o2: decreases secretion from beta cells,
(islets) increases secretion from alpha cells

adrenal N (nicotinic ACh receptor): secretes
medulla epinephrine and norepinephrine

Urinary system

M1: Gastric acid secretion

M3, (M1) : increases

M3: relaxes
M3: secretes

Parasympathetic (muscarinic)

M3 increases stimulation from
alpha cells and beta cells

Target Sympathgtlc Parasympathetlc
(adrenergic) (muscarinic)

Detrusor urinae muscle of bladder B2: relaxes M3: contracts

wall

urethral sphincter (internal) al: contracts relaxes

sphincter al: contracts; B2 M3: relaxes
relaxes

Reproductive system

Target Sympathetic (adrenergic) Parasympathetic (muscarinic)

uterus al: contracts (pregnant) .

B2: relaxes (non-pregnant)
genitalia  al: contracts (ejaculation) M3: erection
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Integumentary system

Sympathetic (muscarinic and Parasympathetic (muscarinic has

Target adrenergic) no effect on sweating)

sweat gland ~ M: stimulates (major contribution);
secretions al: stimulates (minor contribution)

arrector pili  al: stimulates ---
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Chapter 6

Neural Development

Neural development comprises the processes that generate, shape, and reshape the
nervous system, from the earliest stages of embryogenesis to the final years of life. The
study of neural development aims to describe the cellular basis of brain development and
to address the underlying mechanisms. The field draws on both neuroscience and
developmental biology to provide insight into the cellular and molecular mechanisms by
which complex nervous systems develop. Defects in neural development can lead to
cognitive, motor, and intellectual disability, as well as neurological disorders such as
autism, Rett syndrome, and mental retardation.

Overview of brain development

The brain emerges during embryonic development from the neural tube, an early
embryonic structure. The most anterior part of the neural tube is called the telencephalon,
which expands rapidly due to cell proliferation, and eventually gives rise to the brain.
Gradually some of the cells stop dividing and differentiate into neurons and glial cells,
which are the main cellular components of the brain. The newly generated neurons
migrate to different parts of the developing brain to self-organize into different brain
structures. Once the neurons have reached their regional positions, they extend axons and
dendrites, which allow them to communicate with other neurons via synapses. Synaptic
communication between neurons leads to the establishment of functional neural circuits
that mediate sensory and motor processing, and underlie behavior. The brain does most
of its development with in the first 20 years of life.
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Aspects of neural development

Some landmarks of neural development include the birth and differentiation of neurons
from stem cell precursors, the migration of immature neurons from their birthplaces in
the embryo to their final positions, outgrowth of axons and dendrites from neurons,
guidance of the motile growth cone through the embryo towards postsynaptic partners,
the generation of synapses between these axons and their postsynaptic partners, and
finally the lifelong changes in synapses, which are thought to underlie learning and
memory.

Typically, these neurodevelopmental processes can be broadly divided into two classes:
activity-independent mechanisms and activity-dependent mechanisms. Activity-
independent mechanisms are generally believed to occur as hardwired processes
determined by genetic programs played out within individual neurons. These include
differentiation, migration and axon guidance to their initial target areas. These processes
are thought of as being independent of neural activity and sensory experience. Once
axons reach their target areas, activity-dependent mechanisms come into play. Although
synapse formation is an activity-independent event, modification of synapses and synapse
elimination requires neural activity.

Developmental neuroscience uses a variety of animal models including mice Mus
musculus, the fruit fly Drosophila melanogaster, the zebrafish Danio rerio, Xenopus
laevis tadpoles and the worm Caenorhabditis elegans, among others.

Neural induction

During early embryonic development the ectoderm becomes specified to give rise to the
epidermis (skin) and the neural plate. The conversion of undifferentiated ectoderm to
neuro-ectoderm requires signals from the mesoderm. At the onset of gastrulation
presumptive mesodermal cells move through the dorsal blastopore lip and form a layer in
between the endoderm and the ectoderm. These mesodermal cells that migrate along the
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dorsal midline give rise to a structure called the notochord. Ectodermal cells overlying
the notochord develop into the neural plate in response to a diffusible signal produced by
the notochord. The remainder of the ectoderm gives rise to the epidermis (skin). The
ability of the mesoderm to convert the overlying ectoderm into neural tissue is called
Neural Induction.

The neural plate folds outwards during the third week of gestation to form the neural
groove. Beginning in the future neck region, the neural folds of this groove close to
create the neural tube. The formation of the neural tube from the ectoderm is called
Neurulation. The ventral part of the neural tube is called the basal plate; the dorsal part
is called the alar plate. The hollow interior is called the neural canal. By the end of the
fourth week of gestation, the open ends of the neural tube (the neuropores) close off.

Identification of neural inducers

A transplanted blastopore lip can convert ectoderm into neural tissue and is said to have
an inductive effect. Neural Inducers are molecules that can induce the expression of
neural genes in ectoderm explants without inducing mesodermal genes as well. Neural
induction is often studied in Xenopus embryos since they have a simple body pattern and
there are good markers to distinguish between neural and non-neural tissue. Examples of
Neural Inducers are the molecules Noggin and Chordin.

When embryonic ectodermal cells are cultured at low density in the absence of
mesodermal cells they undergo neural differentiation (express neural genes), suggesting
that neural differentiation is the default fate of ectodermal cells. In explant cultures
(which allow direct cell-cell interactions) the same cells differentiate into epidermis. This
is due to the action of BMP4 (a TGF- family protein) that induces ectodermal cultures to
differentiate into epidermis. During neural induction, Noggin and Chordin are produced
by the dorsal mesoderm (notochord) and diffuse into the overlying ectoderm to inhibit the
activity of BMP4. This inhibition of BMP4 causes the cells to differentiate into neural
cells.

Regionalization

Late in the fourth week, the superior part of the neural tube flexes at the level of the
future midbrain—the mesencephalon. Above the mesencephalon is the prosencephalon
(future forebrain) and beneath it is the rhombencephalon (future hindbrain).

The optical vesicle (which will eventually become the optic nerve, retina and iris) forms
at the basal plate of the prosencephalon. The alar plate of the prosencephalon expands to
form the cerebral hemispheres (the telencephalon) whilst its basal plate becomes the
diencephalon. Finally, the optic vesicle grows to form an optic outgrowth.
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Patterning of the nervous system

In chordates, dorsal ectoderm forms all neural tissue and the nervous system. Patterning
occurs due to specific environmental conditions - different concentrations of signaling
molecules

Dorsoventral axis

The ventral half of the neural plate is controlled by the notochord, which acts as the
'organiser'. The dorsal half is controlled by the ectoderm plate which flanks the neural
plate on either side.

Ectoderm follows a default pathway to become neural tissue. Evidence for this comes
from single, cultured cells of ectoderm which go on to form neural tissue. This is
postulated to be because of a lack of BMPs, which are blocked by the organiser. The
organiser may produce molecules such as follistatin, noggin and chordin which inhibit
BMPs.

The ventral neural tube is patterned by Sonic Hedgehog (Shh) from the notochord, which
acts as the inducing tissue. The Shh inducer causes differentiation of the floor plate. Shh-
null tissue fails to generate all cell types in the ventral tube, suggesting Shh is necessary
for its induction. The hypothesised mechanism suggests that Shh binds patched, relieving
patched inhibition of smoothened, leading to activation of glia transcription factors.

In this context Shh acts as a morphogen - it induces cell differentiation dependent on its
concentration. At low concentrations it forms ventral interneurones, at higher
concentrations it induces motor neurone development, and at highest concentrations it
induces floor plate differentiation. Failure of Shh-modulated differentiation causes
holoprosencephaly.

The dorsal neural tube is patterned by BMPs from the epidermal ectoderm flanking the
neural plate. These induce sensory interneurones by activating St/Thr kinases and altering
SMAD transcription factor levels.

Rostrocaudal (Anteroposterior) axis

Signals that control anteroposterior neural development include FGF and retinoic acid
which act in the hindbrain and spinal cord. The hindbrain, for example, is patterned by
Hox genes, which are expressed in overlapping domains along the anteroposterior axis
under the control of retinoic acid. The 3' genes in the Hox cluster are induced by retinoic
acid in the hindbrain, whereas the 5' Hox genes are not induced by retinoic acid and are
expressed more posteriorly in the spinal cord. Hoxb-1 is expressed in rhombomere 4 and
gives rise to the facial nerve. Without this Hoxb-1 expression, a nerve which is similar to
the trigeminal nerve arises.
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Neuronal migration

Corticogenesis: younger neurons migrate past older ones using radial glia as a
scaffolding. Cajal-Retzius cells (red) release reelin (orange).

Neuronal migration is the method by which neurons travel from their origin or birth place
to their final position in the brain. There are several ways they can do this, e.g. by radial
migration or tangential migration.
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Tangential migration of interneurons from ganglionic eminence

Radial migration Neuronal precursor cells proliferate in the ventricular zone of the
developing neocortex. The first postmitotic cells to migrate form the preplate which are
destined to become Cajal-Retzius cells and subplate neurons. These cells do so by somal
translocation. Neurons migrating with this mode of locomotion are bipolar and attach the
leading edge of the process to the pia. The soma is then transported to the pial surface by
nucleokinesis, a process by which a microtubule "cage" around the nucleus elongates and
contracts in association with the centrosome to guide the nucleus to its final destination.
Radial glia, whose fibers serve as a scaffolding for migrating cells, can itself divide or
translocate to the cortical plate and differentiate either into astrocytes or neurons. Somal
translocation can occur at any time during development.
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Subsequent waves of neurons split the preplate by migrating along radial glial fibres to
form the cortical plate. Each wave of migrating cells travel past their predecessors
forming layers in an inside-out manner, meaning that the youngest neurons are the closest
to the surface. It is estimated that glial guided migration represents 90% of migrating
neurons in human and about 75% in rodents.

Tangential migration Most interneurons migrate tangentially through multiple modes of
migration to reach their appropriate location in the cortex. An example of tangential
migration is the movement of interneurons from the ganglionic eminence to the cerebral
cortex. One example of ongoing tangential migration in a mature organism, observed in
some animals, is the rostral migratory stream connecting subventricular zone and
olfactory bulb.

Others modes of migration There is also a method of neuronal migration called
multipolar migration. This is seen in multipolar cells, which are abundantly present in
the cortical intermediate zone. They do not resemble the cells migrating by locomotion or
somal translocation. Instead these multipolar cells express neuronal markers and extend
multiple thin processes in various directions independently of the radial glial fibers.

Neurotrophic factors

The survival of neurons is regulated by survival factors, called trophic factors. The
neurotrophic hypothesis was formulated by Victor Hamburger and Rita Levi Montalcini
based on studies of the developing nervous system. Victor Hamburger discovered that
implanting an extra limb in the developing chick led to an increase in the number of
spinal motor neurons. Initially he thought that the extra limb was inducing proliferation
of motor neurons, but he and his colleagues later showed that there was a great deal of
motor neuron death during normal development, and the extra limb prevented this cell
death. According to the neurotrophic hypothesis, growing axons compete for limiting
amounts of target-derived trophic factors and axons that neurons that fail to receive
insufficient trophic support die by apoptosis. It is now clear that factors produced by a
number of sources contribute to neuronal survival.

Nerve Growth Factor (NGF): Rita Levi Montalcini and Stanley Cohen purified the first
trophic factor, Nerve Growth Factor (NGF), for which they received the Nobel Prize.
There are three NGF-related trophic factors: BDNF, NT3, and NT4, which regulate
survival of various neuronal populations. The Trk proteins act as receptors for NGF and
related factors. Trk is a receptor tyrosine kinase. Trk dimerization and phosphorylation
leads to activation of various intracellular signaling pathways including the MAP kinase,
Akt, and PKC pathways.

CNTF: Ciliary neurotrophic factor is another protein that acts as a survival factor for
motor neurons. CNTF acts via a receptor complex that includes CNTFRa, GP130, and
LIFRp. Activation of the receptor leads to phosphorylation and recruitment of the JAK
kinase, which in turn phosphorylates LIFRP. LIFRp acts as a docking site for the STAT
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transcription factors. JAK kinase phosphorylates STAT proteins, which dissociate from
the receptor and translocate to the nucleus to regulate gene expression.

GDNF: Glial derived neurotrophic factor is a member of the TGFb family of proteins,
and is a potent trophic factor for striatal neurons. The functional receptor is a
heterodimer, composed of type 1 and type 2 receptors. Activation of the type 1 receptor
leads to phosphorylation of Smad proteins, which translocate to the nucleus to activate
gene expression.

Synapse formation

Neuromuscular junction Much of our understanding of synapse formation comes from
studies at the neuromuscular junction. The transmitter at this synapse is acetylcholine.
The acetylcholine receptor (AchR) is present at the surface of muscle cells before
synapse formation. The arrival of the nerve induces clustering of the receptors at the
synapse. McMahan and Sanes showed that the synaptogenic signal is concentrated at the
basal lamina. They also showed that the synaptogenic signal is produced by the nerve,
and they identified the factor as Agrin. Agrin induces clustering of AchRs on the muscle
surface and synapse formation is disrupted in agrin knockout mice. Agrin transuces the
signal via MuSK receptor to rapsyn. Fischbach and colleagues showed that receptor
subunits are selectively transcribed from nuclei next to the synaptic site. This is mediated
by neuregulins.

In the mature synapse each muscle fiber is innervated by one motor neuron. However,
during development many of the fibers are innervated by multiple axons. Lichtman and
colleagues have studied the process of synapses elimination. This is an activity-dependent
event. Partial blockage of the receptor leads to retraction of corresponding presynaptic
terminals.

CNS synapses Agrin appears not to be a central mediator of CNS synapse formation and
there is active interest in identifying signals that mediate CNS synaptogenesis. Neurons
in culture develop synapses that are similar to those that form in vivo, suggesting that
synaptogenic signals can function properly in vitro. CNS synaptogenesis studies have
focused mainly on glutamatergic synapses. Imaging experiments show that dendrites are
highly dynamic during development and often initiate contact with axons. This is
followed by recruitment of postsynaptic proteins to the site of contact. Stephen Smith and
colleagues have shown that contact initiated by dendritic filopodia can develop into
synapses.

Induction of synapse formation by glial factors: Barres and colleagues made the
observation that factors in glial conditioned media induce synapse formation in retinal
ganglion cell cultures. Synapse formation in the CNS is correlated with astrocyte
differentiation suggesting that astrocytes might provide a synaptogenic factor. The
identity of the astrocytic factors is not yet known.
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Neuroligins and SynCAM as synaptogenic signals: Sudhof, Serafini, Scheiffele and
colleagues have shown that neuroligins and SynCAM can act as factors that will induce
presynaptic differentiation. Neuroligins are concentrated at the postsynaptic site and act
via neurexins concentrated in the presynaptic axons. SynCAM is a cell adhesion
molecule that is present in both pre- and post-synaptic membranes.

Synapse elimination

Several motorneurones compete for each neuromuscular junction, but only one survives
till adulthood. Competition in vitro has been shown to involve a limited neurotrophic
substance that is released, or that neural activity infers advantage to strong post-synaptic
connections by giving resistance to a toxin also released upon nerve stimulation. /n vivo it
is suggested that muscle fibres select the strongest neuron through a retrograde signal.
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Chapter 7
Glial Cell

Neuroglia of the brain shown by Golgi's method

Astrocytes can be identified in culture because, unlike other mature glia, they express
glial fibrillary acidic protein.
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Glial cells in a rat brain stained with an antibody against GFAP
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Neoplastic glial cells stained with an antibody against GFAP (brown). Brain biopsy.

Glial cells, sometimes called neuroglia or simply glia (Greek for "glue"), are non-
neuronal cells that maintain homeostasis, form myelin, and provide support and
protection for the brain's neurons. In the human brain, there is roughly one glia for every
neuron with a ratio of about two neurons for every three glia in the cerebral gray matter.

As the Greek name implies, glia are commonly known as the glue of the nervous system;
however, this is not fully accurate. The four main functions of glial cells are to surround
neurons and hold them in place, to supply nutrients and oxygen to neurons, to insulate
one neuron from another, and to destroy pathogens and remove dead neurons. They also
modulate neurotransmission.

Functions

Some glial cells function primarily as the physical support for neurons. Others regulate
the internal environment of the brain, especially the fluid surrounding neurons and their
synapses, and nutrify neurons. During early embryogenesis, glial cells direct the
migration of neurons and produce molecules that modify the growth of axons and
dendrites. Recent research indicates that glial cells of the hippocampus and cerebellum
participate in synaptic transmission, regulate the clearance of neurotransmitters from the
synaptic cleft, release factors such as ATP, which modulate presynaptic function, and
even release neurotransmitters themselves.
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Glial cells are known to be capable of mitosis. By contrast, scientific understanding of
whether neurons are permanently post-mitotic, or capable of mitosis, is still developing.
In the past, glia had been considered to lack certain features of neurons. For example,
glial cells were not believed to have chemical synapses or to release neurotransmitters.
They were considered to be the passive bystanders of neural transmission. However,
recent studies have shown this to be untrue.

For example, astrocytes are crucial in clearance of neurotransmitter from within the
synaptic cleft, which provides distinction between arrival of action potentials and
prevents toxic build-up of certain neurotransmitters such as glutamate (excitotoxicity). It
is also thought that glia play a role in Alzheimer's disease. Furthermore, at least in vitro,
astrocytes can release neurotransmitter glutamate in response to certain stimulation.
Another unique type of glial cell, the oligodendrocyte precursor cells or OPCs, have very
well-defined and functional synapses from at least two major groups of neurons. The only
notable differences between neurons and glial cells are neurons' possession of axons and
dendrites, and capacity to generate action potentials.

Glia ought not to be regarded as 'glue' in the nervous system as the name implies; rather,
they are more of a partner to neurons. They are also crucial in the development of the
nervous system and in processes such as synaptic plasticity and synaptogenesis. Glia
have a role in the regulation of repair of neurons after injury. In the CNS, glia suppresses
repair. Glial cells known as astrocytes enlarge and proliferate to form a scar and produce
inhibitory molecules that inhibit regrowth of a damaged or severed axon. In the PNS,
glial cells known as Schwann cells promote repair. After axonal injury, Schwann cells
regress to an earlier developmental state to encourage regrowth of the axon. This
difference between PNS and CNS raises hopes for the regeneration of nervous tissue in
the CNS. For example a spinal cord may be able to be repaired following injury or
severance.

Types
Microglia

Microglia are like specialized macrophages capable of phagocytosis that protect neurons
of the central nervous system. They are derived from hematopoietic precursors rather
than ectodermal tissue; they are commonly categorized as such because of their
supportive role to neurons.

These cells comprise approximately 15% of the total cells of the central nervous system.
They are found in all regions of the brain and spinal cord. Microglial cells are small
relative to macroglial cells, with changing shapes and oblong nuclei. They are mobile
within the brain and multiply when the brain is damaged. In the healthy central nervous
system, microglia processes constantly sample all aspects of their environment (neurons,
macroglia and blood vessels).
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Macroglia

Location Name

CNS

CNS

CNS

Astrocytes

Oligodendrocytes

Ependymal cells

Description

The most abundant type of macroglial cell, astrocytes (also
called astroglia) have numerous projections that anchor
neurons to their blood supply. They regulate the external
chemical environment of neurons by removing excess ions,
notably potassium, and recycling neurotransmitters released
during synaptic transmission. The current theory suggests
that astrocytes may be the predominant "building blocks" of
the blood-brain barrier. Astrocytes may regulate
vasoconstriction and vasodilation by producing substances
such as arachidonic acid, whose metabolites are vasoactive.

Astrocytes signal each other using calcium. The gap
junctions (also known as electrical synapses) between
astrocytes allow the messenger molecule IP3 to diffuse from
one astrocyte to another. IP3 activates calcium channels on
cellular organelles, releasing calcium into the cytoplasm.
This calcium may stimulate the production of more IP3. The
net effect is a calcium wave that propagates from cell to cell.
Extracellular release of ATP, and consequent activation of
purinergic receptors on other astrocytes, may also mediate
calcium waves in some cases.

In general, there are two types of astrocytes, protoplasmic
and fibrous, similar in function but distinct in morphology
and distribution. Protoplasmic astrocytes have short, thick,
highly branched processes and are typically found in gray
matter. Fibrous astrocytes have long, thin, less branched
processes and are more commonly found in white matter.

It has recently been shown that astrocyte activity is linked to
blood flow in the brain, and that this is what is actually being
measured in fMRI.

Oligodendrocytes are cells that coat axons in the central
nervous system (CNS) with their cell membrane forming a
specialized membrane differentiation called myelin,
producing the so-called myelin sheath. The myelin sheath
provides insulation to the axon that allows electrical signals
to propagate more efficiently.

Ependymal cells, also named ependymocytes, line the
cavities of the CNS and make up the walls of the ventricles.
These cells create and secrete cerebrospinal fluid(CSF) and
beat their cilia to help circulate that CSF and make up the
Blood-CSF barrier. They are also thought to act as neural
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stem cells.

Radial glia cells arise from neuroepithelial cells after the
onset of neurogenesis. Their differentiation abilities are more
restricted than those of neuroepithelial cells. In the
developing nervous system, radial glia function both as
neuronal progenitors and as a scaffold upon which newborn

CNS Radial glia neurons migrate. In the mature brain, the cerebellum and
retina retain characteristic radial glial cells. In the
cerebellum, these are Bergmann glia, which regulate
synaptic plasticity. In the retina, the radial Miiller cell is the
principal glial cell, and participates in a bidirectional
communication with neurons.

Similar in function to oligodendrocytes, Schwann cells
provide myelination to axons in the peripheral nervous
system (PNS). They also have phagocytotic activity and
clear cellular debris that allows for regrowth of PNS neurons.

PNS Schwann cells

Satellite glial cells are small cells that surround neurons in
sensory, sympathetic and parasympathetic ganglia. These
cells help regulate the external chemical environment. Like
astrocytes, they are interconnected by gap junctions and
respond to ATP by elevating intracellular concentration of
calcium ions. They are highly sensitive to injury and
inflammation, and appear to contribute to pathological states,
such as chronic pain.

PNS Satellite cells

Are found in the intrinsic ganglia of the digestive
system.They are thought to have many roles in the enteric
system, some related to homeostasis and muscular digestive
processes.

PNS Enteric glial cells

Capacity to divide

Glia retain the ability to undergo cell division in adulthood, whereas most neurons
cannot. The view is based on the general deficiency of the mature nervous system in
replacing neurons after an injury, such as a stroke or trauma, while very often there is a
profound proliferation of glia, or gliosis near or at the site of damage. However, detailed
studies found no evidence that 'mature' glia, such as astrocytes or oligodendrocytes, retain
the ability of mitosis. Only the resident oligodendrocyte precursor cells seem to keep this
ability after the nervous system matures. On the other hand, there are a few regions in the
mature nervous system, such as the dentate gyrus of the hippocampus and the
subventricular zone, where generation of new neurons can be observed.

Embryonic development

Most glia are derived from ectodermal tissue of the developing embryo, in particular the
neural tube and crest. The exception is microglia, which are derived from hemopoietic
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stem cells. In the adult, microglia are largely a self-renewing population and are distinct
from macrophages and monocytes, which infiltrate the injured and diseased CNS.

In the central nervous system, glia develop from the ventricular zone of the neural tube.
These glia include the oligodendrocytes, ependymal cells, and astrocytes. In the
peripheral nervous system, glia derive from the neural crest. These PNS glia include
Schwann cells in nerves and satellite glial cells in ganglia.

History

Glia were discovered in 1846 by the pathologist Rudolf Virchow in his search for a
'connective tissue' in the brain.

Numbers

The human brain contains roughly equal numbers of glial cells and neurons with 84.6
billion glia and 86.1 billion neurons. The ratio differs between its different parts. The
glia/neuron ratio in the cerebral cortex is 3.72(60.84 billion glia; 16.34 billion neurons)
while that of the cerebellum is only 0.23 (16.04 billion glia; 69.03 billion neurons). The
ratio in the cerebral cortex gray matter is 1.48 (the white matter part has few neurons).
The ratio of the basal ganglia, diencephalon and brainstem combined is 11.35.

Most cerebral cortex glia are oligodendrocytes (75.6%) then astrocytes (17.3%) and least
for microglia (6.5%)

The amount of brain tissue that is made up of glia cells increases with brain size: the

nematode brain contains only a few glia, a fruitfly's brain is 25% glia, that of a mouse,
65%, a human, 90%, and an elephant, 97%.
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Additional images

Oligodendrocyte

WORLD TECHNOLOGIES




Neuroglial cells
Ependymal cells

Section of central canal of medulla spinalis, showing ependymal and neuroglial cells
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Chapter 8

Neurology

rm

Neurology (from Greek veUpov, neuron, "nerve"; and -Aoyia, '-logia', "'study of") is a
medical specialty dealing with disorders of the nervous system. Specifically, it deals with
the diagnosis and treatment of all categories of disease involving the central, peripheral,
and autonomic nervous systems, including their coverings, blood vessels, and all effector
tissue, such as muscle. The corresponding surgical specialty is neurosurgery. A
neurologist is a physician who specializes in neurology, and is trained to investigate, or
diagnose and treat neurological disorders. Pediatric neurologists treat neurological
disease in children. Neurologists may also be involved in clinical research, clinical trials,
as well as basic research and translational research.

Neurology is the medical application of neuroscience which is the scientific study of the
nervous system.

Field of work

A large number of Neurological disorders have been described. These can affect the
central nervous system (brain and spinal cord), the peripheral nervous system, or the
autonomic nervous system.

Qualifications

In the United States and Canada, neurologists are physicians who have completed
postgraduate training in neurology after graduation from medical school. Neurologists
complete, on average, at least 10-12 years of college education and clinical training. This
training includes obtaining a four-year undergraduate degree, a medical degree, which is
an additional four years, and then completing a three or four-year residency in neurology.
The four-year residency consists of one year of internal medicine training followed by
three years of training in neurology. One and two year fellowships are available
following completion of the neurology residency if desired.

Many neurologists also have additional subspecialty training (fellowships) after
completing their residency in one area of neurology such as stroke or vascular neurology,
interventional neurology, epilepsy, neuromuscular, neurorehabilitation, behavioral
neurology, sleep medicine, pain management, neuroimmunology, clinical
neurophysiology, or movement disorders.
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In Germany, a compulsory year of psychiatry must be done to complete a residency of
neurology.

In the United Kingdom and Ireland, neurology is a subspecialty of general (internal)
medicine. After five to nine years of medical school and a year as a pre-registration house
officer (or two years on the Foundation Programme) a neurologist must pass the
examination for Membership of the Royal College of Physicians (or the Irish equivalent)
before entering specialist training in neurology. A generation ago some neurologists
would also spend a couple of years working in psychiatric units and obtain a Diploma in
Psychological Medicine, but that became uncommon and now that a basic psychiatric
qualification takes three years to obtain it is no longer practical. A period of research is
essential, and obtaining a higher degree aids career progression: many found it was eased
after an attachment to the Institute of Neurology at Queen Square in London. Some
neurologists enter the field of rehabilitation medicine (known as physiatry in the US) to
specialise in neurological rehabilitation, which may include stroke medicine as well as
brain injuries.

Testing examinations

During a neurological examination, the neurologist reviews the patient's health history
with special attention to the current condition. The patient then takes a neurological
exam. Typically, the exam tests mental status, function of the cranial nerves (including
vision), strength, coordination, reflexes and sensation. This information helps the
neurologist determine if the problem exists in the nervous system and the clinical
localization. Localization of the pathology is the key process by which neurologists
develop their differential diagnosis. Further tests may be needed to confirm a diagnosis
and ultimately guide therapy and appropriate management.

Clinical tasks
General caseload

Neurologists are responsible for the diagnosis, treatment, and management of all the
above conditions. When surgical intervention is required, the neurologist may refer the
patient to a neurosurgeon. In some countries, additional legal responsibilities of a
neurologist may include making a finding of brain death when it is suspected that a
patient is deceased. Neurologists frequently care for people with hereditary (genetic)
diseases when the major manifestations are neurological, as is frequently the case.
Lumbar punctures are frequently performed by neurologists. Some neurologists may
develop an interest in particular subfields, such as dementia, movement disorders,
headaches, epilepsy, sleep disorders, chronic pain management, multiple sclerosis or
neuromuscular diseases.
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Overlapping areas

There is some overlap with other specialties, varying from country to country and even
within a local geographic area. Acute head trauma is most often treated by
neurosurgeons, whereas sequelae of head trauma may be treated by neurologists or
specialists in rehabilitation medicine. Although stroke cases have been traditionally
managed by internal medicine or hospitalists, the emergence of vascular neurology and
interventional neurologists has created a demand for stroke specialists. The establishment
of JCAHO certified stroke centers has increased the role of neurologists in stroke care in
many primary as well as tertiary hospitals. Some cases of nervous system infectious
diseases are treated by infectious disease specialists. Most cases of headache are
diagnosed and treated primarily by general practitioners, at least the less severe cases.
Similarly, most cases of sciatica and other mechanical radiculopathies are treated by
general practitioners, though they may be referred to neurologists or a surgeon
(neurosurgeons or orthopedic surgeons). Sleep disorders are also treated by
pulmonologists and psychiatrists. Cerebral palsy is initially treated by pediatricians, but
care may be transferred to an adult neurologist after the patient reaches a certain age. In
the United Kingdom and other countries, many of the conditions encountered by older
patients such as movement disorders including Parkinson's Disease, stroke, dementia or
gait disorders are managed predominantly by specialists in geriatric medicine.

Clinical neuropsychologists are often called upon to evaluate brain-behavior relationships
for the purpose of assisting with differential diagnosis, planning rehabilitation strategies,
documenting cognitive strengths and weaknesses, and measuring change over time (e.g.,
for identifying abnormal aging or tracking the progression of a dementia).

Relationship to clinical neurophysiology

In some countries, e.g. USA and Germany, neurologists may specialize in clinical
neurophysiology, the field responsible for EEG, nerve conduction studies, EMG and
evoked potentials. In other countries, this is an autonomous specialty (e.g. United
Kingdom, Sweden).

Overlap with psychiatry

Although many mental illnesses are believed to be neurological disorders affecting the
central nervous system, traditionally they are classified separately, and treated by
psychiatrists. In a 2002 review article in the American Journal of Psychiatry, Professor
Joseph B. Martin, Dean of Harvard Medical School and a neurologist by training, wrote
that the separation of the two categories is arbitrary, often influenced by beliefs rather
than proven scientific observations. And the fact that the brain and mind are one makes
the separation artificial anyway.

There are strong indications that neurochemical mechanisms play an important role in the

development of, for instance, bipolar disorder and schizophrenia. Also, "neurological"
diseases often have "psychiatric" manifestations, such as post-stroke depression,
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depression and dementia associated with Parkinson's disease, mood and cognitive
dysfunctions in Alzheimer's disease and Huntington disease, to name a few. Hence, there
is no sharp distinction between neurology and psychiatry on a biological basis — this
distinction has mainly practical reasoning and strong historical roots (such as the
dominance of Freud's psychoanalytic theory in the first three quarters of the 20th
century — which has since then been largely replaced by the focus on neurosciences —
aided by the tremendous advances in genetics and neuroimaging.)

Cosmetic Neurology
The emerging field of cosmetic neurology highlights the potential of therapies to improve
such things as workplace efficacy, attention in school, and overall happiness in personal

lives. However, this field has also given rise to questions about neuroethics and the
psychopharmacology of "lifestyle drugs".
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Chapter 9

Biological Neural Network
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From "Texture of the Nervous System of Man and the Vertebrates" by Santiago Ramén y
Cajal. The figure illustrates the diversity of neuronal morphologies in the auditory cortex.
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In neuroscience, a neural network describes a population of physically interconnected
neurons or a group of disparate neurons whose inputs or signalling targets define a
recognizable circuit. Communication between neurons often involves an electrochemical
process. The interface through which they interact with surrounding neurons usually
consists of several dendrites (input connections), which are connected via synapses to
other neurons, and one axon (output connection). If the sum of the input signals surpasses
a certain threshold, the neuron sends an action potential (AP) at the axon hillock and
transmits this electrical signal along the axon.

In contrast, a neuronal circuit is a functional entity of interconnected neurons that
influence each other (similar to a control loop in cybernetics).

Early study

Early treatments of neural networks can be found in Herbert Spencer's Principles of
Psychology, 3rd edition (1872), Theodor Meynert's Psychiatry (1884), William James'
Principles of Psychology (1890), and Sigmund Freud's Project for a Scientific
Psychology (composed 1895). The first rule of neuronal learning was described by Hebb
in 1949, Hebbian learning. Thus, Hebbian pairing of pre-synaptic and post-synaptic
activity can substantially alter the dynamic characteristics of the synaptic connection and
therefore facilitate or inhibit signal transmission. The neuroscientists Warren Sturgis
McCulloch and Walter Pitts published the first works on the processing of neural
networks called "What the frog's eye tells to the frog's brain." They showed theoretically
that networks of artificial neurons could implement logical, arithmetic, and symbolic
functions. Simplified models of biological neurons were set up, now usually called
perceptrons or artificial neurons. These simple models accounted for neural summation,
i.e., potentials at the post-synaptic membrane will summate in the cell body. Later models
also provided for excitatory and inhibitory synaptic transmission.

Connections between neurons

The connections between neurons are much more complex than those implemented in
neural computing architectures. The basic kinds of connections between neurons are
chemical synapses and electrical gap junctions. One principle by which neurons work is
neural summation, i.e. potentials at the post synaptic membrane will sum up in the cell
body. If the depolarization of the neuron at the axon goes above threshold an action
potential will occur that travels down the axon to the terminal endings to transmit a signal
to other neurons. Excitatory and inhibitory synaptic transmission is realized mostly by
inhibitory postsynaptic potentials and excitatory postsynaptic potentials.

On the electrophysiological level, there are various phenomena which alter the response
characteristics of individual synapses (called synaptic plasticity) and individual neurons
(intrinsic plasticity). These are often divided into short-term plasticity and long-term
plasticity. Long-term synaptic plasticity is often contended to be the most likely memory
substrate. Usually the term "plasticity" refers to changes in the brain that are caused by
activity or experience.
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Connections display temporal and spatial characteristics. Temporal characteristics refer to
the continuously modified activity-dependent efficacy of synaptic transmission, called
spike-dependent synaptic plasticity. It has been observed in several studies that the
synaptic efficacy of this transmission can undergo short-term increase (called facilitation)
or decrease (depression) according to the activity of the presynaptic neuron. The
induction of long-term changes in synaptic efficacy, by long-term potentiation (LTP) or
depression (LTD), depends strongly on the relative timing of the onset of the EPSP
generated by the pre-synaptic AP, and the post-synaptic action potential. LTP is induced
by a series of action potentials which cause a variety of biochemical responses.
Eventually the reactions cause the insertion of new receptors into the cellular membrane
of the dendrites, or serve to increase the efficacy of the receptors through
phosphorylation.

Backpropagating APs are impossible because after an action potential travels down a
given segment of the axon, the voltage gated sodium channels' (Na+ channels) m gate
becomes closed, thus blocking any transient opening of the h gate from causing a change
in the intracellular [Na+], and hence preventing the generation of an action potential back
towards the cell body. In some cells, however, neural backpropagation does occur
through the dendritic arbor and may have important effects on synaptic plasticity and
computation.

A neuron in the brain requires a single impulse to a neuromuscular junction to fire for the
contraction of the postsynaptic muscle cell. In the spinal cord, however, at least 75
afferent neurons are required to produce firing. This picture is further complicated by
variation in time constant between neurons, as some cells can experience their EPSPs
over a wider period of time than others.

While in synapses in the developing brain synaptic depression has been particularly
widely observed it has been speculated that it changes to facilitation in adult brains.

Representations in neural networks

A receptive field is a small region within the entire visual field. Any given neuron only
responds to a subset of stimuli within its receptive field. This property is called tuning.
As for vision, in the earlier visual areas, neurons have simpler tuning. For example, a
neuron in V1 may fire to any vertical stimulus in its receptive field. In the higher visual
areas, neurons have complex tuning. For example, in the fusiform gyrus, a neuron may
only fire when a certain face appears in its receptive field. It is also known that many
parts of the brain generate patterns of electrical activity that correspond closely to the
layout of the retinal image (this is known as retinotopy). It seems further that imagery
that originates from the senses and internally generated imagery may have a shared
ontology at higher levels of cortical processing. About many parts of the brain some
characterization has been made as to what tasks are correlated with its activity.

In the brain, memories are very likely represented by patterns of activation amongst
networks of neurons. However, how these representations are formed, retrieved and reach
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conscious awareness is not completely understood. Cognitive processes that characterize
human intelligence are mainly ascribed to the emergent properties of complex dynamic
characteristics in the complex systems that constitute neural networks. Therefore, the
study and modeling of these networks have attracted broad interest under different
paradigms and many different theories have been formulated to explain various aspects of
their behavior. One of these — and the subject of several theories — is considered a
special property of a neural network: the ability to learn complex patterns.

Philosophical issues

Today most researchers believe in representations of some kind (representationalism) or,
more general, in particular mental states (cognitivism). For instance, perception can be
viewed as information processing through transfer information from the world into the
brain/mind where it is further processed and related to other information (cognitive
processes). Few others envisage a direct path back into the external world in the form of
action (radical behaviorism).

Another issue, called the binding problem, relates to the question of how the activity of
more or less distinct populations of neurons dealing with different aspects of perception
are combined to form a unified perceptual experience and have qualia.

Neuronal networks are not full reconstructions of any cognitive system found in the
human brain, and are therefore unlikely to form a complete representation of human
perception. Some researchers argue that human perception must be studied as a whole;
hence, the system cannot be taken apart and studied without destroying its original
functionality. Furthermore, there is evidence that cognition is gained through a well-
orchestrated barrage of sub-threshold synaptic activity throughout the network.

Study methods

Different neuroimaging techniques have been developed to investigate the activity of
neural networks. The use of "brain scanners" or functional neuroimaging to investigate
the structure or function of the brain is common, either as simply a way of better
assessing brain injury with high resolution pictures, or by examining the relative
activations of different brain areas. Such technologies may include fMRI (functional
magnetic resonance imaging), PET (positron emission tomography) and CAT (computed
axial tomography). Functional neuroimaging uses specific brain imaging technologies to
take scans from the brain, usually when a person is doing a particular task, in an attempt
to understand how the activation of particular brain areas is related to the task. In
functional neuroimaging, especially fMRI, which measures hemodynamic activity that is
closely linked to neural activity, PET, and electroencephalography (EEG) is used.

Connectionist models serve as a test platform for different hypotheses of representation,
information processing, and signal transmission. Lesioning studies in such models, e.g.
artificial neural networks, where parts of the nodes are deliberately destroyed to see how
the network performs, can also yield important insights in the working of several cell
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assemblies. Similarly, simulations of dysfunctional neurotransmitters in neurological
conditions (e.g., dopamine in the basal ganglia of Parkinson's patients) can yield insights
into the underlying mechanisms for patterns of cognitive deficits observed in the
particular patient group. Predictions from these models can be tested in patients and/or
via pharmacological manipulations, and these studies can in turn be used to inform the
models, making the process recursive.
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Chapter 10

Spinal Cord

The spinal cord nested in the vertebral column
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A closer look at the spinal cord
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Gray matter

1. Anterior horn
2. Posterior horn
3. Gray commisurg

White matter

4. Anterior funiculus 10, Central canal

5. Lateral funiculus 11. Antericr root

6. Posterior funiculus 12. Posterior root

7. Anterior commisure 13. Dorsal root ganglion

8. Anterior median fissure
9. Posterior median sulcus

Cross-section through cervical spinal cord
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Sulcii
s1) Dorsal-Median Sulcus
s2) Dorsal-Intermediate 5.
s3] Dorsolateral 5.

s4) Ventral-Median 5.

s3] Ventrolateral 5.

Rexed Lamina
a) Lissauer's Tract

b) Marginal Zone

c) Substantia Gelatinosa
d) Body of Dorsal Horn
e) Intermediate Horn

f) wventral Horn

g) Central Canal

h) Lower Motor Meurons

~-

Gray matter's rexed lamina

Ectoderm Induces Dorsal
Alar (roof) Plate with BMPs

BMP - Dorsal - Sensory

DORSAL

Spinal

MNerve

VENTRAL

SHH = Ventral = Motor

Motochord and Mesechyme Induces Ventral
Basal (floor) Plate with Sonic Hedgehog (SHH)

Spinal cord development of the alar and basal plates
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pathways (red) (afferent) pathw ays

1 Sensory and ascending
(blue)

Motor and descending (efferent)l

Pyramidal racts
- Lateral corticospinal fract
- Anterior corticospinal tract

Dorsal Column Medial
Lemniscus System

Gracile fasciculus
Cuneate fasciculus

Extrapyramidal Tracts
- Rubrospinal tract
- Reticulospinal tracts
- Qlivospinal tract
- Vestibulospinal tract

Spinocerebellar Tracts
Posterior spinocerebellar tract
Anterior spinocerebellar tract

Anterolateral System
Lateral spinothalamic tract

Anterior spinothalamic tract

Spino-olivary fibers

Spinal cord tracts

Divisions of Spinal Segments

CI1 {Atlas)
C2 {Axis)
Lo ]
4
s

s sacram

Coceyx

Segmental Spinal Cord Level and Function
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Level
C1-Cé6
C1-T1

C3, C4, C5

Cs, Co6

Ceé, C7
C7, T1
C7, T1
T1-Té6
T7-L1

L1, L2, L3,
L4

L2, L3, L4
L4, L5, S1
L5, S1, S2
L2, L3, L4

L4, L5, S1,
S2

L4, L5, S1
L4, L5, S1
LS, S1, S2
LS, S1, S2

Function

Neck flexors

Neck extensors

Supply diaphragm (mostly C4)

Shoulder movement, raise arm (deltoid); flexion of elbow (biceps); C6
externally rotates the arm (supinates)

Extends elbow and wrist (triceps and wrist extensors); pronates wrist
Flexes wrist

Supply small muscles of the hand

Intercostals and trunk above the waist

Abdominal muscles
Thigh flexion

Thigh adduction
Thigh abduction
Extension of leg at the hip (gluteus maximus)

Extension of leg at the knee (quadriceps femoris)
Flexion of leg at the knee (hamstrings)

Dorsiflexion of foot (tibialis anterior)
Extension of toes
Plantar flexion of foot

Flexion of toes

The spinal cord is a long, thin, tubular bundle of nervous tissue and support cells that
extends from the brain (the medulla oblongata specifically). The brain and spinal cord
together make up the central nervous system. The spinal cord begins at the Occipital bone
and extends down to the space between the first and second lumbar vertebrae; it does not
extend the entire length of the vertebral column. It is around 45 ¢cm (18 in) in men and
around 43 cm (17 in) long in women. Also, the spinal cord has a varying width, ranging
from 1/2 inch thick in the cervical and lumbar regions to 1/4 inch thick in the thoracic
area. The enclosing bony vertebral column protects the relatively shorter spinal cord. The
spinal cord functions primarily in the transmission of neural signals between the brain
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and the rest of the body but also contains neural circuits that can independently control
numerous reflexes and central pattern generators. The spinal cord has three major
functions: A. Serve as a conduit for motor information, which travels down the spinal
cord. B. Serve as a conduit for sensory information, which travels up the spinal cord. C.
Serve as a center for coordinating certain reflexes.

Structure

The spinal cord is the main pathway for information connecting the brain and peripheral
nervous system. The length of the spinal cord is much shorter than the length of the bony
spinal column. The human spinal cord extends from the medulla oblongata and continues
through the conus medullaris near the first or second lumbar vertebra, terminating in a
fibrous extension known as the filum terminale.

It is about 45 cm (18 in) long in men and around 43 cm (17 in) in women, ovoid-shaped,
and is enlarged in the cervical and lumbar regions. The cervical enlargement, located
from C4 to T1, is where sensory input comes from and motor output goes to the arms.
The lumbar enlargement, located between T9 and T12, handles sensory input and motor
output coming from and going to the legs. You should notice that the name is somewhat
misleading. However, this region of the cord does indeed have branches that extend to the
lumbar region.

The spinal cord is protected by three layers of tissue, called spinal meninges, that
surround the canal. The dura mater is the outermost layer, and it forms a tough protective
coating. Between the dura mater and the surrounding bone of the vertebrae is a space
called the epidural space. The epidural space is filled with adipose tissue, and it contains
a network of blood vessels. The arachnoid mater is the middle protective layer. Its name
comes from the fact that the tissue has a spiderweb-like appearance. The space between
the arachnoid and the underlyng pia mater is called the subarachnoid space. The
subarachnoid space contains cerebrospinal fluid (CSF). The medical procedure known as
a lumbar puncture (or spinal tap) involves use of a needle to withdraw cerebrospinal fluid
from the subarachnoid space, usually from the lumbar region of the spine. The pia mater
is the innermost protective layer. It is very delicate and it is tightly associated with the
surface of the spinal cord. The cord is stabilized within the dura mater by the connecting
denticulate ligaments, which extend from the enveloping pia mater laterally between the
dorsal and ventral roots. The dural sac ends at the vertebral level of the second sacral
vertebra.

In cross-section, the peripheral region of the cord contains neuronal white matter tracts
containing sensory and motor neurons. Internal to this peripheral region is the gray,
butterfly-shaped central region made up of nerve cell bodies. This central region
surrounds the central canal, which is an anatomic extension of the spaces in the brain
known as the ventricles and, like the ventricles, contains cerebrospinal fluid.

The spinal cord has a shape that is compressed dorso-ventrally, giving it an elliptical
shape. The cord has grooves in the dorsal and ventral sides. The posterior median sulcus
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is the groove in the dorsal side, and the anterior median fissure is the groove in the
ventral side.

Spinal cord segments

The human spinal cord is divided into 31 different segments. At every segment, right and
left pairs of spinal nerves (mixed; sensory and motor) form. Six to eight motor nerve
rootlets branch out of right and left ventro lateral sulci in a very orderly manner. Nerve
rootlets combine to form nerve roots. Likewise, sensory nerve rootlets form off right and
left dorsal lateral sulci and form sensory nerve roots. The ventral (motor) and dorsal
(sensory) roots combine to form spinal nerves (mixed; motor and sensory), one on each
side of the spinal cord. Spinal nerves, with the exception of C1 and C2, form inside
intervertebral foramen (IVF). Note that at each spinal segment, the border between the
central and peripheral nervous system can be observed. Rootlets are a part of the
peripheral nervous system.

In the upper part of the vertebral column, spinal nerves exit directly from the spinal cord,
whereas in the lower part of the vertebral column nerves pass further down the column
before exiting. The terminal portion of the spinal cord is called the conus medullaris. The
pia mater continues as an extension called the filum terminale, which anchors the spinal
cord to the coccyx. The cauda equina (“horse’s tail”) is the name for the collection of
nerves in the vertebral column that continue to travel through the vertebral column below
the conus medullaris. The cauda equina forms as a result of the fact that the spinal cord
stops growing in length at about age four, even though the vertebral column continues to
lengthen until adulthood. This results in the fact that sacral spinal nerves actually
originate in the upper lumbar region. The spinal cord can be anatomically divided into 31
spinal segments based on the origins of the spinal nerves.

Each segment of the spinal cord is associated with a pair of ganglia, called dorsal root
ganglia, which are situated just outside of the spinal cord. These ganglia contain cell
bodies of sensory neurons. Axons of these sensory neurons travel into the spinal cord via
the dorsal roots.

Ventral roots consist of axons from motor neurons, which bring information to the
periphery from cell bodies within the CNS. Dorsal roots and ventral roots come together
and exit the intervertebral foramina as they become spinal nerves.

The gray matter, in the center of the cord, is shaped like a butterfly and consists of cell
bodies of interneurons and motor neurons. It also consists of neuroglia cells and
unmyelinated axons. Projections of the gray matter (the “wings”) are called horns.
Together, the gray horns and the gray commissure form the “gray H.”

The white matter is located outside of the gray matter and consists almost totally of

myelinated motor and sensory axons. “Columns” of white matter carry information either
up or down the spinal cord.
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Within the CNS, nerve cell bodies are generally organized into functional clusters, called
nuclei. Axons within the CNS are grouped into tracts.

There are 33 (some EMS text say 25, counting the sacral as one solid piece) spinal cord
nerve segments in a human spinal cord:

o 8 cervical segments forming 8 pairs of cervical nerves (C1 spinal nerves exit
spinal column between occiput and C1 vertebra; C2 nerves exit between posterior
arch of C1 vertebra and lamina of C2 vertebra; C3-C8 spinal nerves through IVF
above corresponding cervica vertebra, with the exception of C8 pair which exit
via IVF between C7 and T1 vertebra)

e 12 thoracic segments forming 12 pairs of thoracic nerves (exit spinal column
through IVF below corresponding vertebra T1-T12)

e 5 lumbar segments forming 5 pairs of lumbar nerves (exit spinal column through
IVF, below corresponding vertebra L1-L5)

e 5 (or 1) sacral segments forming 5 pairs of sacral nerves (exit spinal column
through IVF, below corresponding vertebra S1-S5)

e 3 coccygeal segments joined up becoming a single segment forming 1 pair of
coccygeal nerves (exit spinal column through the sacral hiatus).

Because the vertebral column grows longer than the spinal cord, spinal cord segments do
not correspond to vertebral segments in adults, especially in the lower spinal cord. In the
fetus, vertebral segments do correspond with spinal cord segments. In the adult, however,
the spinal cord ends around the L1/L2 vertebral level, forming a structure known as the
conus medullaris. For example, lumbar and sacral spinal cord segments are found
between vertebral levels T9 and L2.

Although the spinal cord cell bodies end around the L1/L2 vertebral level, the spinal
nerves for each segment exit at the level of the corresponding vertebra. For the nerves of
the lower spinal cord, this means that they exit the vertebral column much lower (more
caudally) than their roots. As these nerves travel from their respective roots to their point
of exit from the vertebral column, the nerves of the lower spinal segments form a bundle
called the cauda equina.

There are two regions where the spinal cord enlarges:
e Cervical enlargement - corresponds roughly to the brachial plexus nerves, which
innervate the upper limb. It includes spinal cord segments from about C4 to T1.
The vertebral levels of the enlargement are roughly the same (C4 to T1).
e Lumbosacral enlargement - corresponds to the lumbosacral plexus nerves, which

innervate the lower limb. It comprises the spinal cord segments from L2 to S3 and
is found about the vertebral levels of T9 to T12.
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Embryology

The spinal cord is made from part of the neural tube during development. As the neural
tube begins to develop, the notochord begins to secrete a factor known as Sonic hedgehog
or SHH. As a result, the floor plate then also begins to secrete SHH, and this will induce
the basal plate to develop motor neurons. Meanwhile, the overlying ectoderm secretes
bone morphogenetic protein (BMP). This induces the roof plate to begin to secrete BMP,
which will induce the alar plate to develop sensory neurons. The alar plate and the basal
plate are separated by the sulcus limitans.

Additionally, the floor plate also secretes netrins. The netrins act as chemoattractants to
decussation of pain and temperature sensory neurons in the alar plate across the anterior
white commissure, where they then ascend towards the thalamus.

Lastly, it is important to note that the past studies of Viktor Hamburger and Rita Levi-
Montalcini in the chick embryo have been further proven by more recent studies which
demonstrated that the elimination of neuronal cells by programmed cell death (PCD) is
necessary for the correct assembly of the nervous system.

Overall, spontaneous embryonic activity has been shown to play a role in neuron and
muscle development but is probably not involved in the initial formation of connections
between spinal neurons.

Somatosensory organization

Somatosensory organization is divided into the dorsal column-medial lemniscus tract (the
touch/proprioception/vibration sensory pathway) and the anterolateral system, or ALS
(the pain/temperature sensory pathway). Both sensory pathways use three different
neurons to get information from sensory receptors at the periphery to the cerebral cortex.
These neurons are designated primary, secondary and tertiary sensory neurons. In both
pathways, primary sensory neuron cell bodies are found in the dorsal root ganglia, and
their central axons project into the spinal cord.

In the dorsal column-medial leminiscus tract, a primary neuron's axon enters the spinal
cord and then enters the dorsal column. If the primary axon enters below spinal level T6,
the axon travels in the fasciculus gracilis, the medial part of the column. If the axon
enters above level T6, then it travels in the fasciculus cuneatus, which is lateral to the
fasiculus gracilis. Either way, the primary axon ascends to the lower medulla, where it
leaves its fasiculus and synapses with a secondary neuron in one of the dorsal column
nuclei: either the nucleus gracilis or the nucleus cuneatus, depending on the pathway it
took. At this point, the secondary axon leaves its nucleus and passes anteriorly and
medially. The collection of secondary axons that do this are known as internal arcuate
fibers. The internal arcuate fibers decussate and continue ascending as the contralateral
medial lemniscus. Secondary axons from the medial lemniscus finally terminate in the
ventral posterolateral nucleus (VPL) of the thalamus, where they synapse with tertiary

WORLD TECHNOLOGIES




neurons. From there, tertiary neurons ascend via the posterior limb of the internal capsule
and end in the primary sensory cortex.

The anterolateral system works somewhat differently. Its primary neurons enter the spinal
cord and then ascend one to two levels before synapsing in the substantia gelatinosa. The
tract that ascends before synapsing is known as Lissauer's tract. After synapsing,
secondary axons decussate and ascend in the anterior lateral portion of the spinal cord as
the spinothalamic tract. This tract ascends all the way to the VPL, where it synapses on
tertiary neurons. Tertiary neuronal axons then travel to the primary sensory cortex via the
posterior limb of the internal capsule.

It should be noted that some of the "pain fibers" in the ALS deviate from their pathway
towards the VPL. In one such deviation, axons travel towards the reticular formation in
the midbrain. The reticular formation then projects to a number of places including the
hippocampus (to create memories about the pain), the centromedian nucleus (to cause
diffuse, non-specific pain) and various parts of the cortex. Additionally, some ALS axons
project to the periaqueductal gray in the pons, and the axons forming the periaqueductal
gray then project to the nucleus raphe magnus, which projects back down to where the
pain signal is coming from and inhibits it. This helps control the sensation of pain to
some degree.

Motor organization

The corticospinal tract serves as the motor pathway for upper motor neuronal signals
coming from the cerebral cortex and from primitive brainstem motor nuclei.

Cortical upper motor neurons originate from Brodmann areas 1, 2, 3, 4, and 6 and then
descend in the posterior limb of the internal capsule, through the crus cerebri, down
through the pons, and to the medullary pyramids, where about 90% of the axons cross to
the contralateral side at the decussation of the pyramids. They then descend as the lateral
corticospinal tract. These axons synapse with lower motor neurons in the ventral horns of
all levels of the spinal cord. The remaining 10% of axons descend on the ipsilateral side
as the ventral corticospinal tract. These axons also synapse with lower motor neurons in
the ventral horns. Most of them will cross to the contralateral side of the cord (via the
anterior white commissure) right before synapsing.

The midbrain nuclei include four motor tracts that send upper motor neuronal axons
down the spinal cord to lower motor neurons. These are the rubrospinal tract, the
vestibulospinal tract, the tectospinal tract and the reticulospinal tract. The rubrospinal
tract descends with the lateral corticospinal tract, and the remaining three descend with
the anterior corticospinal tract.

The function of lower motor neurons can be divided into two different groups: the lateral
corticospinal tract and the anterior cortical spinal tract. The lateral tract contains upper
motor neuronal axons which synapse on dorsal lateral (DL) lower motor neurons. The DL
neurons are involved in distal limb control. Therefore, these DL neurons are found
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specifically only in the cervical and lumbosaccral enlargements within the spinal cord.
There is no decussation in the lateral corticospinal tract after the decussation at the
medullary pyramids.

The proprioception of the lower limbs differs from the upper limbs & upper trunk. There
is a 4 neuron pathway for lower limbs proprioception. This pathway initially follows the
dorsal spino-cerebellar pathway. It is arranged as follows: proprioceptive receptors of
lower limb -> peripheral process -> dorsal root ganglion -> central process -> clarks
column -> 2nd order neuron -> medulla oblogata (neucleus z of broadal) -> 3rd order
neuron -> VPL of thalamus -> 4th order neuron -> posterior limb of internal capsule ->
corona radiata -> sensory area of cerebrum.

The anterior corticospinal tract descends ipsilaterally in the anterior column, where the
axons emerge and either synapse on lower ventromedial (VM) motor neurons in the
ventral horn ipsilaterally or descussate at the anterior white commissure where they
synapse on VM lower motor neurons contralaterally. The tectospinal, vestibulospinal and
reticulospinal descend ipsilaterally in the anterior column but do not synapse across the
anterior white commissure. Rather, they only synapse on VM lower motor neurons
ipsilaterally. The VM lower motor neurons control the large, postural muscles of the axial
skeleton. These lower motor neurons, unlike those of the DL, are located in the ventral
horn all the way throughout the spinal cord.

Spinocerebellar tracts

Proprioceptive information in the body travels up the spinal cord via three tracts. Below
L2, the proprioceptive information travels up the spinal cord in the ventral
spinocerebellar tract. Also known as the anterior spinocerebellar tract, sensory receptors
take in the information and travel into the spinal cord. The cell bodies of these primary
neurons are located in the dorsal root ganglia. In the spinal cord, the axons synapse and
the secondary neuronal axons decussates and then travel up to the superior cerebellar
peduncle where they decussate again. From here, the information is brought to deep
nuclei of the cerebellum including the fastigial and interposed nuclei.

From the levels of L2 to T1, proprioceptive information enters the spinal cord and
ascends ipsilaterally, where it synapses in Clarke's nucleus. The secondary neuronal
axons continue to ascend ipsilaterally and then pass into the cerebellum via the inferior
cerebellar peduncle. This tract is known as the dorsal spinocerebellar tract.

From above T1, proprioceptive primary axons enter the spinal cord and ascend
ipsilaterally until reaching the accessory cuneate nucleus, where they synapse. The
secondary axons pass into the cerebellum via the inferior cerebellar peduncle where
again, these axons synapse on cerebellar deep nuclei. This tract is known as the
cuneocerebellar tract.

Motor information travels from the brain down the spinal cord via descending spinal cord
tracts. Descending tracts involve two neurons: the upper motor neuron (UMN) and lower
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motor neuron (LMN). A nerve signal travels down the upper motor neuron until it
synapses with the lower motor neuron in the spinal cord. Then, the lower motor neuron
conducts the nerve signal to the spinal root where efferent nerve fibers carry the motor
signal toward the target muscle. The descending tracts are composed of white matter.
There are several descending tracts serving different functions. The corticospinal tracts
(lateral and anterior) are responsible for coordinated limb movements.

Injury

Spinal cord injuries can be caused by trauma to the spinal column, (stretching, bruising,
applying pressure, severing, laceration, etc.). The vertebral bones or intervertebral disks
can shatter, causing the spinal cord to be punctured by a sharp fragment of bone. Usually,
victims of spinal cord injuries will suffer loss of feeling in certain parts of their body. In
milder cases, a victim might only suffer loss of hand or foot function. More severe
injuries may result in paraplegia, tetraplegia, or full body paralysis (called Quadriplegia)
below the site of injury to the spinal cord.

Damage to upper motor neuron axons in the spinal cord results in a characteristic pattern
of ipsilateral deficits. These include hyperreflexia, hypertonia and muscle weakness.
Lower motor neuronal damage results in its own characteristic pattern of deficits. Rather
than an entire side of deficits, there is a pattern relating to the myotome affected by the
damage. Additionally, lower motor neurons are characterized by muscle weakness,
hypotonia, hyporeflexia and muscle atrophy.

Spinal shock and neurogenic shock can occur from a spinal injury. Spinal shock is
usually temporary, lasting only for 24—48 hours, and is a temporary absence of sensory
and motor functions. Neurogenic shock lasts for weeks and can lead to a loss of muscle
tone due to disuse of the muscles below the injured site.

The two areas of the spinal cord most commonly injured are the cervical spine (C1-C7)
and the lumbar spine (L1-L5). (The notation C1, C7, L1, L5 refer to the location of a
specific vertebra in either the cervical, thoracic, or lumbar region of the spine.)

Spinal cord genomic map

The Allen Institute for Brain Science, on July 16, 2008, launched the online "Allen Spinal
Cord Atlas" (backed by Paul Allen). Its first release included 4000 sets of digital images,
showing spatial expression patterns for various genes. When complete, it is planned to
map 20,000 genes in adult and juvenile mouse spinal cords. The spinal cord atlas is
organized like the Allen Institute's earlier atlas of the mouse brain. The Spinal Cord
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Chapter 11

Arcuate Nucleus and Area Postrema

Arcuate nucleus

Brain: Arcuate nucleus
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Arcuate nucleus is 'AR’, at bottom center, in green.

Latin nucleus arcuatus hypothalami
Part of Hypothalamus
NeuroNames hier-378
MeSH Arcuate+nucleus
The arcuate nucleus (or infundibular nucleus) is an aggregation of neurons in the
mediobasal hypothalamus, adjacent to the third ventricle and the median eminence. The

arcuate nucleus includes several important populations of neurons, including:
Neuroendocrine neurons, Centrally-projecting neurons and Others.
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Neuroendocrine neurons

Neuroendocrine neurons with nerve endings in the median eminence release
dopamine into the hypophysial portal blood. These are sometimes called the
"tuberoinfundibular dopamine" (TIDA) neurons. In lactating females, TIDA
neurons are inhibited by the stimulus of suckling. Dopamine released from their
nerve endings at the median eminence is transported to the anterior pituitary
gland, where it regulates the secretion of prolactin; dopamine inhibits prolactin
secretion, so, when the TIDA neurons are inhibited, there is increased secretion of
prolactin, which stimulates lactogenesis (milk production). Prolactin acts in a
short-loop negative feedback manner to decrease its levels by stimulating the
release of dopamine. Dopaminergic neurons of the arcuate also inhibit the release
of gonadotropin-releasing hormone, explaining in part why lactating (or otherwise
hyperprolactinemic) women experience oligomenorrhea or amenorrhea
(infrequency or absence of menses).

Neuroendocrine neurons, mainly in the ventrolateral part of the nucleus, make
growth hormone-releasing hormone (GHRH). Like the TIDA neurons, these
neurons have nerve endings in the median eminence. GHRH released into the
hypophysial portal blood is transported to the anterior pituitary gland, where it
regulates the secretion of growth hormone; GHRH stimulates growth hormone
secretion. These neurons are inhibited by somatostatin. The reciprocal
relationship between the electrical activity of GHRH neurons and somatostatin
neurons leads to pulsatile secretion of growth hormone, a pattern of secretion that
is important for its biological effectiveness.

Centrally-projecting neurons

Centrally-projecting neurons that contain neuropeptide Y (NPY), agouti-related
protein (AGRP), and the inhibitory neurotransmitter GABA. These neurons, in
the most ventromedial part of the nucleus, project strongly to the lateral
hypothalamus and to the paraventricular nucleus of the hypothalamus, and are
important in the regulation of appetite. When activated, these neurons can
produce ravenous eating. These neurons are inhibited by leptin, insulin and
peptide YY and activated by ghrelin.

Centrally-projecting neurons that contain peptide products of pro-
opiomelanocortin (POMC), and cocaine- and amphetamine-regulated transcript
(CART). These neurons have widespread projections to many brain areas,
including to all nuclei in the hypothalamus. These cells are important in the
regulation of appetite, and, when activated, they inhibit feeding. These neurons
are activated by circulating concentrations of leptin and insulin, and they are
directly innervated and inhibited by the NPY neurons. POMC neurons that project
to the medial preoptic nucleus are also involved in the regulation of sexual
behavior in both males and females. The expression of POMC is regulated by
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gonadal steroids. The release of a POMC product, beta-endorphin is regulated by
NPY.

e Centrally-projecting neurons that make somatostatin; the neurosecretory

somatostatin neurons that regulate growth hormone secretion are a different
population, located in the periventricular nucleus.

Other

e A small population of neurons that synthesise ghrelin. The role of this population
is not known; many neurons in the arcuate nucleus express receptors for ghrelin,
but these are thought to respond mainly to blood-borne ghrelin.

Area postrema

Brain: Area postrema
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Human caudal brainstem posterior view description (Area postrema is #8)

Gray's subject #187 800
Acronym(s) AP
NeuroNames hier-769
MeSH Area+postrema
NeuroLex ID birnlex 2636

The area postrema is a medullary structure in the brain that controls vomiting. Its
privileged location in the brain also allows the area postrema to play a vital role in the
control of autonomic functions by the central nervous system.

Anatomy

The area postrema is a small protuberance found at the inferoposterior limit of the fourth
ventricle. Specialized ependymal cells are found within the area postrema. These
specialized ependymal cells differ slightly from the majority of ependymal cells
(ependymocytes), forming a unicellular epithelium lining of the ventricles and central
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canal. The area postrema is separated from the vagal triangle by the funiculus separans, a
thin semitransparent ridge. The vagal triangle overlies the dorsal vagal nucleus and is
situated on the caudal end of the rhomboid fossa or 'floor' of the fourth ventricle. The area
postrema is situated just before the obex, the inferior apex of the caudal ventricular floor.
Both the funiculus separans and area postrema have a similar thick ependyma-containing
tanycyte covering. Ependyma and tanycytes can participate in transport of
neurochemicals into and out of the cerebrospinal fluid from its cells or adjacent neurons,
glia or vessels. Ependyma and tanycytes may also participate in chemoreception. The
eminence of the area postrema is considered a circumventricular organ because its
endothelial cells do not contain tight junctions, which allows for free exchange of
molecules between blood and brain tissue. This unique breakdown in the blood-brain
barrier is partially compensated for by the presence of a tanycyte barrier.

Connectivity

The area postrema connects to the nucleus of the solitary tract and other autonomic
control centers in the brainstem. It is excited by visceral afferent impulses (sympathetic
and vagal) arising from the gastrointestinal tract and other peripheral trigger areas. The
area postrema makes up part of the dorsal vagal complex, which is the critical
termination site of vagal afferent nerve fibers, along with the dorsal motor nucleus of the
vagus and the nucleus of the solitary tract. Vomiting and nausea are most likely induced
by the area postrema through its connection to the nucleus of the solitary tract, which
may serve as the beginning of the pathway triggering vomiting in response to various
emetic inputs. However, this structure plays no key role for vomiting induced by the
activation of vagal nerve fibers or by motion, and its function in radiation-induced
vomiting remains unclear. Because the area postrema is located outside of the blood-
brain barrier, peptide and other physiological signals in the blood have direct access to
neurons of brain areas with vital roles in the autonomic control of the body. As a result,
the area postrema is now being considered as the initial site for integration for various
physiological signals in the blood as they enter the central nervous system.

Function
Chemoreception

The area postrema, one of the circumventricular organs, detects toxins in the blood and
acts as a vomit-inducing center. The area postrema is a critical homeostatic integration
center for humoral and neural signals. Recent studies have implicated its function as a
chemoreceptor trigger site for vomiting in response to emetic drugs. It is a densely
vacularized structure that lacks tight junctions between endothelial cells, thereby
allowing it to detect various toxins in the blood as well as in the cerebrospinal fluid.

Autonomic Regulation

The area postrema’s position outside of the blood-brain barrier makes this particular
region of the medulla a key player in the autonomic control of various physiological
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systems, including the cardiovascular system and the systems controlling feeding and
metabolism. A recent study has indicated the existence of prolactin-binding sites specific
to the area postrema. The result of the current study has implicated the area postrema as a
prolactin target area at which vascular prolactin has the ability to openly associate with
neuronal components. Prolactin is a peptide hormone known in lower animals to play a
significant role in osmoregulation, originally functioning to influence electrolyte balance,
and may now be believed to stimulate reproductive behaviors such as the water-drive
before ovoposition in amphibians and lactation in mammals. Another recent study found
that the administration of angiotensin II causes a dose-dependent increase in the arterial
blood pressure without producing considerable changes in the heart rate. Evidence from
this study reveals that the change in the arterial blood pressure depends on the integrity of
the area postrema and that this site partially contributes to the action of angiotensin.

Pathology
Area Postrema Lesions

Damage to the area postrema, caused primarily by lesioning or ablation, prevents the
normal functions of the area postrema from taking place. This ablation is usually done
surgically and for the purpose of discovering the exact effect of the area postrema on the
rest of the body. Since the area postrema acts as an entry point to the brain for
information from the sensory neurons of the stomach, intestines, liver, kidneys, heart, and
other internal organs, a variety of physiological reflexes rely on the area postrema to
transfer information. The area postrema acts to directly monitor the chemical status of the
organism. Lesions of the area postrema are sometimes referred to as ‘central vagotomy’
because they eliminate the brain’s ability to monitor the physiological status of the body
through its vagus nerve. These lesions thus serve to prevent the detection of poisons and
consequently prevent the body’s natural defenses from kicking in. In one example,
experiments done by Bernstein et al. on rats indicated that the area postrema lesions
prevented the detection of lithium chloride, which can become toxic at high
concentrations. Since the rats could not detect the chemical, they were not able to employ
a psychological procedure known as taste aversion conditioning, causing the rat to
continuously ingest the lithium-paired saccharin solution. These findings indicate that
rats with area postrema lesions do not acquire the normal conditioned taste aversions
when lithium chloride is used as the unconditioned stimulus. In addition to simple taste
aversions, rats with the area postrema lesions failed to perform other behavioral and
physiological responses associated with the introduction of the toxin and present in the
control group, such as laying down on their bellies, delayed stomach emptying, and
hypothermia. Such experimentation emphasizes the significance of the area postrema not
only in the identification of toxic substances in the body but also in the many physical
responses to the toxin.

Effect of Dopamine

The area postrema also has a significant role in the discussion of Parkinson's disease.
Drugs that treat Parkinson's disease using dopamine have a strong effect on the area
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postrema. These drugs stimulate dopamine transmission and attempt to normalize motor
functions affected by Parkinson's. This works because nerve cells, in particular, in the
basal ganglia, which has a crucial role in the regulation of movement and is the primary
site for the pathology of Parkinson's, use dopamine as their neurotransmitter and are
activated by medications that increase the concentrations of the dopamine or work to
stimulate the dopamine receptors. Dopamine also manages to stimulate the area
postrema, since this part of the brain contains a high density of dopamine receptors. The
area postrema is very sensitive to changes in blood toxicity and senses the presence of
poisonous or dangerous substances in the blood. As a defense mechanism, the area
postrema induces vomiting to prevent further intoxication. The high density of dopamine
receptors in the area postrema makes it very sensitive to the dopamine-enhancing drugs.
Stimulation of the dopamine receptors in the area postrema activates these vomiting
centers of the brain; this is why nausea is one of the most common side-effects of
antiparkinsonian drugs.

Potential Treatment

A 2002 study in Japan tested a drug that may be of use in curbing the emetic response to
drugs that increase dopamine concentrations. The study investigated morphine-induced
emesis in ferrets, explaining that morphine exposure triggered dopamine release in the
medulla oblongata and in the area postrema by activating opiate receptors, which in turn
caused vomiting by the ferrets. Yet a pre-treatment with 6-hydroxydopamine, a
dopaminergic neurotoxin, significantly reduced the number of emetic episodes in the
ferrets following morphine exposure. This neurotoxin reduced levels of dopamine,
noradrenaline, and homovanilic acid, a metabolite of dopamine, and is known to destroy
noradrenergic and dopaminergic neurons in the medulla oblongata but not in other parts
of the brain. Although this destructive neurological activity has potential to cause other
problems, this study shows how the dopaminergic pathway in the medulla oblongata may
be manipulated in order to reduce the nauseating side-effects associated with so many
dopamine-increasing drugs.

Continuing Pathological Study

The area postrema is also indicated in an insulin treatment against type 1 and type 2
diabetes. A particular mechanism, employed by the drug pramlintide, acts mainly on the
area postrema and results in decreased glucagon secretion, which in turn slows down
gastric emptying and the satiety effect. This targeting of the area postrema allows an
improvement of glycaemic control without causing weight gain. Since the drug acts on
the area postrema, the doses must be titrated slowly to avoid inducing nausea in the
patient.

There are also studies still currently underway to determine the effect of ablation of the
area postrema on hypertension and cardiovascular function. For example, studies in rats
and rabbits indicate that angiotensin II- dependent hypertension is abolished by lesioning
of the area postrema. The mechanism for this physiological reaction is still not fully
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understood, but the area postrema's ability to regulate cardiovascular function presents a
very interesting direction for neuroendocrinology.

History of research

The area postrema was first named and located in the gross anatomy of the brain by
Magnus Gustaf Retzius, a Swedish anatomist, anthropologist and professor of histology
at the Karolinska Mediko-Kirurgiska Institutet in Stockholm. In 1896, he published a
two-volume monograph on the gross anatomy of the human brain in which the area
postrema was mentioned. This work was one of the most important works published in
the 19th century on the anatomy of the human brain.

In 1937, a publication by King, L.S. claimed that the area postrema was made up solely
of glial cells, but this was later disproved by the research of several scientists including
Jan Cammermeyer, Kenneth R. Brizzee and Herbert L. Borison, who demonstrated the
presence of neurons in the area postrema of several mammal species.

Scientists became increasingly interested in the research of vomiting in the 1950s,
perhaps in part due to society's heightened awareness of radiation sickness, a condition in
which many patients having vomited after radiation exposure died. Intensive studies on
vomiting began in the 1950s at the University of Utah College of Medicine, where
Borison held a strong presence as both a professor and a researcher. He had received his
doctorate in 1948 from Columbia University, establishing himself as an authority on
brainstem and neurophysiology. Prior to the research of Borison and his well-known
colleague S.C. Wang, a doctor and assistant professor from Columbia University, it was
believed that the human body's chemodetection and coordination of vomiting, or emesis,
were controlled exclusively by the dorsal vagal nucleus. Yet this idea was "incompatible
with the observation that emesis could still be induced by gastrointestinal irritants in dogs
with chronic lesions of the dorsal vagal nucleus", and so Borison and Wang dedicated
their research to solving this puzzle. Borison eventually explained that their results
showed the existence of two areas in the brain related to emesis; one, a chemosensor for
vomiting with no coordinating function, located in the fourth ventricle and two, a
coordinator of vomiting with no chemosensory function, located in the lateral reticular
formation of the medulla oblongata.

In 1953, Borison and Wang determined that the chemosensor area acted as a vomiting
trigger zone in the brain stem, which they named the chemoreceptor trigger zone (CTZ)
for emesis. Using cats and dogs as model organisms, they found that the removal of this
trigger zone from the brain allowed for the prevention of emesis in the animals directly
following injection of certain chemicals into the blood stream, demonstrating the
existence of a relationship between the trigger zone and the act of vomiting. The CTZ
was anatomically located in the area postrema of the medulla oblongata. The area
postrema had been anatomically identified and named nearly 60 years earlier, but its
function had remained unknown until the work of Borison and Wang proposed its role in
emesis, which was later confirmed by many laboratories.

Other scientists noted as pioneers in the field of research concerning the area postrema
and the mechanism of vomiting in general are Larry McCarthy, A.D. Miller and V. J
Wilson.
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Current research

Research has continued today around the world on the functions of the area postrema.
Beyond its role in emesis, as studied intensely by the researchers of the mid-1900s, the
activity of the area postrema has been closely linked to other autonomic functions such as
regulation of food intake, body fluid homeostasis, and cardiovascular regulation through
behavioral studies and electrophysiological studies. In 2007 in Japan, research was
performed on the mechanism of excitability of area postrema neurons by extracellular
ATP. Voltage clamp whole-cell recording techniques were used on rat brain slices. The
results showed that most responses to ATP are excitatory and that they are mediated by
particular P2 purinoceptors found in the area postrema. The role of the area postrema in
flavor-conditioned aversion and preference was studied in 2001 by researchers at the
Brooklyn College at the City University of New York. The experiment tested the effect
of area postrema lesions in rats on their ability to learn flavor-conditioned aversion to
flavors paired with toxic drug treatments, which indeed showed that lesions of the area
postrema leads to impaired flavor aversion learning. A 2009 study followed the
development of the area postrema, using a macaque monkey model in an attempt to
identify and characterize neurotransmission in this region as well as to resolve
outstanding incongruities across research. These scientists found, in culmination, that
previous studies suggest noradrenalin and/or dopamine cause CA fluorescence in the area
postrema macaque-CA, meaning catecholaminergic or derived from an amine and
functioning as a neurotransmitter or hormone or both. The study, however, found
evidence of neurotransmitter secretion instead of release in vesicles. Also, their findings
concluded GABA is a major neurotransmitter in the area postrema, not glutamate.
Ongoing research continues to unravel discrepancies among various rat, cat, and now
macaque monkey models of research.
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Chapter 12

Astrocyte

Neuron: Astrocyte

Astrocytes can be visualized in culture because they express glial

fibrillary acidic protein.
NeuroLex ID saol394521419

Dorlands/Elsevier 12165688

Astrocytes (etymology: astron gk. star, cyte gk. cell),also known collectively as
astroglia, are characteristic star-shaped glial cells in the brain and spinal cord. They
perform many functions, including biochemical support of endothelial cells that form the
blood-brain barrier, provision of nutrients to the nervous tissue, maintenance of
extracellular ion balance, and repair and scarring process of the brain and spinal cord
following traumatic injuries.

Research since the mid-1990s has shown that astrocytes propagate intercellular Ca*

waves over long distances in response to stimulation, and, similar to neurons, release
transmitters (called gliotransmitters) in a Ca**-dependent manner. Data suggest that
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astrocytes also signal to neurons through Ca**-dependent release of glutamate. Such
discoveries have turned astrocyte research into a rapidly growing field of neuroscience.

Isolated Astrocyte shown with confocal microscopy. Image: MacLean and Ivey
Description

Astrocytes are a sub-type of glial cells in the central nervous system. They are also
known as astrocytic glial cells. Star-shaped, their many processes envelope synapses
made by neurons. Astrocytes are classically identified using histological analysis; many
of these cells express the intermediate filament glial fibrillary acidic protein (GFAP).
Three forms of astrocytes exist in the CNS, fibrous, protoplasmic, and radial. The fibrous
glia are usually located within white matter, have relatively few organelles, and exhibit
long unbranched cellular processes. This type often has "vascular feet" that physically
connect the cells to the outside of capillary wall when they are in close proximity to
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them. The protoplasmic glia are found in grey matter tissue, possess a larger quantity of
organelles, and exhibit short and highly branched cellular processes. The radial glia are
disposed in a plane perpendicular to axis of ventricles. One of their processes about the
pia mater, while the other is deeply buried in gray matter. Radial glia are mostly present
during development, playing a role in neuron migration. Mueller cells of retina and
Bergmann glia cells of cerebellar cortex represent an exception, being present still during
adulthood. When in proximity to the pia mater, all three forms of astrocytes send out
process to form the pia-glial membrane.

Astrocytes (red) among neurons in the living cerebral cortex

Previously in medical science, the neuronal network was considered the only important
one, and astrocytes were looked upon as gap fillers. More recently, the function of
astrocytes has been reconsidered, and are now thought to play a number of active roles in
the brain, including the secretion or absorption of neural transmitters and maintenance of
the blood—brain barrier. Following on this idea the concept of a "tripartite synapse" has
been proposed, referring to the tight relationship occurring at synapses among a
presynaptic element, a postsynaptic element and a glial element.
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Functions
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Figure 1

Metabolic interactions between astrocytes and neurons. From a computational study by
Cakur et al., 2007.

o Structural: They are involved in the physical structuring of the brain.

e Metabolic support: They provide neurons with nutrients such as lactate.

e Blood-brain barrier: The astrocyte end-feet encircling endothelial cells were
thought to aid in the maintenance of the blood—brain barrier, but recent research
indicates that they do not play a substantial role; instead, it is the tight junctions
and basal lamina of the cerebral endothelial cells that play the most substantial
role in maintaining the barrier. However, it has recently been shown that astrocyte
activity is linked to blood flow in the brain, and that this is what is actually being
measured in fMRI.

e Transmitter reuptake and release: Astrocytes express plasma membrane
transporters such as glutamate transporters for several neurotransmitters,
including glutamate, ATP, and GABA. More recently, astrocytes were shown to
release glutamate or ATP in a vesicular, Ca’"-dependent manner. (This has been
disputed for hippocampal astrocytes.)

e Regulation of ion concentration in the extracellular space: Astrocytes express
potassium channels at a high density. When neurons are active, they release
potassium, increasing the local extracellular concentration. Because astrocytes are
highly permeable to potassium, they rapidly clear the excess accumulation in the
extracellular space. If this function is interfered with, the extracellular
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concentration of potassium will rise, leading to neuronal depolarization by the
Goldman equation. Abnormal accumulation of extracellular potassium is well
known to result in epileptic neuronal activity.

e Modulation of synaptic transmission: In the supraoptic nucleus of the
hypothalamus, rapid changes in astrocyte morphology have been shown to affect
heterosynaptic transmission between neurons. In the hippocampus, astrocytes
suppress synaptic transmission by releasing ATP, which is hydrolyzed by
ectonucliotidases to yield adenosine. Adenosine acts on neuronal adenosine
receptors to inhibit synaptic transmission, thereby increasing the dynamic range
available for LTP.

e Vasomodulation: Astrocytes may serve as intermediaries in neuronal regulation
of blood flow.

o Promotion of the myelinating activity of oligodendrocytes: Electrical activity
in neurons causes them to release ATP, which serves as an important stimulus for
myelin to form. However, the ATP does not act directly on oligodendrocytes.
Instead, it causes astrocytes to secrete cytokine leukemia inhibitory factor (LIF), a
regulatory protein that promotes the myelinating activity of oligodendrocytes.
This suggest that astrocytes have an executive-coordinating role in the brain.

e Nervous system repair: Upon injury to nerve cells within the central nervous
system, astrocytes fill up the space to form a glial scar, repairing the area and
replacing the CNS cells that cannot regenerate.

Recent studies have shown that astrocytes play an important function in the regulation of
neural stem cells. Research from the Schepens Eye Research Institute at Harvard shows
the human brain to abound in neural stem cells, which are kept in a dormant state by
chemical signals (ephrin-A2 and ephrin-A3) from the astrocytes. The astrocytes are able
to activate the stem cells to transform into working neurons by dampening the release of
ephrin-A2 and ephrin-A3.

Furthermore, studies are underway to determine whether astroglia play an instrumental
role in depression, based on the link between diabetes and depression. Altered CNS
glucose metabolism is seen in both these conditions, and the astroglial cells are the only
cells with insulin receptors in the brain.

Calcium waves

Astrocytes are linked by gap junctions, creating an electrically coupled (functional)
syncytium.

An increase in intracellular calcium concentration can propagate outwards through this
functional syncytium. Mechanisms of calcium wave propagation include diffusion of
calcium ions and IP3 through gap junctions and extracellular ATP signalling. Calcium
elevations are the primary known axis of activation in astrocytes, and are necessary and
sufficient for some types of astrocytic glutamate release.
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Classification
There are several different ways to classify astrocytes:
by Lineage and antigenic phenotype

These have been established by classic work by Raff et al. in early 1980s on Rat optic
nerves.

« Type 1: Antigenically Ran2", GFAP', FGFR3", A2B5’, thus resembling the "type
1 astrocyte" of the postnatal day 7 rat optic nerve. These can arise from the
tripotential glial restricted precursor cells (GRP), but not from the bipotential
O2A/OPC (oligodendrocyte, type 2 astrocyte precursor, also called
Oligodendrocyte progenitor cell) cells.

o Type 2: Antigenically A2B5", GFAP", FGFR3", Ran 2". These cells can develop
in vitro from the either tripotential GRP (probably via O2A stage) or from
bipotential O2A cells (which some people think may in turn have been derived
from the GRP) or in vivo when the these progenitor cells are transplanted into
lesion sites (but probably not in normal development, at least not in the rat optic
nerve). Type-2 astrocytes are the major astrocytic component in postnatal optic
nerve cultures that are generated by O2A cells grown in the presence of fetal calf
serum but are not thought to exist in vivo (Fulton et al., 1992).

by Anatomical Classification

e Protoplasmic: found in grey matter and have many branching processes whose
end-feet envelop synapses. Some protoplasmic astrocytes are generated by
multipotent subventricular zone progenitor cells.

o (GOmdori-positive astrocytes. These are a subset of protoplasmic astrocytes that
contain numerous cytoplasmic inclusions, or granules, that stain positively with
GOmori's chrome-alum hematoxylin stain. It is now known that these granules are
formed from the remnants of degenerating mitochondria engulfed within
lysosomes, Some type of oxidative stress appears to be responsible for the
mitochondrial damage within these specialized astrocytes. Gomdri-positive
astrocytes are much more abundant within the arcuate nucleus of the
hypothalamus and in the hippocampus than in other brain regions. They may have
a role in regulating the response of the hypothalamus to glucose.

e Fibrous: found in white matter and have long thin unbranched processes whose

end-feet envelop nodes of Ranvier. Some fibrous astrocytes are generated by
radial glia.
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by Transporter/receptor classification

o GluT type: express glutamate transporters (EAAT1/SLCIA3 and
EAAT2/SLCIA2) and respond to synaptic release of glutamate by transporter
currents

e GluR type: express glutamate receptors (mostly mGIluR and AMPA type) and
respond to synaptic release of glutamate by channel-mediated currents and IP3-
dependent Ca2+ transients

Bergmann glia

SLC1A3 expression highlights Bergmann glia in the brain of a mouse at 7th postnatal
day, sagittal section.

Bergmann glia, a type of glia also known as radial epithelial cells (as named by Camillo
Golgi) or Golgi epithelial cells (GCEs; not to be mixed up with Golgi cells), are
astrocytes in the cerebellum that have their cell bodies in the Purkinje cell layer and
processes that extend into the molecular layer, terminating with bulbous endfeet at the
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pial surface. Bergmann glia express high densities of glutamate transporters that limit
diffusion of the neurotransmitter glutamate during its release from synaptic terminals.
Besides their role in early development of the cerebellum, Bergmann glia are also
required for the pruning or addition of synapses.

Pathology

Astrocytomas are primary intracranial tumors derived from astrocytes cells of the brain.
It is also possible that glial progenitors or neural stem cells give rise to astrocytomas.

The Tripartite Synapse

Within the dorsal horn of the spinal cord, activated astrocytes have the ability to respond
to almost all neurotransmitters (Haydon, 2001) and, upon activation, release a multitude
of neuroactive molecules such as glutamate, ATP, nitric oxide (NO), prostaglandins
(PG), and D-serine, which in turn influences neuronal excitability. The close association
between astrocytes and presynaptic and postsynaptic terminals as well as their ability to
integrate synaptic activity and release neuromodulators has been termed the “tripartite
synapse” (Halassa et al., 2006). Synaptic modulation by astrocytes takes place because of
this 3-part association.

Astrocytes in chronic pain sensitization

Under normal conditions, pain conduction begins with some noxious signal followed by
an action potential carried by nociceptive (pain sensing) afferent neurons, which elicit
excitatory postsynaptic potentials (EPSP) in the dorsal horn of the spinal cord. That
message is then relayed to the cerebral cortex, where we translate those EPSPs into
“pain.” Since the discovery of astrocytic influence, our understanding of the conduction
of pain has been dramatically complicated. Pain processing is no longer seen as a
repetitive relay of signals from body to brain, but as a complex system that can be up-
and down-regulated by a number of different factors. One factor at the forefront of recent
research is in the pain-potentiating synapse located in the dorsal horn of the spinal cord
and the role of astrocytes in encapsulating these synapses. Garrison and co-workers
(Garrison, 1991) were the first to suggest association when they found a correlation
between astrocyte hypertrophy in the dorsal horn of the spinal cord and hypersensitivity
to pain after peripheral nerve injury, typically considered an indicator of glial activation
after injury. Astrocytes detect neuronal activity and can release chemical transmitters,
which in turn control synaptic activity (Volters and Meldolesi, 2005; Haydon, 2001;
Fellin, et al., 2006). In the past, hyperalgesia was thought to be modulated by the release
of substance P and excitatory amino acids (EAA), such as glutamate, from the
presynaptic afferent nerve terminals in the spinal cord dorsal horn. Subsequent activation
of AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid), NMDA (N-
methyl-D-aspartate) and kainate subtypes of ionotropic glutamate receptors follows. It is
the activation of these receptors that potentiates the pain signal up the spinal cord. This
idea, although true, is an oversimplification of pain transduction. A litany of other
neurotransmitter and neuromodulators, such as calcitonin gene-related peptide (CGRP),
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adenosine triphosphate (ATP), brain-derived neurotrophic factor (BDNF), somatostatin,
vasoactive intestinal peptide (VIP), galanin, and vasopressin are all synthesized and
released in response to noxious stimuli. In addition to each of these regulatory factors,
several other interactions between pain-transmitting neurons and other neurons in the
dorsal horn have added impact on pain pathways.

Two states of persistent pain

After persistent peripheral tissue damage there is a release of several factors from the
injured tissue as well as in the spinal dorsal horn. These factors increase the
responsiveness of the dorsal horn pain-projection neurons to ensuing stimuli, termed
“spinal sensitization,” thus amplifying the pain impulse to the brain. Release of
glutamate, substance P, and calcitonin gene-related peptide (CGRP) mediates NMDAR
activation (originally silent because it is plugged by Mg2+), thus aiding in depolarization
of the postsynaptic pain-transmitting neurons (PTN). In addition, activation of IP3
signaling and MAPKs (mitogen-activated protein kinases) such as ERK and JNK, bring
about an increase in the synthesis of inflammatory factors that alter glutamate transporter
function. ERK also further activates AMPARs and NMDARSs in neurons. Nociception is
further sensitized by the association of ATP and substance P with their respective
receptors, [[P.X3]], and neurokinin 1 receptor (NK1R), as well as activation of
metabotropic glutamate receptors and release of BDNF. Persistent presence of glutamate
in the synapse eventually results in dysregulation of GLT1 and GLAST, crucial
transporters of glutamate into astrocytes. Ongoing excitation can also induce ERK and
JNK activation, resulting in release of several inflammatory factors.

As noxious pain is sustained, spinal sensitization creates transcriptional changes in the
neurons of the dorsal horn that lead to altered function for extended periods. Mobilization
of Ca2+ from internal stores results from persistent synaptic activity and leads to the
release of glutamate, ATP, tumor necrosis factor-a (TNF-a), interleukin 1§ (IL-18), IL-6,
nitric oxide (NO), and prostaglandin E2 (PGE2). Activated astrocytes are also a source of
matrix metalloproteinase 2 (MMP2), which induces pro-IL-1p cleavage and sustains
astrocyte activation. In this chronic signaling pathway, p38 is activated as a result of IL-
1B signaling, and there is a presence of chemokines that trigger their receptors to become
active. In response to nerve damage, heat shock proteins (HSP) are released and can bind
to their respective TLRs, leading to further activation.
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Chapter 13

Neuroscience
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Drawing by Santiago Ramon y Cajal (1899) of neurons in the pigeon cerebellum

Neuroscience is the scientific study of the nervous system. Traditionally, neuroscience
has been seen as a branch of biology. However, it is currently an interdisciplinary science
that collaborates with other fields such as psychology, mathematics, physics, chemistry,
engineering, computer science, philosophy, and medicine. The term neurobiology is
usually used interchangeably with the term neuroscience, although the former refers
specifically to the biology of the nervous system, whereas the latter refers to the entire
science of the nervous system.
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The scope of neuroscience has broadened to include different approaches used to study
the molecular, cellular, developmental, structural, functional, evolutionary,
computational, and medical aspects of the nervous system. The techniques used by
neuroscientists have also expanded enormously, from molecular and cellular studies of
individual nerve cells to imaging of sensory and motor tasks in the brain. Recent
theoretical advances in neuroscience have also been aided by the study of neural
networks.

Given the increasing number of neuroscientists that study the nervous system, several
prominent neuroscience organizations have been formed to provide a forum to all
neuroscientists and educators. For example, the International Brain Research
Organization was founded in 1960, the European Brain and Behaviour Society in 1968,
and the Society for Neuroscience in 1969.

History
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Lateral view of the human brain, featuring the hippocampus among other
neuroanatomical features

The study of the nervous system dates back to ancient Egypt. Evidence of trepanation, the
surgical practice of either drilling or scraping a hole into the skull with the aim of curing
headaches or mental disorders or relieving cranial pressure, being performed on patients
dates back to Neolithic times and has been found in various cultures throughout the
world. Manuscripts dating back to 1700BC indicated that the Egyptians had some
knowledge about symptoms of brain damage.
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Early views on the function of the brain regarded it to be a "cranial stuffing" of sorts. In
Egypt, from the late Middle Kingdom onwards, the brain was regularly removed in
preparation for mummification. It was believed at the time that the heart was the seat of
intelligence. According to Herodotus, the first step of mummification is to "take a
crooked piece of iron, and with it draw out the brain through the nostrils, thus getting rid
of a portion, while the skull is cleared of the rest by rinsing with drugs."

The view that the heart was the source of consciousness was not challenged until the time
of Hippocrates. He believed that the brain was not only involved with sensation—since
most specialized organs (e.g., eyes, ears, tongue) are located in the head near the brain—
but was also the seat of intelligence. Plato too speculated that the brain was the seat of the
rational part of the soul. Aristotle, however, believed that the heart was the center of
intelligence and that the brain served to cool the blood. This view was generally accepted
until the Roman physician Galen, a follower of Hippocrates and physician to Roman
gladiators, observed that his patients lost their mental faculties when they had sustained
damage to their brains.

In al-Andalus, Abulcasis, the father of modern surgery, developed material and technical
designs which are still used in neurosurgery. Averroes suggested the existence of
Parkinson's disease and attributed photoreceptor properties to the retina. Avenzoar
described meningitis, intracranial thrombophlebitis, mediastinal tumours and made
contributions to modern neuropharmacology. Maimonides wrote about neuropsychiatric
disorders and described rabies and belladonna intoxication. Elsewhere in medieval
Europe, Vesalius (1514-1564) and René Descartes (1596—1650) also made several
contributions to neuroscience.

Studies of the brain became more sophisticated after the invention of the microscope and
the development of a staining procedure by Camillo Golgi during the late 1890s. The
procedure used a silver chromate salt to reveal the intricate structures of individual
neurons. His technique was used by Santiago Ramoén y Cajal and led to the formation of
the neuron doctrine, the hypothesis that the functional unit of the brain is the neuron.
Golgi and Ramoén y Cajal shared the Nobel Prize in Physiology or Medicine in 1906 for
their extensive observations, descriptions, and categorizations of neurons throughout the
brain. The neuron doctrine was supported by experiments following Luigi Galvani's
pioneering work in the electrical excitability of muscles and neurons. In the late 19th
century, Emil du Bois-Reymond, Johannes Peter Miiller, and Hermann von Helmholtz
demonstrated that neurons were electrically excitable and that their activity predictably
affected the electrical state of adjacent neurons.

In parallel with this research, work with brain-damaged patients by Paul Broca suggested
that certain regions of the brain were responsible for certain functions. At the time,
Broca's findings were seen as a confirmation of Franz Joseph Gall's theory that language
was localized and certain psychological functions were localized in the cerebral cortex.
The localization of function hypothesis was supported by observations of epileptic
patients conducted by John Hughlings Jackson, who correctly inferred the organization of
the motor cortex by watching the progression of seizures through the body. Carl
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Wernicke further developed the theory of the specialization of specific brain structures in
language comprehension and production. Modern research still uses the Brodmann
cerebral cytoarchitectonic map (referring to study of cell structure) anatomical definitions
from this era in continuing to show that distinct areas of the cortex are activated in the
execution of specific tasks.

In 1952, Alan Lloyd Hodgkin and Andrew Huxley presented a mathematical model for
transmission of electrical signals in neurons of the giant axon of a squid, action
potentials, and how they are initiated and propagated, known as the Hodgkin-Huxley
model. In 1961-2, Richard FitzHugh and J. Nagumo simplified Hodgkin-Huxley, in what
is called the FitzZHugh—Nagumo model. In 1962, Bernard Katz modeled
neurotransmission across the space between neurons known as synapses. In 1981
Catherine Morris and Harold Lecar combined these models in the Morris-Lecar model. In
1984, J. L. Hindmarsh and R.M. Rose further modeled neurotransmission.

Beginning in 1966, Eric Kandel and James Schwartz examined the biochemical analysis
of changes in neurons associated with learning and memory storage.

Foundations of modern neuroscience

Photograph of a stained neuron in a chicken embryo
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The scientific study of the nervous system increased significantly during the second half
of the twentieth century, principally due to revolutions in molecular biology,
electrophysiology, and computational neuroscience. It has become possible to
understand, in much detail, the complex processes occurring within a single neuron.
However, how networks of neurons produce complex cognitions and behaviors is still
poorly understood.

¢¢ The task of neural science is to explain behavior in terms of the activities of
the brain. How does the brain marshal its millions of individual nerve cells to
produce behavior, and how are these cells influenced by the environment...?
The last frontier of the biological sciences—their ultimate challenge—is to
understand the biological basis of consciousness and the mental processes by
which we perceive, act, learn, and remember. — Eric Kandel, Principles of 9
Neural Science, 4th ed.

The nervous system is composed of a network of neurons and other supportive cells (e.g.,
glial cells). Neurons form functional circuits, each responsible for specific functions of
behavior at the organismal level. Thus, neuroscience can be studied at many different
levels, ranging from the molecular and cellular levels to the systems and cognitive levels.

At the molecular level, the basic questions addressed in molecular neuroscience include
the mechanisms by which neurons express and respond to molecular signals and how
axons form complex connectivity patterns. At this level, tools from molecular biology
and genetics are used to understand how neurons develop and how genetic changes affect
biological functions. The morphology, molecular identity, and physiological
characteristics of neurons and how they relate to different types of behavior are also of
considerable interest.

At the cellular level, the fundamental questions addressed in cellular neuroscience
include the mechanisms of how neurons process signals physiologically and
electrochemically. They address how signals are processed by dendrites, somas and
axons, and how neurotransmitters and electrical signals are used to process signals in a
neuron. Another major area of neuroscience is directed at investigations of the
development of the nervous system. These questions include the patterning and
regionalization of the nervous system, neural stem cells, differentiation of neurons and
glia, neuronal migration, axonal and dendritic development, trophic interactions, and
synapse formation.

At the systems level, the questions addressed in systems neuroscience include how neural
circuits are formed and used anatomically and physiologically to produce functions such
as reflexes, sensory integration, motor coordination, circadian rhythms, emotional
responses, learning, and memory. In other words, they address how these neural circuits
function and the mechanisms through which behaviors are generated. For example,
systems level analysis addresses questions concerning specific sensory and motor
modalities: how does vision work? How do songbirds learn new songs and bats localize
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with ultrasound? How does the somatosensory system process tactile information? The
related fields of neuroethology and neuropsychology address the question of how neural
substrates underlie specific animal and human behaviors. Neuroendocrinology and
psychoneuroimmunology examine interactions between the nervous system and the
endocrine and immune systems, respectively.

At the cognitive level, cognitive neuroscience addresses the questions of how
psychological functions are produced by neural circuitry. The emergence of powerful
new measurement techniques such as neuroimaging (e.g., fMRI, PET, SPECT),
electrophysiology, and human genetic analysis combined with sophisticated experimental
techniques from cognitive psychology allows neuroscientists and psychologists to
address abstract questions such as how human cognition and emotion are mapped to
specific neural substrates.

Neuroscience is also allied with the social and behavioral sciences as well as nascent

interdisciplinary fields such as neuroeconomics, decision theory, and social neuroscience
to address complex questions about interactions of the brain with its environment.

Neuroscience and medicine

Parasagittal MRI of the head of a patient with benign familial macrocephaly

Neurology, psychiatry, neurosurgery, psychosurgery, and neuropathology are medical
specialties that specifically address the diseases of the nervous system. These terms also
refer to clinical disciplines involving diagnosis and treatment of these diseases.
Neurology works with diseases of the central and peripheral nervous systems, such as
amyotrophic lateral sclerosis (ALS) and stroke, and their medical treatment while
psychiatry focuses on affective, behavioral, cognitive, and perceptual disorders.
Neuropathology focuses upon the classification and underlying pathogenic mechanisms
of central and peripheral nervous system and muscle diseases, with an emphasis on
morphologic, microscopic, and chemically observable alterations. Neurosurgery and
psychosurgery work primarily with surgical treatment of diseases of the central and
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peripheral nervous systems. The boundaries between these specialties have been blurring
recently as they are all influenced by basic research in neuroscience. Brain imaging also
enables objective, biological insights into mental illness, which can lead to faster
diagnosis, more accurate prognosis, and help assess patient progress over time.

Integrative neuroscience makes connections across these specialized areas of focus.

Major branches

Modern neuroscience education and research activities can be very roughly categorized
into the following major branches, based on the subject and scale of the system in
examination as well as distinct experimental or curricular approaches. Individual
neuroscientists, however, often work on questions that span several distinct subfields.

Branch

Behavioral
neuroscience

Cellular
neuroscience

Cognitive
neuroscience

Computational
neuroscience

Developmental
neuroscience

Molecular
neuroscience

Neuroengineering

Neuroimaging

Neuroinformatics

Neurolinguistics

Description

Behavioral neuroscience (also known as biological psychology,
biopsychology, or psychobiology) is the application of the principles
of biology (viz., neurobiology) to the study of genetic, physiological,
and developmental mechanisms of behavior in humans and non-
human animals.

Cellular neuroscience is the study of neurons at a cellular level
including morphology and physiological properties.

Cognitive neuroscience is the study of biological substrates
underlying cognition with a specific focus on the neural substrates of
mental processes.

Computational neuroscience is the study of brain function in terms
of the information processing properties of the structures that make
up the nervous system.

Developmental neuroscience studies the processes that generate,
shape, and reshape the nervous system and seeks to describe the
cellular basis of neural development to address underlying
mechanisms.

Molecular Neuroscience is a branch of neuroscience that examines
the biology of the nervous system with molecular biology, molecular
genetics, protein chemistry, and related methodologies.

Neuroengineering is a discipline within biomedical engineering that
uses engineering techniques to understand, repair, replace, or
enhance neural systems.

Neuroimaging includes the use of various techniques to either
directly or indirectly image the structure and function of the brain.

Neuroinformatics is a discipline within bioinformatics that conducts
the organization of neuroscience data and application of
computational models and analytical tools.

Neurolinguistics is the study of the neural mechanisms in the human
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brain that control the comprehension, production, and acquisition of

language.

Neurology is the medical specialty that works with disorders of the
Neurology and nervous system. Psychiatry is the medical specialty that works with
Psychiatry the disorders of the mind—which include various affective,

behavioral, cognitive, and perceptual disorders.
Systems Systems neuroscience is the study the function of neural circuits and
neuroscience systems.

In 1990s, neuroscientist Jaak Panksepp coined the term "affective neuroscience" to
emphasize that research of emotion should be a branch of the neurosciences,
distinguishable from the nearby fields of cognitive neuroscience or behavioral
neuroscience. More recently, the social aspect of the emotional brain has been integrated
in what is called "social-affective neuroscience" or simply social neuroscience.

Future directions

At this time in neuroscience research, several major questions remained unsolved,
especially in cognitive neuroscience. For example, neuroscientists have yet to fully
explain the neural basis of consciousness, learning, memory, perception, sensation, and
sleep. Several questions regarding the development and evolution of the brain remain
unsolved. Researchers have also yet to fully delineate the neural bases of mental
disorders such as addiction, Alzheimer's disease, Parkinson's disease, and psychotic
disorders (e.g., schizophrenia). Neuroscientific research on free will is also in the early
stages of understanding. Thus, neuroscientists are continuously collaborating with other
scientists and researchers to address many of these unresolved problems. Finally,
proponents of the science of morality maintain that neuroscience will play an important
role in the search for optimal moral systems.

Public education and outreach

In addition to conducting traditional research in laboratory settings, neuroscientists have
also been involved in the promotion of awareness and knowledge about the nervous
system among the general public and government officials. Such promotions have been
done by both individual neuroscientists and large organizations. For example, individual
neuroscientists have promoted neuroscience education among young students by
organizing the International Brain Bee (IBB), which is an academic competition for high
school or secondary school students worldwide. In the United States, large organizations
such as the Society for Neuroscience have promoted neuroscience education by
developing a primer called Brain Facts, collaborating with members of public education
to develop Neuroscience Core Concepts for K-12 teachers and students, and
cosponsoring a campaign with the Dana Foundation called Brain Awareness Week to
increase public awareness about the progress and benefits of brain research.
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Finally, neuroscientists have also collaborated with other education experts to study and
refine educational techniques to optimize learning among students, an emerging field
called educational neuroscience. Federal Agencies in the United States, such as the
National Institute of Health (NIH) and National Science Foundation (NSF), have also
funded research that pertain to best practices in teaching and learning of neuroscience
concepts.
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Chapter 14

Psychiatry

The word psyche comes from the ancient Greek for soul or butterfly. The fluttering
elusive insect appears in the coat of arms of Britain's Royal College of Psychiatrists

Psychiatry is the medical specialty devoted to the study and treatment of mental
disorders—which include various affective, behavioural, cognitive and perceptual
disorders. The term was first coined by the German physician Johann Christian Reil in
1808. It literally means the 'medical treatment of the mind' (psych-: mind; -iatry: medical
treatment; from Greek iatrikos: medical, idsthai: to heal). A medical doctor specializing
in psychiatry is a psychiatrist.

A number of phenomena considered "deviant", such as alcoholism, drug addiction, and
mental illness have been examined by Kittrie who demonstrated how such phenomena
were originally considered as moral, then legal, and now medical problems. As a result of
these perceptions, peculiar deviants were subjected to moral, then legal, and now medical
modes of social control. Similarly, Conrad and Schneider concluded their review of the
medicalization of deviance by supposing that three major paradigms may be identified
that have reigned over deviance designations in different historical periods: deviance as
sin; deviance as crime; and deviance as sickness.
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Mental disorders are currently conceptualized as disorders of brain circuits likely caused
by developmental processes shaped by a complex interplay of genetics and experience. In
other words, the genetics of mental illness may really be the genetics of brain
development, with different outcomes possible, depending on the biological and
environmental context.

Psychiatric assessment typically starts with a mental status examination and the
compilation of a case history. Psychological tests and physical examinations may be
conducted, including on occasion the use of neuroimaging or other neurophysiological
techniques. Mental disorders are diagnosed in accordance with criteria listed in diagnostic
manuals such as the widely used Diagnostic and Statistical Manual of Mental Disorders
(DSM), published by the American Psychiatric Association, and the International
Classification of Diseases (ICD) edited and used by the World Health Organization. The
Sth edition of the DSM (DSM-5) is scheduled to be published in 2013, and is expected to
have significant impact on many medical fields.

Psychiatric treatment applies a variety of modalities, including medication,
psychotherapy and a wide range of other techniques such as transcranial magnetic
stimulation. Treatment may be as an inpatient or outpatient, according to severity of
function impairment/the disorder in question. Research and treatment within psychiatry
as a whole are conducted on an interdisciplinary basis, sourcing an array of sub-
specialties and theoretical approaches.

Philip Campbell, the Editor of the journal Nature, has dubbed the 10-year period of 2010-
2019 to be the “decade for psychiatric disorders”, referring to the point that research on
mental illness has, at long last, reached an inflection point at which insights gained from
genetics and neuroscience would transform the understanding of psychiatric illnesses.
Indeed, the November 11, 2010 issue of Nature was devoted to the theme of
schizophrenia — the prototypical psychiatric disorder. The Journal of the American
Medical Association (JAMA) has also devoted its May 19, 2010 issue to the theme of
mental health, testifying to the central importance of mental disorders and mental health
in medical practice. Since 1989 a peer-reviewed Journal entitled the "History of
Psychiatry" has been published in the UK.

History
Ancient times

Starting in the 5th century BC, mental disorders, especially those with psychotic traits,
were considered supernatural in origin. This view existed throughout ancient Greece and
Rome. Early manuals written about mental disorders were created by the Greeks. In the
4th century BC, Hippocrates theorized that physiological abnormalities may be the root
of mental disorders. Religious leaders and others returned to using early versions of
exorcisms to treat mental disorders which often utilized cruel, harsh, and barbarous
methods.
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Middle Ages

The first psychiatric hospitals were built in the medieval Islamic world from the 8th
century. The first was built in Baghdad in 705 AD, followed by Fes in the early 8th
century, and Cairo in 800 AD. Unlike medieval Christian physicians who relied on
demonological explanations for mental illness, medieval Muslim physicians relied mostly
on clinical observations. They made significant advances to psychiatry and were the first
to provide psychotherapy and moral treatment for mentally ill patients, in addition to
other forms of treatment such as baths, drug medication, music therapy and occupational
therapy. In the 10th century, the Persian physician Muhammad ibn Zakariya Razi
(Rhazes) combined psychological methods and physiological explanations to provide
treatment to mentally ill patients. His contemporary, the Arab physician Najab ud-din
Muhammad, described a number of mental illnesses such as agitated depression,
neurosis, priapism and sexual impotence (Nafkhae Malikholia), psychosis (Kutrib), and
mania (Dual-Kulb).

In the 11th century, another Persian physician, Avicenna, recognized "physiological
psychology" in the treatment of illnesses involving emotions, and developed a system for
associating changes in the pulse rate with inner feelings, which is seen as a precursor to
the word association test developed by Carl Jung in the 19th century. Avicenna was also
an early pioneer of neuropsychiatry, and first described a number of neuropsychiatric
conditions such as hallucination, insomnia, mania, nightmare, melancholia, dementia,
epilepsy, paralysis, stroke, vertigo and tremor.

Psychiatric hospitals were built in medieval Europe from the 13th century to treat mental
disorders but were utilized only as custodial institutions and did not provide any type of
treatment. Founded in the 13th century, Bethlem Royal Hospital in London is one of the
oldest psychiatric hospitals. By 1547 the City of London acquired the hospital and
continued its function until 1948. It is now part of the National Health Service and is an
NHS Foundation Trust.

Many consider Philippe Pinel to be the father of modern psychiatry.
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Early modern period

In 1656, Louis XIV of France created a public system of hospitals for those suffering
from mental disorders, but as in England, no real treatment was being applied. In 1758
English physician William Battie wrote the Treatise on Madness which called for
treatments to be utilized in asylums. Thirty years later the new ruling monarch in
England, George III, was known to be suffering from a mental disorder. Following the
King's remission in 1789, mental illness was seen as something which could be treated
and cured. By 1792 French physician Philippe Pinel introduced humane treatment
approaches to those suffering from mental disorders. William Tuke adopted the methods
outlined by Pinel and that same year Tuke opened the York Retreat in England. That
institution became known as a model throughout the world for humane and moral
treatment of patients suffering from mental disorders. It inspired similar institutions in the
United States, most notably the Brattleboro Retreat and the Hartford Retreat (now the
Institute of Living).

19th century

At the turn of the century, England and France combined only had a few hundred
individuals in asylums. By the late 1890s and early 1900s, this number skyrocketed to the
hundreds of thousands. The United States housed 150,000 patients in mental hospitals by
1904. German speaking countries housed more than 400 public and private sector
asylums. These asylums were critical to the evolution of psychiatry as they provided a
universal platform of practice throughout the world.

Universities often played a part in the administration of the asylums. Due to the
relationship between the universities and asylums, scores of competitive psychiatrists
were being molded in Germany. Germany became known as the world leader in
psychiatry during the nineteenth century. The country possessed more than 20 separate
universities all competing with each other for scientific advancement. However, because
of Germany's individual states and the lack of national regulation of asylums, the country
had no organized centralization of asylums or psychiatry. Britain, like Germany, also
lacked a centralized organization for the administration of asylums. This deficit hindered
the diffusion of new ideas in medicine and psychiatry.

In the United States in 1834 Anna Marsh, a physician's widow, deeded the funds to build
her country's first financially-stable private asylum. The Brattleboro Retreat marked the
beginning of America's private psychiatric hospitals challenging state institutions for
patients, funding, and influence. Although based on England's York Retreat, it would be
followed by specialty institutions of every treatment philosophy.

In 1838, France enacted a law to regulate both the admissions into asylums and asylum

services across the country. By 1840, asylums as therapeutic institutions existed
throughout Europe and the United States.
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Emil Kraepelin studied and promoted ideas of disease classification for mental disorders

However, the new and dominating ideas that mental illness could be "conquered" during
the mid-nineteenth century all came crashing down. Psychiatrists and asylums were being
pressured by an ever increasing patient population. The average number of patients in
asylums in the United States jumped 927%. Numbers were similar in England and
Germany. Overcrowding was rampant in France where asylums would commonly take in
double their maximum capacity. Increases in asylum populations may have been a result
of the transfer of care from families and poorhouses, but the specific reasons as to why
the increase occurred is still debated today. No matter the cause, the pressure on asylums
from the increase was taking its toll on the asylums and psychiatry as a specialty.
Asylums were once again turning into custodial institutions and the reputation of
psychiatry in the medical world had hit an extreme low.

20th century
Disease classification and rebirth of biological psychiatry

The 20th century introduced a new psychiatry into the world. Different perspectives of
looking at mental disorders began to be introduced. The career of Emil Kraepelin reflects
the convergence of different disciplines in psychiatry. Kraepelin initially was very
attracted to psychology and ignored the ideas of anatomical psychiatry. Following his
appointment to a professorship of psychiatry and his work in a university psychiatric
clinic, Kraepelin's interest in pure psychology began to fade and he introduced a plan for
a more comprehensive psychiatry. Kraepelin began to study and promote the ideas of
disease classification for mental disorders, an idea introduced by Karl Ludwig Kahlbaum.
The initial ideas behind biological psychiatry, stating that the different mental disorders
were all biological in nature, evolved into a new concept of "nerves" and psychiatry
became a rough approximation of neurology and neuropsychiatry. Following Sigmund
Freud's death, ideas stemming from psychoanalytic theory also began to take root. The
psychoanalytic theory became popular among psychiatrists because it allowed the
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patients to be treated in private practices instead of warehoused in asylums. By the 1970s
the psychoanalytic school of thought had become marginalized within the field.
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Otto Loewi's work led to the identification of the first neurotransmitter, acetylcholine

Biological psychiatry reemerged during this time. Psychopharmacology became an
integral part of psychiatry starting with Otto Loewi's discovery of the first
neurotransmitter, acetylcholine. Neuroimaging was first utilized as a tool for psychiatry
in the 1980s. The discovery of chlorpromazine's effectiveness in treating schizophrenia in
1952 revolutionized treatment of the disease, as did lithium carbonate's ability to stabilize
mood highs and lows in bipolar disorder in 1948. Psychotherapy was still utilized, but as
a treatment for psychosocial issues. Genetics were once again thought to play a role in
mental illness. Molecular biology opened the door for specific genes contributing to
mental disorders to be identified.

Anti-psychiatry and deinstitutionalization

The introduction of psychiatric medications and the use of laboratory tests altered the
doctor-patient relationship between psychiatrists and their patients. Psychiatry's shift to
the hard sciences had been interpreted as a lack of concern for patients. Anti-psychiatry
had become more prevalent in the late twentieth century due to this and publications in
the media which conceptualized mental disorders as myths. Others in the movement
argued that psychiatry was a form of social control and demanded that institutionalized
psychiatric care, stemming from Pinel's thereapeutic asylum, be abolished. Incidents of
physical abuse by psychiatrists took place during the reign of some totalitarian regimes as
part of a system to enforce political control. Some of the abuse even continued to the
present day. Historical examples of the abuse of psychiatry took place in Nazi Germany,
in the Soviet Union under Psikhushka, and in the apartheid system in South Africa.

Electroconvulsive therapy (ECT) was one treatment that the anti-psychiatry movement
wanted eliminated. They alleged that ECT damaged the brain and was used as a tool for
discipline. While some believe there is no evidence that ECT damages the brain, there are
some citations that ECT does cause damage. Sometimes ECT is used as punishment or as
a threat and there have been isolated incidents where the use of ECT was threatened to
keep the patients "in line". The prevalence of psychiatric medication helped initiate
deinstitutionalization, the process of discharging patients from psychiatric hospitals to the
community. The pressure from the anti-psychiatry movements and the ideology of
community treatment from the medical arena helped sustain deinstitutionalization.
Thirty-three years after deinstitutionalization started in the United States, only 19% of the
patients in state hospitals remained. Mental health professionals envisioned a process
wherein patients would be discharged into communities where they could participate in a
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normal life while living in a therapeutic atmosphere. Psychiatrists were criticized,
however, for failing to develop community-based support and treatment. Community-
based facilities were not available because of the political infighting between in-patient
and community-based social services, and an unwillingness by social services to dispense
funding to provide adequately for patients to be discharged into community-based
facilities.

Transinstitutionalization and the aftermath

In 1963, US president John F. Kennedy introduced legislation delegating the National
Institute of Mental Health to administer Community Mental Health Centers for those
being discharged from state psychiatric hospitals. Later, though, the Community Mental
Health Center's focus was diverted to provide psychotherapy sessions for those suffering
from acute but mild mental disorders. Ultimately there were no arrangements made for
actively and severely mentally ill patients who were being discharged from hospitals.
Some of those suffering from mental disorders drifted into homelessness or ended up in
prisons and jails. Studies found that 33% of the homeless population and 14% of inmates
in prisons and jails were already diagnosed with a mental illness.

In 1972, psychologist David Rosenhan published the Rosenhan experiment, a study
analyzing the validity of psychiatric diagnoses. The study arranged for eight individuals
with no history of psychopathology to attempt admission into psychiatric hospitals. The
individuals included a graduate student, psychologists, an artist, a housewife, and two
physicians, including one psychiatrist. All eight individuals were admitted with a
diagnosis of schizophrenia or bipolar disorder. Psychiatrists then attempted to treat the
individuals using psychiatric medication. All eight were discharged within 7 to 52 days.
In a later part of the study, psychiatric staff were warned that pseudo-patients might be
sent to their institutions, but none were actually sent. Nevertheless, a total of 83 patients
out of 193 were believed by at least one staff member to be actors. The study concluded
that individuals without mental disorders were indistinguishable from those suffering
from mental disorders. Critics such as Robert Spitzer placed doubt on the validity and
credibility of the study, but did concede that the consistency of psychiatric diagnoses
needed improvement.

Psychiatry, like most medical specialties has a continuing, significant need for research
into its diseases, classifications and treatments. Psychiatry adopts biology's fundamental
belief that disease and health are different elements of an individual's adaptation to an
environment. But psychiatry also recognizes that the environment of the human species is
complex and includes physical, cultural, and interpersonal elements. In addition to
external factors, the human brain must contain and organize an individual's hopes, fears,
desires, fantasies and feelings. Psychiatry's difficult task is to bridge the understanding of
these factors so that they can be studied both clinically and physiologically.
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Theory and focus

"Psychiatry, more than any other branch of medicine, forces its practitioners to wrestle
with the nature of evidence, the validity of introspection, problems in communication,
and other long-standing philosophical issues" (Guze, 1992, p.4).

The term psychiatry (Greek "yvywatpikn", psychiatriké), coined by Johann Christian Reil
in 1808, comes from the Greek "yuyn" (psyche: "soul or mind") and "watpdc" (iatros:
"healer"). It refers to a field of medicine focused specifically on the mind, aiming to
study, prevent, and treat mental disorders in humans. It has been described as an
intermediary between the world from a social context and the world from the perspective
of those who are mentally ill.

Those who practice psychiatry are different than most other mental health professionals
and physicians in that they must be familiar with both the social and biological sciences.
The discipline is interested in the operations of different organs and body systems as
classified by the patient's subjective experiences and the objective physiology of the
patient. Psychiatry exists to treat mental disorders which are conventionally divided into
three very general categories: mental illness, severe learning disability, and personality
disorder. While the focus of psychiatry has changed little throughout time, the diagnostic
and treatment processes have evolved dramatically and continue to do so. Since the late
20th century, the field of psychiatry has continued to become more biological and less
conceptually isolated from the field of medicine.

Scope of practice
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While the medical specialty of psychiatry utilizes research in the field of neuroscience,
psychology, medicine, biology, biochemistry, and pharmacology, it has generally been
considered a middle ground between neurology and psychology. Unlike other physicians
and neurologists, psychiatrists specialize in the doctor-patient relationship and are trained
to varying extents in the use of psychotherapy and other therapeutic communication
techniques. Psychiatrists also differ from psychologists in that they are physicians and the
entirety of their post-graduate training is revolved around the field of medicine.
Psychiatrists can therefore counsel patients, prescribe medication, order laboratory tests,
order neuroimaging, and conduct physical examinations.

Ethics

Like other professions, the World Psychiatric Association issues an ethical code to
govern the conduct of psychiatrists. The psychiatric code of ethics, first set forth through
the Declaration of Hawaii in 1977, has been expanded through a 1983 Vienna update and,
in 1996, the broader Madrid Declaration. The code was further revised in Hamburg,

1999. The World Psychiatric Association code covers such matters as patient assessment,
up-to-date knowledge, the human dignity of incapacitated patients, confidentiality,
research ethics, sex selection, euthanasia, organ transplantation, torture, the death penalty,
media relations, genetics, and ethnic or cultural discrimination. In establishing such
ethical codes, the profession has responded to a number of controversies about the
practice of psychiatry.

Subspecialties

Various subspecialties and/or theoretical approaches exist which are related to the field of
psychiatry. They include the following:

e Addiction psychiatry; focuses on evaluation and treatment of individuals with
alcohol, drug, or other substance-related disorders, and of individuals with dual
diagnosis of substance-related and other psychiatric disorders.

» Biological psychiatry; an approach to psychiatry that aims to understand mental
disorders in terms of the biological function of the nervous system.

o Child and adolescent psychiatry; a branch of psychiatry that specialises in work
with children, teenagers, and their families.
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o Community psychiatry; an approach that reflects an inclusive public health
perspective and is practiced in community mental health services.

o Cross-cultural psychiatry; a branch of psychiatry concerned with the cultural and
ethnic context of mental disorder and psychiatric services.

o Eating disorders; focuses on anorexia nervosa, bulimia nervosa, binge eating
disorder, eating disorders not otherwise specified (EDNOS) and certain feeding
disorders such as pica (disorder).

e Emergency psychiatry; the clinical application of psychiatry in emergency
settings.

o Forensic psychiatry; the interface between law and psychiatry.

o Geriatric psychiatry; a branch of psychiatry dealing with the study, prevention,
and treatment of mental disorders in humans with old age.

e Global Mental Health; the area of study, research and practice that places a
priority on improving mental health and achieving equity in mental health for all
people worldwide.

o Liaison psychiatry; the branch of psychiatry that specializes in the interface
between other medical specialties and psychiatry.

o Military psychiatry; covers special aspects of psychiatry and mental disorders
within the military context.

e Neuropsychiatry; branch of medicine dealing with mental disorders attributable to
diseases of the nervous system.

e Social psychiatry; a branch of psychiatry that focuses on the interpersonal and
cultural context of mental disorder and mental wellbeing.

In the United States, psychiatry is one of the specialties which qualify for further
education and board-certification in pain medicine, palliative medicine, and sleep
medicine.

Approaches

Psychiatric illnesses can be approached in a number of different ways. The biomedical
approach examines signs and symptoms and compares them with diagnostic criteria.
Psychiatric illness can also be assessed through a narrative which tries to understand
symptoms as a part of a meaningful life history and as a responses to external conditions.
Both approaches are important in the field of psychiatry. A lack of consensus between
these often opposing views has contributed in part to the biopsychiatry controversy. It has
also played a role in controversies over specific psychiatric illness, such as ADHD and
multiple personalities. The biopsychosocial model is often used to understand psychiatric
illness. However, the "model's" scientific credentials have been called into question in
Dr. Niall McLaren's 1998 paper, 4 critical review of the Biopsychosocial Model and his
books Humanizing Madness and Humanizing Psychiatry. Even though it is correct to say
that sociology, psychology, and biology are factors in mental illness, simply stating this
obvious fact does not make it a model in the scientific sense of the word. Scientific
models are meant to be the actualization of a scientific theory and the biopsychosocial
model actualizes nothing apart from reiterating a concept which "all practitioners of
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reasonable sensitivity" should know implicitly (that social and psychological factors
matter).

Industry and academia
Practitioners

All physicians can diagnose mental disorders and prescribe treatments utilizing principles
of psychiatry. Psychiatrists are either: 1) clinicians who specialize in psychiatry and are
certified in treating mental illness; or (2) scientists in the academic field of psychiatry and
are qualified as research doctors in this field. Psychiatrists may also go through
significant training to conduct psychotherapy, psychoanalysis and cognitive behavioral
therapy, but it is their training as physicians that differentiates them from other mental
health professionals.

Research

An MRI scan of the brain: many mental disorders are thought to be associated with
neurobiological abnormalities

Psychiatric research is, by its very nature, interdisciplinary. It combines social, biological
and psychological perspectives to understand the nature and treatment of mental
disorders. Clinical and research psychiatrists study basic and clinical psychiatric topics at
research institutions and publish articles in journals. Under the supervision of institutional
review boards, psychiatric clinical researchers look at topics such as neuroimaging,
genetics, and psychopharmacology in order to enhance diagnostic validity and reliability,
to discover new treatment methods, and to classify new mental disorders.
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Clinical application

Diagnostic systems

fMRI images such as these may assist in a diagnosis by ruling out other conditions

Psychiatric diagnoses take place in a wide variety of settings and are performed by many
different health professionals. Therefore, the diagnostic procedure may vary greatly based
upon these factors. Typically, though, a psychiatric diagnosis utilizes a differential
diagnosis procedure where a mental status examination and physical examination is
conducted, pathological, psychopathological or psychosocial histories obtained, and
sometimes neuroimages or other neurophysiological measurements are taken, or
personality tests or cognitive tests administered. In some cases, a brain scan might be
used to rule out other medical illnesses, but at this time relying on brain scans alone
cannot accurately diagnose a mental illness or tell the risk of getting a mental illness in
the future. A few psychiatrists are beginning to utilize genetics during the diagnostic
process but on the whole this remains a research topic.
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Diagnostic manuals

Three main diagnostic manuals used to classify mental health conditions are in use today.
The ICD-10 is produced and published by the World Health Organisation, includes a
section on psychiatric conditions, and is used worldwide. The Diagnostic and Statistical
Manual of Mental Disorders, produced and published by the American Psychiatric
Association, is primarily focused on mental health conditions and is the main
classification tool in the United States. It is currently in its fourth revised edition and is
also used worldwide. The Chinese Society of Psychiatry has also produced a diagnostic
manual, the Chinese Classification of Mental Disorders.

The stated intention of diagnostic manuals is typically to develop replicable and clinically
useful categories and criteria, to facilitate consensus and agreed upon standards, whilst
being atheoretical as regards etiology. However, the categories are nevertheless based on
particular psychiatric theories and data; they are broad and often specified by numerous
possible combinations of symptoms, and many of the categories overlap in
symptomology or typically occur together. While originally intended only as a guide for
experienced clinicians trained in its use, the nomenclature is now widely used by
clinicians, administrators and insurance companies in many countries.

Treatment settings

General considerations

Individuals with mental health conditions are commonly referred to as patients but may
also be called clients, consumers, or service recipients. They may come under the care of
a psychiatric physician or other psychiatric practitioners by various paths, the two most
common being self-referral or referral by a primary-care physician. Alternatively, a
person may be referred by hospital medical staff, by court order, involuntary
commitment, or, in the UK and Australia, by sectioning under a mental health law.
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A psychiatric patient room in the United States

Whatever the circumstance of a person's referral, a psychiatrist first assesses the person's
mental and physical condition. This usually involves interviewing the person and often
obtaining information from other sources such as other health and social care
professionals, relatives, associates, law enforcement and emergency medical personnel
and psychiatric rating scales. A mental status examination is carried out, and a physical
examination is usually performed to establish or exclude other illnesses, such as thyroid
dysfunction or brain tumors, or identify any signs of self-harm; this examination may be
done by someone other than the psychiatrist, especially if blood tests and medical
imaging are performed.

Like all medications, psychiatric medications can cause adverse effects in patients and
hence often involve ongoing therapeutic drug monitoring, for instance full blood counts
or, for patients taking lithium salts, serum levels of lithium, renal and thyroid function.
Electroconvulsive therapy (ECT) is sometimes administered for serious and disabling
conditions, especially those unresponsive to medication. The efficacy and adverse effects
of psychiatric drugs have been challenged.

The close relationship between those prescribing psychiatric medication and
pharmaceutical companies has become increasingly controversial along with the

influence which pharmaceutical companies are exerting on mental health policies.

Also controversial are forced drugging and the "lack of insight" label. According to a
report published by the US National Council on Disability,
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Involuntary treatment is extremely rare outside the psychiatric system, allowable only in
such cases as unconsciousness or the inability to communicate. People with psychiatric
disabilities, on the other hand, even when they vigorously protest treatments they do not
want, are routinely subjected to them anyway, on the justification that they "lack insight"
or are unable to recognize their need for treatment because of their "mental illness". In
practice, "lack of insight" becomes disagreement with the treating professional, and
people who disagree are labeled "noncompliant" or "uncooperative with treatment".

Inpatient treatment

Psychiatric treatments have changed over the past several decades. In the past, psychiatric
patients were often hospitalized for six months or more, with some cases involving
hospitalization for many years. Today, people receiving psychiatric treatment are more
likely to be seen as outpatients. If hospitalization is required, the average hospital stay is
around one to two weeks, with only a small number receiving long-term hospitalization.

Psychiatric inpatients are people admitted to a hospital or clinic to receive psychiatric
care. Some are admitted involuntarily, perhaps committed to a secure hospital, or in some
jurisdictions to a facility within the prison system. In many countries including the USA
and Canada, the criteria for involuntary admission vary with local jurisdiction. They may
be as broad as having a mental health condition, or as narrow as being an immediate
danger to themselves and/or others. Bed availability is often the real determinant of
admission decisions to hard pressed public facilities. European Human Rights legislation
restricts detention to medically-certified cases of mental disorder, and adds a right to
timely judicial review of detention.

Injections are one of many ways to administer psychiatric medication
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Patients may be admitted voluntarily if the treating doctor considers that safety isn't
compromised by this less restrictive option. Inpatient psychiatric wards may be secure
(for those thought to have a particular risk of violence or self-harm) or unlocked/open.
Some wards are mixed-sex whilst same-sex wards are increasingly favored to protect
women inpatients. Once in the care of a hospital, people are assessed, monitored, and
often given medication and care from a multidisciplinary team, which may include
physicians, psychiatric nurse practitioners, psychiatric nurses, clinical psychologists,
psychotherapists, psychiatric social workers, occupational therapists and social workers.
If a person receiving treatment in a psychiatric hospital is assessed as at particular risk of
harming themselves or others, they may be put on constant or intermittent one-to-one
supervision, and may be physically restrained or medicated. People on inpatient wards
may be allowed leave for periods of time, either accompanied or on their own.

In many developed countries there has been a massive reduction in psychiatric beds since
the mid 20th century, with the growth of community care. Standards of inpatient care
remain a challenge in some public and private facilities, due to levels of funding, and
facilities in developing countries are typically grossly inadequate for the same reason.

Outpatient treatment

People may receive psychiatric care on an inpatient or outpatient basis. Outpatient
treatment involves periodic visits to a clinician for consultation in his or her office,
usually for an appointment lasting thirty to sixty minutes. These consultations normally
involve the psychiatric practitioner interviewing the person to update their assessment of
the person's condition, and to provide psychotherapy or review medication. The
frequency with which a psychiatric practitioner sees people in treatment varies widely,
from days to months, depending on the type, severity and stability of each person's
condition, and depending on what the clinician and client decide would be best.
Increasingly, psychiatrists are limiting their practices to psychopharmacology
(prescribing medications) with less time devoted to psychotherapy or "talk" therapies, or
behavior modification. The role of psychiatrists is changing in community psychiatry,
with many assuming more leadership roles, coordinating and supervising teams of allied
health professionals and junior doctors in delivery of health services.
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Chapter 15

Neurosurgery and Neuropathology

Neurosurgery

Neurosurgery

Occupation
Activity sectors Surgery
Description

Education required Doctor of Medicine
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Fields of employment Hospitals, Clinics

Neurosurgery (or neurological surgery) is the medical specialty concerned with the
prevention, diagnosis, treatment and rehabilitation of disorders that affect the entire
nervous system including the brain, spinal column, spinal cord, peripheral nerves, and
extra-cranial cerebrovascular system.

History

Brain surgery is perhaps the oldest of the medical practices. Africa showed evidence of
brain surgery as early as 3,000 BCE Pre-Incan civilization used brain surgery as early as
2,000 BCE.

One of the earliest forms of brain surgery is trepanning (or trephining), it involved
creating a hole in a person's skull to release what they probably thought were evil spirits.

Education and training

In the United States, a neurosurgeon must generally complete four years of college, four
years of medical school, a year-long internship (PGY-1) that is usually affiliated with
their residency program, and five to six years of neurosurgery residency (PGY-2-6).
Most, but not all, residency programs have some component of basic science or clinical
research. Neurosurgeons may pursue an additional training in a fellowship, after
residency or in some cases, as a senior resident. These fellowships include pediatric
neurosurgery, neurocritical care, functional and stereotactic surgery, surgical neuro-
oncology, neurovascular surgery, Interventional neuroradiology, or skull base surgery.
Neurosurgeons can also pursue fellowship training in neuropathology and neuro-
ophthalmology.

In the UK students must earn A*- C Grades at GCSE (General Certificate of Secondary
Education), then they must also achieve A*- C at A levels in Chemistry with at least one
other Science or Maths. Also a UKCAT (UK Clinical Aptitude Test) or BMAT
(BioMedical Admissions Test) can be used to gain access into some Medical Schools.
Students have to study medicine for 5 years and achieve an MBBS qualification
(Bachelor of Medicine and Bachelor of Surgery). Then the student must perform
Foundation training lasting normally 2 years, this is a paid training job in a hospital or
clinical situation setting covers a range of Medical specialties including Surgery. Core
Surgical training is then taken which lasts for 2 years the difference in this is that the
training would be themed towards a particular speciality.

Neurosurgical methods

Neuroradiogy methods are used in modern neurosurgical diagnosis and treatment.
computer assisted imaging computed tomography (CT), magnetic resonance imaging
(MRI), positron emission tomography (PET), magnetoencephalography (MEG) and the
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development of stereotactic surgery. Some neurosurgical procedures involve the use of
MRI and functional MRI intraoperatively.

Microsurgery is utilized in many aspects of neurological surgery. Microvascular
anastomosis are required when EC-IC surgery is performed. The clipping of aneurysms is
performed using a microscope. Minimally invasive spine surgery utilizes relies on these
techniques. Procedures such as microdiscectomy, laminectomy, and artificial discs rely
on microsurgery.

Minimally invasive endoscopic surgery is utilized by neurosurgeons. Techniques such as
endoscopic endonasal surgery is used for pituitary tumors, craniopharyngiomas,
chordomas, and the repair of cerebrospinal fluid leaks. Ventricular endoscopy is used for
colloid cysts and neurocysticercosis. Endoscopic techniques can be used to assist in the
evaculation of hematomas and trigeminal neuralgia. Repair of craniofacial disorders and
disturbance of cerebrospinal fluid circulation is done by neurosurgeons, and depending
on the situation, plastic surgeons. Conditions such as chiari malformation,
craniosynostosis, and syringomyelia are treated. This is called cranioplasty.

Neurosurgeons are involved in Stereotactic Radiosurgery along with Radiation
Oncologists for tumor and AVM treatment. Radiosurgical methods such as Gamma knife
and Cyberknife are used.

Neurosurgeons have begun to utilize endovascular image guided procedures for the
treatment of aneurysms, AVMs, carotid stenosis, strokes, and spinal malformations, and
vasospasms. Also, nonvascular procedures such as Vertoplasty and Kyphoplasty are used
by neurosurgeons. Techniques such as angioplasty, stenting, clot retrieval, embolization,
and diagnostic angiography are utilized.

Conditions

Other conditions treated by neurosurgeons include:

e Male erectile dysfunction

e Spinal disc herniation

e Cervical spinal stenosis and Lumbar spinal stenosis

e Hydrocephalus

e Head trauma (brain hemorrhages, skull fractures, etc.)

e Spinal cord trauma

e Traumatic injuries of peripheral nerves

e Infections

e Tumours of the spine, spinal cord and peripheral nerves

o Intracerebral hemorrhage, such as subarachnoid hemorrhage, intraparenchymal,
and intraventricular hemorrhages

e Some forms of drug-resistant epilepsy

e Some forms of movement disorders (advanced Parkinson's disease, chorea) — this
involves the use of specially developed minimally invasive stereotactic techniques
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(functional, stereotactic neurosurgery) such as ablative surgery and deep brain
stimulation surgery
o Intractable pain of cancer or trauma patients and cranial/peripheral nerve pain
e Some forms of intractable psychiatric disorders
e Vascular malformations (i.e., arteriovenous malformations, venous angiomas,
cavernous angiomas, capillary telangectasias) of the brain and spinal cord
o Peripheral neuropathies such as carpal tunnel syndrome and ulnar neuropathy
e Moyamoya disease

Neuropathology

Neuropathology is the study of disease of nervous system tissue, usually in the form of
either small surgical biopsies or whole autopsy brains. Neuropathology is a subspecialty
of anatomic pathology, neurology, and neurosurgery. It should not be confused with
neuropathy, which refers to disorders of the nerves (usually in the peripheral nervous
system).

Methodology

The work of the neuropathologist consists largely of examining biopsy tissue from the
brain and spinal cord to aid in diagnosis of disease. The biopsy is usually requested after
a mass is detected by radiologic imaging. As for autopsies, the principal work of the
neuropathologist is to help in the post-mortem diagnosis of various forms of dementia
and other conditions that affect the central nervous system.

Biopsies can also consist of the skin. Epidermal nerve fiber density testing (ENFD) is a
more recently developed neuropathology test in which a punch skin biopsy is taken to
identify small fiber neuropathies by analyzing the nerve fibers of the skin. This pathology
test is becoming available in select labs as well as many universities; it replaces the
traditional sural nerve biopsy test as less invasive. It is used to identify painful small fiber
neuropathies.

Focus of specialization

In many English speaking countries neuropathology is considered a subfield of
anatomical pathology. In contrast, there are a number of independent university chairs in
neuropathology and even institutes of neuropathology in German speaking countries due
to a different historical background. A physician who specializes in neuropathology,
usually by completing a fellowship after a residency in anatomical or general pathology,
is called a neuropathologist. In day-to-day clinical practice, a neuropathologist is a
consultant for other physicians. If a disease of the nervous system is suspected, and the
diagnosis cannot be made by less invasive methods, a biopsy of nervous tissue is taken
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and sent to the neuropathologist, who examines it using a microscope or certain
molecular methods to make a definitive diagnosis.

Many neuropathologists in Europe have a background in the clinical neurosciences
(neurology, psychiatry) as well as pathology.

Neuropathology in the US System

Neuropathologists are physicians with either MD or DO medical school degrees. They
must finish either 2 or 3 years of an anatomical pathology residency followed by 2 years
of a neuropathology fellowship and be certified by the American Board of Pathology in
both anatomical and neuropathology. It is also quite common for neuropathologists to
have PhDs in a related field.

Neuropathology in the UK System

Neuropathologists are medically qualified practitioners who are registered with the
General Medical Council in the UK. A postgraduate qualification in neuropathology is
obtained through training and an examination overseen by the Royal College of
Pathologists UK. A neuropathologist has training in anatomic pathology followed by
training in relation to diagnosis of diseases of the nervous system and muscle. A
specialist examination (called Part2) in neuropathology is run by the Royal College of
Pathologists UK.It is also quite common for neuropathologists to have PhDs in a related
field.

In addition to examining central nervous system tissue, the neuropathologist usually is
assigned the task of examining muscle and peripheral nerve biopsies. Muscle biopsies are
taken to aid in the diagnosis of muscle diseases (such as polymyositis, mitochondrial
myopathy, etc.). Peripheral nerve is assessed to help work up patients with suspected
peripheral neuropathies secondary to such conditions as vasculitis and amyloidosis.

Neuropathology is a heavily research oriented field.

Prominent historical figures in neuropathology

Santiago Ramon y Cajal is considered one of the founders of modern neuroanatomy.
Alois Alzheimer, the person after whom Alzheimer's disease is named, is considered an
important early contributor to the field.

A sampling of prominent currently practicing neuropathologists

Among prominent currently practicing neuropathologists are Drs. Mark Cohen (Case
Western Reserve University), Richard Prayson (Cleveland Clinic), Douglas C. Miller
(University of Missouri; until recently at NYU), John Trojanowski (University of
Pennsylvania), and John Donahue (Brown University). Dr. Donahue also happens to be a
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neurologist. Neuropathologists who are also neurologists used to be the norm, but now
they are becoming a rare entity.

Stephen J. Nelson, M.D., of Florida, was the neuropathologist who examined Terri
Schiavo at autopsy when she died in Pinellas County, Florida. Dr. Nelson also examined
Anna Nicole Smith when she died in Broward County, Florida. Dr. Nelson holds the
unusual combination of certification in anatomic pathology, forensic pathology, and
neuropathology, all by The American Board of Pathology.

Progress

A European Board Examination in Neuropathology which emphasizes the importance of
proper training in the neurosciences is currently being established (www.euro-cns.org).
The most recent international meeting of neuropathologists occurred in September 2006
in San Francisco, California, USA.

Neuropathology journals

Academic neuropathology is served by several specialist neuropathology journals. Acta
Neuropathologica is the neuropathology journal with the highest impact factor. Some
journals are sponsored by national or international neuropathology associations: Brain
Pathology is the official journal of the International Society of Neuropathology,
Neuropathology & Applied Neurobiology is sponsored by the British Neuropathological
Society, the Journal of Neuropathology and Experimental Neurology is the official
journal of the American Association of Neuropathologists (AANP) and
"Neuropathology" is the official journal of the Japanese Society of Neuropathology.
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Chapter 16

Psychosurgery

Psychosurgery, also called neurosurgery for mental disorder (NMD), is the
neurosurgical treatment of mental disorder. It was introduced in 1930s and has a
controversial history; Portuguese neurologist Egas Moniz is usually credited with being
the originator of psychosurgery, although there had been previous attempts to operate on
the brains of mentally ill people. The practice was enthusiastically taken up by American
neurologist Walter Freeman who devised his own version of the operation and called it a
lobotomy. His later modification, the transorbital lobotomy, which involved
anaesthetising a patient with electroconvulsive shock and hammering an ice-pick-like
instrument through the eye socket, dispensed with the need for a neurosurgeon and
became subject to widespread use — and abuse. In spite of the award of the Nobel prize
to Moniz in 1949 the lobotomy was largely discredited and replaced by chlorpromazine
in the 1950s. Other forms of psychosurgery, although used on a much smaller scale,
survived. Some countries have abandoned psychosurgery altogether; in others, for
example the US and the UK, it is regulated and only used in a few centres on small
numbers of people with depression or obsessive-compulsive disorder (OCD) who have
already undergone years of treatment. In some other countries it is used in the treatment
of schizophrenia and addiction.

Psychosurgery is a collaboration between psychiatrists and neurosurgeons. During the
operation, which is carried out under a general anaesthetic and using stereotactic
methods, a small piece of brain is destroyed or removed. The most common types of
psychosurgery in current or recent use are capsulotomy, cingulotomy, subcaudate
tractotomy and limbic leucotomy. Lesions are made by radiation, thermo-coagulation,
freezing or cutting. About a third of patients show significant improvement in their
symptoms after operation. Advances in surgical technique have greatly reduced the
incidence of death and serious damage from psychosurgery; the remaining risks include
seizures, incontinence, decreased drive and initiative, weight gain, and cognitive and
affective problems.

Currently, interest in the neurosurgical treatment of mental illness is shifting from
ablative psychosurgery (where the aim is to destroy brain tissue) to deep brain
stimulation (DBS) where the aim is to stimulate areas of the brain with implanted
electrodes.
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History

There is evidence that trepanning (or trephining) — the practice of drilling holes in the
skull — has been in widespread, if infrequent, use since 5000 BC. This may have been
done in an attempt to allow the brain to expand in the case of increased brain fluid
pressure, for example, after head injuries. However, psychosurgery as understood today
was not commonly practiced until the 1930s.

The first systematic attempts at human psychosurgery occurred in the 1880s by Swiss
psychiatrist Gottlieb Burckhardt Burckhardt operated on the brains of six patients (one of
whom died a few days after the operation) at Préfargier Asylum, cutting out a piece of
cerebral cortex. He presented the results at the Berlin Medical Congress and published a
report, but the response was hostile and he did no further operations. Early in the 20th
century Russian neurologist Vladimir Bekhterev and Estonian neurosurgeon Ludvig
Puusepp operated on three patients with mental illness, with discouraging results.

But is was the Portuguese neurologist Egas Moniz who in 1935 was responsible for
introducing psychosurgery into mainstream psychiatric practice, and coined the term
"psychosurgery". Moniz developed a theory that people with mental illnesses,
particularly "obsessive and melancholic cases" had a disorder of the synapses which
allowed unhealthy thoughts to circulate continuously in their brains. Moniz hoped that by
surgically interrupting pathways in their brain he could encourage new healthier synaptic
connections. In November 1935, under Moniz's direction, surgeon Pedro Almeida Lima
drilled a series of holes on either side of a woman's skull and injected ethanol to destroy
small areas of subcortical white matter in the frontal lobes. After a few operations using
ethanol, Moniz and Almeida Lima changed their technique and cut out small cores of
brain tissue. They designed an instrument which they called a leucotome, and called the
operation a leucotomy (cutting of the white matter). After twenty operations they
published an account of their work. The reception was generally not friendly, but a few
psychiatrists, notably in Italy and the US, were inspired to experiment for themselves.

In the US psychosurgery was taken up and zealously promoted by neurologist Walter
Freeman and neurosurgeon James Watts. They started a psychosurgery programme in
Washington in 1936, first using Moniz's method but then devising a method of their own
in which the connections between the prefrontal lobes and deeper structures in the brain
were severed by making a sweeping cut through a burr hole on either side of the skull.
They called their new operation a lobotomy.
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Close up of "ice picks"

Freeman went on to develop a new form of lobotomy which dispensed with the need for a
neurosurgeon. He hammered an ice-pick like instrument through the eye socket and
swept through the frontal lobes. The transorbital or "ice-pick" lobotomy was done under
local anesthesia or using electroconvulsive shock to render the patient unconscious and
could be performed in mental hospitals lacking surgical facilities. Such was Freeman's
zeal that he began to travel around the nation in his own personal van, which he called his
"lobotomobile", demonstrating the procedure in psychiatic hospitals.Freeman's patients
included 19 children, one of whom was 4 years old.

The 1940s saw a rapid expansion of psychosurgery, in spite of the fact that it involved a
significant risk of death and severe personality changes. By the end of the decade, up to
5000 psychosurgical operations were being carried out annually in the US. In 1949
Moniz was awarded the Nobel prize for physiology or medicine. But psychosurgery went
into rapid decline in the 1950s, due to the introduction of new drugs and a growing
awareness of the long-term damage caused by the operations, as well as doubts about its
efficacy.

Beginning in the 1940s various new techniques were designed in the hope of reducing the
adverse effects of the operation: William Scoville's orbital undercutting; Jean Talairach's
anterior capsulotomy; Hugh Cairn's cingulotomy. Stereotactic techniques made it
possible to place lesions more accurately, and experiments were done with alternatives to
cutting instruments such as radiation. By the 1970s the standard or transorbital lobotomy
had been replaced with other forms of psychosurgical operations.

During the 1960s and 1970s psychosurgery became the subject of increasing public
concern and debate; culminating in the US with congressional hearings. Surprisingly, the
National Commission for the Protection of Human Subjects of Biomedical and
Behavioral Research in 1977 endorsed the continued limited use of psychosurgical
procedures. In this new, regulated era a few centres in some countries, such as the US,
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continued to use psychosurgery on small numbers of patients, with the number of
operations declining further over the thirty years, a period during which there have been
no major advances in ablative psychosurgery.

Neurological effects

The frontal lobe of the brain controls a number of advanced cognitive functions, as well
as motor control. Motor control is located at the rear of the frontal lobe, and is usually
unaffected by psychosurgery. The anterior or prefrontal area is involved in impulse
control, judgement with everyday life and situations, language, memory, motor function,
problem solving, sexual behaviour, socialization and spontaneity. Frontal lobes assist in
planning, coordinating, controlling and executing behaviour.

The efficacy is not high: one study of cingulotomy (which usually involves a 2—3 cm
lesion in the cingulum near the corpus callosum) found improvement in 5 out of 18
patients.

Present day

All the forms of psychosurgery in use today (or used in recent years) target the limbic
system, which involves structures such as the amygdala, hippocampus, certain thalamic
and hypothalamic nuclei, prefrontal and orbitofrontal cortex, and cingulate gyrus — all
connected by fibre pathways and thought to play a part in the regulation of emotion.
There is no international consensus on the best target site.

Anterior cingulotomy was first used by Hugh Cairns in the UK, and developed in the
US by H.T. Ballantine jnr. In recent decades it has been the most commonly used
psychosurgical procedure in the US. The target site is the anterior cingulate cortex; the
operation disconnects the thalamic and posterior frontal regions and damages the anterior
cingulate region.

Anterior capsulotomy was developed in Sweden, where it became the most frequently
used procedure. It is also used in Scotland. The aim of the operation is to disconnect the
orbitofrontal cortex and thalamic nuclei.

Subcaudate tractotomy was the most commonly used form of psychosurgery in the UK
from the 1960s to the 1990s. It targets the lower medial quadrant of the frontal lobes,
severing connections between the limbic system and supra-orbital part of the frontal lobe.

Limbic leucotomy is a combination of subcaudate tractotomy and anterior cingulotomy.
It was used at Atkinson Morley Hospital London in the 1990s and also at Massachusetts
General Hospital.

Amygdalotomy, which targets the amygdala, was developed as a treatment for

aggression by Hideki Narabayashi in 1961 and is still used occasionally, for example at
the Medical College of Georgia.
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There is debate about whether or not deep brain stimulation (DBS) should be classed as a
form of psychosurgery.

Endoscopic sympathetic block (a form of endoscopic thoracic sympathectomy) for
patients with anxiety disorder is sometimes considered to be a psychiatric treatment,
despite it not being surgery of the brain. There is also renewed interest in using it to treat
schizophrenia. ESB disrupts brain regulation of many organs normally affected by
emotion, such as the heart and blood vessels. A large study demonstrated significant
reduction in "alertness" and "fear" in patients with social phobia as well as improvement
in their quality of life.

Psychosurgery by country
Asia

In China psychosurgical operations which make a lesion in the nucleus accumbens are
used in the treatment of drug and alcohol dependence. Psychosurgery is also used in the
treatment of schizophrenia, depression, and other mental disorders. Psychosurgery is not
regulated in China, and its use has been criticised in the West.

India had an extensive psychosurgery programme until the 1980s, using it to treat
addiction, and aggressive behaviour in adults and children, as well as for depression and
OCD. Cingulotomy and capsulotomy for depression and OCD continue to be used, for
example at the BSES MG Hospital in Mumbai.

In Japan the first lobotomy was performed in 1939 and the operation was used
extensively in mental hospitals. but psychosurgery fell into disrepute in the 1970s, partly
due to its use on children with behavioural problems.

Australia and New Zealand

In the 1980s there were 10-20 operations a year in Australia and New Zealand. The
number had decreased to one or two a year by the 1990s. According to one report, no
operations have been carried out since 2000, although the Victorian Psychosurgery
Review Board dealt with 3 applications between 2006 and 2008.

Europe

In the twenty year period 1971-1991 the Committee on Psychosurgery in the
Netherlands and Belgium oversaw 79 operations. Since 2000 there has been only one
centre in Belgium performing psychosurgery, carrying out about 8 or 9 operations a year
(some capsulotomies and some DBS), mostly for OCD.

In France about five people a year were undergoing psychosurgery in the early 1980s. In

2005 the Health Authority recommended the use of ablative psychosurgery and DBS for
OCD.
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In the early 2000s in Spain about 24 psychosurgical operations (capsulotomy,
cingulotomy, subcaudate tractotomy, and hypothalamotomy) a year were being
performed. OCD was the most common diagnosis, but psychosurgery was also being
used in the treatment of anxiety and schizophrenia, and other disorders.

In the UK between the late 1990s and 2010 there were just two centres using
psychosurgery: a few stereotactic anterior capsulotomies are performed every year at the
University Hospital of Wales, Cardiff; stereotactic anterior cingulotomies are performed
at the Dundee Royal Infirmary in collaboration with the psychiatric unit at Ninewells
Hospital in Dundee, Scotland. The patients have diagnoses of depression, obsessive-
compulsive disorder, and anxiety. Ablative psychosurgery was not performed in England
between the late 1990s and 2010, although a couple of hospitals have been experimenting
with DBS. In 2010 Frenchay Hospital, Bristol, performed an anterior cingulotomy on a
woman who had previously undergone DBS.

In Russia leucotomies were used for the treatment of schizophrenia in the 1940s, but the
practice was prohibited by the Ministry of Health in 1950. In 1998 the Institute of the
Human Brain (Russian Academy of Sciences) started a programme of stereotactic
cingulotomy for the treatment of drug addiction. About 85 people, all under the age of 35,
were operated on annually.

North America

In the US the Massachusetts General Hospital has a psychosurgery program. Operations
are also performed at a few other centres. In Mexico psychosurgery is used in the
treatment of anorexia.

South America

Venezuela has three centres performing psychosurgery. Capsulotomies, cingulotomies
and amygdalotomies are used to treat OCD and aggression.

Legal restrictions

In 1977, the U.S. Congress created a National Committee for the Protection of Human
Subjects of Biomedical and Behavioral Research to investigate allegations that
psychosurgery, including lobotomy techniques, was used to control minorities, restrain
individual rights or that it had unethical after-effects. It concluded that, in general,
psychosurgery had positive effects. However, concerns about lobotomy steadily grew,
and countries such as Germany, Japan and several U.S. states prohibited it.

Individuals who underwent lobotomy

o Josef Hassid: Polish violin prodigy and schizophrenic who died at 26.
e Rosemary Kennedy: Walter Freeman's most famous patient and sister of President
John F. Kennedy.
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e Rose Williams: Sister of Tennessee Williams.
e Howard Dully: One of Walter Freeman's youngest patients, author of My
Lobotomy (2007).
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Chapter 17

Psychoneuroimmunology

Psychoneuroimmunology (PNI) is the study of the interaction between psychological
processes and the nervous and immune systems of the human body. PNI takes an
interdisciplinary approach, incorporating psychology, neuroscience, immunology,
physiology, pharmacology, molecular biology, psychiatry, behavioral medicine,
infectious diseases, endocrinology, and rheumatology.

The main interests of PNI are the interactions between the nervous and immune systems
and the relationships between mental processes and health. PNI studies, among other
things, the physiological functioning of the neuroimmune system in health and disease;
disorders of the neuroimmune system (autoimmune diseases; hypersensitivities; immune
deficiency); and the physical, chemical and physiological characteristics of the
components of the neuroimmune system in vitro, in situ, and in vivo.

PNI may also be referred to as psychoendoneuroimmunology (PENI).
History

Interest in the relationship between psychiatric syndromes or symptoms and immune
function has been a consistent theme since the beginning of modern medicine.

Walter Cannon, a professor of physiology at Harvard University, looked at the need for
mental and physical balance throughout the organism and coined the term, Homeostasis
in his book The Wisdom of the Body,1932, from the Greek word homoios, meaning
similar, and stasis, meaning position.

In his work with animals Cannon observed that any change of emotional state in the
animal, such as anxiety, distress, or rage, was accompanied by total cessation of
movements of the stomach. These studies into the relationship between the effects of
emotions and perceptions on the autonomic nervous system, namely the sympathetic and
parasympathetic responses that initiated the recognition of the freeze, fight or flight
response. His findings were published from time to time in professional journals, then
summed up in book form in The Mechanical Factors of Digestion, published in 1911. Dr.
Cannon’s seminal work, Bodily Changes in Pain, Hunger, Fear and Rage was published
in 1915.
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Picking up on Cannon's work was Hans Selye. Selye experimented with animals putting
them under different physical and mental adverse conditions and noted that under these
conditions the body consistently adapted to heal and recover. Several years of
experimentation that formed the empiric foundation of Dr. Selye's concept of the General
Adaptation Syndrome. This syndrome consists of an enlargement of the adrenal gland,
atrophy of the thymus, spleen and other lymphoid tissue, and gastric ulcerations.

Selye describes three stages of adaptation, including an initial brief alarm reaction,
followed by a prolonged period of resistance and a terminal stage of exhaustion and
death. This foundational work led to a rich line of research on the biological functioning
of glucocorticoids.

Mid 20th century studies of psychiatric patients reported immune alterations in psychotic
patients, including numbers of lymphocytes and poorer antibody response to pertussis
vaccination, compared with nonpsychiatric control subjects. In 1964 George F. Solomon
et all. coined the term "psychoimmunology" and published a landmark paper: "Emotions,
immunity, and disease: a speculative theoretical integration."

Birth of psychoneuroimmunology

In 1975 Robert Ader and Nicholas Cohen at the University of Rochester advanced PNI
with their demonstration of classic conditioning of immune function, and coined the term
"psychoneuroimmunology". Ader was investigating how long conditioned responses (in
the sense of Pavlov's conditioning of dogs to drool when they heard a bell ring) might last
in laboratory rats. To condition the rats, he used a combination of saccharin-laced water
(the conditioned stimulus) and the drug Cytoxan which unconditionally induces nausea
and taste aversion and suppression of the immune system. Ader was surprised to discover
that after conditioning, just feeding the rats saccharin-laced water was associated with the
death of some animals and he proposed that they had been immunosuppressed after
receiving the conditioned stimulus. Ader (a psychologist) and Cohen (an immunologist)
directly tested this hypothesis by deliberately immunizing conditioned and unconditioned
animals, exposing these and other control groups to the conditioned taste stimulus, and
then measuring the amount of antibody produced. The highly reproducible results
revealed that conditioned rats exposed to the conditioned stimulus were indeed immuno
suppressed. In other words, a signal via the nervous system (taste) was affecting immune
function. This was one of the first scientific experiments that demonstrated that the
nervous system can affect the immune system.

In 1981 David Felten, then working at the Indiana University of Medicine, discovered a
network of nerves leading to blood vessels as well as cells of the immune system. The
researchers also found nerves in the thymus and spleen terminating near clusters of
lymphocytes, macrophages and mast cells, all of which help control immune function.
This discovery provided one of the first indications of how neuro-immune interaction
occurs.
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Adler, Cohen and Felten went on to edit the groundbreaking book
Psychoneuroimmunology in 1981, which laid out the underlying premise that the brain
and immune system represent a single, integrated system of defense. An updated fourth
edition was released in 2006.

In 1985, research by neuropharmacologist Candace Pert revealed that neuropeptide-
specific receptors are present on the cell walls of both the brain and the immune system.
The discovery by Pert et al. that neuropeptides and neurotransmitters act directly upon the
immune system shows their close association with emotions and suggests mechanisms
through which emotions and immunology are deeply interdependent. Showing that the
immune and endocrine systems are modulated not only by the brain but also by the
central nervous system itself has had an enormous impact on how we understand
emotions, as well as disease.

Contemporary advances in psychiatry, immunology, neurology and other integrated
disciplines of medicine has fostered enormous growth for PNI. The mechanisms
underlying behaviorally induced alterations of immune function, and immune alterations
inducing behavioral changes, are likely to have clinical and therapeutic implications that
will not be fully appreciated until more is known about the extent of these
interrelationships in normal and pathophysiological states.

The Immune-Brain Loop

PNI research is looking for the exact mechanisms by which specific brainimmunity
effects are achieved. Evidence for nervous system—immune system interactions exists at
several biological levels.

The immune system and the brain talk to each other through signaling pathways. The
brain and the immune system are the two major adaptive systems of the body. Two major
pathways are involved in this cross-talk: the Hypothalamic-pituitary-adrenal axis (HPA
axis) and the sympathetic nervous system (SNS). The activation of SNS during an
immune response might be aimed to localize the inflammatory response.

The body's primary stress management system is the HPA axis. The HPA axis responds
to physical and mental challenge to maintain homeostasis in part by controlling the
body's cortisol level. Dysregulation of the HPA axis is implicated in numerous stress-
related diseases. HPA axis activity and cytokines are intrinsically intertwined:
inflammatory cytokines stimulate adrenocorticotropic hormone (ACTH) and cortisol
secretion, while, in turn, glucocorticoids suppress the synthesis of proinflammatory
cytokines.

Molecules called pro-inflammatory cytokines, which include interleukin-1 (IL-1),
Interleukin-2 (IL-2), interleukin-6 (IL-6), Interleukin-12 (IL-12), Interferon-gamma (IFN-
Gamma) and tumor necrosis factor alpha (TNF-alpha) can affect brain growth as well as
neuronal function. Circulating immune cells such as macrophages, as well as glial cells
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(microglia and astrocytes) secrete these molecules. Cytokine regulation of hypothalamic
function is an active area of research for the treatment of anxiety-related disorders.

Cytokines mediate and control immune and inflammatory responses. Complex
interactions exist between cytokines, inflammation and the adaptive responses in
maintaining homeostasis. Like the stress response, the inflammatory reaction is crucial
for survival. Systemic inflammatory reaction results in stimulation of four major
programs:

o the acute-phase reaction
e Sickness behavior

o the pain program

o the stress response

These are mediated by the HPA axis and the SNS. Common human diseases such as
allergy, autoimmunity, chronic infections and sepsis are characterized by a dysregulation
of the pro-inflammatory versus anti-inflammatory and T helper (Th1) versus (Th2)
cytokine balance.

Recent studies show pro-inflammatory cytokine processes take place during depression,
mania and bipolar disease, in addition to autoimmune hypersensitivity and chronic
infections.

Chronic secretion of stress hormones, glucocorticoids (GCs) and catecholamines (CAs),
as a result of disease, may reduce the effect of neurotransmitters, including serotonin,
norepinephrine and dopamine, or other receptors in the brain, thereby leading to the
dysregulation of neurohormones. Under stimulation, norepinephrine is released from the
sympathetic nerve terminals in organs, and the target immune cells express
adrenoreceptors. Through stimulation of these receptors, locally released norepinephrine,
or circulating catecholamines such as epinephrine, affect lymphocyte traffic, circulation,
and proliferation, and modulate cytokine production and the functional activity of
different lymphoid cells.

Glucocorticoids also inhibit the further secretion of corticotropin-releasing hormone from
the hypothalamus and ACTH from the pituitary (negative feedback). Under certain
conditions stress hormones may facilitate inflammation through induction of signaling
pathways and through activation of the Corticotropin-releasing hormone.

These abnormalities and the failure of the adaptive systems to resolve inflammation
affect the well-being of the individual, including behavioral parameters, quality of life
and sleep, as well as indices of metabolic and cardiovascular health, developing into a
"systemic anti-inflammatory feedback" and/or "hyperactivity" of the local pro-
inflammatory factors which may contribute to the pathogenesis of disease.

This systemic or neuro-inflammation and neuroimmune activation have been shown to
play a role in the etiology of a variety of neurodegenerative disorders such as Parkinson's
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and Alzheimer's disease, multiple sclerosis, pain, and AIDS-associated dementia.
However, cytokines and chemokines also modulate central nervous system (CNS)
function in the absence of overt immunological, physiological, or psychological
challenges.

Psychoneuroimmunological effects

There is now sufficient data to conclude that immune modulation by psychosocial
stressors and/or interventions can lead to actual health changes. Although changes related
to infectious disease and wound healing have provided the strongest evidence to date, the
clinical importance of immunological disregulation is highlighted by increased risks
across diverse conditions and diseases.

Link between stress and disease

Stressors can produce profound health consequences. In one epidemiological study, for
example, all-cause mortality increased in the month following a severe stressor — the
death of a spouse. Theorists propose that stressful events trigger cognitive and affective
responses which, in turn, induce sympathetic nervous system and endocrine changes, and
these ultimately impair immune function. Potential health consequences are broad, but
include rates of infection HIV progression and cancer incidence and progression.

Stress is thought to affect immune function through emotional and/or behavioral
manifestations such as anxiety, fear, tension, anger and sadness and physiological
changes such as heart rate, blood pressure, and sweating. Researchers have suggested that
these changes are beneficial if they are of limited duration, but when stress is chronic, the
system is unable to maintain equilibrium or homeostasis.

Immune changes in response to very brief stressors have been a central theme in the last
decade of PNI research, but older literature also provides early illustrations. In a study
published in 1960, subjects were led to believe that they had accidentally caused serious
injury to a companion through misuse of explosives.

Two meta-analyses of the literature show a consistent reduction of immune function in
healthy people who are experiencing stress.

In the first meta-analysis by Herbert and Cohen in 1993, they examined 38 studies of
stressful events and immune function in healthy adults. They included studies of acute
laboratory stressors (e.g. a speech task), short-term naturalistic stressors (e.g. medical
examinations), and long-term naturalistic stressors (e.g. divorce, bereavement,
caregiving, unemployment). They found consistent stress-related increases in numbers of
total white blood cells, as well as decreases in the numbers of helper T cells, suppressor T
cells, and cytotoxic T cells, B cells, and Natural killer cells (NK). They also reported
stress-related decreases in NK and T cell function, and T cell proliferative responses to
phytohaemagglutinin [PHA] and concanavalin A [Con A]. These effects were consistent
for short-term and long-term naturalistic stressors, but not laboratory stressors.
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In the second meta-analysis by Zorrilla et al. in 2001, they replicated Herbert and
Cohen’s meta-analysis. Using the same study selection procedures, they analyzed 75
studies of stressors and human immunity. Naturalistic stressors were associated with
increases in number of circulating neutrophils, decreases in number and percentages of
total T cells and helper T cells, and decreases in percentages of Natural killer cell (NK)
cells and cytotoxic T cell lymphocytes. They also replicated Herbert and Cohen’s finding
of stress-related decreases in NKCC and T cell mitogen proliferation to
Phytohaemagglutinin (PHA) and Concanavalin A (Con A).

Communication between the brain and immune system

o Stimulation of brain sites alters immunity (stressed animals have altered immune
systems).

e Immune cells produce cytokines that act on the CNS.

e Immune cells respond to signals from the CNS.

Communication between neuroendocrine and immune system

e Glucocorticoids and catecholamines influence immune cells.

o Endorphins from pituitary & adrenal medulla act on immune system.

e Activity of the immune system is correlated with neurochemical/neuroendocrine
activity of brain cells.

Connections between glucocorticoids and immune system

e Anti-inflammatory hormones that enhance the organisms response to a stressor.
e Prevent the overreaction of the body's own defense system.

o Regulators of the immune system.

o Affect cell growth, proliferation & differentiation.

o Cause immunosuppression.

o Suppress cell adhesion, antigen presentation, chemotaxis & cytotoxicity.

o Increase apoptosis.

Corticotropin-releasing hormone (CRH)

Release of corticotropin-releasing hormone (CRH) from the hypothalamus is influenced
by stress.

o CRH is a major regulator of the HPA axis/stress axis.

o CRH Regulates secretion of Adrenocorticotropic hormone (ACTH).

o CRH is widely distributed in the brain and periphery

o CRH also regulates the actions of the Autonomic nervous system ANS and
immune system.

Furthermore, stressors that enhance the release of CRH suppress the function of the
immune system; conversely, stressors that depress CRH release potentiate immunity.
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o Central mediated since peripheral administration of CRH antagonist does not
affect immunosuppression.

Pharmaceutical advances

Glutamate agonists, cytokine inhibitors, vanilloid-receptor agonists, catecholamine
modulators, ion-channel blockers, anticonvulsants, GABA agonists (including opioids
and cannabinoids), COX inhibitors, acetylcholine modulators, melatonin analogs (such as
Ramelton), adenosine receptor antagonists and several miscellaneous drugs (including
biologics like Passiflora edulis) are being studied for their psychoneuroimmunological
effects.

For example, SSRI's, SNRI's and tricyclic antidepressants acting on serotonin,
norepinephrine and dopamine receptors have been shown to be immunomodulatory and
anti-inflammatory against pro-inflammatory cytokine processes, specifically on the
regulation of IFN-gamma and IL-10, as well as TNF-alpha and IL-6 through a
psychoneuroimmunological process. Antidepressants have also been shown to suppress
TH1 upregulation.

Tricyclic and dual serotonergic-noradrenergic reuptake inhibition by SNRIs (or SSRI-
NRI combinations), have also shown analgesic properties additionally. According to
recent evidences antidepressants also seem to exert beneficial effects in experimental
autoimmune neuritis in rats by decreasing Interferon-beta (IFN-beta) release or
augmenting NK activity in depressed patients.

These studies warrant investigation for antidepressants for use in both psychiatric and
non-psychiatric illness and that a psychoneuroimmunological approach may be required
for optimal pharmacotherapy in many diseases. Future antidepressants may be made to
specifically target the immune system by either blocking the actions of pro-inflammatory
cytokines or increasing the production of anti-inflammatory cytokines.

Extrapolating from the observations that positive emotional experiences boost the
immune system, Roberts speculates that intensely positive emotional experiences —
sometimes brought about during mystical experiences occasioned by psychedelic
medicines—may boost the immune system powerfully. Research on salivary IgA
supports this hypothesis, but experimental testing has not been done.
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Chapter 18

Neuropsychiatry

Neuropsychiatry is the branch of medicine dealing with mental disorders attributable to
diseases of the nervous system. It preceded the current disciplines of psychiatry and
neurology, inasmuch as psychiatrists and neurologists had a common training (Yudofsky
and Hales, 2002). However, neurology and psychiatry subsequently split apart and are
typically practiced separately. Nevertheless, neuropsychiatry has become a growing
subspecialty of psychiatry and it is also closely related to the field of behavioral
neurology, which is a subspecialty of neurology that addresses clinical problems of
cognition and/or behavior caused by brain injury or brain disease. "Behavioral Neurology
& Neuropsychiatry" fellowships are jointly accredited through the United Council for
Neurologic Subspecialties (UCNS), in a manner similar to how the specialties of
psychiatry and neurology in the United States have a joint board for accreditation, the
American Board of Psychiatry and Neurology (ABPN).

The case for the rapprochement of neurology and psychiatry

Given the considerable overlap between these subspecialities, there has been a resurgence
of interest and debate relating to neuropsychiatry in academia over the last decade. E.g.:

e Yudofsky S.C., & Hales E.H. (2002). Neuropsychiatry and the Future of
Psychiatry and Neurology. American Journal of Psychiatry, 159(8), 1261-1264.

e Berrios G.E., Markova I.S. (2002) The concept of neuropsychiatry. A historical
overview. Journal of Psychosomatic Research 53 : 629—638.

e Price, B.H., Adams, R.D., & Coyle, J.T. (2000). Neurology and psychiatry:
closing the great divide. Neurology, 54(1), 8—14.

e Martin, J.B. (2002). The Integration of Neurology, Psychiatry, and Neuroscience
in the 21st Century. American Journal of Psychiatry, 159(5), 695-704.

e Kendler, K.S. (2005). Toward a Philosophical Structure for Psychiatry. American
Journal of Psychiatry, 162, 433-440.

Most of this work argues for a rapprochement of neurology and psychiatry, forming a
specialty above and beyond a subspecialty of psychiatry. For example, Professor Joseph
B. Martin, former Dean of Harvard Medical School and a neurologist by training, has
summarized the argument for reunion: "the separation of the two categories is arbitrary,
often influenced by beliefs rather than proven scientific observations. And the fact that
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the brain and mind are one makes the separation artificial anyway." (Martin, 2002).
These points and some of the other major arguments are detailed below.

Mind/brain monism

Neurologists have focused objectively on organic nervous system pathology, especially
of the brain, whereas psychiatrists have laid claim to illnesses of the mind. This antipodal
distinction between brain and mind as two different entities has characterized many of the
differences between the two specialties. However, it is argued that this division is simply
not veridical; a plethora of evidence from the last century of research has shown that our
mental life has its roots in the brain. Brain and mind are argued not to be discrete entities
but just different ways of looking at the same system (Marr, 1982). It has been argued
that embracing this mind/brain monism is important for several reasons. First, rejecting
dualism logically implies that all mentation is biological and so immediately there is a
common research framework in which understanding—and thus treatment—of mental
suffering can be advanced. Second, it removes the widespread confusion about the
legitimacy of mental illness: all disorders should have a footprint in the brain-mind
system.

In sum, one reason for the division between psychiatry and neurology was the difference
between mind or first-person experience and brain. That this difference is artificial is
taken as good support for a merge between these specialties.

Causal pluralism

Another broad reason for the divide is that neurology traditionally looks at the causes of
disorders from an "inside-the-skin" perspective (neuropathology, genetics) whereas
psychiatry looks at "outside-the-skin" causation (personal, interpersonal, cultural)
(Kendler, 2005). This dichotomy is argued not to be instructive and authors have argued
that it is better conceptualized as two ends of a causal continuum (e.g. Kendler, 2005).
The benefits of this position are: firstly, understanding of etiology will be enriched, in
particular between brain and environment. One example is eating disorders, which have
been found to have some neuropathology (Uher and Treasure, 2005) but also show
increased incidence in rural Fijian school girls after exposure to television (Becker,
2004). Another example is schizophrenia, the risk for which may be considerably reduced
in a healthy family environment (Tienari et al., 2004).

Secondly, it is argued that this augmented understanding of etiology will lead to better
remediation and rehabilitation strategies through an understanding of the different levels
in the causal process where one can intervene. Indeed, it may be that non-organic
interventions, like cognitive behavioral therapy (CBT), better attenuate disorders alone or
in conjunction with drugs. Linden's (2006) demonstration of how psychotherapy has
neurobiological commonalities with pharmacotherapy is a pertinent example of this and
is encouraging from a patient perspective as the potentiality for pernicious side effects is
decreased while self-efficacy is increased.
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In sum, the argument is that an understanding of the mental disorders must not only have
a specific knowledge of brain constituents and genetics (inside-the-skin) but also the
context (outside-the-skin) in which these parts operate (Koch and Laurent, 1999). Only
by joining neurology and psychiatry, it is argued, can this nexus be used to reduce human
suffering.

Hitherto psychiatric disorders have organic basis

To further sketch psychiatry's history shows a departure from structural neuropathology,
relying more upon ideology (Sabshin, 1990). A good example of this is Tourette
syndrome, which Ferenczi (1921), although never having seen a patient with Tourette
syndrome, suggested was the symbolic expression of masturbation caused by sexual
repression. However, starting with the efficacy of neuroleptic drugs in attenuating
symptoms (Shapiro, Shapiro and Wayne, 1973) the syndrome has gained
pathophysiological support (e.g. Singer, 1997) and is hypothesized to have a genetic basis
too, based on its high inheritability (Robertson, 2000). This trend can be seen for many
hitherto traditionally psychiatric disorders (see table) and is argued to support reuniting
neurology and psychiatry because both are dealing with disorders of the same system.

Linking traditionally psychiatric symptoms to brain structures and
genetic abnormalities. (This table is in no way exhaustive but aims to
show some of the neurological bases to hitherto psychiatric symptoms)

E.g. Traditional

Psychiatric sychiatric
y Psy . E.g., Neural correlates
symptoms (psychoanalytic)
explanation
. o Limbic-cortical
Depression Narcissistic .
dysregulation
Obsessive frontal-subcortical
Compulsive Poor maternal parenting  circuitry, right caudate
Disorder activity
NMDA receptor
Schizophrenia Narcissistic/escapism activation in the human
prefrontal cortex
) retinogeniculocalcarine
Visual . :
. - tract, ascending brainstem
hallucination
modulatory structures
Auditory i frontotemporal functional
hallucination connectivity
Atypical serotonin
Eating disorder system, right frontal and

temporal lobe damage

Prefrontal cortex and

Bipolar disorder Narcissistic hippocampus, anterior
cingulate, amygdala
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Improved patient care

Further, it is argued that this nexus will allow a more refined nosology of mental illness
to emerge thus helping to improve remediation and rehabilitation strategies beyond
current ones that lump together ranges of symptoms. However, it cuts both ways:
traditionally neurological disorders, like Parkinson's disease, are being recognized for
their high incidence of traditionally psychiatric symptoms, like psychosis and depression
(Lerner and Whitehouse, 2002). These symptoms, which are largely ignored in neurology
(Yudofsky and Hales, 2002), can be addressed by neuropsychiatry and lead to improved
patient care. In sum, it is argued that patients from both traditional psychiatry and
neurology departments will see their care improved following a reuniting of the
specialties.

Better management model

Schiffer et al. (2004) argue that there are good management and financial reasons for
rapprochement.

The case for maintaining the separation of neurology and
psychiatry

No psychiatric disorder has been completely "mapped"

The fact that no complete syndrome has been mapped in the brain or genome is used to
suggest that psychiatric disorders are not bona fide and should thus be kept separate (e.g.
Baughman and Hovey, 2006). On this issue, it is worth remembering that research into
the neural correlates of psychiatric disorders is in its infancy: the answers may still be to
come. One reason why they may not have been found so far is that complex mental
disorders may result from minute and intricate brain-wide damage and complicated gene-
environment interactions, which are only beginning to be understood. Disorders may not
exist as tidy, localized neurodysfunction or genetic abnormalities but multi-factorial
brain-wide disorders with complex interactions between environment and genetics (e.g.
Green, 2001). Such distributed dysfunction may not be resolvable in the living brain with
current technology. E.g. disparate behavioral disorders have been linked to identical
neurodysfunction with imaging but show significant organic differences following
neurohistological analysis (Rempel—-Clower et al., 1996). Where physiopathology is
extremely small and distributed or neural tissue is actually healthy it may be the disturbed
information-processing that should be studied. E.g. Bell, Halligan and Ellis' (2006) work
on cognitive deficits in delusions.
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Pragmatic issues

The extent to which neuropsychiatry is practically possible has been questioned. As
Sachdev (2005) has noted, psychiatrists and neurologists operate very different patient
management strategies, which are skills honed by years of experience:

e Neurologist: Clinical examination skills; empiricism; objectivity; surgery

e Psychiatrist: Rich description of mental phenomena, well developed interviewing
skills; understanding multiple causation; appreciation of individual differences;
interpersonal context; psychological and behavioral therapies

Sachdev suggests to join them may be to dilute them both. Further, the ability to maintain
a competent knowledge and skill base for both neurology and psychiatry with the advent
of the inexorable increase in scientific knowledge may not be possible.

Summary of the arguments for neuropsychiatry

Diseases of the body have a physical manifestation that can often be caused by internal
factors, external factors, or a combination of the two. Mental disorders should be no
different and when together neurology and psychiatry's aim was to show that this was the
case. Psychiatry departed the union preferring ideology over empiricism, including very
environmentally-based etiology as well as espousing that the mind was something
fundamentally different from the brain. Neurologists, however, finding no
physiopathology for certain disorders left them to the psychiatrists, while themselves
pursuing the diseases with clear physiopathology.

However, the cleavage between mind and brain and the causal dichotomies are argued
not to be veridical. Psychiatric disorders are increasingly showing organic manifestation
and demonstrate causation from something as distant as culture. Thus the reasons for the
initial division are argued not to be useful or real ones. The two specialties are both
dealing with disorders of the same system. Biological psychiatry and behavioral
neurology show how the boundaries are being blurred. It is argued that there can be no
objection to a reunion on philosophical or scientific grounds. However, there may be
reasons to question whether neuropsychiatry would be practically possible. The
differences in patient management, knowledge base and skill competency between
neurology and psychiatry mean that being proficient in both may be impossible.

WORLD TECHNOLOGIES




Chapter 19

Biological Psychiatry

Biological psychiatry, or biopsychiatry is an approach to psychiatry that aims to
understand mental disorder in terms of the biological function of the nervous system. It is
interdisciplinary in its approach and draws on sciences such as neuroscience,
psychopharmacology, biochemistry, genetics and physiology to investigate the biological
bases of behavior and psychopathology. Biopsychiatry is that branch/speciality of
medicine which deals with the study of biological function of the nervous system in
mental disorders.

While there is some overlap between biological psychiatry and neurology, the latter
generally focuses on disorders where gross or visible pathology of the nervous system is
apparent, such as epilepsy, cerebral palsy, encephalitis, neuritis, Parkinson's disease and
multiple sclerosis. There is some overlap with neuropsychiatry, which typically deals
with behavioral disturbances in the context of apparent brain disorder.

Biological psychiatry and other approaches to mental illness are not mutually exclusive,
but may simply attempt to deal with the phenomena at different levels of explanation.
Because of the focus on the biological function of the nervous system, however,
biological psychiatry has been particularly important in developing and prescribing drug-
based treatments for mental disorders.

In practice, however, psychiatrists may advocate both medication and psychological
therapies when treating mental illness. The therapy is more likely to be conducted by
clinical psychologists, psychotherapists, occupational therapists or other mental health
workers who are more specialized and trained in non-drug approaches.

The history of the field extends back to the ancient Greek physician Hippocrates, but the
term biological psychiatry was first used in peer-reviewed scientific literature in 1953.
The term is more commonly used in the US than in some other countries such as the UK.
The field, however, is not without its critics and the phrase "biological psychiatry" is
sometimes used by those critics as a term of disparagement.

Scope and detailed definition

Biological psychiatry is a branch of psychiatry where the focus is chiefly on researching
and understanding the biological basis of major mental disorders such as unipolar and
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bipolar affective (mood) disorders, schizophrenia and Organic Mental Disorders such as
Alzheimers disease. This knowledge has been gained using imaging techniques,
psychopharmacology, neuroimmunochemistry and so on. Discovering the detailed
interplay between neurotransmitters and the understanding of the neurotransmitter
fingerprint of psychiatric drugs such as clozapine has been a helpful result of the
research.

On a research level, it includes all possible biological bases of behavior—biochemical,
genetic, physiological, neurological and anatomical. On a clinical level, it includes
various therapies, such as drugs, diet, avoidance of environmental contaminants, exercise,
and alleviation of the adverse effects of life stress, all of which can cause measurable
biochemical changes. The biological psychiatrist views all of these as possible etiologies
of or remedies for mental health disorders.

However, the biological psychiatrist typically does not discount psychoanalytic
approaches (talk therapies). Medical psychiatric training generally includes both
psychodynamic and biological approaches. Accordingly, psychiatrists are usually
comfortable with a dual approach: "psychotherapeutic methods...are as indispensable as
psychopharmacotherapy in a modern psychiatric clinic."”

Basis for biological psychiatry

Sigmund Freud developed psychotherapy in the early 1900s, and through the 1950s this
technique was prominent in treating mental health disorders.

However in the late 1950s, the first modern antipsychotic and antidepressant drugs were
developed: chlorpromazine (also known as Thorazine), the first widely-used
antipsychotic, was synthesized in 1950, and iproniazid, one of the first antidepressants,
was first synthesized in 1957. In 1959 imipramine, the first tricyclic antidepressant, was
developed.

Based significantly on clinical observations of the above drug results, in 1965 the seminal
paper "The catecholamine hypothesis of affective disorders" was published. It articulated

the "chemical imbalance" hypothesis of mental health disorders, especially depression. It

formed much of the conceptual basis for the modern era in biological psychiatry.

The hypothesis has been extensively revised since its advent in 1965. More recent
research points to deeper underlying biological mechansisms as the possible basis for
several mental health disorders.

Modern brain imaging techniques allow noninvasive examination of neural function in
patients with mental health disorders, however this is currently experimental. With some
disorders it appears the proper imaging equipment can reliably detect certain
neurobiological problems associated with a specific disorder. If further studies
corroborate these experimental results, future diagnosis of certain mental health disorders
could be expedited using such methods.
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Another source of data indicating a significant biological aspect of some mental health
disorders is twin studies. Identical twins have the same nuclear DNA, so carefully
constructed studies may indicate the relative importance of environmental and genetic
factors on the development of a particular mental health disorder.

The results from this research and the associated hypotheses form the basis for biological
psychiatry and the treatment approaches in a clinical setting.

Scope of clinical biological psychiatric treatment

Since various biological factors can affect mood and behavior, psychiatrists often
evaluate these before initiating further treatment. For example dysfunction of the thyroid
gland may mimic a major depressive episode, or hypoglycemia (low blood sugar) may
mimic psychosis.

While pharmacological treatments are used to treat many mental disorders, other non-
drug biological treatments are used as well, ranging from changes in diet and exercise to
transcranial magnetic stimulation and electroconvulsive therapy. Types of non-biological
treatments such as cognitive therapy, behavioral therapy, and psychodynamic
psychotherapy are often used in conjunction with biological therapies. Biopsychosocial
models of mental illness are widely in use, and psychological and social factors play a
large role in mental disorders, even those with an organic basis such as schizophrenia.

Diagnostic process

Correct diagnosis is important for mental health disorders, otherwise the condition could
worsen, resulting in a negative impact on both the patient and the healthcare system.
Another problem with misdiagnosis is that a treatment for one condition might exacerbate
other conditions. In other cases apparent mental health disorders could be a side effect of
a serious biological problem such as concussion, brain tumor, or hormonal abnormality,
which could require medical or surgical intervention.

Disorders and biologic treatment

o Seasonal affective disorder: Light box, SSRIs

o Clinical depression: SSRIs (Prozac), SNRIs Effexor, atypical antidepressants:
(Wellbutrin, Remeron), tricyclic antidepressants, monoamine oxidase inhibitors,
electroconvulsive therapy, transcranial magnetic stimulation

e Bipolar disorder: lithium carbonate, valproic acid, Lamictal, carbamazepine

e Schizophrenia: Includes haloperidol, clozapine, olanzapine, risperidone,
Quetiapine, Ziprasidone and other antipsychotics

e Generalized anxiety disorder: SSRIs, benzodiazepines, buspirone

e Obsessive-compulsive disorder: clomipramine, SSRIs citalopram
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History
Early 20th century

Sigmund Freud was originally focused on the biological causes of mental illness. Freud's
professor and mentor, Ernst Wilhelm von Briicke, strongly believed that thought and
behavior were determined by purely biological factors. Freud initially accepted this and
was convinced that certain drugs (particularly cocaine) functioned as antidepressants. He
spent many years trying to "reduce" personality to neurology, a cause he later gave up on
before developing his now well-known psychoanalytic theories.

Nearly 100 years ago, Harvey Cushing, the father of neurosurgery, noted that pituitary
gland problems often cause mental health disorders. He wondered whether the depression
and anxiety he observed in patients with pituitary disorders were caused by hormonal
abnormalities, the physical tumor itself, or both.

Mid 20th century

An important point in modern history of biological psychiatry was the discovery of
modern antipsychotic and antidepressant drugs. Chlorpromazine (also known as
Thorazine), an antipsychotic, was first synthesized in 1950, and iproniazid, one of the
first antidepressants, was first synthesized in 1957. In 1959 imipramine, the first tricyclic
antidepressant, was developed. Research into the action of these drugs led to the first
modern biological theory of mental health disorders called the catecholamine theory, later
broadened to the monoamine theory, which included serotonin. These were popularly
called the "chemical imbalance" theory of mental health disorders.

Late 20th century

Starting with fluoxetine (marketed as Prozac) in 1988, a series of monoamine-based
antidepressant medications belonging to the class of selective serotonin reuptake
inhibitors were approved. These were no more effective than earlier antidepressants, but
generally had fewer side effects. Most operate on the same principle, which is modulation
of monoamines (neurotransmitters) in the neuronal synapse. Some drugs modulate a
single neurotransmitter (typically serotonin). Others affect multiple neurotransmitters,
called dual action or multiple action drugs. They are no more effective clinically than
single action versions. That most antidepressants invoke the same biochemical method of
action may explain why they are each similarly effective in rough terms. Recent research
indicates antidepressants often work but are somewhat less effective than previously
thought.

Problems with catecholamine/monoamine hypotheses
The monoamine hypothesis was compelling, especially based on apparently successful

clinical results with early antidepressant drugs, but even at the time there were discrepant
findings. Only a minority of patients given the serotonin-depleting drug reserpine became
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depressed; in fact reserpine even acted as an antidepressant in many cases. This was
inconsistent with the initial monoamine theory which said depression was caused by
neurotransmitter deficiency.

Another problem was the time lag between antidepressant biological action and
therapeutic benefit. Studies showed the neurotransmitter changes occurred within hours,
yet therapeutic benefit took weeks.

To explain these behaviors, more recent modifications of the monoamine theory describe
a synaptic adaptation process which takes place over several weeks. Yet this alone does
not appear to explain all of the therapeutic effects.

Latest biological hypotheses of mental health disorders

New research indicates different biological mechanisms may underlie some mental health
disorders, only indirectly related to neurotransmitters and the monoamine "chemical
imbalance theory."

Recent research indicates a biological "final common pathway" may exist which both
electroconvulsive therapy and most current antidepressant drugs have in common. These
investigations show recurrent depression may be a neurodegenerative disorder, disrupting
the structure and function of brain cells, destroying nerve cell connections, even killing
certain brain cells, and precipitating a decline in overall cognitive function.

In this new biological psychiatry viewpoint, neuronal plasticity is a key element.
Increasing evidence points to various mental health disorders as a neurophysiological
problem which inhibits neuronal plasticity.

This is called the neurogenic hypothesis of depression. It promises to explain
pharmacological antidepressant action, including the time lag from taking the drug to
therapeutic onset, why downregulation (not just upregulation) of neurotransmitters can
help depression, why stress often precipitates mood disorders, and why selective
modulation of different neurotransmitters can help depression. It may also explain the
neurobiological mechanism of other non-drug effects on mood, including exercise, diet
and metabolism. By identifying the neurobiological "final common pathway" into which
most antidepressants funnel, it may allow rational design of new medications which
target only that pathway. This could yield drugs which have fewer side effects, are more
effective and have quicker therapeutic onset.

Criticism

A vocal minority of patients, activists, and psychiatrists dispute biological psychiatry as a
scientific concept or as having a proper empirical basis, for example arguing that there
are no known biomarkers for recognized psychiatric conditions. This position has been
represented in niche academic journals such as The Journal of Mind and Behavior and
Ethical Human Psychology and Psychiatry, which publishes material specifically
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countering "the idea that emotional distress is due to an underlying organic disease."
Alternative theories and models instead view mental disorders as non-biomedical and
might explain it in terms of, for example, emotional reactions to negative life
circumstances or to acute trauma.

Fields such as social psychiatry, clinical psychology, and sociology may offer non-
biomedical accounts of mental distress and disorder for certain ailments and are
sometimes critical of biopsychiatry. Social critics believe biopsychiatry fails to satisfy the
scientific method because they believe there is no testable biological evidence of mental
disorders. Thus, these critics view biological psychiatry as a pseudoscience attempting to
portray psychiatry as a biological science.

R.D. Laing argued that attributing mental disorders to biophysical factors was often
flawed due to the diagnostic procedure. The "complaint" is often made by a family
member, not the patient, the "history" provided by someone other than patient, and the
"examination" consists of observing strange, incomprehensible behavior. Ancillary tests
(EEG, PET) are often done after diagnosis, when treatment has begun, which makes the
tests non-blind and incurs possible confirmation bias.
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Chapter 20

Neuropharmacology

Neuropharmacology is the study of how drugs affect cellular function in the nervous
system. There are two main branches of neuropharmacology: behavioral and molecular.
Behavioral neuropharmacology focuses on the study of how drugs affect human behavior
(neuropsychopharmacology), including the study of how drug dependence and addiction
affect the human brain. Molecular neuropharmacology involves the study of neurons and
their neurochemical interactions, with the overall goal of developing drugs that have
beneficial effects on neurological function. Both of these fields are closely connected,
since both are concerned with the interactions of neurotransmitters, neuropeptides,
neurohormones, neuromodulators, enzymes, second messengers, co-transporters, ion
channels, and receptor proteins in the central and peripheral nervous systems. Studying
these interactions, researchers are developing drugs to treat many different neurological
disorders, including pain, neurodegenerative diseases such as Parkinson's disease and
Alzheimer's disease, psychological disorders, addiction, and many others.

History

Neuropharmacology did not appear in the scientific field until, in the early part of the
20th century, scientists were able to figure out a basic understanding of the nervous
system and how nerves communicate between one another. Before this discovery, there
were drugs, however, that had been found that demonstrated some type of influence on
the nervous system. In the 1930’s, French scientists began working with a compound
called phenothiazine in the hope of synthesizing a drug that would be able to combat
malaria. Though this drug showed very little hope in the use against malaria infected
individuals, it was found to have sedative effects along with what appeared to be
beneficial effects toward patients with Parkinson’s disease. This black box method,
where an investigator would administer a drug and examine the response without
knowing how to relate drug action to patient response, was the main approach to this
field, until, in the late 1940s and early 1950s, scientists were able to identify specific
neurotransmitters, such as norepinephrine (involved in the constriction of blood vessels
and the increase in heart rate and blood pressure), dopamine (the chemical whose
shortage is involved in Parkinson’s disease), and serotonin (soon to be recognized as
deeply connected to depression). In the 1950s, scientists also became better able to
measure levels of specific neurochemicals in the body and thus correlate these levels with
behavior. The invention of the voltage clamp in 1949 allowed for the study of ion
channels and the nerve action potential. These two major historical events in
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neuropharmacology allowed scientists not only to study how information is transferred
from one neuron to another, but also how a neuron processes this information within
itself.

Overview

Neuropharmacology is a very broad region of science that encompasses many aspects of
the nervous system from single neuron manipulation to entire areas of the brain, spinal
cord, and peripheral nerves. To better understand the basis behind drug development, one
must first understand how neurons communicate between one another. Here we, will
focus on both behavioral and molecular neuropharmacology; the major receptors, ion
channels, and neurotransmitters manipulated through drug action and how people with a
neurological disorder benefit from this drug action.

Neurochemical interactions

To understand the potential advances in medicine that neuropharmacology can bring, it is
important to understand how human behavior and thought processes are transferred from
neuron to neuron and how medications can alter the chemical foundations of these
processes.

Neurons are known as excitable cells because on its surface membrane there are an
abundance of proteins known as ion-channels that allow small charged particles to pass in
and out of the cell. The structure of the neuron allows chemical information to be
received by its dendrites, propagated through the soma (cell body) and down its axon, and
eventually passing on to other neurons through its axon terminal.

Dendrite

Axon Terminal

Node of
Ranvier

Cell body

Schwann cell

Myelin sheath
Nucleus

Labeling of different parts of a neuron
These voltage-gated ion channels allow for rapid depolarization throughout the cell. This
depolarization, if it reaches a certain threshold, will cause an action potential. Once the

action potential reaches the axon terminal, it will cause an influx of calcium ions into the
cell. The calcium ions will then cause vesicles, small packets filled with
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neurotransmitters, to bind to the cell membrane and release its contents into the synapse.
This cell is known as the pre-synaptic neuron, and the cell that interacts with the
neurotransmitters released is known as the post-synaptic neuron. Once the
neurotransmitter is released into the synapse, it can either bind to receptors on the post-
synaptic cell, the pre-synaptic cell can re-uptake it and save it for later transmission, or it
can be broken down by enzymes in the synapse specific to that certain neurotransmitter.
These three different actions are major areas where drug action can effect communication
between neurons.

There are two types of receptors that neurotransmitters interact with on a post-synaptic
neuron. The first types of receptors are ligand-gated ion channels or LGIC’s. LGIC
receptors are the fastest types of transduction from chemical signal to electrical signal.
Once the neurotransmitter binds to the receptor it will cause a conformational change that
will allow ions to directly flow into the cell. The second types are known as G-protein-
coupled receptors or GPCR’s. These are much slower than LGIC’s due to an increase in
the amount of biochemical reactions that must take place intracellularly. Once the
neurotransmitter binds to the GPCR protein it causes a cascade of intracellular
interactions that can lead to many different types of changes in cellular biochemistry,
physiology, and gene expression. Neurotransmitter/receptor interactions in the field of
neuropharmacology are extremely important because many drugs that are developed
today have to do with disrupting this binding process.

Molecular neuropharmacology

Molecular neuropharmacology involves the study of neurons and their neurochemical
interactions, and receptors on neurons, with the goal of developing new drugs that will
treat neurological disorders such as pain, neurodegenerative diseases, and psychological
disorders (also known in this case as neuropsychopharmacology). There are a few
technical words that must be defined when relating neurotransmission to receptor action:

1. Agonist—this is when a molecule binds to a receptor protein and activates that
receptor

2. Competitive antagonist—this is when a molecule binds to the same site on the
receptor protein as the agonist, preventing activation of the receptor.

3. Non-competitive antagonist—this is when a molecule binds to a receptor protein
on a different site than that of the agonist, but causes a conformational change in
the protein that does not allow activation.

The following neurotransmitter/receptor interactions can be affected by synthetic

compounds that act as one of the three above. Sodium/potassium ion channels can also be
manipulated throughout a neuron to induce inhibitory effects of action potentials.

GABA

The GABA neurotransmitter mediates the fast synaptic inhibition in the central nervous
system. When GABA is released from its pre-synaptic cell it will bind to a receptor (most
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likely the GABA 4 receptor) that causes the post-synaptic cell to hyperpolarize (stay
below its action potential threshold). This will counteract the effect of any excitatory
manipulation from other neurotransmitter/receptor interactions.

This GABA, receptor contains many binding sites that allow conformational changes
and are the primary target for drug development. The most common of these binding
sites, benzodiazepine, allows for both agonist and antagonist effects on the receptor. A
common drug, diazepam, acts as an allosteric enhancer at this binding site. Another
receptor for GABA, known as GABAg, can be enhanced by a molecule called baclofen.
This molecule acts as an agonist, therefore activating the receptor, and is known to help
control and decrease spastic movement.

Dopamine

The dopamine neurotransmitter mediates synaptic transmission by binding to five
specific GPCR's. These five receptor proteins are separated into two classes due to
whether the response elicits a excitatory or inhibitory response on the post-synaptic cell.
There are many types of drugs, legal and illegal, that effect dopamine and its interactions
in the brain. With Parkinson's disease, a disease that decreases the amount of dopamine in
the brain, the dopamine precursor Levodopa is given to the patient due to the fact that
dopamine cannot cross the blood-brain barrier and L-dopa can. Some dopamine agonists
are also given to Parkinson's patients that have a disorder known as restless leg syndrome
or RLS. Some examples of these are ropinirole and pramipexole.

Psychological disorders like that of attention deficit hyperactivity disorder (ADHD) can
be treated with drugs like methylphenidate (also known as Ritalin) which block the re-
uptake of dopamine by the pre-synaptic cell, thereby providing an increase of dopamine
left in the synaptic gap. This increase in synaptic dopamine will increase binding to
receptors of the post-synaptic cell. This same process is also used by other illegal
stimulant drugs like that of cocaine and amphetamines.

Serotonin

The serotonin neurotransmitter has the ability to mediate synaptic transmission through
either GPCR's or LGIC receptors. Depending on what part of the brain region serotonin is
being acted upon, will depend on whether the output is either increasing or decreasing
post-synaptic responses. The most popular and widely used drugs in the regulation of
serotonin during depression are known as SSRI's or selective serotonin reuptake
inhibitors. These drugs inhibit the transport of serotonin back into the pre-synaptic
neuron, leaving more serotonin in the synaptic gap to be used.

Before the discovery of SSRI's, there were also very many drugs that inhibited the
enzyme that broke down serotonin. MAOI's or monoamine oxidase inhibitors increased
the amount of serotonin in the pre-synaptic cell, but had many side effects including
intense migraines and high blood pressure. This was eventually linked to the drug
interacting with a common chemical known as tyramine found in many types of food.
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lon channels

Ion channels located on the surface membrane of the neuron, allows for an influx of
sodium ions and outward movement of potassium ions during an action potential.
Selectively blocking these ion channels will decrease the likelihood of an action potential
to occur. The drug riluzole is a neuroprotective drug that blocks sodium ion channels.
Since these channels can not activate, there is no action potential and the neuron does not
perform any transduction of chemical signals into electrical signals and the signal does
not move on. This drug is used as an anesthetic along with sedative properties.

Behavioral neuropharmacology
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Dopamine and serotonin pathway

One form of behavioral neuropharmacology focuses on the study of drug dependence and
how drug addiction affects the human mind. Most research has shown that the major part
of the brain that reinforces addiction through neurochemical reward is the nucleus
accumbens. The image to the right shows how dopamine and serotonin are projected into
this area. Chronic alcohol abuse can cause major dependence and addiction. How this
addiction occurs is described below.

Alcoholism

The behavior effects of alcohol are primarily produced through its actions on the brain.
Intoxication is a short-term result of alcohol present in the brain that is attributed to
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changes in neuronal communication. Tolerance and dependence are more long-term
results that involve molecular and cellular changes due to increased exposure to alcohol.
Researchers have found many areas in neuronal function that alter due to chronic alcohol
exposure. In the GABAergic system, the GABA receptor is modified effecting the
efficiency and timing of inhibitory synaptic transmission. This is also usually
accompanied by an increase or decrease in the release of the neurotransmitter GABA
causing many of the neurons in the brain to become hyper-excitable during withdrawal
from alcohol. Since GABA, for the most part, is an inhibitory neurotransmitter, a
decrease in its amount will result in a feeling of anxiety. Along with GABA, there have
been many links to other neurotransmitters that are affected by long-term use of alcohol,
including dopamine, serotonin, and glutamate.

Research
Parkinson's disease

Parkinson's disease is a neurodegenerative disease described by the selective loss of
dopaminergic neurons located in the substantia nigra. Today, the most commonly used
drug to combat this disease is levodopa or L-DOPA. This precursor to dopamine can
penetrate through the blood-brain barrier whereas the neurotransmitter dopamine cannot.
There has been extensive research to determine whether L-dopa is a better treatment for
Parkinson's disease rather than other dopamine agonists. Some believe that the long term
use of L-dopa will compromise neuroprotection and thus eventually lead to dopaminergic
cell death. Though there has been no proof, in-vivo or in-vitro, some still believe that the
better long-term use of dopamine agonists be better for the patient.

Alzheimer's disease

While there are a variety of hypotheses that have been proposed for the cause of
Alzheimer's disease, the knowledge of this disease is far from complete to explain,
making it difficult to develop methods for treatment. In the brain of Alzheimer's patients,
both neuronal nicotinic acetylcholine (nACh) receptors and NMDA receptors are known
to be down-regulated. Thus four anticholinesterases have been developed and approved
by the U.S. Food and Drug Administration (FDA) for the treatment in the U.S.A.
However, these are not ideal drugs considering their side effects and limited
effectiveness. One promising drug, nefiracetam, is being developed for the treatment of
Alzheimer's and other patients with dementia, and has unique actions in potentiating the
activity of both nACh receptors and NMDA receptors.

Future

With an increase in technology and our understanding of the nervous system, the
development of drugs will continue to rise with an increase in drug sensitivity and
specificity. Structure-activity relationship or SARs is a major area of research within
neuropharmacology which tries to modify the effect or the potency (i.e., activity) of
bioactive chemical compounds by modifying their chemical structure.
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Chapter 21

Neurodegeneration

Neurodegeneration

Para-sagittal MRI of the head in a patient with

benign familial macrocephaly.
ICD-10 G30-G32

MeSH D019636

Neurodegeneration is the umbrella term for the progressive loss of structure or function
of neurons, including death of neurons. Many neurodegenerative diseases including
Parkinson’s, Alzheimer’s, and Huntington’s occur as a result of neurodegenerative
processes. As research progresses, many similarities appear which relate these diseases to
one another on a sub-cellular level. Discovering these similarities offers hope for
therapeutic advances that could ameliorate many diseases simultaneously. There are
many parallels between different neurodegenerative disorders including atypical protein
assemblies as well as induced cell death. Neurodegeneration can be found in many
different levels of neuronal circuitry ranging from molecular to systemic.
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Links between neurodegenerative disorders
Genetics

Many neurodegenerative diseases are caused by genetic mutations, most of which are
located in completely unrelated genes. In many of the different diseases, the mutated
gene has a common feature: a repeat of the CAG nucleotide triplet. CAG encodes for the
amino acid glutamine. A repeat of CAG results in a polyglutamine (polyQ) tract.
Diseases showing this are known as polyglutamine diseases.

o Polyglutamine: A repeat in this causes dominant pathogenesis. Extra glutamine
residues can acquire toxic properties through a variety of ways, including
irregular protein folding and degradation pathways, altered subcellular
localization, and abnormal interactions with other cellular proteins. PolyQ studies
often use a variety of animal models because there is such a clearly defined
trigger — repeat expansion. Extensive research has been done using models of
worms (C. elegans), fruit flies (Drosophila), mice, and non-human primates. It is
important to note that mammalian data is often needed for FDA approval of
drugs, so a bulk of the research is done using mice. Using data from the other
animals (C. elegans and Drosophila primarily) is often a precursor to finding the
equivalent mammalian gene.

o Nine inherited neurodegenerative diseases are caused by the expansion of
the CAG trinucleotide and polyQ tract. Two examples are Huntington's
disease and spinocerebellar ataxias.

o Polyglutamine (PolyQ) Diseases in Trinucleotide repeat disorder. While
polyglutamine-repeat diseases encompass many different
neurodegenerative disorders, there are many more it does not apply to.
The genetics behind each disease are different and often unknown.

o alpha-synuclein: can aggregate to form insoluble fibrils in pathological
conditions characterized by Lewy bodies, such as Parkinson's disease, dementia
with Lewy bodies, and multiple system atrophy. Alpha-synuclein is the primary
structural component of Lewy body fibrils. In addition, an alpha-synuclein
fragment, known as the non-Abeta component (NAC), is found in amyloid
plaques in Alzheimer's disease.

Intracellular mechanisms

Protein degradation pathways

Parkinson’s disease and Huntington’s disease are both late-onset and associated with the
accumulation of intracellular toxic proteins. Diseases caused by the aggregation of
proteins are known as proteinopathies, and they are primarily caused by aggregates in the

following structues:

e cytosol, e.g. Parkinson's & Huntington's
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e nucleus, e.g. Spinocerebellar ataxia type 1 (SCAI)

e endoplasmic reticulum (ER), (as seen with neuroserpin mutations that cause
familial encephalopathy with neuroserpin inclusion bodies)

e extracellularly excreted proteins, amyloid-f in Alzheimer’s disease

There are two main avenues eukaryotic cells use to remove troublesome proteins or
organelles:

e ubiquitin—proteasome: protein ubiquitin along with enzymes is key for the
degradation of many proteins that cause proteinopathies including polyQ
expansions and alpha-synucleins. Research indicates proteasome enzymes may
not be able to correctly cleave these irregular proteins which could possibly result
in a more toxic species. This is the primary route cells use to degrade proteins.

o Decreased proteasome activity is consistent with models in which
intracellular protein aggregates form. It is still unknown whether or not
these aggregates are a cause or a result of neurodegeneration.

o autophagy-lysosome pathways: a form of programmed cell death (PCD), this
becomes the favorable route when a protein is aggregate-prone meaning it is a
poor proteasome substrate. This can be split into two forms of autophagy:
macroautophagy and chaperone-mediated autophagy (CMA).

o macroautophagy is involved with nutrient recycling of macromolecules
under conditions of starvation, certain apoptotic pathways, and if absent,
leads to the formation of ubiquinated inclusions. Experiments in mice with
neuronally confined macroautophagy-gene knockouts develop
intraneuronal aggregates leading to neurodegeneration.

o chaperone-mediated autophagy defects may also lead to
neurodegeneration. Research has shown that mutant proteins bind to the
CMA -pathway receptors on lysosomal membrane and in doing so block
their own degradation as well as the degradation of other substrates.

Mitochondrial dysfunction

The most common form of cell death in neurodegeneration is through the intrinsic
mitochondrial apoptotic pathway. This pathway controls the activation of caspase-9 by
regulating the release of cytochrome ¢ from the mitochondrial intermembrane space
(IMS). Reactive oxygen species (ROS) are normal byproducts of mitochondrial
respiratory chain activity. ROS concentration is mediated by mitochondrial antioxidants
such as manganese superoxide dismutase (SOD2) and glutathione peroxidase. Over
production of ROS (oxidative stress) is a central feature of all neurodegenerative
disorders. In addition to the generation of ROS, mitochondria are also involved with life-
sustaining functions including calcium homeostasis, PCD, mitochondrial fission and
fusion, lipid concentration of the mitochondrial membranes, and the mitochondrial
permeability transition. Mitochondrial disease leading to neurodegeneration is likely, at
least on some level, to involve all of these functions.
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There is strong evidence that mitochondrial dysfunction and oxidative stress play a causal
role in neurodegenerative disease pathogenesis, including in four of the more well known
diseases Alzheimer's, Parkinson's, Huntington's, and Amyotrophic lateral sclerosis.

Axonal transport

Axonal swelling and spheroids have been observed in many different neurodegenerative
diseases. This suggests that defective axons are not only present in diseased neurons, but
also that they may cause certain pathological insult due to accumulation of organelles.
Axonal transport can be disrupted by a variety of mechanisms including damage to:
kinesin and cytoplasmic dynein, microtubules, cargoes, and mitochondria. When axonal
transport is severely disrupted a degenerative pathway known as Wallerian degeneration
is often triggered.

Programmed cell death

Programmed cell death (PCD) is death of a cell in any form, mediated by an intracellular
program. There are, however, situations in which these mediated pathways are artificially
stimulated due to injury or disease.

Apoptosis (type I)

Apoptosis is a form of programmed cell death in multicellular organisms. It is one of the
main types of programmed cell death (PCD) and involves a series of biochemical events
leading to a characteristic cell morphology and death.

« Extrinsic apoptotic pathways: Occur when factors outside the cell activate cell
surface death receptors (e.g. Fas) which result in the activation of caspases-8 or -
10.

o Intrinsic apoptotic pathways: result from mitochondrial release of cytochrome c
or endoplasmic reticulum malfunctions both of which lead to the activation of
caspase-9. The nucleus and Golgi apparatus are other organelles that have damage
sensors which can lead the cells down apoptotic pathways.

Caspases (cysteine-aspartic acid proteases) cleave at very specific amino acid residues.
There are two types of caspases: initiators and effectors. Initiator caspases cleave
inactive forms of effector caspases. This activates the effectors which in turn cleave other
proteins resulting in apoptotic initiation.

Autophagic (type II)
Autophagy is essentially a form of intracellular phagocytosis in which a cell actively
consumes damaged organelles or misfolded proteins by encapsulating them into an

autophagosome, which fuses with a lysosome to destroy the contents of the
autophagosome. Many neurodegenerative diseases show unusual protein aggregates. This
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could potentially be a result of underlying autophagic defect common to multiple
neurodegenerative diseases. It is important to note that this is a hypothesis, and more
research must be done.

Cytoplasmic (type III)

The final and least understood PCD mechanism is through non-apoptotic processes.
These fall under Type III, or cytoplasmic cell death. Many other forms of PCD are
observed but not fully understood or accepted by the scientific community. For example,
PCD might be caused by trophotoxicity, or hyperactivation of trophic factor receptors. In
addition to this, other cytotoxins that induce PCD at low concentrations act to cause
necrosis, or aponecrosis — the combination of apoptosis and necrosis, when in higher
concentrations. It is still unclear exactly what combination of apoptosis, non-apoptosis,
and necrosis causes different kinds of aponecrosis.

PCD and neurodegeneration

Current research, often in transgenic animal models, implicates both apoptotic and non-
apoptotic pathways in neurodegeneration. Different diseases may enter these pathways at
different points, but once triggered can lead to interdependent pathways of cell death.
Generally, cell death in neurodegeneration is due to apoptosis and most commonly
through the intrinsic mitochondrial pathway.

Neurodegeneration in different disorders
Alzheimer’s disease
The following paragraph was taken from the Alzheimer’s disease page.

Alzheimer's disease is characterised by loss of neurons and synapses in the cerebral
cortex and certain subcortical regions. This loss results in gross atrophy of the affected
regions, including degeneration in the temporal lobe and parietal lobe, and parts of the
frontal cortex and cingulate gyrus.

Alzheimer's disease has been identified as a protein misfolding disease (proteopathy),
caused by accumulation of abnormally folded A-beta and tau proteins in the brain.
Plaques are made up of small peptides, 39—43 amino acids in length, called beta-amyloid
(also written as A-beta or AP). Beta-amyloid is a fragment from a larger protein called
amyloid precursor protein (APP), a transmembrane protein that penetrates through the
neuron's membrane. APP is critical to neuron growth, survival and post-injury repair. In
Alzheimer's disease, an unknown process causes APP to be divided into smaller
fragments by enzymes through proteolysis. One of these fragments gives rise to fibrils of
beta-amyloid, which form clumps that deposit outside neurons in dense formations
known as senile plaques.
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Parkinson’s disease

The following paragraph is an excerpt from the Pathophysiology section of the
Parkinson's disease.

The mechanism by which the brain cells in Parkinson's are lost may consist of an
abnormal accumulation of the protein alpha-synuclein bound to ubiquitin in the damaged
cells. The alpha-synuclein-ubiquitin complex cannot be directed to the proteosome. This
protein accumulation forms proteinaceous cytoplasmic inclusions called Lewy bodies.
The latest research on pathogenesis of disease has shown that the death of dopaminergic
neurons by alpha-synuclein is due to a defect in the machinery that transports proteins
between two major cellular organelles — the endoplasmic reticulum (ER) and the Golgi
apparatus. Certain proteins like Rab1 may reverse this defect caused by alpha-synuclein
in animal models.

Recent research suggests that impaired axonal transport of alpha-synuclein leads to its
accumulation in the Lewy bodies. Experiments have revealed reduced transport rates of
both wild-type and two familial Parkinson’s disease-associated mutant alpha-synucleins
through axons of cultured neurons.

Huntington’s disease

The following paragraph is an excerpt from the Mechanism section of Huntington's
disease.

HD causes astrogliosis and loss of medium spiny neurons. Areas of the brain are affected
according to their structure and the types of neurons they contain, reducing in size as they
cumulatively lose cells. The areas affected are mainly in the striatum, but also the frontal
and temporal cortices. The striatum's subthalamic nuclei send control signals to the
globus pallidus, which initiates and modulates motion. The weaker signals from
subthalamic nuclei thus cause reduced initiation and modulation of movement, resulting
in the characteristic movements of the disorder.

Mutant Huntingtin is an aggregate-prone protein. During the cells' natural clearance
process, these proteins are retrogradely transported to the cell body for destruction by
lysosomes. It is a possibility that these mutant protein aggregates damage the retrograde
transport of important cargoes such as BDNF by damaging molecular motors as well as
microtubules.

Amyotrophic lateral sclerosis (ALS)
Amyotrophic lateral sclerosis (ALS/Lou Gehrig’s Disease) is a disease in which motor
neurons are selectively targeted for degeneration. In 1993, missense mutations in the gene

encoding the antioxidant enzyme Cu/Zn superoxide dismutase 1 (SOD1) were discovered
in subsets of patients with familial ALS. This discovery led researchers to focus on
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unlocking the mechanisms for SOD1-mediated diseases. Unfortunately, the pathogenic
mechanism underlying SOD1 mutant toxicity has yet to be resolved.

Recent independent research by Nagai et al. and Di Giorgio et al. provide in vitro
evidence that the primary cellular sites where SOD1 mutations act are located on
astrocytes. Astrocytes then cause the toxic effects on the motor neurons. The specific
mechanism of toxicity still needs to be investigated, but the findings are significant
because they implicate cells other than neuron cells in neurodegeneration.

Aging and neurodegeneration

The greatest risk factor for neurodegenerative diseases is aging. Mitochondrial DNA
mutations as well as oxidative stress both contribute to aging. Many of these diseases are
late-onset, meaning there is some factor that changes as a person ages for each disease.
One constant factor is that in each disease, neurons gradually lose function as the disease
progresses with age.

Therapeutics

Animal research offers an ideal solution to testing therapeutic strategies. Model
organisms provide an inexpensive and relatively quick means to perform two main
functions: target identification and target validation. Together, these help show the value
of any specific therapeutic strategies and drugs when attempting to ameliorate disease
severity. An example is the drug Dimebon (Medivation). This drug is in phase III clinical
trials for use in Alzheimer’s disease, and also recently finished phase II clinical trials for
use in Huntington’s disease.

In another experiment using a rat model of Alzheimer's disease, it was demonstrated that
systemic administration of hypothalamic proline-rich peptide (PRP)-1 offers
neuroprotective effects and can prevent neurodegeneration in hippocampus amyloid-beta
25-35. This suggests that there could be therapeutic value to PRP-1.

Protein degradation offers therapeutic options both in preventing the synthesis and
degradation of irregular proteins. There is also interest in upregulating autophagy to help
clear protein aggregates implicated in neurodegeneration. Both of these options involve
very complex pathways that we are only beginning to understand.

The goal of immunotherapy is to enhance aspects of the immune system. Both active and

passive vaccinations have been proposed for Alzheimer's disease, however more research
must be done to prove safety and efficacy in humans.
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