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T-protein-based tangles found in the inferior temporal gyrus of the human brain in Alzheimer’s
disease, stained with an antibody against the N-terminal sequences of the T protein. Scale bar:
20 um (Reprinted with permission from Horowitz PM et al: Early N-terminal changes and caspase-
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insert.
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The nerve system controls the activity and function of peripheral tissues and organs. The
disorder of the nerve system often leads to the malfunction of not only the nervous system
but also the peripheral tissues and organs. Neural disorders can be induced by a variety
of factors, ranging from mechanical injury to gene mutation. In spite of extensive investi-
gations, the mechanisms of most neural disorders remain poorly understood. Few effective
approaches have been established for the treatment of neural diseases. Recent work in
neural regenerative medicine and engineering has provided a basis for the establishment
of molecular and cell regenerative engineering approaches for the treatment of neural
disorders. Although most of these approaches have not been tested in clinical trials, pre-
liminary investigations have demonstrated the potential of using these approaches for
therapeutic purposes. In this chapter, we will focus on the organization and function of
the nerve system, the pathogenic mechanisms and conventional treatment of common
neural disorders, as well as recent development in nerve regenerative engineering.

ANATOMY AND PHYSIOLOGY OF THE CENTRAL AND PERIPHERAL
NERVOUS SYSTEMS [13.1]

Neural Cells

The nerve system is composed of neurons and nonneuronal cells. Neurons are cells that
receive and process signals and emit signals to control the activity and function of effector
cell types. Nonneuronal cells are known as glial cells, which provide support and protec-
tion to the neurons.

Neurons. A neuron is composed of several parts: a cell body, short processes known as
dendrites, and a long process known as the axon, which is also referred to as a nerve fiber
(Fig. 13.1). The cell body contains typical cellular components such as the nucleus,
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Figure 13.1. Schematic representation of the structure of neurons.
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endoplasmic reticulum, Golgi apparatus, endosomes, mitochondria, and cytoskeletal fila-
ments, including actin filaments, neurofilaments, and microtubules. Note that the neuro-
filaments are intermediate filaments in the neuron. Dendrites are short processes that are
extensions from the cell body and are responsible for communication with other neurons
and transmission of signals from and to the cell body. The axon is a long process extended
from the cell body, and transmits signals (action potentials) from the cell body to periph-
eral effector cells via synapses (Fig. 13.2). Chemical substances such as acetylcholine and
norepinephrine (Fig. 13.3), known as neurotransmitters, are required for signal transmis-
sion through the synapses. Action potentials from the presynaptic terminal stimulate the
release of a neurotransmitter, which in turn activates the postsynaptic cell membrane to
elicit action potentials. In the central nervous system, synapses are found between different
neurons. In the peripheral systems, synapses can be found between peripheral neurons as
well as between neurons and skeletal muscle cells. An axon is enclosed within a myelin
sheath formed by a glial cell type known as Schwann cells in the peripheral systems.

On the basis of function, neurons are classified into sensory neurons, motor neurons,
and interneurons. The sensory neurons, also known as afferent neurons, receive and
transmit signals from the peripheral systems to the central nervous system. The motor
neurons, known as efferent neurons, process received signals and emit signals that control
peripheral cells such as skeletal muscle cells and gland cells. The interneurons transmit
signals between different neurons.

Based on the structure of the cell, neurons can be classified into three types: unipolar,
bipolar, and multipolar neurons. Unipolar neurons exhibit only a single process from the
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Figure 13.2. Schematic representation of the neuronal synapse. Based on bibliography 13.1.
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Figure 13.3. Chemical structure of acetylcholine and norepinephrine.
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cell body. The process is divided into two branches; one reaches a peripheral tissue with
its end structures serving as sensory receptors and the other branch transmits sensory
signals to the central nervous system. These neurons often serve as sensory neurons.
Bipolar neurons possess an axon and a dendrite. The dendrite receives signals from a
peripheral tissue and the axon transmits the signals to the central nerve system. This type
of neuron also serves as sensory neuron. Multipolar neurons possess one axon and more
than one dendrites. These are the most popular neurons and are found in the brain and
spinal cord.

Glial Cells. Glial cells support and protect the neurons. There are four types of glial cells:
astrocyte, microglia, oligodendrocyte, and ependymal cell. Astrocytes are glial cells with
multiple processes and are often distributed around the neurons and capillaries. These
cells participate in the regulation of the brain fluid composition. Microglial cells are
macrophages of the central nervous system and are capable of phagocytosing and degrad-
ing microorganisms, cell debris, and harmful substances in the brain. Oligodendrocytes
are cells that wrap axons and form axon myelin sheaths in the central nervous system
(note that the cell type that wraps peripheral nerve axons is known as the Schwann cell).
Ependymal cells are cells that line the ventricle cavities of the brain and the central canal
of the spinal cord. These cells secrete cerebrospinal fluid in the brain ventricles.

Organization of the Nervous System

The nervous system is composed of two subdivisions: the central and peripheral nervous
systems. The central nervous system includes the brain and spinal cord, whereas the
peripheral nerve system contains neural cells and structures external to the central nervous
system, including peripheral sensory receptors, ganglia, and nerve fibers.

Brain. The brain is composed of four major parts: cerebrum, diencephalon, cerebellum,
and brainstem and is the center of the nervous system.

Cerebrum. The cerebrum includes the left and right hemispheres. Each hemisphere is
composed of a number of lobes, including the frontal lobe (controlling thinking, motiva-
tion, mood, judgment, and the voluntary motor function), parietal lobe (controlling the
integration of sensory information except for smelling, hearing, and vision), occipital lobe
(controlling the integration of visual information), and temporal lobe (controlling memory
and the integration of hearing and smelling).

Each lobe is composed of three distinct structures: the cortex, cerebral medulla, and
cerebral nuclei. The cortex is the external layer of cerebrum known as the gray matter,
which contains primarily neurons. The cerebral medulla is the structure between the
cortex and the cerebral nuclei, known as white matter, and is composed of nerve fibers
that link various parts of the central nervous system. The nerve fibers that connect neurons
within the same hemisphere are defined as association fibers, those that connect the two
hemispheres are commissural fibers, and those that connect the cerebrum and other parts
of the brain are projection fibers. Each hemisphere contains a set of basal nuclei, which
are neuron-containing gray matter, located laterally in regions inferior to the cerebrum
and diencephalon. These nuclei include the lentiform nucleus, caudate nucleus, subtha-
lamic nucleus, and substantia nigra. The lentiform and caudate nuclei together are known
as the corpus striatum. The main function of the basal nuclei is to control motor
activities.
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The cerebrum also includes a limbic system. The limbic system is composed of certain
cortical regions, certain nuclei such as the anterior nucleus of the thalamus and the
habenular nucleus of the epithalamus, certain basal nuclei, the hypothalamus, the olfac-
tory cortex, and nerve fibers that link various cortical regions and nuclei. The limbic
system controls survival functions such as reproduction, memory, and nutrition-related
activities.

Diencephalon. The diencephalon is a structure located between the cerebrum and the
brainstem. It is composed of four parts: thalamus, subthalamus, epithalamus, and hypo-
thalamus. The thalamus includes a group of nuclei: the medial geniculate, lateral genicu-
late, ventral posterior, ventral anterior, ventral lateral, lateral dorsal, and lateral posterior
nucleus. The overall function of thalamus is to receive and process sensory information
from the peripheral nervous system. Auditory information goes to the medial geniculate
nucleus and visual information goes to the lateral geniculate nucleus. The ventral anterior
and lateral nuclei participate in the regulation of motor activities. The lateral dorsal
nucleus is linked to the cerebral cortex and other thalamus regions and is related to the
control of emotion. The lateral posterior nucleus is responsible for the integration of
sensory inputs from the peripheral nervous system.

The subthalamus is a structure below the thalamus and is composed of subthalamus
nuclei and several nerve fiber bundles. The subthalamus participates in the regulation of
motor activities. The epithalamus is a structure located above the thalamus and is com-
posed of habenular nuclei and the pineal body. The habenular nuclei participate in the
processing of smell and odor inputs. The pineal body may be involved in the regulation
of the sleep cycle.

The hypothalamus is composed of several nuclei and nerve fiber bundles. The nuclei
include the anterior, supraoptic, paraventricular, dorsomedial, posterior, and ventromedial
nucleus, and the mammillary body. These nuclei play critical roles in the regulation of
several functions, including cardiac contractility, bloodflow control, urine release, ion
balance, sexual activity, sweat production, food and water intake, feeling and emotion,
and sleep cycle. One of the most important functions for hypothalamus is to control
hormone secretion from the pituitary gland, a structure located below the hypothalamus
and connected to the hypothalamus via the infundibulum. The hypothalamus produces
and releases a number of hormones, including growth hormone-releasing hormone, growth
hormone-inhibiting hormone, gonadotropin-releasing hormone, corticotropin-releasing
hormone, and thyroid-releasing hormone. These hormones can act on hormone-generating
cells in the pituitary gland and control the secretion of the pituitary gland. The growth
hormone-releasing hormone stimulates the secretion of growth hormone from the pituitary
gland, whereas the growth hormone-inhibiting hormone exerts an opposite effect. The
gonadotropin-releasing, corticotropin-releasing, and thyroid-releasing hormones stimulate
the release of corresponding hormones from the pituitary gland. The pituitary hormones
play a critical role in regulating a variety of functions, ranging from growth, water absorp-
tion, thyroid hormone secretion from the thyroid gland, glucocorticoid hormone secretion
from the cortex of the adrenal gland, and follicle maturation and estrogen secretion in
ovaries and sperm cell production in testes.

Cerebellum. The cerebellum is a structure located below the cerebrum and behind the
brainstem. As the cerebrum, the cerebellum contains gray cortex, nuclei, and white
medulla. The cerebellum also contains nerve fiber bundles that connect the cerebellum
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to other parts of the brain, including the cerebrum, brainstem, and diencephalon. The
cerebellum is divided into three parts: the flocculonodular lobe, vermis, and two sym-
metric lateral hemispheres. The flocculonodular lobe is involved in the regulation of
body balance and eye movement. The vermis and part of the lateral hemispheres are
responsible for the control of the posture, movement, and motion coordination. The
remaining lateral hemispheres, together with the cerebrum, control the process of learn-
ing complex skills.

Brainstem. The brainstem is a structure that connects the spinal cord to the brain and is
composed of the medulla oblongata, pons, and midbrain (Fig. 13.4). The brainstem is
responsible for the regulation of physiological activities that are critical to the survival of
the body, such as cardiac contraction, the maintenance of bloodflow and pressure, respira-
tion, swallowing, and vomiting. The medulla oblongata is the lower part of the brainstem
and contains a number of medullary nuclei. These nuclei serve as central nerve regulatory
centers that are composed of neuron-containing gray matter and control the activity of
the heart and blood vessels. The medulla oblongata also contains ascending and descend-
ing nerve fiber bundles, which connect the spinal cord to the brain. It is important to note
that the medullary descending nerve fibers originated from the left and right hemispheres
are projected to the opposite side and cross at the lower part of the medulla oblongata.
Thus, nerve fibers from the left hemisphere control the activities of the right body, whereas
those from the right hemisphere control the activities of the left body. The brainstem also
contains nuclei that control the body balance and motion coordination.

The pons is a structure located in the middle of the brainstem and contains a number
of nuclei and ascending and descending nerve bundles. Some of the nuclei serve as the
central nerve centers that control respiration and the sleep cycle. Other nuclei mediate the
communication between the cerebrum and cerebellum. A number of cranial nerve nuclei,
including those for nerve VI (abducens), VII (facial), VIII (vestibulocochlear), and IX
(glossopharyngeal), are located in the pons (see below).
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Figure 13.4. Schematic representation of the midbrain. Based on bibliography 13.1.
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The midbrain is a structure located above the pons and contains the nuclei of cranial
nerve III (oculomotor), IV (trochlear), and V (trigeminal). These nerve fibers are described
in the following section. The midbrain also contains nuclei that receive and process hearing
information and serve as the control center for the auditory system. The ascending and
descending nerve fiber bundles pass through the midbrain. In addition, there are scattered
neurons throughout the brainstem. These neurons constitute a structure called reticular
formation or system. This system controls the consciousness and sleep—wake cycles.

Cranial Nerves. Cranial nerves are nerve fiber bundles that arise directly from the brain,
instead of the spinal cord. There are 12 pairs of cranial nerves (Fig. 13.5). Some of these
nerves are responsible for the transmission of sensory and somatic motor information,
while others transmit information for the parasympathetic system, which regulates the
function of the heart, large blood vessels, and glands.

Cranial nerves I and II arise from the lower part of the cerebrum and are responsible
for receiving and processing smell and visual information, respectively. These nerves are
known as olfactory and optic nerves. The remaining 10 nerves are from the brainstem.
Cranial nerve III is known as oculomotor nerve and is responsible for regulating the
activities of the eye. This nerve contains parasympathetic nerve fibers, which regulate the
contractility of smooth muscle cells in the eye and therefore control the size of the pupil
and the shape of the eye lens. Cranial nerve IV (trochlear nerve) controls the contraction
of eyeball muscles and thus the eyeball movement. Cranial nerve V (trigeminal nerve)
controls the contraction of ear and throat muscles and also controls the proprioceptive and
cutaneous sensory function. Cranial nerve VI (abducens), together with nerve IV, controls
the movement of the eyeball. Cranial nerve VII (facial nerve) controls the contraction of
facial, ear, and throat muscles. Cranial nerve VIII (vestibulocochlear nerve) is responsible
for receiving and processing hearing and balancing information from the ear. Cranial
nerve IX (glossopharyngeal nerve) controls the contraction of pharynx muscles and the
secretion of salivary glands. Cranial nerve X (vagus nerve) is a parasympathetic, motor,
sensory nerve, controls the muscle contraction of the pharynx/larynx, regulates the cardiac
activity, and mediates the contractility of smooth muscle cells in the blood vessel wall
and the gastrointestinal wall. Cranial nerve XI (accessory nerve) is composed of cranial
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Figure 13.5. Schematic representation of the cranial nerves. Based on bibliography 13.1.
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and spinal nerve fibers. The cranial nerve fibers contribute to the vagus nerve and regulate
the contractility of smooth muscle cells. The spinal fibers control the movement of the
neck and shoulder muscles. Cranial nerve XII (hypoglossal nerve) controls the contraction
of the tongue and the geniohyoid muscles.

Cerebral Circulation. There is a rich network of blood vessels in the brain. The main
arteries that supply blood to the brain are the left and right common carotid arteries,
which originate from the aortic arch, and the left and right vertebral arteries, which
originate from the subclavian arteries. Each common carotid artery is divided into the
internal and external arteries before entering the cranial cavity. The internal carotid arter-
ies enter the cranial cavity and supply blood to the brain, whereas the external carotid
arteries supply blood to the facial tissues. The vertebral arteries enter the cranial cavity
and join together to form the basilar artery. The internal carotid arteries and the basilar
artery join together to form the cerebral arterial circle. Branches from the cerebral arterial
circle supply blood to the brain. The cortex of each hemisphere is supplied by the anterior,
middle, and posterior cerebral arteries from the cerebral arterial circle.

Arteries are eventually divided into numerous capillaries. The endothelium of the
capillaries in the brain possesses well-developed tight junctions, constituting the blood—
brain barrier. This barrier allows only lipid-soluble substances, such as CO,, CO, ethanol,
and nicotine, to freely pass. Small water-soluble substances, such as amino acids and
glucose, can be transported across the blood—brain barrier via active energy-consuming
processes. Large molecules and particles, such as viruses and bacteria, cannot pass the
blood—brain barrier under physiological conditions.

Blood from the brain is collected by small veins from the capillary network. The small
veins conduct blood to a number of cranial venous sinuses. There are several small and
medium-sized sinuses, including the superior sagittal, inferior sagittal, straight, cavernous,
and occipital sinuses. Venous blood from these sinuses converges to larger sinuses, includ-
ing the transverse and sigmoid sinuses, which drain blood into the internal jugular vein.
Venous blood eventually returns to the right atrium via the subclavian and brachiocephalic
veins and the superior vena cava.

Meninges and Cerebral Ventricles. Meninges are membranes of connective tissue, which
cover and protect the brain and spinal cord. There are three meningeal layers: the dura
mater/periosteum, arachnoid mater, and the pia mater. The dura mater is the outmost
layer, which folds and extends into the brain fissues at three locations: the falx cerebri
(between the two cerebral hemispheres), tentorium cerebelli (between the cerebrum and
cerebellum), and falx cerebelli (between the two cerebellar hemispheres). The dura mater
is attached to the periosteum of the cranial cavity, forming an integrated functional layer.
The arachnoid mater is a thin membrane, which is separated from the dura mater by the
subdural space filled with serous fluid. The pia mater is a membrane that is tightly attached
to the brain. The pia mater is separated from the arachnoid mater by the subarachnoid
space, which is filled with fluid and contains blood vessels.

The brain contains a number of cavities. These include the two lateral ventricles (one
in each cerebral hemisphere), the third ventricle, and the fourth ventricle. The four ven-
tricles are connected via two channels. The two lateral ventricles and the third ventricle
are connected by a short channel known as the interventricular foramina. The third and
fourth ventricles are connected by a long channel called the cerebral aqueduct. The fourth
ventricle is continuous with the subarachnoid space and the spinal cord.
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The brain ventricles, spinal cord, and subarachnoid space are filled with cerebrospinal
fluid, which is similar in composition to the serum except that the cerebrospinal fluid
contains a very low concentration of proteins. The cerebrospinal fluid is produced in the
ventricles by a structure known as the choroid plexus, which contain capillaries and con-
nective tissue covered by ependymal cells. The cerebrospinal fluid flows through the ven-
tricles, leaves the fourth ventricle via several apertures, including the median aperture and
two lateral apertures, flows through the subarachnoid space, and enters the dural venous
sinuses, where cerebrospinal fluid joins the blood.

Spinal Cord. The spinal cord is a part of the central nervous system and extends from
the brainstem to the vertebral column. At each transverse level, the spinal cord is com-
posed of central gray matter and peripheral white matter. The gray matter consists of
neurons, glial cells, and nerve axons, whereas the white matter consists of nerve axons.
Spinal nerves arise from a large number of rootlets of the gray matter symmetrically at
two dorsal and two ventral sites. Nerve fibers from several rootlets combine to form a
nerve bundle, which leaves the spinal cord through the vertebral column. The spinal cord
is vertically composed of several segments, known as the cervical, thoracic, lumbar, and
sacral segments. The spinal cord gives rise to 31 pairs of spinal nerve bundles. Each pair
of nerve bundles leaves the vertebral column at a corresponding vertebra. These nerves
innervate peripheral tissues and organs.

At each level, the gray matter of the spinal cord is divided into two functional units:
sensory and somatic motor control units. The sensory unit is located in the two dorsal
sites symmetrically, whereas the somatic motor control unit is located in the two ventral
sites. The dorsal nerve bundles contain input nerve fibers that transmit sensory signals
from the peripheral receptors to the dorsal sensory ganglia, whereas the ventral nerve
bundles contain output nerve fibers that transmit signals from the ventral motor control
centers to the peripheral muscles. While the somatic motor control neurons are located
within the gray matter, the sensory receiving and processing neurons are located in the
dorsal root ganglia, which is located outside the spinal cord. The sensory neurons transmit
signals from the ganglia to the dorsal gray matter of the spinal cord.

The Peripheral Nervous System. The peripheral nerve system is composed of neurons
and nerve bundles outside the brain and spinal cord. A peripheral nerve bundle contains
several structures: Schwann cell-enclosed nerve axons, blood vessels, and connective
tissue. Each Schwann cell/axon bundle is enclosed with a connective tissue membrane
known as endoneurium. A group of axons is enclosed within a perineurium membrane,
forming a nerve fascicle. A number of axon fascicles are enclosed within an epineurium
sheath, forming a nerve bundle. The connective tissue membranes protect the nerve fibers
from injury.

The peripheral nerve fibers from the spinal cord are divided into various groups, based
on the origin of the nerves and region of innervation. Each group is defined as a plexus,
which contains several nerve bundles from a number of vertebrae. Major nerve plexuses
include the cervical, brachial, thoracic, lumbosacral, coccygeal plexuses. The cervical
plexus contains nerves from cervical vertebrae 1-4 and innervates the head and neck skin,
muscle, and tissue. The brachial plexus originates from cervical vertebra 5 and thoracic
vertebra 1, and innervates the upper limbs and part of the head. The thoracic plexus origi-
nates from thoracic vertebrae 1-12, and innervates the chest skin, muscle, and tissue. The
lumbosacral plexus is from lumbar vertebrae 1-4 and sacral vertebrae 1-4, and innervates
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the abdomen and lower limbs. The coccygeal plexus is from sacral vertebrae 4 and 5, and
innervates the muscles of the pelvic floor and the coccyx.

Functional Integration of the Nervous System

Sensory Input. The nervous system has a number of sensory functions: hearing, visual-
izing, touching, smelling, tasting, sensing temperature, and sensing pain. All sensory
activities are triggered by environmental stimulations. To sense and react to a stimulus, it
is necessary to have a complete sensory system, including the sensory receptors that sense
the environmental stimulus and covert the stimulus to action potentials, sensory input
nerves that transmit the action potentials to the central nerve system, sensory centers that
receive and process the input signals, and neuronal centers that respond to the sensory
centers and generate signals for the awareness of the environmental stimulation and for
corresponding responsive actions (Fig. 13.6).

Sensory receptors are the ending structures of the axon and dendrites. There are various
types of sensory receptors. Based on the location, sensory receptors can be divided into
three groups: exteroreceptors, visceroreceptors, and proprioceptors. The exteroreceptors
are distributed in the superficial tissues such as the epidermis and dermis, and are respon-
sible for sensing external stimulations. The visceroreceptors are found in the viscera and
internal organs, and are responsible for sensing internal stimulations. The proprioceptors
are found in connective tissues, such as the joint, tendon, and bone, and provide informa-
tion about the body position and movement.

Based on the function, sensory receptors can be classified into mechanoreceptors,
chemoreceptors, thermoreceptors, photoreceptors, and pain receptors. The

Cortical center

Thalamus

Cerebellum
Pons

Medulla

Spinal cord

Epidermis

Skeletal muscle

Figure 13.6. Schematic representation of the pathways of sensory signals. Based on bibliography
13.1.
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mechanoreceptors respond to mechanical stimuli, such as tension, compression, and
shearing, and are found in the epidermal tissue, muscle, inner ear, and internal organs.
These receptors are responsible for the sensing of mechanical contacts and air vibrations
(sounds). The chemoreceptors sense chemical stimuli, are responsible for the activities of
smelling and tasting, and are found in the epidermal tissue. The thermoreceptors are
responsible for the sensing of temperature and are found in the epidermal tissue. The
photoreceptors sense light and are found in the retina. The pain receptors sense mechani-
cal, chemical, and thermal stimuli and are found in almost all types of tissues.

The sensory signals sensed by the receptors are transmitted to the central nerve system
via sensory nerves. There are various sensory pathways in the spinal cord and brainstem.
These pathways are composed of neurons that are specific to sensory receptors. Each type
of neuron is responsible for the transmission of a specific sensory signal. There are several
ascending sensory pathways that transmit signals from the spinal cord to various parts of
the brain. These include the spinothalamic pathway (transmitting pain, temperature, light,
and mechanical signals from the spinal cord to the thalamus), the dorsal-column/medial—
lemniscal pathway (transmitting proprioception, pressure, and vibration signals from the
spinal cord to the brainstem), the spinocerebellar pathway (transmitting proprioception
signals from the spinal cord to the cerebellum), and the spinoreticular pathway (transmit-
ting tactile signals from the spinal cord to the reticular formation of the brainstem).

Sensory signals from the peripheral nerve system and the spinal cord are eventually
converged to the primary sensory areas of the cerebral cortex. Each type of sensory input
is projected to a designated cortical area. For instance, the somatic cortical area is located
in the middle region of the cerebral cortex. Other regions are illustrated in Fig. 13.7. This
area is organized in relation to the distribution of the peripheral tissues and organs. The
sensory inputs from the head and face are transmitted to the inferior cortical area, whereas
the sensory inputs from the lower limbs are projected to the superior cortical area. The
sensory inputs from other organs are projected to corresponding areas between the head
and the lower limbs.

Motor Control. The nervous motor system controls the contractile activities of the skel-
etal muscle cells by emitting action potentials and thus regulates the movement, posture,
and balance of the body. There are two types of movements: involuntary and voluntary.
An involuntary movement is controlled by the spinal cord motor centers and includes
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Figure 13.7. Schematic representation of the distribution of the motor and sensory control regions
in the cortex. Based on bibliography 13.1.
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Figure 13.8. Schematic representation of the distribution of the cortical motor control regions.
Based on bibliography 13.1.

primarily reflexes of the skeletal muscle system. The reflex movement is not initiated
through conscious judgment by the cortex. It should be noted that the heart beating, gas-
trointestinal motion, and blood vessel contraction are also involuntary movements, but
these are controlled by the parasympathetic nerve system, not by the motor system. In
contrast, a voluntary movement is consciously initiated and controlled by the cortex to
achieve specified goals, such as running, walking, eating, writing, and talking.

Voluntary movements are induced in response to the action potentials initiated from
the primary motor area located anterior to the primary sensory region of the cortex (Fig.
13.8). The primary motor area is organized in relation to the distribution of the peripheral
tissues and organs. The action potentials initiated from the superior region of the primary
motor area controls the muscles of the lower limbs, whereas the action potentials from
the inferior area of the cortex controls the muscles of the head, face, and upper limbs.
There is another cortical area, called premotor area, which is located anterior to the
primary motor area and regulates the coordination of various muscles, ensuring accurate
movements. The third important motor-control area is the prefrontal area, which is
responsible for the regulation of mood- and emotion-related movements.

The motor-control signals or action potentials are transmitted from the cortical motor
control centers to the brainstem or spinal cord, and then to the peripheral skeletal muscles
via motor nerves (Fig. 13.9). The motor nerves are divided into direct and indirect
descending nerves. The direct nerves are responsible for the control of accurate muscle
contraction, muscle tone, skilled movements, and emotion-related facial movements. The
indirect nerves control less accurate muscle activities related to overall body movements.
The direct nerves exist only in mammals.

Autonomic Control of Vital Activities. Vital activities include the heartbeat, regulation
of bloodflow and pressure, and temperature regulation. These activities are primarily con-
trolled by two nervous systems: the sympathetic and parasympathetic nervous systems.

Sympathetic Nervous System. The sympathetic nerve system is composed of a number of
control units. A typical sympathetic control unit consists of preganglionic neurons and
postganglionic neurons (Fig. 13.10). The preganglionic neurons are located in the gray
matter of the spinal cord in the region from thoracic vertebra 1 to lumbar vertebra 2. The
postganglionic neurons are located in either a structure near the vertebrate column known
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Figure 13.9. Schematic representation of the pathways of motor control signals. Based on bibliog-
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Figure 13.10. Schematic representation of the sympathetic nervous system. Based on bibliography
13.1.

as the sympathetic chain ganglia or a structure near the target tissues known as the col-
lateral ganglia. The axons of preganglionic neurons join the spinal nerves, leave the spinal
cord, and extend to the sympathetic chain ganglia. In the sympathetic chain ganglia, the
sympathetic nerves are organized into four different groups: the spinal, sympathetic,
splanchnic, and adrenal gland nerves.
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For the spinal group, the preganglionic axons synapse with the postganglionic neurons
in the sympathetic chain ganglia. The postganglionic axons leave the sympathetic chain
ganglia, join the spinal nerves, and innervate peripheral tissues and organs. For the sym-
pathetic group, the preganglionic axons synapse with the postganglionic neurons in the
sympathetic chain ganglia. The postganglionic axons leave the sympathetic chain ganglia,
form sympathetic nerves, and innervate peripheral tissues and organs. The heart is a major
target of the sympathetic nerves. Activation of the sympathetic nerves induces an increase
in cardiac contractility and the heartbeat. For the splanchnic group, the preganglionic
axons enter the sympathetic chain ganglia, but do not form synapses there. They leave the
sympathetic chain ganglia, form the splanchnic nerves, extend to the peripheral organs,
and enter another sympathetic structure known as the collateral ganglia, where they
synapse with postganglionic neurons. The postganglionic axons innervate target tissues,
including the stomach and intestines. The adrenal gland nerves are different form others.
The preganglionic axons do not synapse with postganglionic neurons, but directly extend
to the adrenal gland and synapse with the adrenal medullar cells, stimulating the secretion
of epinephrine and norepinephrine.

Parasympathetic Nervous System. This is another nervous system that controls the vital
activities. As the sympathetic nervous system, the parasympathetic nervous system is
composed of a number of control units. Each unit consists of preganglionic and postgan-
glionic neurons (Fig. 13.11). The preganglionic neurons are located in the brainstem, and
the postganglionic neurons are located in a structure near or within the target tissues or
organs, known as the terminal ganglia. The preganglionic axons leave the brainstem,
extend to and enter the terminal ganglia, where they synapse with the postganglionic

Ciliary ganglion

Sphenopalatine
ganglion

Optic
ganglion

Bladder

Figure 13.11. Schematic representation of the parasympathetic nervous system. Based on bibliog-
raphy 13.1.
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neurons. The postganglionic axons leave the terminal ganglia and innervate target tissues
and organs.

Autonomic Regulation of Cardiovascular Functions. The activities of the heart and blood
vessels are controlled by the sympathetic and parasympathetic nervous systems in a coor-
dinated manner. The heart is innervated with both sympathetic and parasympathetic
(vagus) nerves. Arteries and veins are primarily innervated with sympathetic nerves.
Certain structures, such as the baroreceptors, which attach to the carotid arteries, are
innervated with parasympathetic vagus nerves and play a critical role in regulating the
cardiovascular activities.

The regulation of the cardiovascular functions is accomplished via autonomic reflexes,
or nerve-controlled actions in response to peripheral inputs. In general, the sympathetic
nerve system activates, whereas the parasympathetic system inhibits the cardiovascular
activities. The two systems regulate the cardiovascular activities in coordination and
counterbalance each other’s effects. An increase in the activity of the sympathetic system
will activate the parasympathetic system via a feedback mechanism, and vice versa. Thus
the cardiovascular activities are maintained within a relatively stable range, which is
defined as the physiological range.

A typical example is baroreceptor-mediated regulation of arterial blood pressure. The
baroreceptors detect changes in blood pressure. An increase in blood pressure beyond
the physiological level stimulates the baroreceptors. Signals from the baroreceptors are
transmitted to the brainstem via the vagus nerve and activate the parasympathetic cardio-
vascular control neurons. The parasympathetic signals are transmitted to the heart, induc-
ing a decrease in the heartbeat and contractility. As a result, arterial blood pressure
decreases. In contrast, a decrease in arterial blood pressure to a level below the physiologi-
cal level will reduce stimulation to the baroreceptors as well as to the parasympathetic
control neurons, resulting in a situation with relatively dominant sympathetic activities.
Thus, heartbeat and cardiac contractility both increase simultaneously, leading to an
increase in blood pressure.

NERVOUS DISORDERS

Nerve Injury

Etiology, Pathology, and Clinical Features [13.2]

Brain Injury. Brain injuries can be caused by head trauma and skull fractures resulting
from physical impacts or penetrations. An injury beyond the tolerant level can cause
changes in the structure and function of the brain at the injury site. Open trauma can cause
hemorrhage, which significantly compromises the brain function at the hemorrhage site,
often leading to dysfunction of the corresponding peripheral systems. Another common
type of brain injury is concussion, which is defined as mild reversible brain injury with
transient amnesia and loss of consciousness. This type of injury is often caused by blunt
impacts on or sudden deceleration of the brain. Usually, concussion is diagnosed when no
visible brain damage and hemorrhage are observed. The pathogenic mechanisms for the
loss of consciousness are related to the dysfunction of the reticular system in the brainstem
due to sudden rotation or movement of the brain. The mechanisms for amnesia are related
to the injury of the cerebrum.
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Severe head impact or deceleration causes brain contusion, which is often associated
with various degrees of apparent brain injury, ranging from small superficial hemorrhage
to large area necrotic destruction of the brain structure. The site and degree of brain injury
can be detected by CT scan or MRI. This type of injury is often associated with prolonged
loss of consciousness and amnesia. Clinical signs are dependent on the injury location
and size. In certain cases, diffusive edema may occur within a short period following the
trauma due to alterations in blood pressure (hypertension) and microcirculatory function.
In addition, glial cells and leukocytes migrate to the injury and hemorrhage sites within
hours to days and generate extracellular matrix components, eventually resulting in the
formation of fibrous tissue or scars. The scars in the brain are often the causes of post-
traumatic epilepsy.

Cranial Nerve Injury. Head trauma, especially basilar skull fractures, is often associated
with injury of the cranial nerves, such as the optic, trochlear, olfactory, trigeminal, facial,
and auditory nerves. Nerve injuries are often induced by shearing deformation of the skull.
In severe cases, the nerve fibers can be completely severed. Nerve injury often induces
degradation of the distal nerve fibers in association with biochemical changes, such as
reduction in the expression of synaptophysin, which is an axonal marker (Fig. 13.12).
Clinical signs are dependent on the type of nerve that is injured and the degree of the
injury. For instance, minor injury of the optic nerves may cause blurring of vision, whereas
bruising and transecting of the optic nerves will result in partial or complete blindness.

Spinal Cord Injury. Spinal cord injury can be induced by damage to, fracture, or disloca-
tion of the vertebral column. The thoracic spinal cord is often injured by vertical compres-
sion. The cervical spinal cord can be injured by flexion. Spinal cord injury can be detected
by imaging approaches such as X-ray and MRI. Spinal cord injuries result in functional
changes in peripheral sensation and motor control. In severe cases, paralysis occurs in
areas below the injured spinal cord.

Immediately following spinal cord injury, hemorrhage may occur, which significantly
affect the function of the spinal cord neurons. Other changes include regional spinal cord
edema and ischemia during the early period (about 4 h). Peripheral signs, such as demye-
lination of the peripheral nerves (Fig. 13.13) and regional loss of sensory input and move-
ment, may be observed during this period. Spinal cord injury is usually reversible during
the early period. Global infarction or necrosis occurs at the injury site about 8h after
spinal cord injury. Such injury is associated with complete paralysis below the injury site.
Complete spinal cord transection or global spinal cord infarction is usually irreversible.
At the injury site, glial cells and leukocytes are often activated. These cells can migrate
to the damaged tissue and generate extracellular matrix, eventually forming fibrous tissue
or scars.

EXPERIMENTAL MODELS OF SPINAL CORD INJURY. Spinal cord injury is often created in
small rodents and used to investigate the mechanisms of nerve injury and regeneration.
Several types of experimental models have been developed and reported in the literature.
These include complete and partial spinal cord transection, blunt contusion, and compres-
sion. In the spinal cord transection model, the spinal cord is completely transected at a
selected location, or selected nerve tracts in the spinal cord are transected. Neuronal
growth and axonal regeneration can be observed after transection. In the blunt contusion
model, a weight impactor can be dropped from a desired height to a segment of exposed
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Figure 13.12. Influence of axotomy on the structure of neurons. Confocal microscopy images of
facial nuclei at the intact (left) and axotomy (right) sides. D1 and D7 are days 1 and 7, respectively,
after axotomy. The specimens were labeled with an antibody against mouse synaptophysin, an
axonal marker. The expression level of synaptophysin is apparently reduced at the axotomy side.
(Reprinted from Ikeda R, Kato F: Early and transient increase in spontaneous synaptic inputs to
the rat facial motoneurons after axotomy in isolated brainstem slices of rats. Neuroscience 134:889—
99, 2005, copyright 2005, with permission from Elsevier.)

spinal cord, causing blunt injury. The degree of injury can be controlled by altering the
weight and height of the impactor. Electronically controlled mechanical impactors can be
developed and used to cause blunt injury based on a similar principle. In the compression
model, a mechanical clip or band can be applied to an exposed spinal cord to induce cir-
cumferential compression. The degree of injury can be controlled by altering the level of
compression. This model simulates spinal cord injury due to the compression of vertebral
columns.

An important issue in spinal cord injury modeling is to estimate the degree of injury
or whether the nerve tracts are completely severed. Axonal tracers are often used to
achieve such a goal. The nerve axons are capable of conducting retrograde transport of
substances toward the cell body. A tracer can be applied to a site distal to the nerve injury.
The completeness of transection can be judged by observing the appearance of the tracer
in the cell body. Among the three types of model described above, the contusion and
compression models usually result in incomplete injury. Because of the complexity of the
spinal cord, it is often difficult to estimate the degree of nerve regeneration by using these
incomplete injury models.
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Figure 13.13. Histological micrographs showing demyelination after contusive spinal cord injury.
(A,B) Normal myelin sheaths in the ventrolateral funiculus of the adult spinal cord. These sheaths
surround axons. (C,D) Demyelination 1 week after contusive spinal cord injury in the ventrolateral
funiculus. Many myelin sheaths degenerated and numerous intramyelinic vacuoles were seen
(arrows). A macrophage was observed in close relation to degenerating myelin (open arrowhead in
panel D). The axons surrounded by degenerating myelin appeared morphologically normal (aster-
isks). (E,F) Some demyelinated axons survived for at least 1 month after injury (arrows). (E,F)
Healthy-appearing demyelinated axons were observed in the ventrolateral funiculus of spinal cord
at the injury epicenter (E) and also a few millimeters away from the epicenter (panel F, arrow).
Scale bars: 2.5 um. (Reprinted with permission from Cao Q et al: J Neurosci 25:6947-57, copyright
2005.)

Peripheral Nerve Injury. Peripheral nerve injury is largely induced by trauma resulting
from accidents and surgery. The peripheral nerves are capable of recovering from injury
when they are not completely severed. However, when the nerves are completely severed,
the distal axons are usually disintegrated into segments within several days, followed by
further degradation of the nerve segments. At the same time, the myelin sheaths of the
Schwann cells that enclose the axons are also degraded. The degraded axon and myelin
are phagocytosed by macrophages.

The proximal neurons are able to regenerate and extend their axons and restore the lost
distal axonal segment (Fig. 13.14). However, the outcome depends on the severity of the
injury, especially the distance between the two ends of the severed axon. When the two
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Figure 13.14. Nerve regeneration after nerve injury. A number of descriptive and functional tests
have been designed and used for evaluating the outcome of nerve regeneration after nerve injury.
Descriptive tests, as shown in the figure, can be used to determine the survival and integrity of the
injured system, whether axonal regeneration is present, and if appropriate synaptic connections and
remyelination have occurred. Functional tests, incldung electrophysiological and pharmacological
intervention, can be used to assess the function and specificity of the regenerated pathway. (Reprinted
by permission from Macmillan Publishers Ltd.: Horner PJ, Gage FH: Nature 407:963-70, copyright
2000.)

ends are close to each other and well aligned, nerve regeneration and reconnection can
occur. In contrast, when the two ends of a severed nerve are separated and not aligned,
the injured nerve segment may not be restored. The residual Schwann cells play a critical
role in nerve regeneration. These cells start to enlarge and undergo mitosis when the
proximal axon starts to regenerate. The Schwann cells are aligned along the injured axons,
preparing for the regeneration and reconnection between the proximal and distal axons.
The proximal axons that encounter the Schwann cells are able to restore the injured distal
axons. However, the proximal axons that are not escorted by Schwann cells cannot reach
the severed distal axons.
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Nerve regeneration is a slow process. It usually takes about several weeks for the
proximal regenerating nerves to reach the injured distal nerves. The end of each proximal
nerve may form several sprouts. The sprouts that encounter the Schwann cells develop
into axons and replace the severed distal nerves. The remaining sprouts are gradually
disintegrated. Following the growth of the proximal axons into the Schwann cells, the
regenerating axons are enclosed by newly generated myelin sheaths.

Conventional Treatment of Nerve Injury. For the injury of the central nerve system due
to craniocerebral trauma, several approaches can be used for the treatment depending on
the severity of the injury. For patients with concussion (transient unconsciousness), no
special treatment is needed. Patients are usually given analgesics such as aspirin or acet-
aminophen for headache, and antidepressants for anxious depression, if any. For severe
head injury, especially when patients are unconscious, several treatments should be carried
out: (1) check to ensure that the airways are functional and are able to supply adequate
ventilation (artificial respiration should be applied, if necessary); (2) stop bleeding, if any;
(3) restore blood pressure, if hypotension exists (note that hypertension may exist with
severe head injury); (4) restore the cardiac function, if necessary; (5) measure and reduce
intracranial pressure when intracranial pressure is too high; (6) supply nutrients via a
nasogastric tube, if coma persists; and (7) resort to surgical intervention to stop hemor-
rhage, relieve intracranial pressure, repair fractured or distorted bones, and/or remove
coagulated blood, if necessary. For severed peripheral nerves due to trauma, simple surgi-
cal reconnection or grafting of the injured nerves with an autologous nerve segment, if
necessary, can be performed. Such an approach usually gives a satisfactory result.

Molecular Nerve Regenerative Engineering [13.3]

Strategies of Molecular Nerve Regenerative Engineering. Principal strategies for the
treatment of nerve injury are to promote neuronal survival and regeneration, prevent
neuronal death, protect the neurons from secondary injury, stimulate axonal adhesion,
extension and reconnection, reduce fibrosis and scar formation, enhance synaptic forma-
tion. In conventional medicine, there are few available methods that can be used to effec-
tively achieve these strategies. The recovery of injured neurons and nerve fibers is very
much dependent on the self-regeneration capability. For the past decade, regenerative
engineering approaches have been developed at the molecular, cellular, and tissue levels
to facilitate the regeneration of injured nerves. At the molecular level, mitogenic proteins
and genes can be used to promote the survival and regeneration of injured neurons and
to prevent neuronal death. At the cellular level, various cell types can be used and trans-
planted to the injury site to assist the recovery of injured neurons. At the tissue level,
various biological and mechanical devices have been constructed to serve as guidance for
the regeneration of injured nerve axons. Although most of these engineering approaches
have not been used in clinical therapy, experimental investigations have demonstrated
potential for clinical applications.

For the central nerve system, because the function of many structures has not been
completely understood and the system is difficult to access, it is often a challenge to
“engineer” the brain and spinal cord. Thus, engineering treatment for injured brain and
spinal cord is limited. In contrast, the peripheral nerve fibers are relatively easy to access,
it is not technically difficult to manipulate these fibers. Here, the principle of molecular
and cell regenerative engineering for central and peripheral nerve injuries is discussed.
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Molecular regenerative engineering approaches can be established and used for facili-
tating the regeneration of injured neurons and nerve fibers. There are several strategies
for the application of molecular engineering approaches to nerve regeneration: preventing
cell death, promoting cell survival, and enhancing the differentiation of stem and progeni-
tor cells to neurons and supporting cells. There exist several types of growth factors that
are known to promote cell survival and growth, and prevent cell death. Thus, growth
factors and their genes are candidate therapeutic factors for the treatment of nerve injury.
At the protein level, growth factors can be applied directly to the site of nerve injury to
stimulate nerve cell regeneration. At the gene level, selected growth factor genes can be
manipulated to enhance the level of gene expression, resulting in an increase in the pro-
duction of encoded growth factors.

There are several challenges for the application of molecular regenerative engineering
approaches to nerve regeneration. These include the selection of therapeutic growth factors
and/or genes, the establishment of appropriate techniques for the delivery of the thera-
peutic factors, and precise delivery of the therapeutic factors to the injury site. The selec-
tion of therapeutic factors and genes is dependent on the nature of therapeutic molecules,
the degree of nerve injury, and the type of the injured cells. While certain types of growth
factors promote nerve growth and regeneration, other types may exert an opposite effect.
Fr instance, neurotrophic factors and receptors stimulate nerve regeneration, whereas
epidermal growth factor receptor (EGFR) inhibits nerve regeneration. EGFR can be acti-
vated or phosphorylated in response to the stimulation of chondroitin sulfate proteoglycans
and activates signaling mechanisms that suppress axonal regeneration. Other therapeutic
factors and genes are discussed for different cases in the following sections.

There are several approaches for the delivery of therapeutic factors and genes to the
site of nerve injury:

1. Therapeutic proteins can be delivered to the nerve system via direct injection to the
injury site of the central nervous system. This method gives a local delivery of
highly concentrated therapeutic factors. However, it is difficult to find the precise
site of injury for injection. Furthermore, direct injection induces nerve injury.

2. Therapeutic factors and genes can be injected into the spinal cavity. This cavity is
connected to the four cerebral ventricles and the arachnoid space that cover the
cerebrum (see page 507). The delivered factors can reach the cranial cavity via
diffusion, where they are taken up by epithelial cells and transported to the nearby
nerve cells. This approach is suitable for delivering therapeutic factors to the brain
and spinal cord. Compared to the direct injection method, the spinal cavity delivery
is a safe and reliable method, although it may require a high dose of growth factors
or genes to reach an effective concentration at the injury site.

3. Selected cell types, such as glial cells or fibroblasts, can be cultured and transfected
with a therapeutic gene, rendering the cells to express a high level of a desired factor.
These cells can be delivered to the site of nerve injury to release the selected thera-
peutic factor. Direct injection is an effective method for cell delivery.

It should be noted that the bloodstream may be considered an alternative delivery route.
Therapeutic factors and genes can be injected into the blood, taken up by endothelial cells,
and transported to the target tissues. However, due to the presence of the blood—brain
barrier, it may be difficult to deliver therapeutic proteins and genes to the brain system
with high efficiency.
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Enhancement of Neuron Survival. There are several growth factors that can be used for
the enhancement of neuronal cell survival and regeneration. These factors include brain-
derived neurotrophic factor (BDNF), neurotrophin (NT)3, neurotrophin 4, nerve growth
factor (NGF), and glial cell-derived growth factor (GDNF) (Table 13.1). The functions of
these growth factors are briefly discussed as follows.

BRAIN-DERIVED NEUROTROPHIC FACTOR [13.4]. Brain-derived neurotrophic factor is a 247
amino acid protein and a member of the nerve growth factor family. The brain-derived
neurotrophic factor gene is mapped to chromosome 11 and locus 11pl13 in humans. This
factor shares a nucleotide sequence considerably similar to the nerve growth factor gene.
The brain-derived neurotrophic factor gene is similar among different mammals. Brain-
derived neurotrophic factor is expressed primarily in the cortical neurons. These neurons
produce the precursor of brain-derived neurotrophic factor. The precursor is released into
the extracellular matrix and cleaved by several enzymes, including serine protease plasmin,
matrix metalloproteinases (MMP)7 and MMP3, resulting in the formation of mature
brain-derived neurotrophic factor.

Brain-derived neurotrophic factor is necessary for the survival of neurons in the
central nervous system. During embryonic development, brain-derived neurotrophic
factor plays a critical role in the differentiation and proliferation of neuronal cells and
contributes to the development of germ cells. In response to nerve injury, the expression
of the BDNF gene is often upregulated, an important mechanism for the self-repair of
injured nerves (Fig. 13.15). A treatment with BDNF in cultured dorsal root ganglion
explants enhances neurite outgrowth (Fig. 13.16). In neural degenerative disorders, such
as Alzheimer’s and Huntington’s diseases, the expression of brain-derived neurotrophic
factor is downregulated, which contributes to the development of these disorders. In
transgenic model of brain-derived neurotrophic factor deficiency induced by homologous
recombination or site-specific gene targeting in embryonic stem cells, sensory neurons
are lost in various areas of the central nerve system. However, the motor neurons are
not significantly affected by the deficiency of the brain-derived neurotrophic factor
gene.

Brain-derived neurotrophic factor can be released on neuron depolarization, resulting
in the activation of intracellular signaling pathways. In dopamine neurons, brain-derived
neurotrophic factor stimulates the expression of dopamine D3 receptor during develop-
ment and adulthood, contributing to the control of animal behavior. In serotonergic
neurons, brain-derived neurotrophic factor regulates the expression of several postsynaptic
serotonin receptors in the frontal cortex, hippocampus, and hypothalamus. The deficiency
of brain-derived neurotrophic factor induces a reduction in the expression of these sero-
tonin receptors, which is associated with behavioral abnormalities such as increased
aggressiveness and hyperphagia. These observations suggest that brain-derived neuro-
trophic factor plays a critical role in the regulation of the development, function, and
regeneration of dopaminergic and serotonergic neurons.

NEUROTROPHIN 3 [13.5]. Neurotrophin 3, also known as neurotrophic factor 3, is a growth
factor that is similar in structure to nerve growth factor and brain-derived neurotrophic
factor. All these factors are members of the nerve growth factor family. Neurotrophin
3 is composed of 258 amino acids and is expressed in the human brain and placenta.
The gene of neurotrophin 3 is localized to chromosome 12 and locus 12pl3. The gene
sequence of neurotrophin 3 is well conserved among mammals. The primary function of
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Figure 13.15. Expression of brain-derived neurotrophic factor (BDNF) in injured neurons. (A-E)
Expression of BDNF mRNA in the ipsilateral LS dorsal root ganglion (DRG) by in situ hybridiza-
tion histochemistry in the sham control (A), dorsal rhizotomy only (B), dorsal rhizotomy + ventral
rhizotomy (C), ventral rhizotomy only (D), and spinal nervous transection (E) groups at 7 days
after surgery. Arrowheads indicate large-size sensory neurons positive for BDNF, whereas arrows
indicate small-to-medium-diameter neurons. These observations show that nerve and spinal cord
injury induces upregulation of the BDNF gene. (F) Hybridization with a sense probe for BDNF
mRNA showed no positive signals. Scale bar: 50 um. (Reprinted from Obata K et al: The effect of
site and type of nerve injury on the expression of brain-derived neurotrophic factor in the dorsal
root ganglion and on neuropathic pain behavior, Neuroscience 137:961-70, copyright 2006, with
permission from Elsevier.)

neurotrophin 3 is to promote neuronal proliferation, differentiation, and survival as well
as the neurite outgrowth during development.

Neurotrophin 3 can interact with the neurotrophin receptor p75 in neurons, exerting a
stimulatory effect on neuronal mitogenic activities. In a rat model of spinal cord injury,
the transfer of the neurotrophin 3 gene into the spinal cord stimulates the regeneration of
injured axons (Fig. 13.17). Neurotrophin 3 (NT3) can also promote axonal growth of
injured neurons into neural stem cell (NSC) grafts in injured spinal cord (Fig. 13.18).
Furthermore, neurotrophin 3 plays a critical role, together with brain-derived neurotrophic
factor, in the regulation of myelin formation by developing and regenerating Schwann
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Figure 13.16. Enhancement of neurite outgrowth by neurotrophin-3 (NT3) and brain-derived
neurotrophic factor (BDNF). Dorsal root ganglion explants were cultured with conditioned media
collected from four groups of cells: (A) mock-infected 293 cells; (B) 293 cells transfected with
adeno-associated viral vector (AAV) containing the GFP gene; (C) 293 cells transfected with AAV
containing the NT3 gene; (D) 293 cells transfected with AAV containing the BDNF gene. Explant
specimens were prepared and stained for neurofilaments using the RT97 antibody. In the controls
(A and B), a low level of neurite outgrowth was observed. With AAV-NT3- and AAV-BDNF-
conditioned medium, the rate of neurite outgrowth is significantly higher than the controls. Scale
bar: 1 mm. (Reprinted from Blits B et al: Adeno-associated viral vector-mediated neurotrophin
gene transfer in the injured adult rat spinal cord improves hind-limb function, Neuroscience
118:271-81, copyright 2003, with permission from Elsevier.)

cells. Neurotrophin 3 is also required for the outgrowth and innervation of sympathetic
axons. In transgenic mice, the deficiency of neurotrophin 3 results in the loss of peripheral
sensory and sympathetic neurons, while the motor neurons are not significantly affected.
These defects are associated with the loss of peripheral muscular sensors, movement dis-
order, and death shortly after birth. Thus, neurotrophin 3 is a candidate factor for the
treatment of nerve injury. It is interesting to note that neurotrophin 3 regulates not only
the development and regeneration of the central and peripheral nervous system, but also
the development of the heart. Neurotrophin 3 is required for the development of the
cardiac atria and ventricles. The deficiency of neurotrophin 3 induces several major
cardiac disorders, including atrial and ventricular septal defects and Fallot tetralogy,
common forms of congenital cardiac defects. These disorders often result in perinatal
death of transgenic mice.
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Figure 13.17. Enhancement of axonal growth by neurotrophin-3 (NT3) gene transfer to injured
spinal cord. Rats with unilateral lesion of the corticospinal tract (CST) were transfected with
Adv.EF o-NT3 or Adv.EF a-LacZ. The unlesioned corticospinal tract was labeled with BDA.
(A) Section from a sham control rat. (B) Section from an Adv.EF o-LacZ-transfected rat. (C)
Section from an Adv.EF o-NT3-transfected rat. (A’~C”) Higher-magnification photomicrographs
of the regions around the central canal. Note that in panel C, BDA-labeled corticospinal tract neu-
rites can be seen arising from the intact corticospinal tract, traversing the midline, and growing
into the gray matter of the lesioned side of the spinal cord. (Reprinted with permission from Zhou
L et al: J Neurosci 23:1424-31, copyright 2003.)

NEUROTROPHIN 4 [13.6]. Neurotrophin 4 is a 210-amino acid neurotrophic factor (13—
14kDa) expressed in the nervous system. It is also known as neurotrophin 5 or neuro-
trophin 4/5. The term neurotrophin 4 was derived based on the fact that the Xenopus
neurotrophin 4 gene was used to isolate the human counterpart gene. However, the human
neurotrophin 4 exhibits more diverse features and activities than the Xenopus neurotrophin
4. Thus, this growth factor was also termed neurotrophin 5. Some investigators prefer the
term neurotrophin 4/5 to reflect the similarities and differences between the mammalian
and Xenopus forms. The gene of neurotrophin 4 is localized to chromosome 19q13.3.
Neurotrophin 4 plays a critical role in regulating the survival, proliferation, and differen-
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Figure 13.18. Neurotrophin-3 (NT3) enhances axonal growth of injured neurons into neural stem
cell (NSC) grafts in injured spinal cord. Neural stem cell (mouse clone C17.2) grafts were trans-
planted to the lesion site of injured rat spinal cord. The growth of the dorsal column ascending
sensory axons to the NSC graft was measured. (A) The ascending sensory axons rarely grow into
the grafts of C17.2 NSCs without NT3 gene transfer. (B) Image from panel A with a higher mag-
nification. (C) The ascending sensory axons could penetrate the graft of NSCs with NT3 gene
transfer. (D) Image from panel C with a higher magnification. g: graft; h: host; dashed lines indicate
host—graft interface. Scale bars: 177um in A,C; 44um in B,D. (E) Measurements of axon density
within C17.2 grafts and C17.2-NT3 grafts (*P < 0.05). (Reprinted from Lu P et al: Neural stem
cells constitutively secrete neurotrophic factors and promote extensive host axonal growth after
spinal cord injury, Exp Neurol 181:115-29, copyright 2003, with permission from Elsevier.)

tiation of neurons. This factor also acts on the hippocampal neurons and contributes to
the development of long-term memory. Furthermore, neurotrophin 4 is expressed in the
fetal testis, contributing to the regulation of germ cell development and morphogenesis.

NERVE GROWTH FACTOR [13.7]. Nerve growth factor is a protein complex composed of
four subunits, including one o unit, two [ units, and one y unit. The molecular weight of
the complex is about 130kDa. The genes that encode these subunits are mapped to chro-
mosome | and locus 1pl3.1. The gene sequence is similar between the human and mouse.
Nerve growth factor subunits are produced at first as precursor proteins. The precursors
are released into the extracellular matrix and cleaved by matrix metalloproteinases
(MMP)7, MMP3, and serine protease plasmin. The cleavage activates the protein subunits.
It is interesting to note that the precursor of nerve growth factor may exert an effect that
is opposite to that of the mature form. In the rat and mouse models of brain injury,
the precursor of nerve growth factor, produced and released by injured neurons, can
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bind to the neurotrophin receptor p75 and induce apoptosis. The blockade of the interac-
tion of the nerve growth factor precursor with the neurotrophin receptor reduces
apoptosis.

The expression of nerve growth factor is regulated by several factors, including
endothelin-1 (EDNI), endothelin receptor, protein kinase C, the Src family protein tyro-
sine kinases, mitogen-activated protein kinases, and activator protein 1 (AP1). Upregu-
lated endothelin 1 can interact with and activate its receptor, which in turn induces the
activation of the intracellular signaling protein kinases. The deficiency of endothelin 1 in
transgenic mice results in a reduction in the expression of nerve growth factor, which is
associated with the loss of neurons during the late embryonic stage and a reduction in the
level of cardiac norepinephrine and sympathetic innervation. The overexpression of nerve
growth factor in endothelin-1-deficient mice enhances the production of norepinephrine
and sympathetic innervation.

Nerve growth factor is produced and released by neurons and plays a critical role in
the regulation of growth and differentiation of sympathetic and sensory neurons of the
nerve system. For instance, in a rat model of spinal cord dorsal root injury, a treatment
with nerve growth factor induces the regeneration of injured dorsal axons and functional
reconnection of injured synapses.

GLIAL CELL LINE-DERIVED NEUROTROPHIC FACTOR [13.8]. Glial cell line-derived neuro-
trophic factor (GDNF) is a member of the transforming growth factor-f3 superfamily. This
is a 211 amino acid protein produced by the neural glial cells. The gene of glial cell line-
derived neurotrophic factor is localized to chromosome 5p13.1-p12. Glial cell line-derived
neurotrophic factor exists in the form of disulfide-bonded homodimer, which is usually
glycosylated.

The primary function of glial cell line-derived neurotrophic factor is to promote the
survival, proliferation, and differentiation of neurons in the central nervous system. In
particular, this neurotrophic factor is present in the midbrain and enhances the survival
and proliferation of dopaminergic neurons. In the embryonic midbrain, glial cell line-
derived neurotrophic factor plays a critical role in regulating the differentiation and mor-
phogenesis of neuronal cells as well as the uptake of dopamine. It is important to note
that glial cell line-derived neurotrophic factor exerts a specific effect on the dopaminergic
neuron. It does not significantly influence the mitogenic activity of other types of neurons
such as y-aminobutyric-containing and serotonergic neurons. The dopaminergic neuron-
specific features render this factor a potential therapeutic agent for the treatment of Par-
kinson’s disease, which is possibly caused by progressive degeneration of the midbrain
dopaminergic neurons.

Glial cell line-derived neurotrophic factor has been shown to mediate the survival
and innervation of the motor neurons during development. The deficiency of glial cell
line-derived neurotrophic factor in transgenic mice induces a reduction in motor axonal
innervation to skeletal muscle cells. The overexpression of glial cell line-derived neuro-
trophic factor enhances the innervation of the motor axons. Furthermore, glial cell line-
derived neurotrophic factor may be involved in the regulation of motor neuron pattern
formation. In the deficiency of glial cell line-derived neurotrophic factor, motor neurons
are mispositioned within the spinal cord in association with reduced innervation into the
skeletal muscle tissue. These observations suggest the importance of glial cell line-
derived neurotrophic factor in regulating the development of the peripheral nervous
system.
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Glial cell line-derived neurotrophic factor also plays a role in regulating the develop-
ment of other systems. For instance, during the embryonic development, glial cell line-
derived neurotrophic factor is expressed in the metanephric mesenchyme and acts on the
ureteric bud epithelium, contributing to the regulation of ureter outgrowth and epithelial
branching of the excretory system of the embryo (see Chapter 8 for the excretory system
of the embryo).

Prevention of Cell Death. Nerve cell death is often induced by injury and injury-
associated complications, such as ischemia and hypoxia, and is the most critical pathologi-
cal event that deteriorates the function of the nervous system. In central nerve injury, most
cells die in the injury site because of injury-associated complications. As reported in
several studies, about 25-50% of the neurons die near the site of spinal cord axotomy
within 4 weeks following the occurrence of the injury. The survival cells are highly atro-
phic with reduced capability of survival and proliferation.

Conventional approaches, as described on page 519 of this chapter, can be used to
improve blood and oxygen supply in nerve injury, the most important step for the preven-
tion of continuous cell death. However, nerve cells, especially injured nerve cells, may
continue to commit to death even after the reestablishment of bloodflow. Thus, it is neces-
sary to apply therapeutic approaches to injured nerve cells. Recent work has demonstrated
that molecular engineering approaches can be used for such a purpose. It is now well
established that cell death is mediated by extracellular ligands, including tumor necrosis
factor oo and Fas ligand, and intracellular death signaling molecules and caspases (see
page 304). Extracellular stimuli, such as ischemia and hypoxia, may activate these factors
and induce cell death. Molecular engineering approaches can be used to reduce cell death
by suppressing the activity of cell death-promoting factors and by enhancing the activity
of cell death-inhibiting factors. For instance, antibodies may be developed and used to
block the extracellular cell death inducers TNF-o and Fas ligand. Genes encoding cell
death inhibitors, such as Bcl2, can be used to transfect injured neuronal cells to prevent
cell death. Furthermore, the nerve growth-stimulating factors, such as brain-derived neu-
rotrophic factor, neurotrophin-4/5, nerve growth factor, and glial-derived neurotrophic
factor, can prevent cell injury and death. These factors can be directly delivered to the
site of nerve injury. The genes that encode these neurotrophic factors can be used to
transfect injured nerve cells. These approaches have been shown to be effective for the
prevention of neuronal death.

Prevention of Secondary Nerve Injury. Secondary injury is defined as disorders induced
by pathological alterations initiated by the original nerve injury. Injury-induced patho-
physiological alterations include, but are not limited to, hemorrhage (open wound),
hypoxia (reduction in oxygen supply), inflammation (bacterial or nonbacterial), release
of harmful enzymes (proteinases), and disorder of ion fluxes. These alterations signifi-
cantly worsen the original injury and induce secondary injury of the nerve system,
resulting in cell death and tissue disintegration. Thus, immediately after the initial nerve
injury, it is critical to control these pathophysiological changes and protect the nerve
system from secondary injury. Conventional approaches for the treatment of secondary
injury have been described on page 519. Several molecular engineering approaches have
been developed and tested for the prevention of secondary nerve injury. Strategies for
preventing secondary injury include prevention of the disorder of ion transport and
excitotoxicity.
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PREVENTION OF ION FLUX [13.9]. The flux of ions, including sodium and calcium, is
increased in nerve injury and contributes to secondary nerve injury (Fig. 13.19). Under
physiological conditions, sodium is concentrated in the extracellular fluid. The concentra-
tion of sodium in the extracellular matrix is significantly higher than that in the cytoplasm.
The concentration gradient for the sodium across the cell membrane is maintained by the
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Figure 13.19. Mechanisms of ion-induced nerve injury. An energy deficit and/or excess demand
impairs ATP-dependent pumps such as the Na—K ATPase (1a) and Ca ATPase (1b). Internal stores
of Ca may contribute significantly to axonal Ca accumulation, triggered by depolarization via L-
type Ca channels (2a) and/or generation of IP3 (2b). The rise in flux through noninactivating Na*
channels (3a) will increase [Na]; and, together with depolarization caused by K efflux through a
variety of K channels (3b), will stimulate the Na—Ca exchanger to operate in the reverse Ca import
mode (4). This Ca accumulation (5) promotes destructive events including mitochondrial Ca over-
load (especially during reoxygenation) (6), and overactivation of several Ca-dependent enzyme
systems (7). NO will inhibit mitochondrial respiration and alter other cellular proteins. Some Na
influx may occur through Na/K-permeable inward rectifier channels (8). Glutamate is also released
through reversal of Na-dependent glutamate transport (9), causing cellular injury from activation
of ionotropic glutamate receptors (10). ATP-activated P2X purinergic receptors may cause Ca-
dependent oligodendroglial injury (11). A component of Ca influx into damaged axons directly
through voltage-gated Ca channels is also likely (12). GABA and adenosine release may play an
“autoprotective” role (13). Anion transporters such as the K—ClI cotransporter participate in volume
dysregulation in glia and the myelin sheath, contributing to conduction abnormalities (14). The
locations of the various channels and transporters are drawn for convenience and do not necessarily
reflect actual distributions. (Reprinted from Stys PK: General mechanisms of axonal damage and
its prevention, J Neurol Sci 233:3-13, copyright 2005, with permission from Elsevier.)
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continuous action of the sodium pumps in the cell membrane. Calcium is stored in the
endoplasmic reticulum (ER) system in normal cells. The concentration of calcium in
the cytoplasm is much lower than that within the ER. The calcium concentration gradient
across the ER membrane is established and maintained by the calcium pumps in the ER
membrane.

In nerve injury, especially in the presence of ischemia, cell membrane exhibits enhanced
permeability to ions, resulting in an increase in ion flux. Such a change influences the
level of membrane potential as well as the initiation and transmission of the action poten-
tial of the neurons, thus reducing the function of the nerve system. Ion channel blockers,
including sodium channel blockers (QX-314, tetrodotoxin, and procaine) and calcium
channel blockers (diltiazem, verapamil, and ®w-conotoxin GVIA), have been developed
and used to reduce ion flux. Such an approach has been shown to be effective for the pre-
vention of secondary nerve injury. The ion channel blockers can be directly delivered into
the spinal fluid. Alternatively, the blockers can be injected into the blood. Since the block-
ers are relatively small molecules, they can pass the blood—brain barrier and reach the
injured nerve cells and axons.

PREVENTION OF EXCITOTOXICITY [13.10]. Central nerve injury is associated with excito-
toxic activities mediated by glutamate, which contributes to secondary nerve injury.
Glutamate-mediated secondary injury is often found in the nerve axon-concentrated
white matter of the spinal cord. As discussed above, nerve injury induces disorder of
sodium influx, which in turn influences the efflux of potassium. These alterations induce
the disruption of the concentration gradient for sodium and potassium. Such a disruption
activates the sodium-dependent glutamate transporter, resulting in the release of endog-
enous glutamate. Released glutamate can interact with and activate the o-amino-3-
hydroxy-5-methyl-isoxazole-4-propionate (AMPA)/kainate receptor. This receptor
mediates calcium release and transport, resulting in cytosolic accumulation of calcium.
Calcium is known to activate various enzymes, such as calpains and phospholipases.
These enzymes can cause irreversible injury of the axons. A treatment with a glutamate
antagonist (e.g., kynurenic acid) or a selective AMPA antagonist (e.g., GYKI52466)
significantly reduces secondary axonal injury. The inhibition of the sodium-dependent
glutamate transport with L-trans-pyrrolidine-2,4-dicarboxylic acid can also protect the
axons from injury. These substances may be potentially used for the prevention of sec-
ondary nerve injury.

Stimulation of Stem Cell Differentiation [13.11]. One of the strategies for inducing neu-
ronal regeneration is to enhance the differentiation of the neural stem cells to neurons.
Neurons have long been considered well-differentiated cells that exhibit a very low level
of regenerative activity. However, recent work has demonstrated that there exist neuronal
stem cells in a number of locations in the adult central nerve system, including the caudal
portion of the subventricular zone, olfactory bulb, hippocampus, striatum, optic nerve,
corpus callosum, spinal cord, cortex, retina, and hypothalamus. A typical type of stem
cell is the neuroepithelial cells at these locations. The neuroepithelial cells are able to
differentiate into neurons or glial cells to replace injured and dead cells. Thus, a conceiv-
able therapeutic approach in nerve regenerative engineering is to promote the differentia-
tion of the stem cells. Furthermore, neurons can extend their axons and replace injured
and severed axonal segments. The enhancement of axonal growth is another approach for
the treatment of nerve injury.
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An effective method for stimulating the differentiation of neural stem cells is to deliver
neurotrophic factors to injured nerve tissues. Neurotrophic factors have long been known
to stimulate neural stem cell proliferation and differentiation. In the nerve system, there
are a number of growth factors, also known as neurotrophic factors. These include nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT3),
and neurotrophin-4/5 (NT4/5). These neurotrophic factors are required for the expression
of the nerve regeneration-associated genes and stimulate neuronal regeneration. The neu-
rotrophic factors also directly stimulate axonal regeneration and enhance structural and
functional reconnection between injured neurons. The functions of these regeneration-
stimulating factors are discussed on page 521 of this chapter.

It is important to address that neuronal regeneration is regulated not only by stimula-
tory neurotrophic factors but also by inhibitory factors. The inhibitory factors suppress
the regeneration of neuronal cells. The understanding of the inhibitory effect helps to
clarify the mechanisms of controlling neuronal regeneration. A typical inhibitory factor
is growth and differentiation factor 11 (GDF11), a member of the transforming growth
factor (TGF)J protein superfamily. This factor is expressed in the olfactory neuroepithe-
lial cells, which are thought to include neural stem cells. When upregulated, GDF11 exerts
an inhibitory effect on olfactory neurogenesis by activating an inhibitory factor p27, which
is implicated in the induction of cell cycle arrest. The knockout of the GDF11 gene results
in an increase in neurogenesis. The inhibitory effect of GDF11 represents a mechanism
by which the density of neurons is checked and maintained at a certain level. GDF11 may
be activated when excessive neurogenesis is induced, whereas GDF11 is suppressed when
neurogenesis is reduced. This is a typical example of the feedback regulatory
mechanism.

Neuronal regeneration is also inhibited by bone morphogenetic protein 2 (BMP2), a
member of the BMP family, which are involved in the development of the nervous system.
A treatment with BMP2 in cultured neural stem cells induces a significant reduction in
the formation of a certain type of nerve cell that expresses the neuronal marker
microtubule-associated protein 2, but enhances the formation of other type of nerve cells
that express a glial cell marker SIO0B. These observations suggest that BMP2 may
stimulate the transformation of neural stem cells to glial cells, while inhibiting the for-
mation of neuronal cells. Further investigations have demonstrated that BMP7, another
member of the BMP family, is upregulated in spinal cord injury. This factor may stimulate
the regeneration of glial cells in injured spinal cord. Taken together, these investigations
suggest that, in nerve regenerative engineering, both the stimulatory and inhibitory
mechanisms should be taken into account.

Enhancement of Axonal Extension, Adhesion, and Reconnection [13.12]. Under appro-
priate conditions, the neuron is capable of regenerating its axon when the axon is severed.
It is interesting to note that axon transection can serve as a stimulus for the initiation of
axon regeneration. Such an injury can induce the expression of regeneration-associated
genes, including c-jun and c-fos. The protein products of these genes enhance the expres-
sion of several factors that are involved in axon extension, including the Toul-tubulin and
nerve cell adhesion molecule (NCAM). The Tol-tubulin is a cytoplasmic growth cone
protein and is involved in growth cone guidance. The nerve cell adhesion molecule is a
factor that regulates cell attachment and migration. These molecules promote axonal
regeneration. Nerve regeneration fails in the absence of these factors. For therapeutic
purposes, the genes of these factors can be used to construct recombinant genes, which
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can be transferred to the injury site of the central nerve system by using methods described
on page 436. The enhancement of gene expression by gene transfer facilitates the extension
of injured axon.

Cell adhesion and attachment to substrate are critical processes for nerve axonal exten-
sion and regeneration. A number of adhesion molecules, such as growth-associated protein
43 (GAP43), cell adhesion molecule L1, N-cadherin, have been found to modulate neuronal
adhesion. For instance, the overexpression of growth-associated protein 43 or cell adhesion
molecule L1 in the Purkinje neurons of transgenic mice stimulates axonal sprouting of the
Purkinje neurons into nerve grafts compared to wildtype mice, which do not significantly
express growth-associated protein 43 and cell adhesion molecule L1 in the Purkinje
neurons. It is interesting to note that growth-associated protein 43 and cell adhesion mol-
ecule L1 promote neuronal growth and axonal sprouting in a synergistic manner. When
both molecules are overexpressed in the Purkinje neurons by genetic modulation, the rate
of neuronal growth and axonal extension into nerve grafts is significantly enhanced com-
pared to the transgenic model with overexpression of only a single molecule (either
growth-associated protein 43 or cell adhesion molecule L1). These observations suggest
that genetic upregulation of neuronal adhesion molecules via gene transfer can enhance
neuronal regeneration and axonal growth in nerve injury. It is important to address that
axonal outgrowth is regulated by opposing stimulatory and inhibitory factors. For instance,
a protein known as netrin 1 significantly enhanced the axonal outgrowth of dopaminergic
neurons in the embryonic ventral midbrain. In contrast, a protein known as slit-2 suppresses
the axonal outgrowth of the dopaminergic neurons. These observations suggest that oppos-
ing regulatory factors may coordinately control the neuronal outgrowth in nerve injury.
Thus, the inhibitory factors ought to be considered in the treatment of nerve injury.

Prevention of Fibrous Scar Formation [13.13]. Nerve injury is associated with glial cell
proliferation, fibrosis, and scar formation. The scar tissue is composed of microglial cells,
astrocytes, oligodendrocytes, and extracellular matrix. The scar tissue obviously imposes
a physical barrier to the regeneration of axons. In addition, the cells in the scar tissue can
secret a number of molecules, including neurocan (a major chondroitin sulfate proteogly-
can or CSPG in the nerve system), proteoglycan phosphocan, brevican, tenascin, sema-
phorins, and ephrins. These molecules exist in the form of either membrane-bound
molecules or soluble molecules and exert an inhibitory effect on axonal regeneration.
Antagonistic molecules and pharmacological substances that inhibit the activity of these
molecules can be used to enhance axonal regeneration in nerve injury. For example, uro-
kinase has been used to degrade proteoglycans in injured nerve tissues and shown to
promote axonal regeneration. Antibodies can be developed and used to neutralize the
activity of the inhibitory molecules. Such a strategy can be potentially applied to the
treatment of nerve injury.

Recent investigations have shown that nuclear factor (NF)xB plays a critical role in
secondary inflammatory reactions and the formation of scar tissue after nerve injury.
NFkB is a transcription factor, which activates the expression of genes encoding proin-
flammatory factors, such as CXCL10, CCL2, and transforming growth factor 32. Further-
more, NFxB stimulates the formation of chondroitin sulfate proteoglycans. When NFxB
is selectively suppressed in a transgenic mouse model, inflammatory reactions and scar
formation are significantly inhibited after contusive spinal cord injury. These observations
show that selective inhibition of NFkB in glial cells exerts a protective effect on injured
nerve axons.
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There exist a number of central nerve myelin-associated inhibitory factors, including
NI35, NI1250, and several glycoproteins. These factors directly inhibit neuronal axon regen-
eration. The neutralization of these inhibitory factors with antibodies results in enhanced
sprouting of injured spinal neurons. These experiments confirm the inhibitory role of the
myelin-associated factors and suggest therapeutic applications of the antibodies.

Enhancement of Synaptic Formation [13.14]. Nerve injuries are often associated with
the discontinuation of nerve synapses. An important strategy in nerve regeneration is to
restore the nerve synapses. Several molecules, such as neurotrophins (NT), agrin, and s-
laminin, have been shown to promote synaptic formation. For instance, neurotrophins,
especially neurotrophin 3, stimulate not only spinal axonal outgrowth, but also the recon-
nection of transected axons to terminal muscular cells via the regeneration of synapses.
Most neurotrophic factors exert a promoting effect on axonal outgrowth after injury. Thus,
synapse-stimulating proteins and their genes can be used to treat nerve injury to enhance
the restoration of injured synapses.

Nerve Cell Regenerative Engineering. Cell regenerative engineering is to identify,
collect, modulate, and transplant functional cells to injury or lesion sites of the nerve
system to replace lost cells and improve nerve regeneration. As discussed in the last
section, molecular regenerative engineering can be potentially applied to the central
nervous system to facilitate the regeneration of injured neurons and axons. However, in
most cases, neuronal regeneration and axon outgrowth are hindered by pathological
changes, such as glial proliferation, fibroblast infiltration, and fibrosis. These lesions
encapsulate injured neurons and axons, preventing neuronal regeneration and axonal out-
growth. Thus, it is necessary to develop strategies to overcome these detrimental condi-
tions. A potential strategy is to transplant stem and progenitor cells as well as supporting
cells to enhance neuronal regeneration and axonal outgrowth. Candidate cell types may
include embryonic and fetal stem cells, Schwann cells, and olfactory ensheathing cells.
These cells may promote neuronal and axonal growth and regeneration, while protecting
them from detrimental effects. It is expected that cell regenerative engineering, together
with molecular regenerative engineering, may enhance the regeneration of injured neurons
and the outgrowth of injured axons.

Embryonic and Fetal Stem Cells [13.15]. Embryonic and fetal stem cells are the primary
cell candidates for the treatment of nerve injury. As discussed on page 381, embryonic
stem cells are capable of differentiating into all specified cell types. Under the stimulation
of appropriate environmental cues for nerve cell development, these stem cells may be
induced to differentiate into neurons or glial cells. Fetal neural stem cells may also be
used to generate neurons. In experimental models, stem cell transplantation has been
shown to reduce neuronal cell death, enhance neuronal survival, and promote axonal
outgrowth after nerve injury. Clinical trials for treating posttraumatic syringomyelia with
fetal spinal cord grafts have demonstrated the feasibility of cell regenerative engineering
for treating nerve injury. Although investigations with stem cell transplantation have pro-
vided promising results, embryonic and fetal cells may not be used until related ethical
issues are resolved.

Adult Neural Stem Cells [13.16]. There exist adult stem and progenitor cells that can
differentiate to neuronal and glial cells. These cells are neuroepithelial cells and can be
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Figure 13.20. Fluorescent micrograph showing transplantation and engraftment of olfactory pro-
genitor cells to the spinal cord of the rat. Neurosphere-forming progenitor cells were prepared from
human adult olfactory epithelium, transfected with a GFP gene, and transplanted into traumatized
rat spinal cord. At 1 week, specimens were collected from the injured spinal cord and prepared for
observing GFP-labeled neurosphere-forming progenitor cells at the lesion site. The dashed line
indicates the host—graft interface. Several transplanted GFP-positive cells appear with the host
spinal cord bridging the injury site (arrows). (Reprinted from Xiao M et al: Human adult olfactory
neural progenitors rescue axotomized rodent rubrospinal neurons and promote functional recovery,
Exp Neurol 194:12-30, copyright 2005, with permission from Elsevier.)

found in the central nerve system as well as in the bone marrow. In the adult brain, neural
stem and progenitor cells are present in several regions, including the caudal portion of
the subventricular zone, olfactory bulb, hippocampus, striatum, optic nerve, corpus cal-
losum, spinal cord, cortex, retina, and hypothalamus. Cells collected from these regions
can be induced to differentiate to neurons, astrocytes, and oligodendrocytes. Figure 13.20
shows that olfactory cells transplanted into the rat spinal cord can engraft and integrate
into the host tissue.

Stem and progenitor cells have been shown to express specific proteins. For instance,
neuronal progenitor cells express the NeuN protein, whereas glial progenitor cells express
GFAP and S100p. These proteins can be used as markers to identify neuronal and glial
progenitor cells. For therapeutic purposes, neural stem and progenitor cells can be identi-
fied, collected, expanded in vitro, and transplanted to the site of nerve injury to enhance
nerve regeneration. See page 395 for characteristics of neural stem and progenitor cells.

Bone Marrow Cells [13.17]. The bone marrow contains stem and progenitor cells for a
variety of specified tissue types, including the nerve system. Several investigations have
demonstrated that bone marrow-derived stem cells, when cultured in the presence of EGF
or BDNF, can transform to cells that express the neural progenitor cell marker nestin,
neuron-specific nuclear protein (NeuN), and glial fibrillary acidic protein (GFAP). When
injected into the venous system of myeloablated animals, bone marrow cells can engraft
to the brain and form cells that express neuronal protein markers such as NeuN, 200-
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kilodalton neurofilaments, and class IIT B-tubulin in the brain. In human studies, trans-
planted bone marrow cells can transform to neurons in the cerebellum and cerebrum.
Bone marrow-derived neurons account for about 1% of all neurons.

In a chicken spinal cord injury model, the implantation of human hematopoietic CD34+
stem cells into the injured spinal cord induces the formation of neuron-like cells that
express the neuronal markers NeuN and MAP2. These neuron-like cells can extend their
axons into the white matter of the spinal cord with synaptic terminals. Furthermore, these
cells demonstrate spontaneous synaptic action potentials characteristic of functional
neurons. These observations suggest that bone marrow-derived cells can transform to
neuron-like cells and can be potentially used to treat spinal cord injury.

Bone marrow cells can also differentiate into glial cells. When bone marrow cells are
injected to a demyelinated spinal cord, these cells can transform to oligodendrocytes that
express myelin protein and induce remyelination. Bone marrow cells have been used to
treat spinal cord injury, resulting in functional improvement of the spinal cord. However,
there are several aspects that remain to be investigated. First, the morphology of the neural
cells derived from bone marrow cells has not been thoroughly studied. It remains poorly
understood whether bone marrow-derived cells can form axons. Second, the function of
bone marrow-derived cells has not been systematically characterized. It is not clear
whether bone marrow cells can develop into fully functional neurons or glial cells. Fur-
thermore, the use of bone marrow cells for nerve regeneration remains a controversial
topic. A recent study has demonstrated that the bone marrow hematopoietic stem cells do
not contribute significantly to neuronal regeneration. Further investigations are necessary
to clarify this issue.

Neuronal Supporting Cells [13.18]. Neuronal supporting cells include glial and Schwann
cells, which can be used to serve as substrate for neuronal regeneration and axonal out-
growth. Schwann cells can be easily collected and cultured. These cells have been used
to transplant to the site of nerve injury and to serve as bridges for axonal outgrowth and
regeneration. To enhance the growth of transplanted cells, neurotrophic factors and/or
their genes can be delivered, together with cell transplantation, to nerve injury sites.
Schwann cells have been transplanted together with brain-derived neurotrophic factor
(BDNF) and neurotrophin (NT)-3, in experimental spinal cord injury. Such a combination
has been shown to promote axonal outgrowth. Furthermore, transplanted Schwann cells
can guide axonal extension, a critical process for the reinnervation of axons to peripheral
skeletal muscle cells.

Another type of neuronal supporting cells is the olfactory ensheathing cells. These
cells are glial cells and are found in the nerve system in association with the olfactory
neurons and axons. The primary function of olfactory ensheathing cells is to escort axons
from the peripheral to the central nerve system. These cells are also capable of promoting
axonal outgrowth. Such a property may be utilized to bridge the gap of nerve injury and
enhance the myelination of newly generated axons. The role of olfactory ensheathing cells
in regulating axonal regeneration has been observed in numbers of investigations. These
observations demonstrate the potential of using olfactory glial cells for neural cell regen-
erative engineering.

Transgenic Cell Lines [13.19]. For the treatment of nerve injury, it is critical to promote
nerve regeneration as rapidly as possible. To achieve such a goal, transgenic cell lines have
been established by transfecting selected cell types with neurotrophic factor genes, such
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as nerve growth factor, neurotrophin 3, brain-derived neurotrophic factor, and basic fibro-
blast growth factor genes. The transgenic cells can be used for transplantation into injured
nerve tissues. These cells can express and release the transfected neurotrophic genes at a
high rate, rapidly stimulating the regeneration of injured neurons and axons. Candidate
cell types for such a purpose include embryonic stem cells, glial cells, Schwann cells,
olfactory ensheathing cells, and fibroblasts. Preliminary investigations have demonstrated
promising results for the use of genetically modified cells for the regeneration of injured
neurons and axons.

Tissue Regenerative Engineering for Nerve Injury. Tissue regenerative engineering is
to construct and provide nerve matrix scaffolds, which serve to enhance and guide neu-
ronal regeneration and axonal outgrowth. Compared to molecular and cell regenerative
engineering, which can be applied to both the central and peripheral nerve systems, tissue
regenerative engineering has been primarily used for the treatment of peripheral nerve
injury. This is attributed to the difficulty of accessing the central nerve system and the
possibility of inducing nerve injury by tissue scaffold implantation. For peripheral nerve
engineering, several strategies have been developed and used, including guidance of
axonal regeneration and outgrowth, stimulation of neuronal proliferation by graft-based
assistance, and improvement of neuronal function.

Stimulation of Neuronal Regeneration and Guidance of Axonal Outgrowth by Graft-
Based Assistance [13.20]. As discussed on page 517 of this Chapter, severed nerve axons
can regenerate and establish reconnection between the severed segments. However, such
reconnection requires appropriate guidance from the Schwann cells, which form a sheath
along the severed axons. When the severed proximal axon is relocated away from the
distal axon, it is difficult for the proximal axon to reconnect to the severed distal axon. In
conventional treatment, severed nerve bundles are reconnected surgically. However, when
a segment of a nerve bundle is severely damaged or removed, it is impossible to reconnect
the severed proximal to the distal nerve bundle. Under such as circumstance, it is neces-
sary to provide guidance to the injured axons, allowing axonal extension along a desired
path. For the past decade, a number of biological and synthetic materials have been devel-
oped and used to construct nerve scaffolds for the stimulation of axonal sprouting and the
guidance of axonal extension. These materials include autologous nerve tissue grafts,
allogenic (from the same animal species) and xenogeneic nerve tissue grafts (from dif-
ferent animal species), extracellular matrix components (laminin, fibronectin, collagen,
and fibrin), and synthetic polymeric materials [poly (L-lactic acid), poly-L-lactide-e-
caprolactone, polyurethane, poly(2-hydroxyethyl methacrylate-co-methyl methacrylate),
and polypyrrole-hyaluronic acid]. Nerve grafts based on these materials are briefly dis-
cussed here.

AUTOLOGOUS NERVE TISSUE GRAFTS [13.21]. Autologous nerve tissue specimens can be
collected from the patient who receives grafts. Autologous nerve tissue is an ideal material
type for constructing nerve grafts. Certain subcutaneous nerves, such as the branches of
the saphenous nerve, can be used as nerve grafts. A nerve branch can be isolated and
grafted into a severed nerve bundle. Such a graft usually provides effective support and
guidance to the injured nerve and significantly enhances neuronal regeneration and axonal
outgrowth. Autologous nerve tissue is usually considered the gold standard for construct-
ing nerve grafts. Other types of natural tissue, such as autologous blood vessels, skeletal
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muscle, and soft connective tissues, have also been used as nerve grafts. These tissues can
be tailored into the shape of nerve bundles and grafted into severed nerves. However, the
effectiveness of these tissues is limited compared to the autologous nerve grafts.

ALLOGENIC AND XENOGENEIC TISSUE GRAFTS [13.22]. Allogenic grafts are those collected
from different individuals of the same animal species. Xenogeneic grafts are from indi-
viduals of different animal species. Various types of allogenic and xenogeneic tissue, such
as nerve tissue, soft connective tissue, intestinal submucosa, and amnion, have been used
as nerve grafts. However, the cellular components of allogenic and xenogeneic tissues,
especially living cells, induce acute immune rejection reactions. Thus, the cellular com-
ponents must be removed from the graft tissue. Decellularized matrix scaffolds can be
produced by appropriate thermal, detergent, or NaOH (or KOH) treatment. The cell-free
grafts can be used as scaffolds that guide neuronal regeneration and axonal outgrowth.
These grafts, however, are not as effective as the autologous nerve grafts.

EXTRACELLULAR MATRIX COMPONENTS [13.23]. Extracellular components, including col-
lagen, fibronectin, laminin, and fibrin, have been used to construct scaffolds for stimulat-
ing and guiding neuronal regeneration and axonal outgrowth. These molecules play an
important role in the regulation of neuronal proliferation and migration as well as axonal
extension and innervation during development. Some of these matrix components, such
as collagen, fibronectin, and laminin, serve as substrates for cell attachment and migration,
which are critical processes for the morphogenesis of the nerve system during development
and regeneration of injured nerve axons. Other extracellular matrix molecules, such as
fibrinogen, fibrin gels, peptide scaffolds, alginate, agarose, and chitosan, have been applied
to injured nerves for enhancing axonal outgrowth in experimental models. It is important
to point out that not all extracellular matrix components are neuronal growth promoters.
Certain molecules of the proteoglycan family, such as chondroitin sulfate proteoglycan
(CSPG) and proteoglycan phosphocan, are typical inhibitory factors for neuronal regen-
eration and axonal outgrowth. The inhibitory effect of these molecules may play a role in
the prevention of glial scar formation, a hindrance for the regeneration and extension of
nerve axons.

SYNTHETIC MATERIALS [13.24]. A number of synthetic polymeric materials have been
developed and used for the regeneration of injured nerves in experimental models. These
materials include poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(lactic-co-
glycolic acid) (PLGA), poly(caprolactones), biodegradable poly(urethane), polyorgano-
phosphazene, methacrylate-based hydrogels, and poly(3-hydroxybutyrate). These
polymeric materials are biodegradable, relatively low in toxicity, and easy to process.
Scaffolds made of these materials have been tested in animal models for nerve regenera-
tion. Results from these investigations are promising. Nonbiodegradable synthetic materi-
als, such as polytetrafluoroethylene (PTFE), have also been used as scaffolds for nerve
regeneration with satisfactory results.

Polymeric materials can be used in combination with nerve regeneration stimulators,
such as neurotrophic factors and antiapoptotic factors or their genes. A polymeric scaffold
may serve not only as a guide for nerve regeneration but also as a drug delivery device.
The polymeric scaffold and the nerve regeneration stimulators may synergistically enhance
the regeneration of injured nerves. However, compared to autogenous nerve grafts, the
effectiveness of the synthetic polymeric materials remains limited. A critical problem with
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the synthetic materials is their properties of inducing host inflammatory reactions. Improv-
ing biocompatibility of polymers is a major challenge in nerve regeneration with synthetic
materials.

ROLE OF GEOMETRIC FACTORS [13.25]. While the material properties are critical to the
modulation of neuronal regeneration and axonal outgrowth, geometric factors, such as the
shape, orientation, curvature, and dimension of matrix substrate and scaffolds, may influ-
ence the extension and direction of regenerating axons. For instance, when neurons are
cultured on a polymeric matrix surface, the direction of axonal outgrowth is dependent on
the matrix structure and the orientation of the matrix fibers (Fig. 13.21). The curvature of
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Figure 13.21. Biomaterial implantation for guiding axonal outgrowth. (A) Schematic illustration
of neurite outgrowth evaluation in a dorsal root ganglion (DRG) explant model. DRG explant was
seeded at one end of a cylinder of polyurethane hollow fiber membrane (HFM) and allowed to
grow for 7 days. Neurite outgrowth was assessed based on neurite length measurement. (B) Neurite
outgrowth on a smooth HFM surface for 7 days. (C) Neurite outgrowth on a HFM surface with
aligned grooves for 7 days. (D,E) Scanning electron micrographs showing the morphology of HFM
membrane with smooth and grooved surfaces, respectively. (Reprinted with permission of John
Wiley & Sons, Inc. from Zhang N et al: Fabrication of semipermeable hollow fiber membranes
with highly aligned texture for nervous guidance, J Biomed Mater Rese Pt A 75:941-9, copyright
2005.)
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the matrix fibers influences the direction of axonal extension. Furthermore, the geometry
of the matrix substrate regulates the rate of neuronal regeneration. As shown in several
studies, magnetically aligned collagen fibers elicit a more significant effect on neuronal
regeneration than randomly aligned collagen fibers. These observations demonstrate that
geometric factors may serve as cues for the neuronal regeneration and axonal outgrowth.

IMPROVEMENT OF NERVE FUNCTION [13.26]. For the treatment of nerve injury, in addition
to the promotion of nerve regeneration, another important strategy is to improve the func-
tion of regenerated axons. A major approach for such a purpose is to electrically stimulate
impaired and regenerated neurons and axons. Several types of devices have been devel-
oped and tested. These include cochlear, retinal, spinal cord, and brain stimulators. These
devices can be used to improve nerve functions such as hearing, vision, and muscular
movement control. It becomes now clear that a successful treatment of nerve injury
requires both anatomical nerve regeneration and functional recovery.
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Degenerative Neural Diseases

Degenerative neural diseases are a group of disorders characterized by progressive atro-
phic changes in the brain and spinal cord, resulting in the disorder of intellectual ability,
motor control, and/or sensation, depending on the types of neuron involved. While there
are numbers of degenerative neural disorders, we will focus on several common types,
including Alzheimer’s disease (progressive dementia), Huntington’s chorea (progressive
dementia complicated by other neurological disorders), Parkinson’s disease (disorder of
the motor control system), and muscular atrophy (progressive spinal muscular atrophy).
The clinical symptoms and signs, etiology, pathology, pathogenesis, and treatment of these
disorders are discussed in the following sections.

Alzheimer’s Disease

Etiology, Pathology, and Clinical Manifestations [13.27]. Alzheimer’s disease, also
known as presenile dementia, is a neural degenerative disorder characterized by progres-
sive loss of intellectual capability involving the impairment of memory, judgment, and
logical thinking as well as changes in personality within a course of 5-10 years. The
primary cause of Alzheimer’s disease is apoptosis of the cholinergic neurons in the basal
forebrain. The disorder may occur at any age, but is traditionally diagnosed as Alzheimer’s
disease when it is initiated before age 65. Similar neurological changes after 65 are con-
sidered consequences of aging, known as senile dementia. About 1% of patients with
Alzheimer’s disease have a family history of the disease, suggesting genetic influence on
the occurrence of the disease.

Alzheimer’s disease is a progressive disorder associated with sequential clinical fea-
tures. The onset of the disease is insidious and difficult to notice. There may be a long
asymptomatic, preclinical period (7 years or more) before the disease is diagnosed. It is
usually found at a certain level of severity. There are several loosely defined neurological
deficits, which may occur in sequence. These include amnesia, dysnomia, disorientation,
and paranoia. Amnesia may occur in the early stage of Alzheimer’s disease. The patient
may exhibit gradual loss of short- or long-term retentive memory. The disorders may be
intermittent. With the progression of the disease, the patient may show dysnomia. Major
signs include inappropriate use of names, forgetting common words, and impairment of
speech. Eventually, the patient may be unable to read and understand. Visuospatial dis-
orientation is another common sign of Alzheimer’s disease. The patient may find it difficult
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to park a car, put arms into sleeves, put books in order, or find the way home. Paranoia
or changes in personality may occur in a large fraction of patients. Eventually the patient
completely loses intellectual abilities, including memory and judgment.

Alzheimer’s disease is associated with a number of pathological changes. These include
diffuse atrophy of the cerebral cortex with an apparent decrease in brain size, especially
the size of the hippocampus, and an increase in the volume of cerebral ventricles
(Fig. 13.22). At the microscopic level, the loss of neurons or neuronal apoptosis is notice-
able in the hippocampus and cerebral cortex (Fig. 13.23). Neuronal degeneration is associ-
ated with proliferation of astrocytes as a compensatory mechanism. There exist scattered
pathological lesions in the extracellular space known as senile plaques, which are com-
posed of fragmented axons and dendrites surrounding an amyloid core structure. In the
cytoplasm of the neurons, fiber-like structures, such as coils and knots, known as neuro-
fibrillary rangles or clumps, are often observed. The neurofibrillary tangles are composed
of a highly phosphorylated form of a microtubule-associated protein T. These changes are
associated with progressive degeneration of neurons primarily in the cerebral cortex.

Alzheimer’s disease is characterized by the death of cholinergic neurons (Fig. 13.24).
A number of factors contribute to the pathogenesis of cholinergic neuron death. These
include the accumulation of amyloid plaques in the extracellular matrix, the accumulation
of neurofibrillary tangles in the neuronal cytoplasm (Fig. 13.25), and progressive loss of
choline acetyltransferase and acetylcholine in the cerebral cortex. In particular, the forma-
tion of amyloid plaques and neurofibrillary tangles is considered a major pathological
change that contributes to the death of cholinergic neurons and the progression of
Alzheimer’s disease. However, the mechanisms remain poorly understood.

Formation of amyloid plaques is due to the accumulation of proteins, inclduing a small
protein known as amyloid B (AB) peptide. This peptide is a product of the cleavage of the
amyloid B protein precursor (APP), a protein normally bound to the membrane of the
neurons. The amyloid B protein precursor can be cleaved by B- and y-secretases and
metalloproteases, generating 40- and 42-amino acid amyloid B peptides. The 42-amino
acid peptide is shed from the neuronal membrane, and aggregates into Alzheimer plaques
(Fig. 13.26).

Figure 13.22. Coronal MRI at the level of the mammillary bodies. (A) A normal control; (B) a
person with mild cognitive impairment. (Reprinted from Jose C, Masdeu JC et al: Neuroimaging
as a marker of the onset and progression of Alzheimer’s disease, J Neurol Sci 236:55—64, copyright
2005, with permission from Elsevier.)
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Figure 13.23. In the nucleus basalis of Meynert (NBM) of normal control individuals, rare
Fas-associated death-domain (FADD)-positive neurites were observed (A). However, many FADD-
positive tangle-like structures (arrowhead in panel B) and neurites (arrowhead in panel E) were
observed within the NBM of all the Alzheimer’s cases. The Alzheimer’s brains with either Braak
stage V (B) or Braak stage VI (C) displayed the same pattern of FADD-positive structures within
the NBM. Preabsorption of the antibody with excess FADD peptide resulted in complete absence
of FADD immunoreactivity (D). Immunoreactivity for caspase-3 (F) was completely absent from
the NBM of AD. Scale bar: 100 um for all panels. (Reprinted from Wu CK et al: Apoptotic signals
within the basal forebrain cholinergic neurons in Alzheimer’s disease, Exp Neurol 195:484-96,
copyright 2005, with permission from Elsevier.)
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Figure 13.25. Formation of amyloid plaques and neurofibrillary tangles in Alzheimer’s disease.
Amyloid plaques contain the AB peptide, which is produced from the amyloid precursor protein
(APP). Cleavage of APP at one point (not shown) generates a carboxy-terminal fragment. This is
then severed by the y-secretase complex (which consists of at least four proteins: presenilin-1,
APHI, PEN2, and nicastrin), producing AP. Tangles are produced from hyperphosphorylated t
protein, possibly by means of the enzyme glycogen synthase kinase-3 (GSK3). GSK3 might also
regulate the cleavage of APP carboxy-terminal fragments. Lithium and kenpaullone, two GSK3
inhibitors, as well as small interfering RNAs that knock down GSK3 expression, inhibit A produc-
tion. The GSK3 inhibitors might interfere with the generation of both amyloid plaques and tangles
in Alzheimer’s disease. The precise roles of the two forms of GSK3, o and B, are unknown.
(Reprinted by perission from Macmillan Publishers Ltd.: De Strooper B, Woodgett J: Alzheimer’s
disease: Mental plaque removal, Nature 423:392-3, copyright 2003.)
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Figure 13.24. Choline acetyltransferase (ChAT) neurons in normal and Alzheimer’s brains. In the
basal forebrain of normal cases, many ChAT- (A) or p75-positive (C) cholinergic neurons were
present. In contrast, very few ChAT- (B) or p75-positive (D) cholinergic neurons were found within
the nucleus basalis of Meynert (NBM) of Alzheimer’s cases. Scale bar: 100um, in all panels.
(Reprinted from Wu CK et al: Apoptotic signals within the basal forebrain cholinergic neurons in
Alzheimer’s disease, Exp Neurol 195:484-96, copyright 2005, with permission from Elsevier.)
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Figure 13.26. The amyloid hypothesis in Alzheimer’s disease (AD) and candidate targets for
therapeutic intervention. AD is characterized by two types of protein aggregates, neurofibrillary
tangles and -amyloid (AB) plaques, distributed in regions of the central nervous system involved
in learning and memory. Soluble AP is formed following the cleavage of AP precursor protein
(APP) by enzymatic activities known as [3-secretase and y-secretase (1). AP formed is then degraded
by enzymes (2). The balance between AP production and degradation can be disrupted, leading to
AP accumulation beyond pathological levels and, in turn, increased levels of AP aggregates (3) and
deposits in the brain. Aggregates and AP fibrils could themselves be neurotoxic or could activate
microglia (4), which can release neurotoxic factors as part of an inflammatory response (5). Several
steps could be targeted pharmacologically to treat AD. For example, inhibitors of B-secretase and
Y-secretase or cholesterol-lowering drugs (blunt arrows) could be used to decrease the production
of AP. It is possible that activators of AB-degrading enzymes could be developed to reduce AP
levels and metal chelators could be used to dissolve amyloid plaques. Furthermore, A vaccination
is proposed to sequester AP in the blood, which in turn would induce a rapid efflux of AB from
the brain. Microglia can also be activated by AP vaccination or by transforming growth factor 1
(TGFB1), leading to increased AP clearance and neuroprotection. (Reprinted from Dominguez DI,
De Strooper B: Novel therapeutic strategies provide the real test for the amyloid hypothesis of
Alzheimer’s disease, Trends Pharmacol Sci 23:324-30, copyright 2002 with permission from
Elsevier.)

The formation of the neurofibrillary tangles may be related to alterations in the phos-
phoralation of the T protein. This protein may undergo several pathological changes,
including hyperphosphorylation, enzymatic cleavage, and conformational alterations,
which contribute to the formation of Alzheimer’s tangles and the pathogenesis of
Alzheimer’s disease. The role of the protein T in initiating Alzheimer’s disease has been
established with the observation that hyperphosphorylated T is present in the neuronal
tangles in Alzheimer’s disease (chapter-opening figure). However, the exact mechanisms
of t-involved pathogenesis remains poorly understood. A serine/threonine kinase that
induces T hyperphosphorylation is the enzyme glycogen synthase kinase 3 (GSK3) (Fig.
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13.25). This enzyme may also mediate the cleavage of the amyloid B protein precursor,
contributing to the formation of the amyloid plaques. The inhibition of the GSK3 by spe-
cific pharmarcological inhibitors, such as lithium and kenpaullone, and small interfering
RNA prevents the formation of neurofibrillary tangles and amyloid plaques.

Another factor that contributes to the initiation and development of Alzheimer’s disease
is the progressive loss of choline acetyltransferase. This enzyme catalyzes the transfer of
an acetyl group to choline to form acetylcholine, which is the primary neurotransmitter
of the cholinergic neurons. The loss of this enzyme reduces the production of acetylcho-
line, thus inducing the impairment of the function and survival of cholinergic neurons.
The defect of the choline acetyltransferase has been considered a major pathogenic factor
for Alzheimer’s disease.

Conventional Treatment of Alzheimer’s Disease [13.28]. Alzheimer’s disease has been
traditionally treated with several approaches, including: (1) improvement of the cerebral
bloodflow, (2) supplementation of cholinergic neurotransmitter precursors, (3) reduction
of the degradation of the neurotransmitter acetylcholine, and (4) treatment of abnormal
behaviors. The cerebral bloodflow can be enhanced by administrating vasodilators. The
improvement of blood supply to the brain may reduce the degeneration of neurons, thus
slowing down the progression of Alzheimer’s disease. Cholinergic neurotransmitter
precursors, such as choline, lecithin, and acetyl-L-carnitine, are often used to enhance the
production of acetylcholine, the neurotransmitter of cholinergic neurons. However, the
concentration of a precursor may not be the rate-limiting factor for the production of
acetylcholine. Many studies in which these substances were used failed to show substantial
beneficial effects. An alternative approach for reducing the degradation of acetylcholine
is to suppress the enzyme acetylcholinesterase, which breaks down acetylcholine in syn-
apses. Several pharmacological inhibitors, including tacrine, physostigmine, donepezil,
and rivastigmine, have been used to suppress acetylcholinesterase, thus reducing the deg-
radation of acetylcholine. The use of acetylcholinesterase inhibitors has shown mild ben-
eficial effects on the progression of Alzheimer’s disease. When patients express significant
signs of depression and hallucinations, tranquilizers or antidepressants can be adminis-
trated to control the patients.

A new approach has been established and used to treat Alzheimer’s disease by modu-
lating the activity of the nicotinic and muscarinic receptors in the neuron. These receptors,
which can interact with acetylcholine and participate in the regulation of cognitive
function, are decreased in the brain of Alzheimer’s patients. A potential treatment is to
administrate muscarinic receptor agonists, such as AF102B [(+/-)-cis-2-methyl-spiro
(1,3-oxathiolane-5,3")quinuclidine] and AF150(S) [1-methylpiperidine-4-spiro-(2’-methyl-
thiazoline)], which are cholinomimetics or analogs of acetylcholine. These substances can
enhance the activity of the muscarinic receptor, act synergistically with neurotrophic
factors to stimulate neuronal regeneration, protect neurons from oxidative stress-induced
apoptosis, and reduce the level of f-amyloid, which contributes to the development of
Alzheimer’s disease. Preliminary investigations have shown that these substances exert a
beneficial effect on the cognitive function of patients with Alzheimer’s disease.

Similarly, agonists to the nicotinic acetylcholine receptor, such as SIB-1553A and
GTS-21, have been used to enhance the function of the receptor in animal models of
Alzheimer’s disease. SIB-1553A is a nicotinic acetylcholine receptor ligand, also known
as (+/-)-4-[[2-(1-methyl-2-pyrrolidinyl)ethyl]thio] phenol hydrochloride. This substance
has been tested in aged rodents and nonhuman primates for its effect on the cognitive
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function of these animals. A treatment with SIB-1553A (subcutaneous, intramuscular, or
oral administration) improves choice accuracy as well as spatial and nonspatial working
memory in aged rhesus monkeys. Furthermore, a treatment with SIB-1553A induces the
release of acetylcholine in the hippocampus of aged rats, suggesting that the SIB-1553A-
induced cognitive improvement may be dependent on the release acetylcholine. Thus
SIB-1553A may serve as a therapeutic substance for Alzheimer’s disease.

GTS-21, also known as DMXBA, is a benzylidene anabaseine derivative [3-(2,4-dimet
hoxybenzylidene)anabaseine] based on a marine worm toxin named anabaseine. This
substance nonselectively activates both muscle-type and neuronal nicotinic acetylcholine
receptors. GTS-21 has been shown to exert a therapeutic effect on Alzheimer’s disease.
GTS-21 exhibits neuroprotective activity in cultured neurons deprived of nervous growth
factors or exposed to B-amyloid. A treatment with this substance enhances cognitive func-
tion in animal models such as the mouse, monkey, rat, and rabbit. This substance exhibits
lower toxicity than nicotine. At a dose that enhances the cognitive behavior of animals,
it does not significantly affect the activities of the nervous and skeletal muscle systems.
Clinical trials have demonstrated promising results for the treatment of Alzheimer’s
disease. Oral administration of GTS-21 improves the cognitive behavior of patients with
Alzheimer’s disease.

Molecular Regenerative Engineering for Alzheimer’s Disease. Based on the pathogenic
mechanisms as discussed on page 554, several strategies have been established for the
molecular treatment of Alzheimer’s disease, including prevention of neuronal degenera-
tion and inhibition of glycogen synthase kinase 3. These strategies are briefly discussed
as follows.

PREVENTION OF NEURONAL DEGENERATION BY DELIVERING NEUROTROPHIC FACTORS
[13.29]. As discussed above, Alzheimer’s disease is caused at least in part by the degen-
eration of cerebral cholinergic neurons resulting from the reduction in the neurotransmitter
acetylcholine. Thus, the principle of molecular treatment for Alzheimer’s disease is to
reduce the degradation of acetylcholine and promote the generation of this neurotransmit-
ter. A common molecular approach for the treatment of Alzheimer’s disease is to deliver
locally neurotrophic factors, including brain-derived neurotrophic factor, neurotrophins,
and nervous growth factor, or the genes encoding these growth factors, into target sites
such as the forebrain cortex and the hippocampus, which are involved in Alzheimer’s
disease. These growth factors play a critical role in controlling neuronal survival (see
page 521 for the characteristics of neurotrophic factors). In particular, neurotrophins and
nervous growth factor can stimulate neuronal release of acetylcholine. These growth
factors or their genes can be delivered by using methods described on page 436.
Experimental investigations have produced promising results for the treatment of
Alzheimer’s disease with neurotrphins. For instance, the transfection of the forebrain
neurons with the nervous growth factor and brain-derived neurotrophic factor genes can
significantly boost the production of acetylcholine and enhances the survival of impaired
cholinergic neurons in animal models. It should be noted that the selection of the delivery
route for cerebral gene transfer is an important issue. The bloodstream delivery of growth
factors or their genes is a relatively simple method, but these molecules may not be able
to reach the target sites because of the blockade of the blood—brain barrier. The direct
injection of nervous growth factors or their genes into the brain has been shown to be an
effective method. However, it is difficult to deliver the therapeutic factors to a precise site.
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Furthermore, this method causes neural injury. Spinal cavity delivery of growth factors
or their genes is a relatively safe and effective approach. Delivered proteins or genes can
be transported to the central nervous system via the cerebrospinal fluid. However, a large
amount of protein or gene is required to reach an effective level of therapy.

Another approach for neuronal survival is to promote the production and release
of nervous growth-related factors by using pharmacological substances. The synthetic
purine AIT-082 or Neotrofin {4-[[3-(1,6 dihydro-6-oxo0-9-purin-9-yl)-1-oxypropyl] amino]
benzoic acid} has been shown to stimulate neurotrophin secretion from astrocytes. This
substance also enhances several other neural activities, such as neuronal regeneration,
axonal outgrowth, cognitive activity of animals and humans, and the restoration of age-
induced memory deficits in animals. AIT-082 has been applied to patients with mild to
moderate Alzheimer’s disease. A treatment with AIT-082 induces an increase in the
glucose metabolic rate, indicative of enhanced bloodflow, in the cerebellum and the pre-
frontal cortical area as detected by PET scanning. Furthermore, AIT-082 improves the
memory, executive functioning, and attention of patients with Alzheimer’s disease. Several
other pharmacological substances, such as propentofylline (a synthetic xanthine derivative
that inhibits phosphodiesterase), idebenone (a quinone derivative that serves as an anti-
oxidant), and pyrroloquinoline quinone (a vitamin and redox cofactor of quinoprotein
dehydrogenases), have been shown to stimulate the production and release of nervous
growth factor and exert indirectly a therapeutic effect on Alzheimer’s disease.

INHIBITION OF GLYCOGEN SYNTHASE KINASE 3 [13.30]. As discussed on page 556, the
enzyme glycogen synthase kinase 3 induces hyperphosphorylation of the protein tau,
contributing to the formation of the neurofibrillary tangles, the production of amyloid B
peptides, and the development of Alzheimer’s disease. Thus, one of the strategies for
treating Alzheimer’s disease is to suppress the activity of glycogen synthase kinase 3
(GSK3). An effective means of inhibiting GSK3 is to construct and deliver small interfer-
ing RNA (siRNA) specific to the GSK3 mRNA. This approach has been shown to signifi-
cantly suppress the expression of GSK3 and reduce the formation of the neurofibrillary
tangles and amyloid plaques. In addition, there are two pharmarcological inhibitors,
lithium and kenpaullone, specific to the enzyme glycogen synthase kinase-3. These inhibi-
tors can be used to suppress the activity of GSK3 and are effective for the treatment of
Alzheimer’s disease. However, lithium is toxic to the kidney at a high blood concentration.
It should be used with caution.

Cell Regenerative Engineering for Alzheimer’s Disease [13.31]. For the treatment of
Alzheimer’s disease, several cell types have been used for transplantation into the brain
to improve the production and release of the cholinergic neurotransmitter in the basal
forebrain area. These cells include fetal basal forebrain cells, embryonic acetylcholine-
enriched cells, and gene-transfected stem cells. The transplantation of embryonic and fetal
stem cells into the brain has long been known to enhance the production of acetylcholine
and the survival of cholinergic neurons. The transplanted stem cells may differentiate into
cholinergic neurons, release acetylcholine, and prevent apoptosis of neurons. Furthermore,
genetic modulation of the stem cells can greatly enhance the cell’s ability to stimulate
neuronal cell survival. For example, the transfection of stem or progenitor cells with the
nervous growth factor gene significantly promotes the cell’s ability to secrete nervous
growth factor. Such a cell line, when transplanted into a target tissue, can release excessive
nervous growth factor, thus enhancing cell survival. In addition to embryonic and fetal
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stem cells, other cell types, such as bone marrow cells and umbilical cord blood cells,
have been used and tested in animal Alzheimer’s models. The transplantation of these
cell types has been shown to exert a beneficial effect on the treatment of Alzheimer’s
disease. For cell transplantation into the brain, direct injection is the method of choice
(see page 460 for method).

Huntington’s Disease

Etiology, Pathology, and Clinical Features [13.32]. Huntington’s disease, also known as
Huntington’s chorea, is a hereditary autosomal dominant neural disorder characterized
by chronic ceaseless occurrence of rapid, involuntary, complex jerky movements, mental
deterioration, and dementia. This is one of the most frequently observed hereditary dis-
eases in the United States. The average occurrence is about 4-5 per million. The disease
is often found at the age of 40-50, but also occurs in children and young adults.

There are several distinct clinical features for Huntington’s disease. In the early phase,
patients may express annoying behaviors, such as constant complaining and reduced self-
control. With the progression of the disease, patients may show mood disturbance and
depression signs, reduced communication and fine manual skills, reduced work perfor-
mance and responsibility, difficulties in maintaining attention, changes in personality, and
deteriorating intellectual abilities. These mental changes are associated with abnormalities
in muscular movement. Early motor-related signs include reduced movement of fingers
and hands and increased rate of blinking. In the advanced stage, patients exhibit constant
and rapid involuntary jerky movements and are not able to speak well because of inade-
quate control of the tongue muscles. The speed of voluntary movements is significantly
reduced.

Huntington’s disease is associated with a number of pathological changes. These
include atrophy of the central nervous system, loss of neuron dendrites, disappearance of
myelinated axons, and compensatory astrocyte proliferation. The pathogenesis of Hunting-
ton’s disease is thought to relate to several biochemical factors. An increase in the produc-
tion of dopamine and/or in the sensitivity of striatal dopamine receptors may promote the
dopamine effect, inducing involuntary movement. Other neurotransmitters, such as ace-
tylcholine and norepinephrine, are disturbed in Huntington’s disease, contributing to the
pathogenesis of the disease. However, the exact mechanisms remain poorly understood.

The pathogenesis of Huntington’s disease is related to several genetic mechanisms,
including the mutation of the CAG-repeating sequence, mutation of the huntingtin gene,
and the impairment of histone acetylation. The CAG-repeating sequence is found in genes
that encode multiple glutamine or polyglutamine residues. The number of the CAG groups
ranges from 3 to 34 in a normal gene. In Huntington’s disease, however, the number of
the CAG groups can increase significantly, ranging from 36 to 121, resulting in a signifi-
cant increase in the length of the polyglutamine sequence in involved proteins. Proteins
with expanded polyglutamine sequences exhibit reduced solubility and form aggregates
with amyloid or other polyglutamine proteins. These protein aggregates exert a toxic effect
on the cerebral neurons by abnormal interaction with essential cellular signaling proteins.
Such toxicity may influence a number of cellular processes, including protein folding,
proteasomal degradation, mitochondrial energy metabolism, and gene transcription. These
abnormalities may contribute to the initiation and development of Huntington’s disease.
A typical example is the polyglutamine expansion in the TATA-binding protein (TBP),
which binds the TATA box of genes and regulates gene transcription. Polyglutamine
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expansion in this protein disturbs the binding of the protein to the TATA box of target
genes involved in the regulation of neuronal activities, thus contributing to the develop-
ment of the symptoms of Huntington’s disease.

The mutation of the huntingtin gene is another cause of Huntington’s disease. Hunting-
tin, also known as Huntington’s disease protein, is a 348-kDa protein expressed ubiqui-
tously and plays a critical role in the regulation of development. Huntingtin exerts several
functions, including the protection of neural and nonneural cells from apoptosis and
excitotoxicity, enhancement of brain-derived neurotrophic factor gene expression, and
regulation of fast axonal trasport and synaptic transmission. Huntingtin mutation induces
a decrease in the transcription of the brain-derived neurotrophic factor gene, alterations
in axonal trafficking and synaptic transmission, and impairment of neuronal functions.
Experimental knockout of the huntingtin gene is assocaited with pathological changes
seen in Huntington’s disease. Overexpression of the huntington gene improves the function
of neurons. These observations suggest a role for huntingtin in the pathogenesis of Hun-
tington’s disease.

Another potential pathogenic mechanism for Huntington’s chorea is the impairment of
histone acetylation and gene transcription regulated by cAMP responsive element binding
protein (CREB)-binding protein (CBP). CBP is a 250-kDa transcriptional coactivator that
binds to and mediates the activity of phosphorylated CREB, which is a transcriptional
factor activated by protein kinase A and responsible for activating genes involved in learn-
ing and memory in the central nervous system. The CREB coactivator CBP is a histone
acetyltransferase that catalyzes histone acetylation. This protein has been found to aggre-
gate with proteins containing expanded polyglutamines in cultured cells. In transgenic
mouse models with polyglutamine-expanded huntingtin, CBP can form aggregates with
huntingtin, resulting in a reduction in the level of CBP. Such a change ultimately impairs
the function of CREB and possibly contributes to the pathogenesis of Huntington’s
disease.

In the brain of Huntington’s patients, aggregates of CBP with polyglutamine-expanded
proteins can be found by electron microscopy. The expression of glutamine-expanded
huntingtin can be observed by immunohistochemistry. These changes are often associated
with a decrease in the level of soluble CBP, which affects CREB-mediated transcription
activities, resulting in cell death in tissue culture models of Huntington disease. These
changes can be mitigated by overexpression of CBP. Furthermore, the aggregates of CBP
with polyglutamine-expanded proteins are greatly reduced when the polyglutamine-
containing domain is deleted. These observations suggest that polyglutamine-related
sequestration of CBP may contribute to the impairment of histone acetylation and disorder
of gene transcription, thus leading to the development of Huntington’s disease. However,
how these alterations influence the structure and function of cerebral neurons remains
poorly understood.

Conventional Treatment of Huntington’s Disease [13.33]. There are few methods avail-
able for the treatment of Huntington’s disease. Dopamine antagonists are used to suppress
movement disorders and behavioral abnormalities. One of such antagonists is haloperidol,
which is also used as a tranquilizer for the management of psychoses. Although this drug
is effective, it often causes dyskinesia or impairment of voluntary movements. Substances
that enhance the degradation of dopamine or block the dopamine receptor are also used
for treating the symptoms of Huntington’s disease. These substances include reserpine,
clozapine, and tetrabenazine, which are effective for the control of Huntington’s symp-
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toms. However, these drugs often cause severe side effects such as drowsiness, dyskinesia,
and akathisia. It is important to note that these drugs are used only to treat the symptoms
of the disease without influencing the progression of the disease. Unfortunately, drugs that
prevent and suppress Huntington’s disease are not available.

Molecular Regenerative Engineering for Huntington’s Disease [13.34]. Since the mecha-
nisms of Huntington’s disease are not well understood, there are few therapeutic approaches
that can be used for the treatment of the disease. Recent investigations have begun to
reveal the genetics of Huntington’s disease, which suggest potential therapeutic approaches.
As discussed on page 562, the sequestration of CREB-binding protein by polyglutamine-
expanded proteins induces a significant decrease in the level of the CREB-binding protein
and may contribute to the pathogenesis of Huntington’s disease. CREB-binding protein is
a signaling molecule that participates in the regulation of a variety of cellular processes
such as cell survival and proliferation. A potential therapeutic approach is to enhance the
expression of the CREB-binding protein. Investigations with cell culture models have
demonstrated that overexpression of the CREB-binding protein gene can reduce the
influence of polyglutamine-expanded proteins. The CREB-binding protein gene can be
potentially used for the treatment of Huntington’s disease.

The impairment of histone acetylation contributes to the pathogenesis of Huntington’s
disease. A typical example is histone deacetylation, which is catalyzed by histone deacety-
lase. The prevention of histone deacetylation may be a potential therapeutic approach for
treating Huntington’s disease. Histone deacetylase inhibitors, such as butyrate and suber-
oylanilide hydroxamic acid (SAHA), have been used and tested in models of neuronal
degeneration induced by polyglutamine-expanded proteins. In a transgenic Drosophila
model of neurodegeneration induced by expression of expanded polyglutamines, histone
deacetylase inhibitors (suberoylanilide hydroxamic acid) significantly reduced the pro-
gression of neurodegeneration. In another study with a cell culture model, polyglutamine
expansion in the androgen receptor caused cell death, which was reversed by a treatment
with the histone deacetylase inhibitor suberoylanilide hydroxamic acid. These investiga-
tions demonstrate that histone deacetylase inhibitors may be potentially used as therapeu-
tic agents for Huntington’s disease. To date, histone deacetylase inhibitors have only been
tested in cell culture and Drosophila models. Further experimental tests are needed in
mammalian models.

Another potential therapeutic approach is to modulate the activity of huntingtin
(Fig. 13.27). Huntingtin is a soluble cytoplasmic protein expressed widely in the central
nervous system and found in somatodendritic regions and axons. Huntingtin can interact
with numbers of signaling molecules and plays a critical role in regulating cellular pro-
cesses, such as channel control, protein processing, and pre-mRNA splicing. The mutation
of huntingtin may disrupt these cellular processes and contribute to the development of
Huntington’s disease. Other functions of huntingtin are to stimulate the expression
of brain-derived neurotrophic factor in the cortical area and facilitate vesicular transport
of brain-derived neurotrophic factor along microtubules in neurons. Huntingtin mutation
is associated with a reduction in brain-derived neurotrophic factor, resulting in insufficient
neurotrophic support and apoptosis of cortical neurons. The expression and release of
brain-derived neurotrophic factor are attenuated when the level of wildtype huntingtin is
reduced. The restoration of wildtype huntingtin via gene transfer enhances the expression
of brain-derived neurotrophic factor and the survival of cortical neurons. This may be a
potential approach for the treatment of Huntington’s disease.
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Figure 13.27. Treatment of Huntington’s disease with huntingtin. Wildtype but not mutant hun-
tingtin facilitates production of brain-derived neurotrophic factor (BDNF) in the cortical neurons,
which project to the striatum, by inhibiting the repressor element 1/neuron-restrictive silencer
element (RE1/NRSE) that is located in BDNF promoter exon II. I-IV indicate BDNF promoter
exons in the rodent BDNF gene; V indicates the coding region. The RE1/NRSE consensus sequence
is shown. Inactivation of the RE1/NRSE in the BDNF gene leads to increased mRNA transcription
and protein production in the cortex. BDNF, which is also produced through translation from exons
III and IV is then made available to the striatal targets via the corticostriatal afferents. Wildtype
huntingtin might also facilitate vesicular BDNF transport from the cortex to the striatum. (Reprinted
by permission from Macmillan Publishers Ltd.: Cattaneo E, Zuccato C, Tartari M: Normal hun-
tingtin function: an alternative approach to Huntington’s disease, Nat Rev Neurosci 6:919-30,
copyright 2005.)

Parkinson’s disease

Etiology, Pathology, and Clinical Manifestation [13.35]. Parkinson’s disease is a neural
disorder that is characterized by tremor of resting muscles, slow voluntary movements,
festinating gait, peculiar posture, and muscle weakness. Patients also exhibit excessive
sweating and feeling of heat. This disease often occurs at the age of 40—70. The incidence
of Parkinson’s disease is very low in the population under 30 years of age, but is fairly
high (about 1%) in the elder population (over 65) in the United States. Several factors such
as cranial injury, overwork, emotional shock, extreme stress, and exposure to unusual
environments may facilitate the deterioration of the disease. Indeed, the disease may often
be found after such incidents.
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Parkinson’s disease is associated with several distinct pathological changes. These
include the progressive loss of pigmented neurons in the substantia nigra and dorsal motor
nucleus, the presence of Lewy bodies (eosinophilic cytoplasmic contents with halos)
(Fig. 13.28), and reduction in nonpigmented neurons. The pathogenesis of the disease may
be related to the disorder of the dopamine metabolic system, resulting in a reduction in
the production of dopamine. It has been observed that the level of tyrosine hydroxylase,
a key enzyme for the production of dopamine, is reduced significantly in patients with
Parkinson’s disease. This is consistent with the reduction in the level of dopamine. Thus,
reduced dopamine in the central motor control system may contribute to the degeneration
of the pigmented neurons. Although it is not certain whether hereditary factors play a role,
there are patients with a family history of Parkinson’s disease.
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Figure 13.28. Neuron loss and Lewy body formation in Parkinson’s disease. (A) Control. (B-E)
Parkinson’s disease. (A—C) Neuromelanin pigmented neurons immunohistochemically stained with
an anti-o synuclein antibody. Scale in B is equivalent to that for A. There is an obvious loss of
pigmented dopamine neurons in Parkinson’s disease (B) compared with the control (A). Some
remaining pigmented dopamine neurons in Parkinson’s disease contain o.-synuclein-immunoreactive
Lewy bodies (arrowheads in C). (D,E) Specimens immunohistochemically stained with antibodies
to HLA-DP/DQ/DR (HLA), a marker for the major histocompatibility complex class II protein.
Scale in E is equivalent to that for D. HLA-immunoreactive upregulated microglia (arrows) near
nonimmunoreactive pigmented neurons (asterisks) in thick (D) and thin (E) midbrain sections from
patients with Parkinson’s disease (D and E). The inserts in D and E were from Parkinson’s disease
patients with a-synuclein and parkin gene mutation, respectively. (Reprinted from Orr CF et al: A
possible role for humoral immunity in the pathogenesis of Parkinson’s disease, Brain 128:2665-74,
copyright 2005 by permission of Oxford University Press.)
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Conventional Treatment [13.35]. Parkinson’s disease is induced predominantly by reduc-
tion or depletion of cerebral dopamine, the neurotransmitter of dopaminergic neurons.
Thus, the principle of treating Parkinson’s disease is to maintain or restore the level of
dopamine in the central nervous system. Several types of pharmacological substances
have bee used to achieve such a goal. These include dopamine precursors, such as L-dihy-
droxyphenylalanine (L-dopa; also known as levodapa), dopamine agonists, such as bro-
mocriptine, pergolide, lisuride, ropinirole, and pramipexole, and substances that inhibit
the degradation of dopamine, such as selegiline. L-Dopa is the most effective drug for the
treatment of Parkinson’s disease. L-Dopa can be used alone or in combination with other
agents. One type of such agents is decarboxylase inhibitors such as carbidopa and benseri-
zide. Decarboxylase is an enzyme that catalyzes L-dopa breakdown and the conversion of
L-dopa to dopamine. Carbidopa reduced the activity of decarboxylase. Because carbidopa
cannot pass through the blood—brain barrier, the administration of carbidopa together with
L-dopa reduces the rate of L-dopa breakdown in the peripheral system, allowing a large
fraction of L-dopa to reach the brain. This strategy also reduces the side effect of dopa-
mine, such as nausea and hypotension, in the peripheral systems.

Dopamine agonists, such as bromocriptine, pergolide, lisuride, ropinirole, and prami-
pexole, can interact with the dopamine receptor, mimicking the activity of dopamine.
These agents can be administrated before L-dopa is used or as a supplement to L-dopa
treatment. Selegiline is an inhibitor for the monoamine oxidase, which degrades dopa-
mine, and thus can be used to reduce the degradation of dopamine in the brain. It should
be noted that treatment with all these agents may only be effective for treating the symp-
toms of Parkinson’s disease, but not be effective for preventing the progression of the
disease.

Molecular Regenerative Engineering for Parkinson’s Disease [13.36]. Given the patho-
genic mechanisms of Parkinson’s disease as discussed on page 565, strategies for molecu-
lar engineering treatment of Parkinson’s disease include the promotion of the survival of
dopaminergic neurons, maintenance of the dopamine level in the brain, and protection of
dopaminergic neurons from apoptosis. These strategies are tested primarily in rodent and
nonhuman primate models of Parkinson’s disease. These models are induced by admin-
istration of chemical toxins, such as 6-hydroxydopamine (6-OHDA) and I-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), which reduce the production of dopamine in
neurons and promote neuronal apoptosis. It is important to note that these animal models
may not completely assemble the human Parkinson’s disease. Results form these models
should be interpreted with caution.

PROMOTION OF THE SURVIVAL OF DOPAMINERGIC NEURONS. For promoting the survival of
dopaminergic neurons, neurotrophic factors, such as nervous growth factor (NGF), brain-
derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor (GDNF),
and platelet-derived growth factor (PDGF) or their genes can be delivered to the brain by
using approaches of direct injection or spinal cavity injection (see page 521 of this chapter
for these neurotrophic factors) (Fig. 13.29). In animal models of Parkinson’s disease, the
overexpression of neurotrophic factors can exert several effects that benefit the treatment
of the disease, including an increase in the synthesis of dopamine, protection of dopami-
nergic neurons from toxic injury and apoptosis, and enhancement of the sprouting of
dopaminergic neurons. A large number of investigations have demonstrated the effective-
ness of neurotrophic factor gene transfer in mitigating the symptoms of Parkinson’s
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Figure 13.29. Infusion of platelet-derived growth factor BB (PDGF-BB) and brain-derived neu-
rotrophic factor (BDNF) into the right lateral ventricle (LV) enhances the density of BrdU-positive
cells in the denervated striatum (Str) of the rat brain with unilateral 6-OHDA lesions. Red BrdU-
labeled cells in PBS- (A), PDGF-BB- (B), and BDNF-treated (C) rats at 12 days after growth factor
infusion (5 weeks after 6-OHDA lesions). (D) Measurements of BrdU-positive cells in the Str at
12 days and 5 weeks after growth factor infusion. Both growth factors enhanced BrdU incorpora-
tion compared to the PBS control, with no differences between PDGF-BB and BDNF (* P < 0.05).
Scale bar: 100pum. (Reprinted from Mohapel P et al: Platelet-derived growth factor (PDGF-BB)
and brain-derived neurotrophic factor (BDNF) induce striatal neurogenesis in adult rats with 6-
hydroxydopamine lesions, Neuroscience 132:767-76, copyright 2005, with permission from
Elsevier.)

disease. For instance, in the rodent model of 6-OHDA-induced Parkinson’s disease, the
transfer of the glial cell line-derived neurotrophic factor gene into the striatum results in
a significant increase in the dopamine level and a reduction in the animal rotary behavior,
a typical sign of Parkinson’s animals. In the nonhuman primate model of Parkinson’s
disease, striatal transfer of the glial cell line-derived neurotrophic factor gene induces
increased gene expression of tyrosine hydroxylase, an enzyme participating in the synthe-
sis of dopamine.

MAINTENANCE OF THE DOPAMINE LEVEL IN THE BRAIN. A critical issue for promoting the
survival of dopaminergic neurons is to maintain the level of dopamine in the central
nervous system. Since tyrosine hydroxylase catalyzes the synthesis of L-dopa, one of the
approaches for achieving such a goal is to transfer the tyrosine hydroxylase gene into the
striatum. A number of investigations have shown that such an approach results in a sig-
nificant increase in the dopamine level, and a decrease in the symptoms of Parkinson’s
disease, such as rotational movements. There are other enzymes that regulate the synthesis
of dopamine. One of such enzymes is the amino acid decarboxylase (AADC), which
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converts L-dopa to dopamine. The deficiency of this enzyme may contribute to the reduc-
tion in the dopamine level and the pathogenesis of Parkinson’s disease. The transfer of
the amino acid decarboxylase gene into the striatum of nonhuman primates with induced
Parkinson’s disease results in increased conversion of L-dopa to dopamine and reduction
in Parkinson’s symptoms. The cotransfer of the genes encoding multiple enzymes for the
synthesis of dopamine has been demonstrated to provide a synergistic effect and exhibit
significant improvement in the dopamine level and motor control in Parkinson’s animal
models. Similar results have also been found in studies with rodent models. The tyrosine
hydroxylase and amino acid decarboxylase genes are considered potential candidate genes
for the treatment of human Parkinson’s disease.

PROTECTION OF DOPAMINERGIC NEURONS FROM APOPTOSIS. Another molecular approach
for treating Parkinson’s disease is to protect neurons from apoptosis. Parkinson’s disease
is associated with an increase in neuronal apoptosis, which is thought to contribute to the
pathogenesis of Parkinson’s disease. Several factors, including oxidative stress and free
radicals resulting from dopamine metabolism and ion toxicity, may induce neuronal apop-
tosis. An enzyme, known as Cu/Zn superoxide dismutase, plays a critical role in detoxify-
ing superoxide, which forms toxic peroxynitrite with nitric oxide. The overexpression of
the Cu/Zn superoxide dismutase gene in cultured neurons by gene transfection has been
shown to protect the cells from 6-OHDA-induced toxic effects. Animals with overex-
pressed Cu/Zn superoxide dismutase gene exhibit increased resistance to oxidative stress
and apoptosis. These observations suggest that the Cu/Zn superoxide dismutase gene can
potentially serve as a therapeutic gene for the treatment of Parkinson’s disease.

Apoptosis is regulated by the Bcl2 family of proteins. While some of these proteins
are proapoptotic, the Bcl2 protein exerts an antiapoptotic effect (see page 304 for signaling
mechanisms of apoptosis). Experimental investigations have shown that overexpression
of the Bcl2 protein in the striatum by gene transfection protects neurons from apoptosis
and induces an increase in the number of tyrosine hydroxylse-positive neurons. In trans-
genic mice with overexpressed Bcl2 gene, neurons in the central nervous system are pro-
tected from the toxic effect of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
which induces a reduction in dopamine and degeneration of dopaminergic neurons.
Cotransfer of the glial cell line-derived neurotrophic factor gene with the Bcl2 gene sig-
nificantly augments the beneficial effect of glial cell line-derived neurotrophic factor gene.
Both factors synergistically prevent neurons from apoptosis. These investigations suggest
that the antiapoptosis protein genes can be used to as therapeutic genes for enhancing the
survival of dopaminergic neurons.

Cell apoptosis is regulated by a protein kinase known as C-Jun N-terminal kinase
(JNK). The phosphorylation of C-Jun N-terminal kinase has been shown to activate c-Jun
and promote cell apoptosis. A protein called JNK-interacting protein 1 (JIP1) can inhibit
the phosphorylation of C-Jun N-terminal kinase. The transfer of the JIP1 gene into the
striatum induces the overexpression of the gene, which is associated with reduced phos-
phorylation of C-Jun N-terminal kinase and reduced activity of caspase 3, a proteinase
that induces cell apoptosis. Furthermore, the transfer of a dominant negative c-jun gene
protects neurons from the toxic effect of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) and promotes cell survival. Thus, the negative regulators of JNK may serve as
therapeutic factors for the molecular treatment of Parkinson’s disease.

Caspase 3 is a critical downstream proteinase that cleaves a variety of intracellular
proteins, such as actin filaments, signaling protein kinases, and nuclear proteins, and
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induces cell apoptosis. Caspase inhibitor genes can be used and transferred into the brain
to suppress cell apoptosis. Such inhibitor genes include the p35 gene and the family of
the inhibitor of apoptosis protein genes. The transfer of these genes into the striatum in
the model of 6-OHDA-induced Parkinson’s disease significantly inhibits the activity of
caspases and delays the occurrence of cell apoptosis. Transgenic mice with p35 overex-
pression exhibit increased neuronal tolerance to the toxic effect of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP). Caspase inhibitors also augment the mitogenic effect
of neurotrophic factors. In general, all caspase inhibitor genes can be used for molecular
treatment of Parkinson’s disease.

Cell Regenerative Engineering for Parkinson’s Disease [13.37]. In cell regenerative engi-
neering for Parkinson’s disease, the primary goal is to transplant stem or other types of
cell into the brain to restore the structure and function of impaired dopaminergic neurons.
Typical cell types for such a purpose include embryonic stem cells, fetal neuronal stem
and progenitor cells, adult neuronal stem cells, and cell lines with transferred genes that
enhance desired functions. To date, cell regenerative engineering approaches have been
tested primarily in animal models. Since these models may not completely assemble the
human Parkinson’s disease, results from animal models should be interpreted with
caution.

As discussed on page 381, embryonic stem cells from the blastocyst are capable of
differentiating into all specified cell types, including neurons, under appropriate condi-
tions. Fetal neuronal precursor cells can differentiate into dopamine-synthesizing neurons.
These stem cells can be used and transplanted into the central nervous system for neuronal
regeneration. It is expected that the embryonic and fetal stem cells can differentiate into
dopaminergic neurons, thus improving the motor control capability. A number of investi-
gations have demonstrated that dopamine-synthesizing neurons from embryonic and fetal
stem cells can be used for transplantation into the central nervous system. The transplanted
cells can be integrated into the host brain (Fig. 13.30). Such a treatment significantly
improves the level of dopamine production and the survival of dopaminergic neurons in
association with reduced Parkinson’s symptoms. However, the application of embryonic
or fetal stem cells to human patients remains an issue of ethical debate. To date, most
investigations in this area are conducted by using animal models.

Given the controversial issues for the use of embryonic and fetal stem cells, many
investigators have searched for neuronal stem cells in the central nervous system. Indeed,
the adult brain contains cells that exhibit stem cell characteristics such as self-renewing
and differentiation. These cells are considered adult neural stem cells and can differentiate
into neurons, astrocytes, and oligodendrocytes. The adult neural stem cells can be found
in the wall of the ventricular system, the olfactory system, and the hippocampus of the
brain (see page 395 for details). These cells can be potentially used for the treatment of
Parkinson’s disease.

Although the transplantation of stem and progenitor cells demonstrates beneficial
effects on the treatment of Parkinson’s disease, natural wildtype cells may not be able to
sufficiently boost the production and release of the neurotransmitter dopamine and neu-
rotrophic factors necessary for the survival of neurons. To resolve such an issue, stem and
progenitor cells have been transfected with genes encoding proteins that promote the dif-
ferentiation of stem and progenitor cells to dopaminergic neurons. Two types of gene,
including the Nurrl and von Hippel-Lindau (VHL) protein genes, have been used for such
a purpose.
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Figure 13.30. Integration of Nurrl embryonic stem cells into the striatum of hemiparkinsonian
rats. The diagram shows a drawing of a single section through a graft (G) in the striatum (LV,
lateral ventricle; AC, anterior commissure). Single confocal images after immunohistochemistry
for tyrosine hydroxylase (TH) are shown (A-G) from regions marked by red dots in the diagram.
The distribution of cells and processes through the thickness of the section (35um) is shown by
the z series displayed in green on the right. Note the many TH* processes that extend away from
the graft into the parenchyma of the host striatum (D-F). Scale bar: 50 um. (Reprinted by permis-
sion from Macmillan Publishers Ltd.: Kim JH et al: Dopamine neurons derived from embryonic
stem cells function in an animal model of Parkinson’s disease, Nature 418:50—6, copyright
2002.)

Nurrl is a protein that belongs to the nuclear receptor superfamily of transcription
factors. This protein is expressed predominantly in the developing and mature dopami-
nergic neurons of the central nervous system, and is essential for the differentiation of the
mesencephalic precursors to dopaminergic neurons and for the survival of mature dopa-
minergic neurons. The von Hippel-Lindau protein is a tumor suppressor that downregu-
lates the transcriptional activity of mitogenic genes. This protein is primarily expressed
in the central nervous system and plays a role in regulating the differentiation of the
mesencephalic precursors to dopaminergic neurons. Thus, genes encoding the Nurrl and
von Hippel-Lindau proteins can be potentially used to boost the differentiation of stem
and progenitor cells into dopamine-synthesizing neurons. Several investigations have
demonstrated that the transfer of these genes into stem or progenitor cells enhances the
synthesis of dopamine, increases the density of tyrosine hydroxylase-positive neurons,
improves the survival of dopaminergic cells, and reestablishes dopamine-dependent motor
behaviors in animal models of Parkinson’s disease. Other potential genes that can be used
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to boost the function of transplanted neuronal stem cells include neurotrophic factor genes,
dopamine synthesis-promoting genes, and Cu/Zn superoxide dismutase genes.

Nonneuronal cell types have also been used to create dopamine-synthesizing cell lines
by gene transfer. These cells include fibroblasts, astrocytes, Schwann cells, myoblasts,
and marrow stromal cells. These cell types are readily available and easy to collect in
comparison to embryonic and fetal stem cells. Although these cell types may not be able
to differentiate into neurons, they can carry and deliver necessary proteins such as
neurotrophic factors and dopamine synthesis enzymes for enhancing the survival of
neurons.

Multiple Sclerosis

Etiology, Pathogenesis, and Clinical Manifestations [13.38]. Multiple sclerosis is a
neural disorder that is characterized by myelin degradation, demyelination, and the gen-
eration of insoluble precipitates or plaques in various locations, in association with dys-
function of multiple cerebral regions and the spinal cord. Clinical signs include motor
weakness, partial paralysis, abnormal sensation, abnormal vision, tremor, and dysarthria.
The insoluble plaques can be detected by X-ray and magnetic resonance imaging. The
disorder progresses slowly with a latent period of 1-10 years starting with a minor
symptom. One of the distinct features of the disorder is the intermittent occurrence of the
symptoms and signs. Multiple sclerosis is found in about 0.001% of the population. The
disorder is often detected in patients at the age of 20—40. Hereditary factors may influence
the occurrence of the disease. About 15% of the patients with multiple sclerosis have rela-
tives with the same disorder. Siblings of patients with multiple sclerosis have a risk factor
significantly greater than that of the general population.

Multiple sclerosis is associated with the destruction of myelin sheaths. However, this
process does not apparently affect the structure of neurons and axons. A pathological
examination often reveals an uneven surface of the spinal cord, while the brain surface
may appear normal. Scattered lesions or insoluble plaques may be found in the nervous
system with a size ranging from millimeters to centimeters with pink/gray-colored white
matter due to demyelination. The lesion is found primarily in the white matter near the
cerebral ventricles, in the brainstem, and in the spinal cord, but not in peripheral nerves.
The optic nerves are often affected by the disorder. Structural alterations are dependent
on the progression of the disorder. Fresh lesions exhibit partial destruction of myelin
sheaths and infiltration of lymphocytes and mononuclear cells. With the progression of
the disorder, there appears increased infiltration of microglial cells (macrophages) and
increased size of sclerotic lesions. In the late stage, few myelin sheaths can be found.
Affected regions often exhibit increased fibrous tissue with reduced lymphocytes and
macrophages.

A number of factors may contribute to the pathogenesis of multiple sclerosis. These
factors include viral infection, autoimmune reactions, and synergistic effects of both viral
and autoimmune factors. Patients with multiple sclerosis exhibit immune reactions against
viral products. Herpes viruses have been implicated in the initiation and development of
multiple sclerosis, since DNA from these viruses is found in multiple sclerosis plaques.
However, little direct evidence has been obtained for the role of viruses. Another factor
that potentially contributes to the induction and development is autoimmune reaction. In
such a case, the host immune cells may not recognize myelin proteins as the body’s own
components and may initiate immune reactions to attack and destroy the myelin structure
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and sometimes the nerve axon. A major line of supporting evidence for the autoimmune
mechanism is the existence of antibodies against the myelin components in the serum of
patients with multiple sclerosis. Viral infection and autoimmune reactions may coordi-
nately influence the process of demyelination. Several types of virus, such as rubella and
rubeola, may contain protein components that are similar to some proteins in the myelin
sheath of nerve axons. The exposure of T and B lymphocytes to these viruses may induce
lymphocyte immunization. Immunized lymphocytes in turn recognize and attack the host
myelin.

Further investigations have demonstrated that multiple sclerosis is associated with the
infiltration of mononuclear cells in the area of demyelination, axonal loss, and glial
fibrosis. Given the involvement of T lymphocytes, it has been hypothesized that activated
antigen-specific T cells initiate specific immune reactions and induce the infiltration of
non-antigen-specific mononuclear cells into the brain. The mononuclear cells in turn
interact with and destroy oligodendrocytes by releasing toxic substances in association
with the degradation of myelin sheaths. In the early stage of the disease, oligodendrocytes
are capable of surviving and remyelinating axons. However, in the late stage, these cells
are gradually committed to apoptosis.

Multiple sclerosis causes changes in the physiological function of nervous axons. A
major change is delayed transmission of action potentials. This is due to the destruction
of the axon myelin sheath. Under physiological conditions, the transmission of action
potentials in the myelinated axons (as high as 100m/s) is much faster than that in unmy-
elinated axons (as low as 0.25m/s). The destruction of the myelin sheath influences the
electrical conduction of the axons. In severe cases, the transmission of electrical signals
can be completely blocked. The impairment and blockade of electrical signals ultimately
influence the function of peripheral tissues and organs.

Conventional Treatment [13.39]. Multiple sclerosis is a disease possibly induced by
viral infection and autoimmune reactions. The principle of treating multiple sclerosis is
administration of antiinflammatory and immunosuppressor agents. Corticosteroids are
commonly used as antiinflammatory agents. These agents usually give noticeable results
within about 2 weeks. Immunosuppressor agents, such as azathioprine and cyclophospha-
mide, have been used for the treatment of multiple sclerosis with some positive results.
However, these substances compromise with the normal immune function and impose
toxic effects. Such harmful influences may preclude the widespread use of the immuno-
suppressor agents. In addition, appropriate physical exercise is necessary to stimulate
impaired motor control systems. Bacterial infection should be prevented and treated
promptly, if any. Other disorders associated with multiple sclerosis should be treated

properly.

Molecular Regenerative Engineering for Multiple Sclerosis [13.40]. As the pathogen-
esis of multiple sclerosis is attributed to the destruction of the myelin sheath and oligo-
dendrocytes by inflammatory reactions involving activated mononuclear cells, a potential
approach for this disease is to suppress inflammatory reactions and inhibit the infiltration
of bloodborne mononuclear cells into the brain. The enhancement of oligodendrocyte
proliferation and migration into the area of demyelinated axons may also provide thera-
peutic effects. Gene therapeutic approaches have been developed to achieve these goals.
These approaches have been tested primarily in the animal model of multiple sclerosis:
autoimmune encephalomyelitis (EAE). It should be noted that, since the animal model
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may not completely assemble the human disease, information from experimental
observations may not be directly applied to the human disease.

Several therapeutic strategies have been developed and used to suppress inflammatory
reactions. These include the enhancement of antiinflammatory cytokines and induction
of B-lymphocyte tolerance to myelin-related antigens. Since mononuclear cells and B-
lymphocytes are bloodborne cells, genes encoding antiinflammatory proteins can be
delivered into the bloodstream. Potential genes for antiinflammatory purposes include the
interleukin (IL)1B, IL2, IL4, IL6, IL10, tumor necrosis factor (TNF)o, and transforming
growth factor (TGF)B1 genes. The transfer of these genes into animals with autoimmune
encephalomyelitis reduces pathological signs and clinical symptoms of the disorder,
although controversial results are observed for some IL molecules, such as IL4 and IL10.
These antiinflammatory protein genes can be delivered to target tissues by three
approaches: injection into the bloodstream, directly into the brain, and into the cerebro-
spinal fluid cavities.

The enhancement of B-lymphocyte tolerance to myelin-related antigens is another
potential approach for the treatment of multiple sclerosis. Certain viruses may contain
components that partially assemble the structure of myelin proteins. Viral infection may
expose B lymphocytes to the myelin-like viral components and induce immunization of
the lymphocytes, producing antimyelin protein antibodies. These antibodies may interact
with host myelin proteins and contribute to autoimmune processes, potentially inducing
multiple sclerosis. In an experimental study, a recombinant IgG—myelin basic protein
(MBP) gene is inserted into a retroviral vector and transferred into B lymphocytes. These
B cells were introduced into the bloodstream of mice with autoimmune encephalomyelitis-
induced multiple sclerosis. Compared to control mice without B cell transplantation,
the B cell-transplanted mice exhibit reduced pathological signs and clinical symptoms
of multiple sclerosis. It is thought that the presence of myelin basic protein in the B
cells increases the tolerance of these cells to the myelin basic protein, thus reducing the
production and secretion of antimyelin protein antibodies and mitigating autoimmune
reactions.

Gene therapeutic approaches have also been developed to enhance the proliferation and
migration of oligodendrocytes and to promote the remyelination of impaired axons, as
demyelination results in axonal loss and neurological impairment. Candidate genes for
such a purpose include neurotrophic factor and nerve growth factor genes. Since the
therapeutic targets of these genes are the oligodendrocytes in the central nervous system,
direct brain gene delivery usually gives satisfactory results. Although neurotrophic factors
and their genes can be injected into the bloodstream, the therapeutic efficiency is usually
low, as it is difficult for protein and DNA molecules to pass through the blood—brain
barrier. Another delivery route is the cerebrospinal fluid. In an experimental model of
autoimmune encephalomyelitis-induced multiple sclerosis, a herpes virus-derived vector
containing the fibroblast growth factor gene was transferred into the cerebrospinal fluid.
Fibroblast growth factor is known to promote the proliferation and differentiation of oli-
godendrocytes. The introduction of this growth factor to the cerebrospinal fluid enhances
remyelination of impaired axons and reduces pathological signs and clinical symptoms of
multiple sclerosis.

Cell Regenerative Engineering [13.41]. Cellular engineering approaches have been
developed for the treatment of experimental multiple sclerosis induced by autoimmune
encephalomyelitis. These include the transplantation of oligodendrocytes, oligodendrocyte
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precursors, or genetically modified memory T lymphocytes with enhanced secretion of
growth factors or antiinflammatory factors. Oligodendrocytes or their precursors can be
directly delivered to the lesion sites of multiple sclerosis. A fraction of these cells can
integrate into the native system and generate myelin proteins and sheaths. These cells can
also be transfected with growth factor genes to enhance their capability of proliferation
and migration. T lymphocytes can be transfected with antiinflammatory protein genes,
such as the interleukin (IL)1B, IL2, IL4, IL6, ILI0, tumor necrosis factor (TNF)o. genes,
enhancing the production and secretion of antiinflammatory factors. These cells can be
transplanted to the bloodstream, from where they can migrate into the lesion sites of the
brain. Alternatively, T cells can be directly delivered to the central nervous system. T
lymphocytes can also be transfected with growth factor genes to promote their capability
of producing growth factors.
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