Molecular Imaging in Neurology
and Psychiatry

The brain is the last and grandest biological frontier, the most complex thing we have yet
discovered in our universe. It contains hundreds of billions of cells interlinked through trillions
of connections. The brain boggles the mind.

16.1 Neuroscience

16.1.1 The Nervous System

The nervous system is traditionally divided into central
and peripheral components. The central nervous system
(CNS) comprises the brain (cerebrum, cerebellum and
brain stem) and spinal cord. The peripheral nervous
system (PNS) includes sensory neurons and motor neu-
rons, which connect CNS to sensory receptors and mus-
cles, and glands, respectively. In the PNS, the somatic
division innervates the skeletal muscles, while the auto-
nomic (sympathetic and parasympathetic) division
innervates smooth muscles, cardiac muscle, and glands.
In the PNS, ganglia are accumulations of nerve cell
bodies and their supporting cells, while nerves are bun-
dles of nerve cell axons and their supporting cells.

16.1.2 Nerve Cells

The cells of the nervous system can be divided into
two broad categories: nerve cells or neurons and a vari-
ety of supporting cells, which consist mostly of neuro-
glial cells—referred to simply as glial cells or glia
(from the Greek word meaning glue).

The structure of neurons (Fig. 16.1) in many
respects resembles that of most other cells in the body.
The neuron has a cell body (containing a nucleus,
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mitochondria, etc.) and specialized extensions (for
intercellular communication and signaling), known as
dendites and axon. Dendritic branches or processes are
specialized for receiving information from other cells,
while the axon is designed for signal conduction. Since
the fundamental purpose of neurons is to integrate
information from other neurons, the number of inputs
received by each neuron in the human nervous system
ranges from 1 to approximately 100,000. Some neu-
rons transmit locally, while others may carry signals
several feet away from the cell body.

The glial cells are quite different from neurons; they
do not participate directly in electrical signaling. Also,
there may be three times more glial cells than neurons
and these cells are usually smaller, and lack dendrites
and axons. The main role played by glia includes main-
taining the ionic milieu of nerve cells, modulating the
rate of nerve signal propagation/synaptic action, and aid-
ing in the recovery from neural injury. The three types of
glia are astrocytes, oligodendrocytes, and microglia.
Astrocytes maintain the appropriate chemical environ-
ment for neuronal signaling. Oligodendrocytes provide a
wrapping (myelin) around some axons to increase the
speed of signal conduction. Microglia, derived from
hematopoietic stem cells, are similar in some ways to
macrophages and help repair neural damage.

Neurons are organized into ensembles called circuits
that process specific kinds of information. Neurons
that carry information towards the CNS are called
afferent neurons, while the neurons that carry informa-
tion away from the CNS, are called efferent neurons.
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Fig. 16.1 The structure of a neuron with a cell body, den-
drites, and the axon. The nerve signals transmitted along the
axon trigger the release of neurotransmitter molecules into the

Neurons that participate only in the local circuits are
called interneurons. Sensory circuits provide information
about the internal and external environment, while
motor circuits respond to sensory inputs by generating
movement.

16.1.3 The Human Brain

The CNS includes the brain and the spinal cord. The
human brain (Fig. 16.2) consists of approximately
10,000 different types of neurons and a total of 100
billion neurons, and the adult brain weighs nearly
1,400g. The brain is subdivided into three main
regions: the forebrain, midbrain and hind brain.
Collectively, the midbrain and hind brain are called the

synapse, the point of contact between two neurons or between
a neuron and a target cell (modified from image at WordPress.
com weblog)
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Fig. 16.2 The human brain showing the main lobes and major
blood vessels

brain stem. The hindbrain has three principal subdivi-
sions: the medulla oblongata, the cerebellum and the
pons. The hindbrain tends to pass information to and
receive controlling signals from the midbrain, which is
itself controlled by the forebrain. The midbrain receives
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and processes sensory information and distributes it to
different parts of the forebrain for further processing.
The forebrain integrates sensory information of vari-
ous kinds and formulates motor commands that are
executed by other parts of the CNS.

The forebrain is subdivided into the diencephalon
(thalamus and hypothalamus) and telencephalon (the
cerebrum and basal ganglia). The thalamus is a sensory
relay station that distributes sensory information to
appropriate regions in the cerebral cortex, while the
hypothalamus maintains homeostasis. The cerebral cor-
tex is the outer layer of the cerebrum (the two cerebral
hemispheres) which contains most of the neurons and
occupies a large convoluted surface area. The ridges are
known as gyri, and the valleys are called sulci or fissues.
The cerebral cortex is involved in the complex process-
ing of sensory information to form perceptions, in the
planning and initiation of movements, and in associative
learning and higher cognition.

Each cerebral hemisphere is conventionally divided
into four lobes (Fig. 16.3): the frontal, parietal, temporal,
and occipital lobes. In addition to their role in primary
and sensory processing, each lobe has characteristic
cognitive functions. The frontal lobe is critical in plan-
ning behavior, the parietal lobe in attending to important
stimuli, the temporal lobe in recognizing objects and
faces, and the occipital lobe in a variety of visual analy-
ses. The hippocampus, a highly specialized cortical
structure that is folded into the medial temporal lobe
plays a major role in memory.

When the brain is dissected, sectioned, or observed
with noninvasive imaging techniques (CT, MRI, PET,
SPECT), many deeper structures are apparent. Most of

the cerebral cortex is made up of six layers and is
referred to as neocortex. The gray matter refers to the
cortex, whether cerebral, cerebellar, or hippocampal and
is mainly made up of neuronal cell bodies, their den-
drites, the axon terminals, and glia. The white matter
makes up a large part of the subcortical tissue consisting
mostly of axons entering or leaving the cortex. Among
the internal structures, the basal ganglia play a major
role in the organization and guidance of complex motor
functions. The basal ganglia include the striatum (the
caudate and the putamen) and the globus pallidus.
Another important nucleus (collection of neurons) is the
amygdala, which plays an important role in the emo-
tional behavior.

The different parts of the cerebral hemispheres are
interconnected by three large bundles of axons: the
corpus callosum, anterior commissure, and fornix.
The ventricular system in the CNS is a series of inter-
connected, fluid-filled spaces in the core of the fore-
brain and brain stem. The cerebrospinal fluid (CSF),
produced by the choroid plexus, a network of special-
ized secretory tissue in the lateral, third, and fourth
ventricles, percolates through the ventricular system
into the subarachnoid space, which helps cushion the
brain within the cranial cavity.

16.1.3.1 The Blood-Brain Barrier

The brain receives blood from two sources: the inter-
nal carotid arteries (ICA) and the vertebral arteries
(VA). Many branches arising from ICA and VA supply
blood to the brain and all the internal structures.
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Fig. 16.3 The human brain showing the specific cortical areas associated with major functions
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The blood supply of the brain is particularly signifi-
cant because neurons are very sensitive to oxygen
deprivation. The brain, more than any other organ,
must be carefully shielded from toxic molecules and
ionic species that would adversely affect the neuronal
function. The interface between the walls of capillaries
and the surrounding tissue is very important for the
transport of various molecules and nutrients from the
blood into the cells. In the brain, this interface has been
given the special name, blood-brain barrier (BBB),
since it protects and maintains homeostasis. Unlike in
many other tissues, the adjacent capillary endothelial
cells in the brain have very tight junctions, permitting
the transport of molecules and ions, which can only
move through the walls of the endothelial cell mem-
branes. In addition to the tight junctions, the terminal
regions of the astrocytic processes surround the out-
side of the capillary endothelial cells. As a result, only
the neutral molecules that are lipid soluble (lipophilic)
and molecules needed for cellular metabolism (such as
glucose) that can be transported by facilitated diffu-
sion are permitted to enter the brain tissue. Therefore,
BBB presents a significant challenge in the develop-
ment of molecular imaging probes to assess brain
function (Chap. 9).

16.1.4 Neural Signaling

Neurons have evolved as a sophisticated means of gen-
erating electrical signals to convey information over
long distances and transmit the signal to other cells.
Ion pumps and ion channels on the cell membrane cre-
ate substantial transmembrane gradients for most ions
and are responsible for ionic movements across the
cell membrane. In general, there are many more K*
inside the neuron than outside, and many more Na*
outside the neuron than inside. As a result, generally,
neurons generate a negative potential, called the rest-
ing membrane potential (RMP), which typically is a
fraction of a volt, =40 to —90mV. An increase in the
external K* concentration makes the RMP more posi-
tive. Action potentials represent transient changes in
the RMP of neurons. An action potential (AP) is gen-
erated when a transient rise in Na* permeability allows
a net flow of Na* across the membrane. As a result, the
Na* is much more inside the neuron than outside. This
influx of Na* represents passing an electrical current

across membrane. Depolarization occurs when the
membrane potential is more positive than the RMP.
The brief period of depolarization is quickly followed
by an increase in K* permeability that repolarizes the
membrane and produces a brief undershoot of the AP.
The membrane potential soon returns to the RMP. It is
important to recognize that the membrane is depolar-
ized in an all-or-none fashion. APs are propagated
along the length of the axons and are the fundamental
electrical signals of neurons.

16.1.5 Synaptic Transmission

The point at which a signal or activity is transmitted
from one nerve cell to another, or from a motor neuron
to a muscle cell is called a synapse. Synapses are clas-
sified into two general groups: electrical synapses and
chemical synapses. In both types, the input cell, called
the presynaptic cell comes into contact with the output
cell, called the postsynaptic cell.

In an electrical synapse, the membranes of the two
communicating neurons are usually close together, and
are linked by a special kind of intercellular contact
called a gap junction, which contains precisely aligned
paired channels in the membrane of each neuron.
The pores of the channels connect to one another
allowing the exchange of ions and small molecules
(such as ATP and second messengers). The gap junc-
tion permits the current to flow passively from the
presynaptic neuron, and initiates or inhibits the gener-
ation of a postsynaptic membrane potential. Hormone-
secreting neurons within the hypothalamus com-
municate through gap junctions.

16.1.5.1 Chemical Synapses

A generalized structure of a chemical synapse is shown
in Fig. 16.6 The separation between the presynaptic
and postsynaptic neurons is called the synaptic cleft.
Transmission between the two neurons is on the basis
of special molecules called neurotransmitters. The
sequence of events involved in the chemical neu-
rotransmission at a synapse is as follows:

* In the presynaptic neuron, the neurotransmitter mol-
ecules are synthesized and stored in the vesicles.
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* An action potential reaching the presynaptic neuron
terminal causes the opening of voltage gated Ca*
channels.

* The influx of Ca*" causes vesicles to fuse with pre-
synaptic membrane.

e The neurotransmitter molecules are released into
the synaptic cleft via exocytosis.

* The transmitter binds to specific receptors on the
membrane of a postsynaptic neuron leading to (a)
change in ionic permeability of postsynaptic neuron or
(b) an intracellular release or production of a second
messenger, which in turn interacts directly or indi-
rectly with an ion channel, causing it to open or close.

* The postsynaptic current generated by the change
in permeability of ions changes the membrane
potential.

* The potential changes that increase the probability
of firing an action potential are called excitatory,
whereas those that decrease the probability of firing
an action potential are called inhibitory.

16.1.6 Neurotransmitters and Receptors

Neurotransmitters are chemical signaling molecules
released into the synaptic cleft from the presynaptic
nerve terminal. The three major criteria that define a
substance as a neurotransmitter are

1. The transmitter must be present within the presyn-
aptic neuron.

2. The substance must be released in response to pre-
synaptic depolarization, which must occur in a
Ca’*-dependent manner.

3. Specific receptors for the substance must be present
on the postsynaptic cell.

In contrast to neurotransmitters, certain hormones typi-
cally influence target cells far removed from the hor-
mone-secreting cells. This “action at a distance” is
achieved by the release of hormones into the blood
stream. Certain molecules such as vasopressin, oxytocin,
and some other peptides may act as neurotransmitters in
the brain, but as hormones in a different part of the body.

In general, neurotransmitters can be classified into
two broad categories: small molecule neurotransmitters
and neuropeptides. The small molecule neurotransmit-
ters (Fig. 16.4) can be subdivided into acetylcholine, the
amino acids (glutamate, aspartate, GABA, glycine),

and the biogenic amines (dopamine, norepinephrine,
epinephrine, serotonin, histamine). Neuropeptides are
relatively large molecules composed of 3-36 amino
acids. The peptide neurotransmitters may contain any
different combinations of polar, hydrophobic, acidic, or
basic amino acids.

The small molecule neurotransmitters are synthe-
sized in the presynaptic nerve terminals. The precursor
molecules are taken up by the nerve terminals by spe-
cific transporters. Following enzyme mediated synthe-
sis (Fig. 16.5), the free neurotransmitter molecules are
loaded into synaptic vesicles by specific vesicular
membrane transport proteins. Following release of
neurotransmitters into the synaptic cleft, they may
bind to specific neuroreceptors on the membrane of the
postsynaptic neuron. The transmitters may also be
enzymatically degraded quickly or transported back
(reuptake) into the presynaptic neuron by specific
reuptake transporters.

Neuroreceptors are protein molecules embedded in
the plasma membrane of the postsynaptic neuron.
These receptors act as on and off switches for the
receptor function. Each receptor has a distinctly shaped
part that selectively recognizes a particular chemical
messenger. A neurotransmitter fits into this region in
much the same way as a key fits into a lock. When the
transmitter is in place, this alters the neuron’s outer
membrane potential (excitability) by opening or clos-
ing the ion channels and triggers a change, such as the
contraction of a muscle or increased activity of an
enzyme in the cell.

Two broadly different families of receptors are
involved in neurotransmitter—receptor interaction. (a)
The ligand-gated ion channels combine the receptor
site and ion channel in to one molecular entity and,
therefore, give rise to rapid postsynaptic changes in the
membrane potential. (b) Metabotropic receptors on the
other hand, regulate the activity of ion channels indi-
rectly, via G-proteins and induce slower, long lasting
electrical response. These receptors may activate intra-
cellular effector enzymes that modulate the phospho-
rylation of target proteins and/or gene transcription.

For each neurotransmitter, there may be more than
one structurally and pharmacologically distinct recep-
tor subtype (Table 16.1) that can be expressed on the
membrane of a postsynaptic neuron depending on its
exact location in the specific area of the brain. For
example, dopamine has five receptor subtypes, while
serotonin has fourteen 5-HT receptor subtypes (Barnes
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Fig. 16.4 The neurotrans- Glutamate
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and Sharp 1999). Following binding of a neurotrans-
mitter to a specific receptor or receptor subtype, the
postsynaptic response, at a given synapse, is, therefore,
dictated by the combination of receptor subtypes,
G-protein subtypes, and ion channels that are expressed
in a particular postsynaptic neuron. The second mes-
sengers are molecules that trigger the biochemical
communication within cells, after the action of neu-
rotransmitters at their and these intracellular effects
may be responsible for long-term changes in the ner-

vous system. These messengers convey the chemical
message of a neurotransmitter (the first messenger)
from the cell membrane to the cell’s internal biochemi-
cal machinery. The effects of the second messenger
may last for a few milliseconds to many minutes.
Knowledge of the role neurotransmitters play in the
brain and the effect of drugs on receptor molecules are
two of the most frequently studied areas, in neurosci-
ence. Armed with this information, scientists hope to
understand the circuits responsible for disorders, such
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Fig. 16.5 The enzyme mediated synthesis of neurotransmitters in vivo

Table 16.1 Properties of some of the major neurotransmitters

Neurotransmitter Receptors and subtypes ~ Postsynaptic effect ~ Specific role or functions
Acetylcholine (Ach)  Nicotinic, Muscuranic Excitatory Involved in muscle contraction, heart
beat, memory, sleep, and normal
attention
Glutamate NMDA Excitatory Learning and memory
Aspartate NMDA Excitatory
GABA GABA Inhibitory Mood, Coordinate movement
Dopamine D-D, Excitatory Regulate movement, and endocrine
function.
Specific role in cognition and
emotion.
Nor-epinephrine Excitatory Regulate heart rate and blood
pressure, Learning and memory
Serotonin or 5-HT 5-HT,,, 5-HT,, Excitatory Sleep, mood, depression, anxiety
Enkephalin, Inhibitory Minimize pain, induce sleep, enhance
Endorphin adaptive behavior

as Alzheimer’s disease (AD), Parkinson’s disease (PD),
depression, and drug addiction. Sorting out the various
chemical circuits involved in neuropsychiatric diseases
is vital to understanding how the brain functions under
normal physiological conditions and altered pathophys-
iological states. Radioisotope based molecular imaging
probes provide the highest specificity and sensitivity
needed to study and noninvasively image the neurore-
ceptor interaction within the human brain.

16.2 Radiopharmaceuticals
for Functional Brain Imaging

The changes in electrical activity of neurons (excita-
tion or inhibition) have been indirectly attributed to the
alterations in the regional cerebral blood flow (rCBF)
or local cerebral metabolic rate for glucose (LCMRgIc).
The functional coupling of rCBF and LCMRglc has
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been well established in the normal human brain and
certain neurological diseases. However, brain function
is directly related to neural signaling and transmission
of electrical activity via chemical and electrical syn-
apses. In order to optimize the individualized patient
treatment on the basis of targeted molecular therapies,
and to select appropriate patients for specific drugs,
need noninvasive molecular imaging techniques that
can quantitatively assess the functional status and the
underlying neurotransmitter and/or neuroreceptor
abnormalities associated with a specific neuropsychiat-
ric disease or disorder.

In general, there are four main classes of radiophar-
maceuticals (Table 16.2) available for functional brain
imaging studies to assess blood flow, metabolism, neu-
rotransmission, and -Amyloid plaques. A number of
new, specific targeted molecular probes, designed spe-

cifically for both, diagnosis and assessment of treatment
response, are under clinical evaluation. The potential
clinical utility and limitations of the current, FDA
approved radiopharmaceuticals and the new investiga-
tional drugs will be described briefly in this chapter.

16.2.1 Cerebral Blood Flow
and Metabolism

CBF has been traditionally measured quantitatively
either as a flow rate, expressed as volume of blood
flowing per unit of time (mL min™) or as a rate of tis-
sue perfusion, expressed as volume of blood flowing
through a given quantity of tissue per unit of time
(mL min~' 100g™"). However, with respect to physiologic

Table 16.2 Radiopharmaceuticals for brain imaging studies

Radiopharmaceutical
Biological process Target PET SPECT
Cerebral blood flow [*OIH,0 9mTc-HMPAO (Ceretec™)
#mTc-ECD (Neurolite™)
Glucose metabolism  Hexokinase and Glucose [®FIFDG
transporters
Neurotransmission AAAD ["*FIFDOPA
Dopamine [M"C]SCH-23390
D, receptors [MCINNC-112
Dopamine ["'C]Raclopride ['*1]IBZM
D, receptors ['*F]Fallypride
Dopamine transporters (DT)  [''C]Cocaine 1231-B-CIT
['*F]FP-CIT 123[-Altropane
["F]FE-CNT 9mTc-TRODAT1
Vesicular amine transporter ["'CIDTBZ
(VMAT)
[*FIDTBZ
5-HT, receptor ["CIDWAY
["*FIMPPF
5-HT,, receptor ['*F]Altanserin
['*F]Setoperone
5-HT transporter ["'C](+)McN-5652 Z-IDAM
[""C]DASP
mACh receptor ['*F]FP-TZTP
nACh receptor ['"*FINFEP
["C]PMP and AMP
u-Opiate receptor [''C]Carfentanil
GABA receptor ["*F]Flumazenil 12[-lomazenil
[""C]Flumazenil
Amyloid plaques B-Amyloid ['*F]-FDDNP, [''C]PIB
[

F]-BAY94-9172
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function, perfusion directly relates to the supply of
metabolic nutrient delivery to the tissue through the
capillary beds. While there is a tight coupling between
blood flow and metabolism in normal conditions, the
coupling is disturbed in pathophysiologic conditions
associated with several neuropsychiatric diseases.

A number of radiotracers have been used to assess
CBF or perfusion. When the tracer reaches the capil-
laries, the process whereby a tracer leaves the blood
pool and enters the tissue is critical for the quantitative
measurement of perfusion. The fraction of the tracer
which is extracted from the capillaries is referred to as
the extraction fraction (E), a unitless parameter that
can be estimated on the basis of the following Renkin-
Crone equation:

E=1-¢"" (16.1)

The magnitude of E depends on the total available
capillary surface area (S), the capillary permeability
(P) for the tracer, and the blood flow (F). E increases
as S or P increases, but decreases with increased F,
because the tracer spends less time in the capillaries of
that region. In the above equation, P for a specific radio-
pharmaceutical depends on the physicochemical prop-
erties of the radiotracer.

An ideal flow radiotracer accumulates in a tissue or
clears from it, in proportion linear to the blood flow.
Such a linear relationship between blood flow and
uptake or clearance of the tracer should be constant
and independent of pathophysiological changes and
metabolism of that tissue. ['*O]water most closely
meets the criteria of an ideal tracer for measuring blood
flow or tissue perfusion. It is freely diffusible and the
first-pass extraction approaches unity, and is indepen-
dent of tissue blood flow and metabolic state. This
tracer is, therefore, the most common radiotracer used
for the measurement of rCBF (Raichle et al. 1983;
Herscovitch et al. 1983). Besides [O]water, several
other tracers such as ['*F]fluoromethane, [''C]butanol,
and ”Kr have been used to image brain blood flow.

Since CBF is related primarily to the synaptic activ-
ity at the level of the neuron’s cell body, the gray mat-
ter requires 3—4 times more blood flow compared to
that of white matter. In the normal brain, the rCBF is
dependent on vascular integrity, cerebral anatomy, and
cerebral function. Over the years, the rCBF measure-
ments, in normal human subjects, have provided quan-
titative estimation, but have yielded values that showed
wide variation. Most published studies have reported

values in the range of 40-80 mL min~' 100 g™' for gray
matter structure, while a recent study has estimated
the cortical global flow to be 62 = 10 mL min~! 100 g
(Meltzer et al. 2000).

SPECT radiopharmaceuticals for measuring rCBF
are lipophilic agents, known as chemical microspheres,
which are transported into the brain tissue by diffusion
and subsequently trapped intracellularly, in proportion
to the blood flow. Two of the agents used clinically are
PmTc-HMPAO (Ceretec®) and " Tc-ECD (Neurolite®).
While assessment of rCBF using SPECT tracers has
provided diagnostic clinical information, the SPECT
technique does not provide high resolution images and
the data are not optimal for the quantitative estimation
of rCBF and perfusion. In the future, dedicated neuro-
SPECT scanners capable of attenuation and scatter
correction may provide rCBF measurements that may
be acceptable for evaluating the therapeutic response
of drugs, designed to improve the CBF.

16.2.1.1 Cerebral Oxygen Metabolism

In addition, to the measurement of rCBF, estimation of
the cerebral blood volume (CBV) and cerebral meta-
bolic rate of oxygen (CMRO,) permit the discrimina-
tion of various compensatory mechanisms in occlusive
vascular diseases. The ratio of CBF/CBYV indicates a
perfusion reserve, while the oxygen extraction fraction
(OEF) is a marker of a metabolic reserve. The OEF
reflects arteriovenous oxygen difference divided by the
arterial oxygen content. Almost 30-40 years ago, the
methods of quantitative measurement of rCBF, CMRO2
and OEF were described in detail (Ter-Pogossian et al.
1969; Jones et al. 1976; Frackowiak et al. 1980).

The continuous inhalation of either molecular oxy-
gen, [*O]O, or carbon dioxide, [*O]CO,, will gener-
ate complementary images relating regional oxygen
uptake and blood flow, while the assessment of CBV
can be performed using carbon monoxide, [°*O]CO, a
tracer that would label RBCs in vivo. The CMRO, can
be estimated on the basis of the following relationship
(Frackowiak et al. 1980):

CMRO, =CBF x OEF x total blood oxygen count

(16.2)

CBF, CMROZ and OEF have been determined in nor-
mal human subjects (Table 16.3) on the basis of steady-
state inhalation methods (Frackowiak et al. 1980).
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Table 16.3 Normal Values

CBF CMRO, CMRglc
Brain Region mL/min/100g  mL O,/min/100g  umoles/min/100g  mg/min/100g  wmoles/min/100g
Gray matter, temporal lobe ~ 65.3 +7.0 5.88 £0.57 255+25 7.9+2.1 44 £ 12
Thalamus - - - 6.5+1.2 36 +7
White matter 214+19 1.81 £0.22 78+9 4114 238

Data from Mazziotta et al. (1981)

Methods have also been developed to measure these
quantitative parameters on the basis of the autoradio-
graphic technique, using intravenous administration of
[*OJH,O (Herscovitch et al. 1983).

16.2.1.2 Cerebral Glucose Metabolism

The energy metabolism in the adult human brain
depends almost completely on the oxidation of glucose
(Siesjo 1978). Since the brain does not store these nutri-
ents (oxygen and glucose), it has been hypothesized that
rCBF is continuously regulated to supply these nutrients
locally depending on the demands of neural activity.

FDG was initially developed as a tracer to assess
cerebral glucose metabolism with PET (Phelps et al.
1979; Reivich et al. 1979). On the basis of arterial sam-
pling of ®F, blood activity, and dynamic FDG-PET
imaging studies, the global and regional cerebral meta-
bolic rates of glucose utilization (CMRglc) were esti-
mated to be 100g™" or umoles min~' 100g™, by several
investigators. The results from the UCLA group
(Mazziotta et al. 1981) are listed in Table 16.3. Since
serial blood sampling in the clinic is not practical, the
brain FDG-PET scans are typically interpreted qualita-
tively with visual analysis of the relative distribution
of the FDG regional uptake in a specific patient, com-
pared to that in age-matched normal control subjects.
Also, in addition to age, other factors, such as blood
glucose levels, sex, handedness, sensory environment,
level of alertness, mood, and drugs, may also influence
the uptake of FDG in different areas of brain.

16.2.2 Neuroreceptor Imaging

The design, synthesis, and development of molecular
neuroimaging radiopharmaceuticals for the assess-
ment of neurotransmission are some of the most active
areas of molecular imaging research. The estimation

of the neuroreceptor occupancy is one of the most
powerful examples of the utility of molecular imaging
for developing CNS drugs for clinical trials and per-
sonalized patient therapy. The potential value of neu-
roreceptor imaging based on PET was first
demonstrated in 1983, using the dopamine D, recep-
tor ligand, ["'C]N-methylspiperone (Wagner et al.
1983). Since then, a number of PET and SPECT
radiotracers have been developed to image neurotrans-
mitter synthesis, neuroreceptor binding on the post-
synaptic neuron, and specific transporters on the
presynaptic neuron. Several review articles have dis-
cussed the development of receptor binding radiop-
harmaceuticals and their potential clinical applications
(Fowler et al. 2003; Shiue and Welch 2004; Heiss and
Herholz 2006; Hammoud et al. 2007). Some of the
most promising agents shown to have potential clini-
cal utility in several neuropsychiatric diseases are dis-
cussed below.

16.2.2.1 Dopamine System

Dopamine is synthesized in the dopaminergic neurons
in the substantia nigra, the ventral tegmental area. and
the retrorubral area of mesencephalon. Dopamine does
not cross the BBB. It is synthesized in the neuron from
the amino acid tyrosine and stored in the intracellular
vesicles (Fig. 16.6). Specific vesicular amine trans-
porters (VMAT,) transport dopamine and other mono-
amines from the cytosol into the vesicles. The free
dopamine in the cytosol is oxidized by the enzyme
monoamine oxidase (MAO). Following release of the
dopamine into the synapse, the dopamine interacts
with the postsynaptic dopamine receptor sites. The
five major subtypes of dopamine receptors can be clas-
sified into two major categories, depending on their
ability to stimulate (D, D,) or inhibit (D,, D,, D,) ade-
nylate cyclase, following binding to the receptor. The
synaptic concentration of dopamine is regulated by the
reuptake of dopamine into the presynaptic nerve terminal
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Fig. 16.6 The dopaminergic system:
Dopamine, synthesized in the
presynaptic neuron is stored in the

‘

Presynaptic
-—
heuron

vesicles (V) and released into the Tyrosine
synapse. Dopamine binds to specific

receptors on the postsynaptic N l
membrane or is transported back into L-DOPA . L-DOPA

the presynaptic neuron via dopamine
transporters

by specific dopamine transporters on the presynaptic
plasma membrane. In the last three decades, the dop-
amine system has been a major focus in the develop-
ment of PET and SPECT tracers.

Dopamine Metabolism

Since L-DOPA is the precursor for dopamine synthe-
sis, ["*F]fluoro-L.-DOPA (FDOPA) has been synthe-
sized in order to image the dopamine synthesis and
metabolism in the presynaptic nerve terminals (Garnett
et al. 1983). FDOPA (Fig 16.7) is a substrate for the
enzyme AAAD, which converts FDOPA to ['*F]fluoro-
dopamine (FDA). Since tyrosine is the amino acid pre-
cursor for the synthesis of dopamine, both '8F and
123]- 1abeled m-tyrosine analogs have also been prepared
(Fowler et al. 2003) and evaluated.

Dopamine Transporters

Following the synthesis of dopamine in the nerve ter-
minal, the vesicular amine transporter (VMAT) trans-
ports the dopamine into the vesicles for storage. A
more stable, stereoselective tracer, ou(+)- [''C]dihydro-
tetrabenazine (DTBZ) has also been developed (Frey
et al. 1996). Further, ["®F]9-fluoropropyl-DTBZ (AV-

Postsynaptic neuron

133) was recently developed and evaluated in patients
with PD.

Following the release of dopamine into the synapse,
the dopamine is transported back into the presynaptic
nerve terminal by a specific dopamine transporter
(DAT) present on the presynaptic plasma membrane.
The cocaine analog [''C]cocaine (Fowler et al. 1987b)
binds to this receptor, blocks the reuptake of dopamine,
and increases the intrasynaptic dopamine levels.
Therefore, a number of radiolabeled ("'C, '8F, '*’I) ana-
logs of cocaine have been prepared. Among them, ['3F]
FP-CIT (Chaly et al. 1996), ['*F]JFECNT (Zoghbi et al.
2006), and *’I-altropane (Fischman et al. 2001) have
shown clinical utility. On the basis of a NS, chelating
agent, known as bisaminoethanethiol (BAT), the tro-
pane analog, *™Tc-TRODAT-1, was developed for
SPECT imaging studies (Kung et al. 2003). Several
PET and SPECT tropane analogs, useful for imaging
DATs, are shown in Fig. 16.8.

Dopamine Receptors

Among the dopamine receptor subtypes, D, and D, are
highly concentrated in the striatum and a number of
radiotracers have been investigated on the basis of dop-
amine D, receptor blocking antagonists (Fowler et al
2003). Initial studies were performed with '"C and "F
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Fig. 16.7 Radiotracers used L-DOPA 6-['*F|Fluoro-L-DOPA (FDOPA)
to image dopamine synthesis
and metabolism in vivo o
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labeled N-methylspiperidol (MSP), an irreversible antag-
onist that is not ideal for pharmacokinetic modeling and
receptor quantitation studies. The benzamide analog,
[''Clraclopride, which has moderate affinity and reversible
binding, is the most widely used PET tracer for imaging
dopamine D, receptors, in vivo (Farde et al. 1985; Volkow
et al. 1996). Radiotracer for SPECT,'*I-iodobenzamide
(IBZM), has also shown to be very useful for assessing
dopamine receptor density in human subjects (Kung et al.
2003a; Vallabhajosula et al. 1997). Among the high-
affinity reversibly binding radiotracers, ["*F]fallypride
(Mukherjee et al. 1999) provides a longer scanning period,
while [''"C]FLB-457 (Halldin et al. 1995) has shown
clinical utility to assess extrastriatal dopamine receptors.

Several tracers designed to image both, striatal and
extrastriatal dopamine D, receptors has been evaluated.
While [''C]SCH-23390 is a well studied D, anatagonist,
the positive enantiomer of [''CINNC-112 binds selectively
and reversibly, and shows favorable pharmacokinetics for
in vivo quantitation (Abi-Dargham et al. 2000) of D, recep-
tors. Several radiotracers, useful for imaging dopamine D,
and D, receptors, are shown in Figs. 16.9 and 16.10.

MAO Expression

The enzyme MAO oxidizes dopamine in the presynaptic
neuron. The suicide enzyme inhibitors, clorgyline and
deprenyl (Fig. 16.11) block the oxidation of dopamine
and increase the dopamine levels in the nerve terminal.

[''CIRaclopride

H H
H
o H\>D o N\>D
N CH; N

["'C]clorgyline and ["'C]-L-deprenyl (deuterium-substi-
tuted derivative) have been used to image the expression
of MAO-A and MAO-B in human subjects (Fowler et al.
1987a, 2003).

16.2.2.2 Serotonin System

The cells that produce serotonin in the brain are located
in the dorsal raphae nucleus, which extensively inner-
vates neocortical regions. The amino acid tryptophan
is the precursor for the synthesis of serotonin in vivo.
Tryptophan is first hydroxylated to form 5-Hydro-
xytryptophan (5-HTP). [''C]5-HTP has been synthe-
sized to assess serotonin metabolism, however, this
tracer found its application in the imaging of neuroen-
docrine tumors. Another tracer, ['C]o-methyl-L-
tryptophan has been synthesized to monitor the
serotonin synthesis, indirectly (Diksic et al. 2000). The
enzyme tryptophan hydroxylase converts this precur-
sor to [''C]o-methylhydroxy-tryptophan which is then
decarboxylated by AAAD to a more stable analog of
serotonin, [''C]a-methylserotonin, which may reflect
the rate of the serotonin synthesis, in vivo.

Serotonin Receptors

Although 14 serotonin receptor subtypes are known
(Barnes and Sharp 1999), the major emphasis in the
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Fig.16.9 PET radioligands for
dopamine D, receptors
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[''C]SCH 23390
a
HO 3
Fig.16.10 PET radioligands for dopamine D, receptors

Fig.16.11 Radioligands for
the enzyme monoamine oxidase
(MAO)

[I IC]Clorgylim:

Cl
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development of radiotracers has focused on the 5-HT,
and 5-HT,, receptor subtypes. The 5-HT,, receptors
are present on the cell bodies of raphe nuclei and serve
as autoreceptors mediating serotonin release. Also,
they are present at the pre- and postsynaptic serotoner-
gic terminals. The highest densities of these receptors
are located in the limbic forebrain (hippocampus, ento-
rhinal cortex, and septum), while the lowest densities
are found in the extrapyramidal areas (basal ganglia,
substantia nigra) and in the cerebellum. The presynap-
tic sites have been proposed to mediate drug treatment
of anxiety and depression, while the postsynaptic sites
have been found to be elevated in schizophrenic brains
postmortems (Fowler et al. 2003). The 5-HT,, recep-
tors are present in all neocartical regions, with a lower
density in the hippocampus, basal ganglia, and thala-
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mus, cerebellum and the structures of the brain stem
are virtually devoid of these receptors (Herholz et al.
2004).

Some of the most important serotonin receptor bind-
ing radiotracers for PET imaging studies are shown in
Figs. 16.12 and 16.13). Among the receptor antagonists,
[O-methyl-"CJWAY 100635 was the first radioligand
used to image the 5-HT, , receptors in humans. However,
because of the formation of a more lipophilic metabolite
in vivo with greater brain uptake, the tracer was found
not to be optimal for imaging studies. However, the
[carbonyl-''C]desmethyl-WAY-100635 (DWAY) ana-
logue, in which '"'C is labeled in a different position to
prevent in vivo metabolism, has shown superior binding
to the 5-HT |, receptors (Passchier and van Waarde 2001).
Because of their high affinities to this receptor subtype,
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Fig.16.12 PET radioligands for serotonin (5-HT,) receptors

both WAY and DWAY, however, may not be appropriate
for measuring changes in the endogenous serotonin lev-
els. In contrast, '*F analogs of WAY 100,635 have been
developed to increase clinical applicability. ['*F]MPPF is
selective for 5-HT,, receptors and has been used to
image 5-HT |, receptors in the human brain, and its bind-
ing has been shown to be sensitive to endogenous sero-
tonin (Passchier et al. 2000).

"C or '8F labeled NMSP, an irreversible antagonist
used for imaging dopamine D, receptors in the basal
ganglia, also bind to the 5-HT,, receptors in the frontal
cortex (Pike 1995). Among the more selective antago-
nists, ['*F]Altanserin provides slightly higher sensitiv-
ity for the detection of 5-HT,, receptors and is one of
the most selective antagonists utilized for imaging
studies. Further, ['8F]Setoperone and [''C]MDL
100,907 have also shown utility in imaging 5-HT,,
receptors in human studies.

Serotonin Transporter

Serotonin transporters (SERTs) belong to the same
family as the other monoamine transporters, for the
presynaptic reuptake of dopamine and norepinephrine.
A number of antidepressent drugs (citalopram, fluox-
etine, fluvoxamine, paroxetine, and sertraline) belong
to the pharmacologic class of serotonin transporter
reuptake inhibitors (Belmaker and Agam 2008).
Because of the need to understand the mechanism of
this disease and to evaluate the relative clinical effi-
cacy of therapeutic agents, a number of molecular
imaging radiotracers for PET and SPECT have been
developed (Shieu and Welch 2004; Kung et al. 2003a;
Heiss and Herholz 2006). [''C](+)McN-5652 was the
first successful radiotracer (Fig. 16.14) to show the
expected regional brain distribution and uptake in the
areas of higher receptor density (striatum, thalamus
and midbrain). However, because of the in vivo metab-
olism, nonspecific binding, and poor signal contrast,
this radiotracer is not ideal. A new class of potent SERT
reuptake inhibitors, based on the parent compound
phenylthiophenyl derivative known as 403U76 (Fig.
16.14), have been reported to possess high selectivity
and affinity for SERT over norepinephrine and dopamine
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Fig. 16.14 PET and SPECT
radioligands for serotonin
transporters (ST)

["'C](+)-McN5652

SUCH;

transporter binding sites. Among the many PET trac-
ers, ['"C]DASB, [''C]DASP and ['"CIMADAM exhibit
high affinity and selectivity for SERT and have proven
to be excellent PET tracers for imaging SERT in the
human brain (Ginovart et al. 2003; Heiss and Herholz
2006). On the basis of the 403U76 compound, '*I
labeled IDAM and ADAM were also prepared for
SPECT imaging studies. Initial human studies have
shown that ['*IJADAM localizes in the hypothalamus,
a region known to have SERT concentration and was
found to be superior to ['*I]IDAM as a SPECT imag-
ing agent for SERT in the brain (Kauppinen et al.
2003). Also, the cocaine analogs, '*I-B-CIT and
123]-nor-B-CIT, useful to image dopamine transporters,
have shown uptake in SERT sites in patients with
depression and schizophrenia (Kung et al. 2003a).

16.2.2.3 Cholinergic System

The neurotransmitter Ach plays a major role in learn-
ing, memory, and AD. Consequently, the receptors that
mediate cholinergic neurotransmission and the
enzymes that mediate its synthesis, as well as termina-
tion of its action, are the targets for developing specific
radiotracers for imaging studies. Two types of recep-
tors for Ach are known: the muscarinic-cholinergic
receptors (mAChR) and the nicotinic-cholinergic
receptors (nAChR), however, multiple heterogeneous
subtypes have been characterized. While nAChRs
belong to the ligand-gated ion channels, mAChrs oper-
ate via several second messengers.

Phenylthiphenyl derivatives /IECH3
N
R, \CH3
S
Ry
R, R,
403U76 = CH,0H Cl
DSAB = NH, CN
MADAM = NH, CH,4
ADAM = NH, 1
IDAM = CH,0H 1

Muscarinic Receptor

In the brain, mAChRs are the dominant postsynaptic
cholinergic receptors. The first ligand to map mAChRs
in humans was 'ZI-QNB, 3-R-quinuclidinyl-4-S-
iodobenzilate (RSIQNB) (Eckelman et al. 1984).
Subsequently, several PET and SPECT tracers have
been developed on the basis of receptor antagonists
(Fig. 16.15), since they may have higher affinity and
provide more image contrast. Most of these tracers,
however, have very low receptor subtype selectivity
and unfavorable receptor binding kinetics. Since
radiotracers, based on receptor agonists, are more sen-
sitive to the affinity state of the receptor and provide
more biologically relevant information, an mAChR M,
selective agonist, ["*F]FP-TZTP was developed
(Eckelman 2001; Podruchny et al. 2003). Prior to the
administration of physostigmine, an acetylcholinest-
erase (AChE) inhibitor, which would increase the
intrasynaptic Ach levels, was found to produce a 35%
reduction, thus, demonstrating specific binding of the
radiotracer to mAChRs.

Nicotinic Receptor

The primary action site of nicotine are the nAChRs
and these receptors are widely distributed in the CNS,
PNS, and the adrenal glands. These receptors exist as
pentamers comprised of o and 3 subunits, leading to
considerable diversity. The most abundant subtype in
the mammalian brain is o,f3,, which has the highest
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affinity for nicotine (Fowler et al. 2003). [''C]nicotine
(Fig. 16.16) has been used in human studies and high
binding was reported in several cortical and subcorti-
cal regions, while low density was found in the pons,
cerebellum, occipital cortex, and white matter. Higher
uptake was observed in smokers compared to non-
smokers, indicating an increased density of nicotinic
binding with the chronic administration of nicotine.
However, the highly nonspecific binding and its rapid
washout have limited the clinical application of this
tracer. Other radiolabeled nicotinic agonists have also
demonstrated suboptimal imaging characterisitics.

Epibatidine, a potent analgesic, isolated from the
Ecuadorian poisonous frog, has a high specificity for
nicotinic receptors. ['®F]norchloro-fluoroepibatidine
(NFEP) has been used to image the nicotine receptor
occupancy in animal models, however, it is not suit-
able for human studies because of unacceptable high
toxicity (Ding et al. 2000). The most promising tracer
for imaging nAChRs in humans is based on the 3-pyri-
dyl ether derivatives of the parent compound A-85380,
an agonist which has higher selectivity for o, 3, recep-
tor subtypes, but significantly lower toxicity.

Acetylcholinesterase

Since the enzyme AChE hydrolyzes Ach, it regulates
the amount of Ach available in the synapse. AChE
enzyme inhibitors, such as physostimine, increase the
synaptic levels of ACh. As a result, [''C]physostigmine
(PHY) uptake and retention, in principle, represents the
enzyme activity (Pappata et al. 1996). Labeled analogs
of acetylcholine, which are also substrates for AChE,
can be used to measure and image its activity in vivo
(Fig. 16.16). These analogs are ''C labeled N-methyl-4-

piperidyl-acetate (MP4A, also known as AMP), which
is 94% specific for AChE in the human brain, and
N-methyl-4-piperidyl-propionate (MP4P or PMP).
Hydrolysis of these tracers by AChE results in tissue
trapping, while unhydrolysed tracers are washed out
from the brain through blood flow (Koeppe et al. 1999;
Herholz 2008).

16.2.2.4 Opiate System

Morphine and other opiate analgesic drugs, such as
codeine, heroin and pethidine, affect the perception of
pain by interacting with specific receptors expressed at
a number of sites in the CNS and PNS. The endoge-
nous opioids have been identified as a family of more
than 20 peptides grouped into three classes: the endor-
phins, the enkephalins, and the dynorphins. Opiate
receptors mediate the effects of opioid drugs and pep-
tides in respiratory depression, analgesia, reward, and
sedation. There are three opiate receptor subtypes; LL, O,
and K. The W subtype and its subclasses are the primary
site for pleasurable reward feeling and the highest con-
centrations are found in the basal ganglia and thala-
mus. [''C]Carfentanil (Fig. 16.17), a potent synthetic
high affinity i opiate receptor agonist was the first
tracer investigated for opiate receptor imaging (Frost
et al. 1985; Frost 2001). Its uptake in the basal ganglia
and thalamus can be reduced by pretreatment with the
opiate antagonist naloxone. Carfentanil binding is also
sensitive to the release of endogenous opioids in
response to pain. The high-affinity opiate antagonist
["®F]cyclofoxy binds to both [ and k receptor sites and
is distributed similarly to the distribution of naloxone
in the caudate, amygdala, thalamus, and brain stem
(Kling et al. 2000; Frost 2001).
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Fig. 16.16 PET radio-
ligands for nicotinic
cholinergic (nACh) receptors
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[''C]Diprenorphine, a nonselective opioid agonist,
and ["'C]buprenorphine, a compound with both ago-
nist and antagonist properties, have also been devel-
oped for opiate receptor imaging studies. Diprenorphine
clears more rapidly from the cerebellum, making it
more appropriate for imaging studies, however,
buprenorphine has low toxicity and is an approved
analgesic drug. Recent studies have shown that [''C]
GR103545, a stereotactic isomer of a potent K-opioid
receptor agonist, GR89696, displays excellent brain
penetration and uptake kinetics (Talbot et al. 2005).

16.2.2.5 GABA System

Y-Aminobutyric acid (GABA), the most important
inhibitory neurotransmitter in the brain, interacts with
the GABA receptor system which is abundant in the
cortex. Part of the GABA receptor complex, which
gates the Cl, channel, is the central benzodiazepine
receptor, which specifically mediates all pharmaco-
logic properties of drugs, which are known as the ben-
zodiazepines (sedative, anxiolytic, anticonvulsant,
myorelaxant) (Heiss and Herholz 2006). Binding sites
for these benzodiazepines have been subdivided into
central and peripheral types. Only the central sites are
associated with neuronal GABA | receptors, while the

[I ! C]Flumazenil

9

["'C|Ro-15-4513

Fig.16.18 PET and SPECT
radioligands for GABA system
(central benzodiazepine receptors)

N3

peripheral binding sites in the brain are only expressed
by non-neuronal microglia and ependymal cells. The
peripheral sites also occur in the kidneys, liver, lungs,
mast cells, and macrophages.

The radiotracers most widely used for imaging cen-
tral benzodiazepine-binding sites (Fig. 16.18) are based
on the antagonist, Ro-15-1788 (flumazenil). With [''C]
flumazenil, a clear dose-dependent binding has been
demonstrated (Persson et al. 1985). The '*I labeled
analog, iomezenil, developed for SPECT studies, has
also been labeled with '"C for use in PET studies
(Bremmer et al. 2000). Finally, a high specific activity
'8F labeled flumazenil was also developed (Ryzhikov et
al. 2005). These tracers bind mainly to a o, subtype of
the GABA, receptors in the medial occipital cortex,
followed by other cortical areas (the cerebellum, thala-
mus, striatum, and pons). [''C]Ro-15-4513 (azidoma-
zenil), a partial inverse agonist, which binds
preferentially to the o receptor subtype, has shown
greater uptake in limbic areas, particularly in the ante-
rior cingulate cortex, hippocampus, and insular cortex,
but lower uptake in the occipital cortex and cerebellum
compared to flumazenil (Suhara et al. 2003a).

The tracer most frequently used as the ligand for the
peripheral benzodiazepine receptor (PBR) is the iso-
quinoline, ['"C]PK-11195 (Fig. 16.19), which binds to
activated, but not resting, microglia (Banati et al. 2000).
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Fig.16.19 PET and SPECT
radioligands for peripheral
benzo-diazepine receptors

This tracer has been used to image active brain pathol-
ogy associated with microglial activation and neurode-
generative conditions, including stroke, multiple
sclerosis, encephalitis, PD, and AD. While PK11195
has provided the proof-of-principle that the estimation
of PBR expression in vivo is possible, the high degree
of nonspecific uptake of PK11195 complicates the
quantification and modeling of the PET data. Other
ligands displaying better brain kinetics have recently
been described. Among them, [''C]DPA-713, a com-
pound from the family of pyrazolopyrimidines, has
shown a higher affinity for PBR than PK11195. Also,
['"C]DPA-713 is substantially more selective for the
PBR than for the CBR (Thominiaux et al. 2006, Boutin
et al 2007).

16.2.3 B-Amyloid Imaging

Neuropathologic evidence suggests that the characteris-
tic neuropathologic hallmark in AD is the deposition of
senile plaques (SPs) which contain B-amyloid (Af)
aggregates and neurofibrillary tangles (NFTs) consist-
ing of highly phosphorylated tau protein (Morris and
Naggy 2004). The main constituents of AB-deposits in
the AD brain are peptides of 40 and 42 amino acids,
AB,, and AB,,, respectively, generated from the cleav-
age of the amyloid precursor protein (Fig. 16.20) (Price
1997). The subsequent arrangement of these peptide
monomers into an amyloid fibril results in a characteris-
tic B-plated sheet structure, which represents the target
for tracers developed for noninvasive molecular imag-
ing probes.

(R)[N—methyl-“C]PK—ll195

I PK-11195

”(‘H_;

\\“‘

Compact plaques consist of a dense central core of
amyloid fibrils, while noncompact plaques contain less
fibrillar AB (Dickson 1997). A shift of the brain AB
from the soluble to the fibrillar form is closely associ-
ated with the onset of AD (Wang et al. 1999). Previous
neuropathologic studies have indicated that neuritic
plaque densities are highest in the neocortex, espe-
cially in the temporoparieto— occipital region, and
lowest in the cerebellum.

16.2.3.1 Radiotracers for Imaging A
Aggregates

The four promising chemical backbones for amyloid
radioligands include aminonapthalenes, benzothiazoles,
stilbenes, and imidazopyridines, from which several
compounds have been developed as imaging probes to
detect amyloid in the brain. The structures of three
important tracers, ["*F]-FDDNP, [''C]PIB, and [''C]
SB-13, are shown in Fig. 16.21.

The first radio tracer described was ['*F]-FDDNP
which is based on aminonaphthalene (Bario et al.
1999). In vitro binding studies have shown that FDDNP
is was bound to the synthetic AB1-40 with two binding
sites, a high affinity site (0.12nM) and a low-affinity
site (1.9nM). In contrast, ['*F]-FDDP binding studies
with postmortem AD homogenates have shown a
Bmax value of 144nM with a K value of 0.75nM
(Agdeppa et al. 2001).

N-Methyl-[""C]-2-(49-ethylaminophenyl)-6-
hydroxy-benzothiazole or ['C]-6-OH-BTA-1 (also
known as Pittsburgh Compound-B or PIB) was devel-
oped on the basis of the thioflavin-T amyloid dye
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Fig. 16.20 Amyloid precursor protein
(APP) metabolism, elimination, and
deposition in brain
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Fig. 16.21 PET radiotracers for imaging brain [-amyloid
plaques and tangles in patients with Alzheimer’s disease
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Pharmaceuticals recently reported the development of
an 8F labeled stilbene derivative, '*F-BAY94-9182
(also known as 'SF-AV1/ZK), which shares common
structural features with PIB (Zhang et al. 2005a, b).
This tracer has been shown to bind avidly to neuritic
and diffuse AP plaques, and to cerebral amyloid
angiopathy in vitro (it does not show appreciable label-
ing of tangles, Pick bodies, Lewy bodies, or glial cyto-
plasmic inclusions). In brain homogenates from
patients with AD, BAY94-9172 (Fig. 16.22) was found
to bind with high affinity (67nM), and in AD tissue
sections, it selectively labeled A plaques (Thominiaux
et al. 2006). On the basis of the SB-13 ligand, the '*I
labeled tracer, 6-iodo-2-(4V-dimethylamino-)phenyl-
imidazo[1,2-a] pyridine (the 'I-IMPY) was devel-
oped for SPECT imaging of brain amyloid depositions
(Kung et al. 2003b).

16.3 Applications in Clinical Neurology

Clinical examination is more powerful in neurology
than in many other medical specialties with respect to
its ability to precisely localize a lesion in various neu-
ropathological conditions. As a result, neurologists,
traditionally, are less inclined to pursue imaging tech-
niques to guide medical management. While abnormal
neuropathology can be easily documented with mor-
phological imaging techniques, such as CT and MRI,
many aspects of neurologic diseases, in particular the
molecular mechanisms that underlie their clinical
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Fig.16.22 PET and SPECT 1B IMPY
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manifestation, cannot adequately be studied in vivo by
clinical means and structural imaging (Herholz and
Heiss 2004). In order to optimize individualized patient
treatment, based on targeted molecular therapies,
requires the selection of appropriate patients for spe-
cific drugs needs noninvasive molecular imaging tech-
niques that can quantitatively assess the functional
status, and the underlying neurotransmitter and/or neu-
roreceptor abnormalities associated with a specific
neuropsychiatric disease or disorder. The changes in
electrical activity of neurons (excitation or inhibition)
have been indirectly attributed to the alterations in
rCBF or LCMRglc. The functional coupling of rCBF
and LCMRglc has been well established in the normal
human brain and certain neurological diseases. With
the availability of multimodality imaging technologies
(such as PET/CT, SPECT/CT), radioisotope based
molecular imaging radiopharmaceuticals will play a
significant role in routine clinical management. The
main areas in clinical neurology where molecular
imaging techniques would play a major role are

Diagnosis of AD and other dementias
Differential diagnosis of movement disorders
Localization of epileptic foci

Diagnosis of primary and recurrent brain tumors
Identification of viable tissue in ischemic stroke

0
@/ \_/7
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In addition, molecular imaging will have great impli-
cations for the identification of potential molecular
therapeutic targets, in the development of new treat-
ment strategies, and in their successful implementation
in clinical application. Various PET and SPECT radio-
pharmaceuticals with potential applications in clinical
neurology are summarized in Table. 16.2. Some of the
important clinical studies documenting the utility of
these tracers are briefly described below.

16.3.1 Alzheimer’s Disease

Dementia is a clinical syndrome characterized by
impaired short- and long-term memory and is associ-
ated with deficits in abstract thinking, judgment, and
other higher cortical functions. The degree of cogni-
tive dysfunction, however, spans a wide spectrum. AD
is a progressive, neurodegenerative disease character-
ized by loss of function and death of neurons in several
brain areas, leading to the decline of prominent mental
functions, including memory. AD is the most common
cause of dementia in aging. AD was first characterized
by Aloise Azheimer in 1907, who discovered that amy-
loid plaque (AP and NFTs) in the brain is a hallmark
of this disease and the marker by which diagnosis is
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confirmed, posthumously. One prominent hypothesis is
that amyloid deposits and soluble forms of amyloid
lead to neuronal dysfunction and cell death. The physi-
ological role of AP is not exactly clear, but there is
growing evidence which suggests that it is essential for
the modulation of synaptic activity and neuronal sur-
vival under normal conditions (Drzezga 2008). Mild
cognitive impairment (MCI) is considered a transitional
stage between healthy aging (HA) and AD. Other
causes of cognitive decline include dementia with
Lewy bodies (DLB), vascular dementia (VD), fronto-
temporal dementia (FTD), Creutzfeldt-Jakob disease,
HIV-associated dementia, neurosyphilis, Parkinson’s
dementia, normal pressure hydrocephalus, and demen-
tias caused by exposure to toxic substances (heavy met-
als, alcohol, drugs), metabolic abnormalities, or
psychiatric disorders (Herholz et al. 2004).

Although the exact causalities of most primary
forms of dementias are not yet fully understood, grow-
ing evidence has been collected, supporting the
assumptions that a common basis of many neurode-
generative dementias can be found in the increased
production, misfolding, and pathological aggregation
of proteins, such as B-amyloid, T-protein, a-synuclein,
or the recently described ubiquitinated TDP-43
(Drzezga 2008). In addition, amyloid pathology may
occur in different stages of aggregation (oligomers,
fibrils, plaques, etc.); it may show different configura-
tions (diffuse, compact plaques, vascular amyloid,
etc.) and different components (AB,;, AB,,, dystrophic
neurites, etc.). The term Lewy bodies describes intrac-
ellular aggregations, mainly constituted of the a-synu-
clein protein, which is predominantly expressed in
neurons.

Neuropathological studies indicate that two pro-
teins, B-amyloid (in senile plaques) and T-protein (in
NFTs) accumulate abnormally in a predictable spatial
pattern during aging and in AD (Mathis et al. 2007).
Until recently, plaques and tangles could be assessed
only during an autopsy or, rarely, during a biopsy.

The identification and differential diagnosis of AD is
especially challenging in its early stages, such as MCI,
partly because of the difficulty in distinguishing it from
the mild decline in memory that can occur with normal
aging and from mild cognitive manifestations of other
neuropsychiatric conditions, such as depression, as well
as other causes of dementia (Silverman et al. 2008).
PET and SPECT have long been used to assess various
forms of dementia, especially AD. The role of different

molecular imaging probes with specific clinical applica-
tions are briefly summarized below.

16.3.1.1 FDG-PETin AD

AD is progressive and is commonly unrecognized in
its very early stages. Since functional changes usually
precede the anatomic changes seen on CT and MR
images, FDG-PET has been investigated extensively
in the evaluation of AD. Classically, patients with AD
have a pattern of bilateral parietotemporal hypome-
tabolism that is not generally seen in patients with
other forms of dementia or in age matched control sub-
jects (Silverman 2004) (Fig. 16.23). Further, asymme-
try of the metabolic deficits is not uncommon. The
decline of the FDG uptake in the posterior cingulate,
hippocampus, parietotemporal, and prefrontal associa-
tion cortices (Fig. 16.24) allows for the identification
of mild to moderate AD with high sensitivity and spec-
ificity. Also, there is typically sparing of the basal gan-
glia, thalamus, cerebellum, and primary sensory cortex.
Even early in the disease process, before the appear-
ance of volume loss, FDG-PET has been helpful in
diagnosing AD. Histopathologically confirmed sensi-
tivity and specificity of PET for detecting the presence
of AD are in the range of 92-94% and 71-73%, respec-
tively (Silverman et al. 2008). Since medications used
to treat AD continue to emerge and since these medica-
tions have demonstrated the ability to improve mem-
ory, or at least delay the deterioration of cognitive
functions, (Herholz et al. 2004), FDG-PET imaging
could aid in determining patient prognosis, disease
progression, and the efficacy of various medication
regimens.

16.3.1.2 B-Amyloid

Initial studies with ['"*)F[FDDNP have shown that PET
scans show significantly higher values for FDDNP
binding in the temporal, parietal, and frontal regions of
the brain in patients with AD than in older control sub-
jects without cognitive impairment (Shoghi-Jadid
et al. 2002). More specifically, these studies have dem-
onstrated a significantly greater “relative retention
time” in AD subjects than control subjects, in the
hippocampus, amygdala, and enthorhinal cortex, areas
with high concentrations of plaques and tangles
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Fig. 16.23 FDG-PET showing hypome-
tabolism in AD and differential diagnosis
of AD from other forms of dementia
(Jacobs et al. 2005)

Normal

Fig. 16.24 FDG-PET in AD
showing typical areas of hypome-
tabolism in posterior cingulate,
parietotemporal, and temporomesial
cortices (Jacobs et al. 2005)
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(Fig. 16.25). In a recent clinical study, FDDNP-PET
scans appeared to differentiate persons with MCI from
those with AD and those without cognitive impair-
ment. Also, in vivo distributions of FDDNP in the
brain followed patterns of pathological distribution
seen during autopsy (Small et al. 2006). Limitations of
this compound include high nonspecific binding (with
a relatively low target-to-background ratio), low brain
uptake (only about 9% higher cortical uptake), and
lack of validated kinetic methods for quantitation
(Shoghi-Jadid et al. 2002).

Studies with ["'C]PIB, the most specific and widely
used radiotracer for AP, indicate that PIB-PET may
allow earlier diagnosis of AD and accurate differential
diagnosis of the dementias (Klunk et al. 2004; Mintun
et al. 2006; Ng et al. 2007; Drzezga 2008). PIB-PET

&

Normal

£3

images (Fig. 16.26) show robust cortical binding in
almost all AD patients (about 70% increase in cortical
binding) and correlate well with a reduction in CSF
AB,,. An inverse significant correlation has also been
observed between brain PIB uptake in specific areas,
and the corresponding glucose hypometabolism in the
same areas imaged by FDG-PET (Klunk et al. 2004). In
addition, PIB binding also correlates with the rate of
cerebral atrophy as measured by MRI and with episodic
memory impairment in apparently normal elderly indi-
viduals, and in patients with mild cognitive impairment
(Archer et al. 2006). Increased PIB binding may also be
predictive of the conversion of MCI to AD (Pike et al.
2007). Furthermore, the positive findings with PIB in
AD subjects have been confirmed in more than 500 sub-
jects by several research groups worldwide.



16.3 Applications in Clinical Neurology

279

Fig. 16.25 Comparison of
["*FIFDDNP-PET and
FDG-PET images in a patient
with AD and a normal control
subject. Brain areas with
decreased FDG uptake show
high retention and localization
of FDDNP in a patient with
AD, but not in normal subjects
(Shoghi-Jadid et al. 2002)

FDDNP-PET

NC+

Fig. 16.26 [''C]PIB-PET images (in the transaxial and sagit-
tal planes) of parametric Logan distribution volume ratios
(DVR) relative to the cerebellum in two normal controls (NC),

In a recent clinical study, a stilbene derivative, '*F-
AV1/ZK, has demonstrated (Fig. 16.27) the potential
value of AB-PET imaging to discriminate between AD
patients and individuals with frontotemporal lobar
degeneration (FTLD) or healthy controls and might
facilitate integration of A} imaging into clinical practice
(Rowe et al. 2008). AD patients have also shown wide-

Control

MCI+ MCl++

three MCI subjects, and one AD subject. PIB uptake and
retention may be either negative (—) or positive (+, ++) (Mathis
et al. 2007)

spread neocortical binding, which was greater in the
precuneus/posterior cingulate and frontal cortex than in
the lateral temporal and parietal cortex, and with relative
sparing of the sensorimotor, occipital, and medial tem-
poral cortex. Healthy controls and FTLD patients have
also shown only white-matter binding, although three
controls and one FTLD patient had mild uptake in the
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Fig.16.27 '"SF-BAY94-9172
(AP ligand) PET images from
three patients with AD and one
patient with FTLD. There is
cortical binding in the frontal,
posterior cingulate/precuneus,
and lateral temporal areas with
relative sparing of the occipital
and sensorimotor cortex in AD
patients (a—c). By contrast, there
is no cortical binding in the
FTLD patient (d) (Rowe et al.
2008)

frontal and precuneus cortex. Another stilbene, [''C]-
SB13, has shown the same regional brain distribution
pattern as PIB, when studied in the same population of
AD patients and age-matched healthy controls (Verhoeff
et al. 2004).

In summary, the potential applications of AP imaging
agents include their use as diagnostic agents to detect
cerebral B-amyloidosis, to help test the amyloid cas-
cade hypothesis of AD, and to assist with the develop-
ment of antiamyloid therapeutic drugs (Mathis et al.
2007 < Nordberg et al 2008). As diagnostic imaging
markers in AD, PIB and other AB-PET molecular imag-
ing probes depend on the ability to discriminate between
AD and other forms of dementia. Some major issues
and concerns need additional clinical studies to further
validate the potential clinical utility of in vivo brain
amyloid imaging.

16.3.1.3 Cholinergic System

The central role of the cholinergic system in the AD
pathway is becoming increasingly significant. The cho-
linergic hypothesis implies that a degeneration of cholin-
ergic neurons in the basal forebrain and the associated
loss of cholinergic neurotransmission in the cerebral cor-
tex and other brain areas contribute significantly to the
deterioration in cognitive function seen in patients with
AD (Bartus et al. 1982). These neurons express AChE,
an enzyme responsible for the degradation of Ach. Also,
in recent years, increasing evidence has emerged sug-
gesting an interrelationship between the basal forebrain
cholinergic neurotransmission and the metabolism of the
amyloid precursor protein (APP). Significant improve-
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ment of cognitive function, relative to a placebo after
therapy with acetylcholinesterase inhibitors (AChEIs) in
AD provides support for the cholinergic hypothesis
(Herholz et al. 2004). Abnormalities in the cholinergic
system in AD include alterations in the Ach synthesis
and receptor expression, and a decrease in nAChRs (o3,
subtype) are of particular interest.

With Ach analogs and substrates for AChE, [''C]
MP4A and [''C]MP4P, reduced uptake has been
observed in AD in all cortical areas, most severely in the
occipital and temporal cortex, while uptake in basalis of
Maynert is preserved, suggesting that cholinergic
impairment begins in the cortical regions and affects the
basal cell nuclei slowly, as a result of a “dying back”
phenomenon (Fig. 16.28) (Kuhl et al. 1999; Heiss and
Herholz 2006). The inhibition of acetylcholinesterase,
which results from treatment with specific drugs, such
as donepezil, can also be measured with these tracers
(Kuhl et al. 2000). As discussed earlier, [''C]lepibatidine,
is a highly specific ligand for AChE, but it is also very
toxic and, therefore, not suitable for human studies.

Preliminary studies in humans with 6-['*F]fluoro-
A-85380 and 5-['*I]iodo-A-85380 suggest that these
tracers may have potential utility in assessing nAChRs
(Fowler et al. 2003; Kulak et al. 2002). In a recent study
(Sabri et al. 2008), 2-["*F]fluoro-A-85380 was shown
to be potentially useful in the diagnosis of patients at
risk for AD (Fig. 16.29). Because of the extraordinary
long acquisition time (>5h) needed with this tracer, a
new analog, (—=)['®F]norchloro-fluoro-homoepibatidine
(NCFHEB) was investigated, which has shown twofold
higher brain uptake and significantly shorter acquisi-
tion times. Therefore, NCFHEB should be a suitable
radioligand for larger clinical investigations.
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Fig. 16.28 Imaging acetylcholinesterase Normal control subject
(AChE) activity in the brain using [''C]
MP4A-PET in mild-to-moderate AD.
Reduction in cortex and amygdala with
preserved activity in basal forebrain suggests
a dying back of cholinergic neurons rather
than initial loss of cell bodies (Heiss and
Herholz 2006)

Fig. 16.29 Imaging nicotinic acetylcholine receptors (nAChR) b and d show significant reductions in binding potential com-
using ['®F]fluoro-A-85380-PET in a normal aged healthy control  pared to normal control (a), while MCI patient (¢) is comparable
(a), an AD patient (b), and two MCI patients (c and d). Patients  to normal control (a) in all brain areas (Sabri et al. 2008)
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A wide variety of other receptor binding radiotracers
have also been used to study AD. An analog, [''C]
R-PK11195 binds to the peripheral benzodiazepine
receptors within the outer mitochondrial membrane of
the activated microglia, which are mediators of CNS
inflammation (90). One hypothesis for the pathophysi-
ology of AD is that the activated microglia may produce
cytokines that in turn produce neuronal damage, or, per-
haps, mediates the neuronal damage caused by the
B-amyloid protein. Consistent with this hypothesis are
the salutary effects noted with anti-inflammatory drugs
in patients with AD and the fact that [''C]R-PK11195
binding is significantly increased in the temporal cortex
of patients with AD compared to that of age matched con-
trol subjects (Gilman et al. 1995).

16.3.2 Parkinson’s Disease

PD is the prototypic movement disorder described
almost 200 years ago by James Parkinson and is charac-
terized by a constellation of motor (slowness of move-
ment, muscular rigidity, tremor, and postural instability)
and nonmotor symptoms (cognitive dysfunction and
psychiatric features) that inexorably progress over time
(Seibyl 2008). Idiopathic PD is the most common move-
ment disorder among a spectrum of diseases with
common features, but different causes, prognosis, and
clinical course. Under normal circumstances, nerve
cells in the substantia nigra communicate with other
cells in the nearby striatum (the caudate nucleus and
putamen) by releasing dopamine at nerve terminals in
that region. Many neurons in the substantia nigra are
destroyed in individuals with PD causing slowed move-
ments, rigidity, and tremors. The discovery in the late
1950s that the level of dopamine was decreased in the
brains of Parkinson’s patients was followed in the 1960s
by the successful treatment of this disorder by adminis-
tration of the drug L.-DOPA (levodopa), which is con-
verted to dopamine in the brain. Levodopa is now
combined with another drug, carbidopa that reduces the
peripheral breakdown of levodopa, thus allowing greater
levels to reach the brain and reducing side effects.

The discovery in the late 1970s that the neuro-
toxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), can cause parkinsonism in drug addicts has
stimulated intensive research on the causes of the dis-
order (Herholz et al. 2004). MPTP was found to be
converted in the brain to a substance that destroys dop-

amine neurons, thus, the disturbance of dopamine syn-
thesis is the hallmark of PD.

The diagnosis of PD is primarily made on the basis
of clinical assessment and becomes difficult by the
variability of the disease presentation, rate of progres-
sion, and response to medications. Morphological
imaging techniques, such as CT and MRI, may help to
exclude other diseases that may lead to Parkinsonism.
The other important neurodegenerative diseases that
present, clinically, as Parkinsonian syndromes, often in
combination with dementia, include progressive supra-
nuclear palsy (PSP), corticobasal degeneration (CBD),
dementia with Lewy bodies (DLB), Alzheimer’s and
Huntington’s dementia, and other hereditary neurode-
generative disorders. In most of the patients with PD,
FDG-PET is generally normal and is, therefore, not
necessarily useful clinically. However, in the last two
decades, a number of PET and SPECT molecular
imaging techniques to assess presynaptic dopaminer-
gic function have demonstrated significant potential
for providing a confirmative diagnosis of PD. These
neuroimaging biomarkers in movement disorders may
also serve as tools for the evaluation of novel therapeu-
tics and as a powerful means for describing pathophys-
iology by revealing in vivo changes at different stages
of disease and within the course of an individual
patient’s illness. A number of radiolabeled molecular
imaging probes (Fig. 16.30) based on the dopaminer-
gic system are available for imaging studies in PD and
other movement disorders. The specific PET or SPECT
radiotracer for use in movement disorders depends on
the clinical or research question to be addressed by
imaging. All presynaptic markers may have utility for
the qualitative clinical evaluation of regional striatal
signal loss to describe the presence or absence of a
dopaminergic deficit in the context of making a diag-
nosis of PD or related disorder. If the goal is measure-
ment of the progression of disease with serial imaging
in a large clinical trial, then a tracer with a highly
reproducible, semiquantitative, or quantitative imag-
ing outcome is necessary (Seibyl 2008).

16.3.2.1 Dopamine Synthesis

In 1983, ["*F]JFDOPA-PET was introduced to image
dopamine synthesis in vivo. In normal subjects, the
images show higher tracer uptake in the striatum
(caudate and putamen) and the midbrain, while uptake
in the cerebral cortex and cerebellum is much lower
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Fig.16.30 PET and SPECT
radiotracers for imaging
dopaminergic system

Fig.16.31 ["“F]JFDOPA-PET to image presynaptic dopaminer-
gic neurons in basal ganglia. Representative midstriatal transax-
ial images through the caudate and putamen of a healthy
volunteer (a) and patients with unilateral PD (b), moderate
severity PD (c), and severe PD (d) (Fischman 2005)

(Fig. 16.31). In patients with PD, the tracer uptake
and retention in the striatum are reduced, most mark-
edly on the opposite side of the major motor signs

6-['¢F]-fluoro-L-m-tyrosine (FMT)

Tyrosine

]Cocaine
JFP-CIT
-BCIT

]Raclopride
INMSP
JFallypride

-IBZM

(Garnett et al. 1984). The posterior parts of the puta-
men are most affected and the heads of caudate nuclei
are the least affected, which is consistent with prefer-
ential degeneration of dopaminergic neurons in the
caudal and mediolateral part of the substantia nigra
pars compacta (Fischman 2005). This typical, differ-
ential intrastriatal distribution of reduced uptake is
often referred to as the rostrocaudal gradient. While
FDOPA images are useful to assess dopamine synthe-
sis in presynaptic neurons of patients with PD, it is not
possible to distinguish between PD and other disorders
with Parkinsonian symptoms on the basis of FDOPA
studies alone, because many of these disorders are
associated with some degree of decreased striatal
FDOPA uptake (Herholz et al. 2004). FDOPA is also
not an ideal radiotracer to study dopamine synthesis,
since the quantitative analysis with FDOPA-PET in
humans is flawed by the presence of radioactive
metabolites, which cross the BBB and contribute sig-
nificantly to the radioactivity uptake in the brain
(Firnau et al. 1988). 6-['"®F]-fluoro-L-m-tyrosine (FMT)
is regarded as an alternative tracer to FDOPA for the
visualization of dopaminergic presynaptic integrity
because of its lower in vivo metabolism. Following the
synthesis of dopamine from L-DOPA, dopamine is
transported and stored in the vesicles in the presynaptic
neurons via specific VMAT, receptors. Because of
degeneration of presynaptic neurons in PD, there is a
significant reduction in these receptors. [''C]DTBZ
has been shown to be useful to image the reduction of
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VMAT, transporters in patients with PD and the reduc-
tion of these transporters is more severe than FDOPA
striatal uptake (Frey et al. 2001; Kumar et al. 2003).

16.3.2.2 Dopamine Transporters

As discussed earlier, following release of dopamine into
a synapse, dopamine is transported back into the pre-
synaptic neuron via DATSs. Therefore, DAT's are impor-
tant in the regulation of synaptic concentrations of
dopamine. Several PET and SPECT radiopharmaceuti-
cals based on tropane (cocaine) derivatives have been
used to study and quantify brain DATSs in patients with
PD (Marshall and Grosse 2003; Ravina et al. 2005;
Seibyl 2008). Among the '8F labeled analogs, FP-CIT
and FE-CNT have been evaluated in patients with PD
(Ma et al. 2002). For example, FE-CNT-PET has shown
to provide high striatum/cerebellum ratios and had the
most favorable kinetics for quantitation of DATs (Davis
et al. 2003). However, a recent preclinical investigation
in a rat model suggests that a polar metabolite of
FE-CNT may complicate quantitative assessment of
DATs in human studies (Zoghbi et al. 2006). ['*F]
FP-CIT is a high affinity cocaine analog with fast kinet-
ics and high signal-to-noise ratios and is suitable for
PET neuroimaging (Ma et al. 2002; Robeson et al.
2003). The initial studies have indicated that DAT imag-
ing might be more sensitive in detecting early stage of

&

Fig. 16.32 ["F]FP-CIT-PET to image dopamine transporter
(DAT) density in patients with PD. Compared to the healthy
control (a), the two PD patients (patient (b) with early PD

PD than FDOPA imaging (Eshuis et al. 2006). A recent
study in patients with PD at various clinical stages has
indicated that FP-CIT-PET can serve as a suitable bio-
marker to represent the severity of PD in early and
advanced stages (Fig. 16.32) (Wang et al. 2006).

A number of tropane analogs as radiotracers for
SPECT, such as '*I-BCIT, *I-FP-CIT, '*I-Altropane,
and *"Tc-TRODAT, have been investigated to assess
the diagnostic potential for imaging the dopaminergic
degeneration in patients with PD. '2I-BCIT-SPECT
images (Fig. 16.33) have been useful for the visual
evaluation of the integrity of the dopaminergic projec-
tions to striatum in patient with PD (Jennigs et al.
2004). Similarly, *™Tc-TRODAT-1 also binds with
high affinity to the DAT, allowing for SPECT imaging
of the striatum in patients with PD (Kung et al. 2003a;
Mozley et al. 2000; Chou et al. 2004).

In general the DAT ligands appear to provide a
more sensitive indicator of dopaminergic degeneration
than FDOPA. During the past decade, neuroimaging
biomarkers have served in movement disorders as
clinically available diagnostic agents (Europe), tools
for evaluation of novel therapeutics, and powerful
means for describing pathophysiology by revealing in
vivo changes at different stages of disease and within
the course of an individual patient’s illness. However,
challenges remain in the ideal application of neuroim-
aging in the clinical algorithms for patient assessment
and management (Seibyl 2008).

with HY stage I and patient (¢) with advanced PD with HY
stage V) display progressive reduction in striatal DAT bind-
ing (Wang et al. 2006)
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Fig. 16.33 'ZI-BCIT-SPECT for imaging dopamine transport-
ers in patients with PD. '*I-BCIT uptake in a patient with PD (c)
shows significant reduction in striatal uptake compared to a

16.3.3 Epilepsy

Epilepsy is a common neurological disorder that is
characterized by recurrent, unprovoked seizures. About
60-70% of patients experience focal or partial seizures
and 30-40% generalized seizures (Newberg and Alavi
2005). Epilepsy is controlled with medication in approx-
imately 70% of the cases. When seizures are medically
intractable, resection of the epileptogenic cortex may be
considered (Goffin et al. 2008). The seizure-onset zone
is the region in which the seizures actually originate,
while the epileptogenic zone is a theoretical construct,
which is defined in terms of different cortical zones
(Goffin et al. 2008).

16.3.3.1 Blood Flow and Metabolism

Patients with complex partial seizures (epilepsy that
leads to temporary impairment, but not loss of con-
sciousness) may be referred for functional brain
imaging studies to assess the ictal perfusion or inter-
ictal glucose metabolism. During the epileptic activ-
ity, a hyperperfusion of the seizure onset zone occurs
because of an autoregulatory response to the local
neuronal hyperactivity. When a SPECT blood flow
tracer (*>"Tc-HMPAO or *"Tc-ECD) is injected intra-
venously immediately after the start of a seizure, the
ictal SPECT images reflect the hyperperfusion
changes in the early phase of the seizure. However, if

Y

healthy control (b). FDOPA-PET image of basal ganglia in a
healthy control (a) is shown for comparison of SPECT image
quality. (Seibyl 2008)

FDG-PET

Coronal

Transaxial

Fig. 16.34 FDG-PET in a patient with temporal lobe epilepsy.
The images show markedly reduced glucose metabolism in the
right temporal lobe (arrow) in transaxial and coronal views
(Casse et al. 2002)

the tracer is injected after the seizure is terminated,
hypoperfusion in the seizure onset zone can be
observed. Ictal-SPECT is the only imaging modality
that can define the ictal onset zone in a reliable and
consistent manner. Brain glucose metabolism, as a
measure of neural activity, can be studied with FDG-
PET, which identifies cerebral hypometabolism char-
acterizing epileptogenic sites (Fig. 16.34). FDG-PET
is useful for presurgical planning in most temporal
lobe epilepsy (TLE) patients. However, different
antiepileptic drugs have shown to affect the cerebral
glucose metabolism to varying degrees, with pheno-
barbital being a greater depressant (up to 37%) than
valproate, carbamazepine, or phenytoin (Casse et al.
2002).
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16.3.3.2 Neuroreceptors

Hyperexcitability, synapse reorganization, and imbal-
ance between inhibitory and excitatory synapses are
three dysfunctions characterizing the epileptogenic zone.
GABA is the main inhibitory neurotransmitter in the
brain and maintains the inhibitory tone that counterbal-
ances neuronal excitation. Evidence from experimental
and clinical studies indicates that GABA plays an impor-
tant role in the mechanism and treatment of epilepsy
(Treiman 2001). Several lines of evidence suggest that
serotonin (5-HT) may also have an anticonvulsant effect
through activation of the 5-HT,, receptor, because acti-
vation of this receptor affects the release and activity of
other neurotransmitters such as glutamate, dopamine,
and GABA (Theodore 2004; Goffin et al. 2008).

In the pathogenesis of epilepsy, the GABA, recep-
tor, also known as the central benzodiazepine-receptor
(BZR), is the most studied neuroreceptor with [''C]
flumazenil (FMZ). In patients with TLE, arising from
amygdala/hippocampal regions, a localized reduction
of FMZ binding in the mesial temporal lobe is seen, in
contrast to the more extensive hypometabolic changes
seen with FDG-PET. The reduction in FMZ binding is
proportional to the neuronal loss on histopathology
and may be more sensitive than MRI in the detection
of hippocampal sclerosis (Szelies et al. 2002). Also, in
extratemporal epilepsies FMZ-PET shows a more
localized reduction in receptor binding in the region of
the cortical focus compared to the more extensive
defects seen with FDG (Casse et al. 2002). Flumazenil
is a biochemical marker of epileptogenicity and neu-
ronal loss; BZR-density changes are more sensitive
than FDG-PET in detecting hippocampal sclerosis or

FDG-PET

FFEN

-

\

Fig.16.35 ["C]Flumazenil-PET to image benzodiazepine-recep-
tor (BZR) density in extratemporal epilepsy. Interictal FDG-PET
shows reduced glucose metabolism in the left occipital lobe

]
-

microdysgenesis. BZR studies have also been useful in
the selection of patients for targeted surgery and for
predicting outcome of these procedures (Heiss and
Herholz 2006). The availability of ['®F]flumagenil may
provide greater opportunity to investigate the role of
BZRs in epilepsy. ['[]Jiomazenil (IMZ) brain
SPECT has also been used to detect epileptic foci,
especially when surgical intervention is considered.
In a recent study of patients with intractable epi-
lepsy, IMZ-SPECT brain images, following MRI-
based corrections for the partial volume -effect
(PVE), has shown improved sensitivity and specific-
ity for the detection of cortical epileptogenic foci
(Kato et al. 2008) (Fig. 16.35).

On the basis of 5-HT |, receptor antagonists, ['*F]
FCWAY and [''C]WAY-100635, several studies of
patients with TLE have demonstrated a reduced sero-
tonin receptor binding in the TLE foci (Toczec et al.
2003; Goffin et al. 2008). Compared to normal sub-
jects, the epileptic patients have shown a decreased
binding of another SHT,, receptor antagonist, ['*F]
MPPF (Fig. 16.36), suggesting a decrease in the avail-
ability of 5-HT |, receptors (Merlet et al. 2004). This
decrease is highly correlated to the degree of epilepto-
genicity of cortical areas explored by intracerebral
recordings, and does not reflect only pathological
changes or neuronal loss in the epileptic focus.

16.3.4 Cerebrovascular Disease

Acute cerebrovascular disease (CVD), the cause of clinical
syndromes of stroke is the most common neurological

[M"C]Flumazenil

(arrow) and ["'C]flumazenil PET also shows reduced BZD density
in the same region, while MRI shows a poorly defined cortical
margin consistent with dysplasia in this region (Casse et al. 2002)
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["®F]MPPF-PET

Normal control

Fig.16.36 ["*FIMPPF-PET to image 5-HT,, receptor bind-
ing and intracerebral activity in temporal lobe epilepsy.
White arrows indicate asymmetries in FMPPF binding in
patients 1 and 2. Patient 1 shows decreased binding in left
mesiotemporal and lateral temporal structures, as well as in

disorder. There are three main etiological categories:
the ischemic stroke (70-80%), spontaneous intracere-
bral hematoma (10-20%), and subarachnoid hemor-
rhage (5-10%) (Herholz and Heiss 2004). The cause of
ischemic stroke is a severe and usually sudden decrease
of CBF (<15mL 100g™" min™), mostly because of the
atherothrombotic or embolic occlusion of a supplying
artery. A central core of dense ischemia or necrosis
(<12mL 100g™" min™) surrounded by an area of
reduced blood flow (12-22mL 100g™" min™), where
function is impaired but morphology is preserved, is
known as penumbra. Metabolically an ischemic stroke
is characterized by a condition known as misery perfu-
sion, which is a mismatch of relatively well preserved
oxygen metabolism due to increased oxygen extraction
and severely reduced CBF. However, continued decline
in CBF leads to a decline in oxygen delivery and
metabolism (the onset of ischemia). Severe and pro-
longed compromise in blood flow results in infarction
of brain tissue leading to a decline in oxygen extraction
(onset of luxury perfusion). The role of imaging tech-
niques is (a) to determine the regional CBF quantita-
tively and (b) to identify precisely the status and extent
of penumbra.

16.3.4.1 Assessment of CBF

In 2007, the National Institute of Health, in conjunc-
tion with the American Society of Neuroradiology

Patient 1

Patient 2

extratemporal regions (insula, operculum and frontal
regions), while patient 2 shows a more focal asymmetry,
with a binding decrease in the right hippocampus, part of the
right inferior temporal gyrus, and in the right temporal pole
(Merlet et al. 2004)

and the Neuroradiology Education and Research
Foundation, sponsored a research symposium entitled
Advanced Neurolmaging for Acute Stroke Treatment
(Wintermark et al. 2008). The main goals of the meet-
ing were to assess state-of-the-art practice in terms of
acute stroke imaging research and to propose specific
recommendations regarding (1) the standardization of
perfusion and penumbral imaging techniques, (2) the
validation of the accuracy and clinical utility of imag-
ing markers of the ischemic penumbra, and (3) the
validation of imaging biomarkers relevant to clinical
outcomes.

A number of SPECT radiopharmaceuticals, such as
IZ[-IMP, *mTc-HMPAO, and *™Tc-ECD, have shown
clinical utility for the qualitative assessment of rCBF.
However, only PET based methods, using intravenous
administration of ["OJH,O and inhalation of gases,
such as [O]O, or [*O]CO,, can provide quantitative
assessment of both rCBF and the extent of penumbra.
Because of the potential for postischemic hyperperfu-
sion (luxury perfusion), determination of the rCBF
alone may not be sufficient to assess the area of penum-
bra, which is essential for optimal therapeutic manage-
ment. However, PET images obtained with multiple
radiotracers can demonstrate the value of PET in the
assessment of rTCBF, CMRO,, and OFEF in a patient
with acute cerebral ischemia (Jacobs et al. 2005). The
area with decreased rCBF, but increased OEF, repre-
sents the functionally viable tissue, the penumbra (Fig.
16.37).
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['°0]H,0

Fig. 16.37 Assessment of acute cerebral ischaemia.
Cerebral blood flow (CBF) measured by [“OJH,O-PET
demonstrates hypoperfusion in the posterior portion of the
middle cerebral artery (MCA) territory. The cerebral meta-
bolic rate of oxygen (CMRO2) as measured by [°O]O,-PET

is still intact. On the basis of these two studies, the oxygen
extraction fraction (OEF) shows relative increase indicating
that the hypoperfused tissue is functionally disturbed but
still viable, which is the classic definition of penumbra
(Jacobs et al. 2005)

CBF
at 12 hr

2

Fig. 16.38 [''C]Flumazanil-PET for the precise

FMZ-Dis
at 12 hr

identification of the status and extent of penumbra

in patients with acute cerebral ischemia. ’
FMZ-PET images showing early distribution

(FMZ dis at 12h) clearly identify the area of

decreased cerebral perfusion. The delayed images

(FMZ bdg at 13 h) reflect FMZ binding to the

central benzodiazepine receptors and identify the

area of penumbra as shown by OEF (Herholz et al

2004)
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16.3.4.2 GABA Receptor Imaging

GABA receptors are very sensitive to ischemic damage
because these receptors are expressed in high levels
throughout the intact viable cortical neurons. Radio-
tracers, such as [''C]Flumazenil, ["*F]Flumazenil, and
['**I]Jiomazenil, which bind to GABA receptors can be
used as markers of neuronal integrity. The validity of
this approach has been documented in patients with
acute ischemic stroke (Herholz and Heiss 2004; Saur
et al. 2006) by direct comparison with MRI or PET
imaging studies of rCBF and OEF. The early images
(10-20min) reflect the distribution volume and pro-
vide a measure of rCBF, while the delayed images (at
1h) represent the GABA receptor bound activity and
provide a measure of the extent of the penumbra (Fig.
16.38).

16.3.4.3 Hypoxia Imaging

In ischemic stroke, the ischemic penumbra is likely to
be hypoxic in nature. As a result, the hypoxic tissue
can be identified using a nitroimidazole compound,
such as ["*F]fluoromisonidazole (FMISO), which is
trapped within the hypoxic cells after entering the cells
by passive diffusion. Subsequently, FMISO is reduced
by nitroreductase enzymes. Under normoxic condi-
tions, the parent compound is regenerated by reoxida-
tion. However, under hypoxic conditions reoxidation
is prevented, additional reduction occurs, and the
resulting metabolites are trapped by binding to intrac-
ellular molecules. Because trapping of the compound

['8F]FMISO-PET

Fig. 16.39 ["*FJFMISO-PET to identify hypoxic tissue follow-
ing acute cerebral ischemia. FMISO-PET performed 3.5h after
stroke onset, while the corresponding CT image performed on
day 7 delineates the final infarct (Markus et al. 2002)

depends on active metabolism, no trapping occurs in the
necrotic tissues (Read et al. 1998). FMISO-PET images
performed within 4 h following acute ischemia clearly
identify the hypoxic tissue as shown in Fig. 16.39
(Markus et al. 2002).

16.4 Psychiatric Disorders

The pathophysiological alterations in most of the neu-
rological disorders have been well documented by
morphological imaging studies (CT and MRI) and
postmortem histopathological examination. In con-
trast, psychiatric diseases, such as depression, schizo-
phrenia, anxiety, and addiction, can be due to functional
abnormalities in the brain rather than significant struc-
tural abnormalities. In the last three decades, brain
functional imaging studies of rCBF and rtCMR , based
on PET have provided considerable insights into the
understanding of psychiatric diseases. However, these
functional imaging studies of blood flow and energy
metabolism have not been useful for developing either
well defined image based diagnostic criteria, or to
assess therapeutic response of various psychopharma-
cological agents. Since neuronal firing and signal
transmission are the basis for brain function, molecu-
lar imaging of neurotransmitter—neuroreceptor interac-
tion based on PET and SPECT radiotracers may be the
most appropriate noninvasive imaging modality to
study psychiatric disorders. Neuroreceptor imaging
can play an important role in quantifying the relation-
ship between receptor occupancy, drug blood levels,
and oral dose and may contribute to both therapeutics
and drug development by rapid identification of the
likely therapeutic dose range (compared with conven-
tional parallel group dose comparisons or dose ranging
studies) (Parsey and Mann 2003).

16.4.1 Schizophrenia

Schizophrenia is considered to reflect changes in the
brain, possibly caused by disease or injury at the time
of birth, and a genetic disposition that may be exacer-
bated by environmental stress. Marked by disturbances
in thinking, emotional reactions, and social behavior,
schizophrenia usually results in chronic illness and
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personality change. The positive symptoms include
delusions and hallucinations, while the negative and
cognitive deficits may involve attention and memory,
and are associated with thought disorder.

16.4.1.1 Biology of Schizophrenia

The classical dopamine hypothesis formulated more than
35 years ago proposes that schizophrenia is associated
with hyperactivity of dopaminergic neurotransmis-
sion. Until recently, the evidence supporting the dop-
amine hypothesis has been indirect: medications that
share the ability to improve the psychotic symptoms of
schizophrenia share the property of blocking dopamine
D, receptors, and drugs that increase dopamine levels
(such as amphetamine and cocaine) can both provoke
psychotic symptoms in otherwise healthy individuals
and worsen psychotic symptoms in patients with
schizophrenia (Zipursky et al. 2007). The advent of
neuroreceptor imaging with PET and SPECT has pro-
vided a new opportunity to systematically investigate
the biology of schizophrenia.

Initial PET and SPECT ligand studies have focused
on determining whether patients with schizophrenia
have increased numbers of striatal dopamine (specifi-
cally D,) receptors. Studies of never-medicated schizo-
phrenia patients, using the PET D, ligands, [''C]
raclopride and N-["'C]methylspiperone, and the
SPECT ligand ['**T]IBZM, have not yielded consistent
results (Frankle and Laruelle 2002). The discrepant
results have been attributed to differences in the
radiotracer binding to D, receptors (reversible vs irre-
versible or high vs. moderate affinity) or to the
competition by the synaptic levels of endogenous
dopamine.

Several drugs are known to alter the brain dopamine
levels. For example, cocaine, cannabis, and stress can
increase dopamine levels. Amphetamine causes the
release of dopamine from the presynaptic terminals
into the synapse. The tyrosine hydroxylase inhibitor
AMPT depletes the dopamine levels in the synapse.
Studies with '*I-IBZM and ['!C]raclopride have made
two important observations:

(a) Prior administration of amphetamine to unmedicated
schizophrenic patients has shown a greater average
decreases in D, receptor binding, compared control
subjects (Laruelle et al. 1996; Breier et al. 1997).

(b) D, receptor availability increases after AMPT
administration and is greater in patients, than in

control subjects, after dopamine is depleted, but
not before (Abi-Dargham et al. 2000b). These
findings suggest that the increased sensitivity of
the dopamine system in schizophrenia patients is
malleable and may reflect either the relapsed
state or, perhaps, risk for relapse. The contempo-
rary view of the role of dopamine is that subcor-
tical mesolimbic DA projections may be
hyperactive (resulting in positive symptoms) and
the mesocortical DA projections to the PFC may
be hypoactive (resulting in negative symptoms
and cognitive impairement) (Laurelle et al. 2002)

16.4.1.2 Dopamine Receptor Occupancy
and Antipsychotic drugs

PET and SPECT dopamine D, receptor imaging stud-
ies clearly demonstrated that clinical dosages of
antipsychotic medications block striatal D, receptors
(Fig. 16.40) (Farde et al. 1992; Kapur and Remington
2001). Treatment of schizophrenia patients with a
range of antipsychotic medications resulted in the
blockage of 65-90% of striatal D, receptors. Further,
patients with acute extrapyramidal symptoms were
shown to have higher levels of D, receptor occupancy.
Although it is clear that clinical dosages of all first
generation antipsychotics (FGAs), such as haloperi-
dol, result in the blockage of a substantial percentage
of D, receptors, it is not known whether a threshold
level of blockage would be sufficient for antipsychotic
action (Zipursky et al. 2007). These studies also clearly
demonstrate that levels of D, receptor occupancy, asso-
ciated with clinical response, can be achieved with dos-
ages of FGAs that are, in some cases, only 5-10% of
those used in common clinical practice. PET studies
with the second generation of antipsychotics (SGAs),
such as clozapine and risperidone have demonstrated
that therapeutic dosages result in lower levels of D,
occupancy, in the range of 38—63% (Farde et al. 1992),
suggesting that continuous high levels of binding of the
antipsychotic drug at the D, receptor are not required for
ongoing antipsychotic efficacy.

Further, PET and SPECT radioligand research has
provided evidence that patients with schizophrenia
have a modest increase in D, receptor numbers, a sub-
stantial increase in endogenous dopamine, and that
intermittent blockade of D, receptors is necessary to
facilitate an antipsychotic response. Additional work is
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Baseline

Aripiprazole

T

Fig. 16.40 Dopamine D, receptor imaging with ["'C]
Raclopride-PET in patients with schizophrenia and the effect
of antipsychotic drug treatment. The images (top) show 95%
receptor occupancy (compared to baseline) after the adminis-
tration of aripiprazole at a dose of 30 mg per day for 14 days
(Hammoud et al. 2007). The images (bottom) show transient
decrease in receptor occupancy (64%), only 2 h after a single
dose of quetiapine (400mg), but 24 h later, a repeat PET
study shows 0% occupancy of dopamine D2 a receptors
(Kapur et al. 2000)

required to determine what levels of occupancy are
required and for what amount of time, why a minority
of patients fail to respond well despite substantial D,
occupancy, and how other domains of symptomatol-
ogy may relate to medication binding at dopamine and
nondopamine neuroreceptors (Zipursky et al. 2007).

16.4.2 Depression

The diagnosis of major depressive disorder (MDD)
requires a distinct change of mood, characterized by sad-
ness or irritability, accompanied by at least several psy-
chophysiological changes, such as disturbances in sleep,
appetite, or sexual desire, constipation, loss of the ability
to experience pleasure in work or with friends, crying,
suicidal thoughts, and slowing of speech and action.

These changes must last a minimum of two weeks and
interfere considerably with work and family relations
(Belmaker and Agam 2008; Meyer 2008).

Several SPECT and PET studies have documented
significant regional differences in the CBF and glucose
metabolism of patients with MDD. In acute major depres-
sion, imaging studies have primarily identified the pre-
frontal cortex, the temporal lobes, the cingulated cortex,
and the related parts of the basal ganglia and thalamus, as
an important neural correlate (Herholz et al. 2004). Also,
both blood flow and glucose metabolic rate in the frontal
cortex have been found to inversely correlate with disease
severity. Patterns of ["*F]FDG and ["O]JH,O uptake in
MDD tend to demonstrate overactivity of regions that
generate mood and underactivity of regions related to
cognition (Meyer 2008).

The monoamine hypothesis of depression postulates
a deficiency in serotonin or norepinephrine neurotrans-
mission in both serotonergic and noradrenergic neurons
in the brain. Cessation of the synaptic action of these
neurotransmitters occurs by means of both reuptake
through the specific serotonin and norepinephrine trans-
porters and feedback control of release through the
presynaptic regulatory autoreceptors for serotonin and
norepinephrine. The hypothalamic—pituitary—cortisol
hypothesis postulates that abnormalities in the cortisol
response to stress may underlie depression. However, the
clinical data do not support these hypotheses since
monoamine-based antidepressants are most effective in
patients with severe depression, when cortisol levels
remain high after the administration of dexamethasone
(Belmaker and Agam 2008).

16.4.2.1 Role of Serotonin Receptors
and Transporters

If the original monoamine theory is true, one would
expect increased 5-HT, receptor density in untreated
subjects with depression, because extracellular-sero-
tonin (5-HT) levels are low. PET studies of 5-HT,,
receptors, using ['®F]setoperone in untreated subjects
suffering from depression, have documented no differ-
ence in receptor status during the depressive episodes.
However, higher 5-HT,, binding potential has been
found in depressed patients with severe pessimism
(Meyer et al. 2003). The regional 5-HT transporter
binding potentials, based on [''C]DASB-PET studies,
are also higher during depressive episodes with more
severe pessimism. These results may be interpreted to
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mean that greater monoamine transporter density
facilitates monoamine loss, which in turn contributes
to greater severity of the depressive symptoms (Meyer
et al. 2001a). Radioligand neuroimaging studies have
also advanced the monoamine theory of MDD to
explain the chronic loss of particular monoamines,
such as serotonin, norepinephrine, and dopamine, which
occurs to a greater extent when particular symptoms
are more severe. In addition, neuroimaging has also
identified mechanisms of monoamine loss, including
greater monoamine metabolism, and excessive mono-
amine transporter density in the presence of monoam-
ine depleting processes (Meyer 2008).

Antidepressants bind to the 5-HT transporter and
raise extracellular serotonin levels of 5-HT.Serotonin
transporter imaging with, [''C](+)McN5652, [''C]
DASB, '#I-B-CIT, and 123I-ADAM has made it pos-
sible to quantify more precisely the degree to which
commonly prescribed antidepressant medications bind
to the transporter at different dosages (Meyer et al.
2004). The first SSRI occupancy study with [''C]
DASB-PET reported an 80% occupancy in multiple
regions after 4 weeks of paroxetine at 20 mg/day and
citalopram at 20 mg/day (Meyer et al. 2001b). Similar
occupancy levels have been reported with other antide-
pressants such as fluvoxamine, fluoxetine, sertraline,
and venlafaxine (Suhara et al. 2003b; Meyer et al.
2004). These studies demonstrate that receptor ligand
imaging can not only inform us about that mechanisms
that may underlie major depression and its symptoms,
but has also provides clinically relevant information
about how antidepressants should be prescribed
(Zipursky et al. 2007). Future ligand development will
likely target other nonmonoaminergic pathophysiolo-
gies that are associated with MDD, such as excessive
secretion of glucocorticoids, aberrant signal transduc-
tion, and markers of cell loss, to increase our under-
standing of how these pathologies may relate to clinical
symptoms and course of illness, and the effects of
novel treatments (Meyer 2008).

16.4.3 Drug Addiction

Drug addiction is a disease and is one of the medical
consequences of drug abuse.

According to the Diagnostic and Statistical Manual
of Mental Disorders (IV), addition is the condition that
emerges from chronic drug use that leads to the

compulsive administration of the drug despite the fact
that the subject may no longer want to take it and even
at the expense of seriously adverse consequences.

Abuse of drugs, such as cocaine, methamphetamine,
MDMA, alcohol, opiates, tobacco, and marijuana
affect genes, protein expression, and neuronal circuits,
and engages the neurobiological mechanisms by which
nature ensures that behaviors that are indispensable for
survival motivate the procurement of more drugs,
which can lead to repeated administration and addic-
tion (Volkow 2004).

In the last two decades, PET and SPECT imaging
technologies have provided the necessary tools to
investigate how genes affect protein expression, how
protein expression affects neurobiology, how neurobi-
ology affects behavior, and how that, in turn, affects
social interactions.

16.4.3.1 The Brain’s Reward System

The brain dopamine system is central to the brain’s
reward system (BRS) (Fig. 16.41) and a major molecu-
lar target in the investigation of drug abuse (Koob and
Bloom 1988). The cell bodies of neurons which produce
dopamine are located in the substantia nigra and the
ventral tegmental area in the midbrain and project to the
striatal area that includes, what has come to be known
as, the reward center (the nucleus accumbens). Dopamine
cells from the midbrain also project to various cortical
and limbic brain regions. Typically, drug induced eleva-
tions in dopamine occur rapidly after the administration
of the drug and are associated with an intense euphoria
or “high.” Although different drugs act by different

Brain’s Reward System (BRS)

Prefrontal cortex

Nucleus Accumbens

Amygdala

Hippocampus

Ventral tegmental area

Fig. 16.41 The brain dopamine system is central to the brain’s
reward system (BRS) and a major molecular target in the inves-
tigation of drug abuse
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mechanisms, increased levels of synaptic dopamine is
common to all of them (Volkow et al. 2003).

Cocaine, a powerful addictive psychostimulant,
binds to monoamine (dopamine, norepinephrine, and
serotonin) transporters with micromolar to submicro-
molar affinity. Specifically, dopamine transporter
(DAT) blockage results in the elevation of synaptic
dopamine (DA) in the nucleus accumbens and the
ensuing stimulation of dopamine receptors. However,
on the basis of studies with [!'C]cocaine, it was
observed that the highest density of DAT binding sites
for cocaine is in the basal ganglia. Also, on the basis of
imaging studies using [''C]cocaine, it was determined
that a DAT occupancy in excess of 60% is required to
become high (Volkow et al. 2003).

['*FINMSP, as well as [''C]raclopride (the dopamine
D, receptor ligands), have been used to measure dop-
amine D, receptors (on the postsynaptic neurons in
basal ganglia) in addicted individuals. Prior administra-
tion of cocaine (or methylphenidate) blocks DATs and
increases the synaptic dopamine levels. The subse-
quent D, receptor imaging studies have clearly demon-
strated that the binding of the radiotracer decreases,
while the availability of D, receptors significantly
decreases (Fig. 16.42). Also, PET studies have consis-
tently shown long lasting decreases in dopamine D,
receptors in cocaine abusers, compared to control sub-
jects (Volkow et al. 2003). Several investigators have

Fig. 16.42 Effect of cocaine
abuse on dopamine D,
receptors. Compared to normal
control (NC) subject, [''C]
raclopride binding to
dopamine receptors in the
basal ganglia was significantly
decreased in two cocaine
abusers; 1 month after
cessation of use (C1) and

4 months after cessation

of use (C2) (Volkow 2004)

also documented dopamine D, reductions with alcohol
and methamphitamine addictions.

Studies of brain glucose metabolism with FDG-
PET in cocaine abusers, during short and long term
withdrawal, have demonstrated decreased activity in
the anterior cingulate gyrus (CG) and orbitofrontal
cortex (OFC), which are both projection areas of the
mesolimbic dopamine known to be involved in com-
pulsive behavior (Volkow et al. 1992). The decrease in
metabolic activity (CMRglc) in these areas could result
in an inability to control the intake of the drug under
emotionally stressful situations. During craving, one
week after cocaine withdrawl, CMRglc is generally
increased, and the intensity of cocaine craving is cor-
related with increased CMRgIc in the prefrontal cortex
(PFC) and OFC. Craving may also be associated with
increased pL-opioid binding, as demonstrated with [''C]
carfenta-nil, in several brain regions of cocaine addicts
for several weeks after their last use of cocaine (Zubieta
et al. 1996).

Functional neuromaging can be expected to provide
the means by which to objectively link behavioral and
neurochemical changes and to objectively evaluate
drug abuse and treatment. In addition, with the identifi-
cation of new genes related to addictive behavior,
neuro imaging promises to provide a tool for directly
translating this knowledge to an evaluation in human
subjects.

['"C]Raclopride-PET

7 PN

=9
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