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clarity the concepts underlying drug treatment of psychiatric disorders. New neu-
rotransmitter systems, new theories of schizophrenia, clinical advances in antipsy-
chotic and antidepressant therapy, new coverage of attention deficit disorder, sleep
disorders, and drug abuse, and a new chapter on sex-specific and sexual function-
related psychopharmacology—these are all features of this edition.

The fully revised text is complemented by many new illustrations, which are
instructive and entertaining as before and enhanced to reflect new knowledge and
topics covered for the first time. The illustrations and their captions may be used
independently of the main text for a rapid introduction to the field or for review.
CME self-assessment tests are also included.

Even more, this will be the essential text for students, scientists, psychiatrists,
and other mental health professionals, enabling them to master the complexities of
psychopharmacology and plan sound treatment approaches based on current
knowledge.
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searcher, and teacher. Lectures and courses based on Essential Psychopharmacology have
taken him to dozens of countries to speak to tens of thousands of physicians, mental
health professionals, and students at all levels.
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Rewiews of Essential Psychopharmacology, First Edition

"Essential reading ... | would thoroughly recommend this book to anyone who
works with psychotropic drugs—or who has the task of teaching others about them!"
American Journal of Psychiatry

"Firmly grounded in contemporary neuroscience ... an excellent and comprehensive
account of the pharmacology of drugs currently used to treat psychiatric disorders.”
Psychological Medicine

"This masterful production will benefit a broad spectrum of readers, from students
to knowledgeable and experienced psychopharmacologists."
Psychiatric Times

"Finally, an elegant and beautiful psychopharmacology text written by a basic sci-
entist who is also a clinician."
Journal of Clinical Psychiatry
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PREFACE TO THE SECOND EDITION

Much has changed in psychopharmacology since the publication of the first edition
of Essential Psychopharmacology four years ago. This second edition attempts to reflect
the advances in neuroscience, in the understanding of psychiatric disorders, and in
the dozens of new medications for psychiatric disorders that have dramatically
advanced the field of psychopharmacology in this brief period of time. Thus, two
chapters have been added, 11 of the 12 earlier chapters have been extensively revised,
and the length of the written text has been increased by about 50%. What has not
changed is the didactic style of the first edition, which continues in this edition and
is largely based on updated lectures, slides, and articles of the author. Thus, new
materials are presented, with an emphasis on color pictures, which have more than
doubled in this edition to over 500 in total.

Also newly included in this edition are materials at the end of each chapter for
readers interested in using the text materials to receive continuing medical education
credits. Since the lessons in these chapters are used widely by the author for lecturing
to medical practitioners, they have been accredited by the University of California,
San Diego as enduring materials for up to 54 category | continuing medical
education credit hours according to the guidelines of the Accreditation Council of
Continuing Medical Education (ACCME) of the American Medical Association.
Tests are included at the end of each chapter, and instructions for submitting them
and the required fees are all explained at the end of the textbook for those readers
who are interested.

In general, this text attempts to present the fundamentals of psychopharmacology
in simplified and readily readable form. Thus, this material should prepare the reader
to consult more sophisticated textbooks as well as the professional literature. The
organization of the information here also applies principles of programmed learning
for the reader, namely repetition and interaction, which have been shown to enhance
retention.
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Preface to the Second Edition

Therefore, it is suggested that novices first approach this text by going through
it from beginning to end, reviewing only the color graphics and the legends for
these graphics. Virtually everything covered in the text is also covered in the graphics
and icons. Once having gone through all the color graphics in these chapters, it is
recommended that the reader then go back to the beginning of the book and read
the entire text, reviewing the graphics at the same time. Finally, after the text has
been read, the entire book can be rapidly reviewed merely by referring to the various
color graphics.

This approach to using the materials will create a certain amount of programmed
learning by incorporating the elements of repetition as well as interaction with visual
learning through graphics. Hopefully, the visual concepts learned via graphics will
reinforce abstract concepts learned from the written text, especially for those of you
who are primarily "visual learners" (i.e., those who retain information better from
visualizing concepts than from reading about them).

For those who are already familiar with psychopharmacology, this book should
provide easy reading from beginning to end. Going back and forth between the text
and the graphics should provide interaction. Following review of the complete text,
it should be simple to review the entire book by going through the graphics once
again.

The text is purposely written at a conceptual level rather than a pragmatic level
and includes ideas that are simplifications and rules, while sacrificing precision and
discussion of exceptions to rules. Thus, this is not a text intended for the sophisti-
cated subspecialist in psychopharmacology.

One other limitation of the book is that it is not extensively referenced to original
papers but rather to textbooks and reviews, including several of the author's.

For those interested in the specific updates made in the second edition, the first
section on basic science has expanded coverage of gene expression and transcription
factors; of developmental neurobiology, neuronal selection, synaptogenesis, and
growth factors; of the complex genetics of psychiatric disorders; and of new concepts
of neurodegeneration such as apoptosis, with dozens of new color graphics.

The second section on clinical science has been increased by two chapters to
accommodate the increase in the numbers of drugs and advances in knowledge about
psychiatric disorders. Three new neurotransmitter systems are introduced and
illustrated: substance P and the neurokinin family; nitric oxide; and the
endocannabi-noids such as anandamide (the "brain's own marijuana”). Also
amplified is coverage of the classical neurotransmitter systems, especially
intercommunications now illustrated between serotonin and dopamine and between
norepinephrine/noradrenaline and serotonin. Also included are numerous new
illustrations of noradrenergic and cholinergic pathways.

In the clinical syndrome chapters, there is now coverage of several new topics,
including bipolar disorders, attention deficit disorder, erectile dysfunction, the role
of estrogen in mood and cognitive disorders across the female life cycle, disorders
in children and adolescents (in part), and pharmacokinetics of psychopharmacologic
drugs. Some sections have been revised, including those on sleep disorders, and
schizophrenia and psychotic disorders. In the clinical therapeutics chapters, the ex-
plosion of new therapeutics is reflected by the inclusion of over 30 new icons for
drugs that appear for the first time in the second edition, including new anti-
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depressants, mood stabilizers, atypical antipsychotics, acetylcholinesterase inhibitors,
phosphodiesterase inhibitors, sedative hypnotics, and several others.
I would be remiss if | did not thank my editors at Cambridge University Press
for their most helpful suggestions and exhortations to get this edition in on time.
Best wishes for your first step on your journey into this fascinating field of
psychopharmacology.

STEPHEN M. STAHL, M.D., Ph.D.
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CHAPTER 1

PRINCIPLES OF CHEMICAL
NEUROTRANSMISSION

I. The synapse Il. Three dimensions of
neurotransmission
A. Space: the anatomically addressed nervous system
B. Space: the chemically addressed nervous system
C. Time: fast-onset versus slow-onset signals
D. Function: presynaptic events
E. Function: postsynaptic events
I1l. Multiple neurotransmitters
A. God's pharmacopoeia
B. Co-transmitters
IV. Molecular neurobiology
V. Neurodevelopment and neuronal plasticity
V1. Summary

Modern psychopharmacology is largely the story of chemical neurotransmission. To
understand the actions of drugs on the brain, to grasp the impact of diseases on the
central nervous system (CNS), and to interpret the behavioral consequences of
psychiatric medicines, one must be fluent in the language and principles of chemical
neurotransmission. The importance of this fact cannot be overstated for the student
of psychopharmacology. What follows in this chapter will form the foundation for
the entire book and the roadmap for one's journey through one of the most exciting
topics in science today, namely the neuroscience of how drugs act on the CNS.

The Synapse

The best understood chemical neurotransmission occurs at synapses, specialized sites
that connect two neurons. Neurons are organized so that they can both send synaptic

1



2 Essential Psychopharmacology

information to other neurons and receive synaptic information from other neurons.
Figure 1 — 1 is an artist's concept of how a neuron is organized in order to send
synaptic information. This is accomplished by a long axon branching into terminal
fibers ready to make synaptic contact with other neurons. Figure 1—2, by contrast,
shows how a neuron is organized to receive synaptic information on its dendrites, cell
body, and axon. The synapse itself is enlarged conceptually in Figure 1 — 3, showing
its specialized structure, which enables chemical neurotransmission to occur.

Three Dimensions of Neurotransmission

Chemical neurotransmission can be described in three dimensions: space, time and
function.
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FIGURE 1 — 1. This is an artist's concept of how a neuron is organized in order to send synaptic
information. It does this via a long axon, which sends its information into numerous branches called
terminal axon fibers. Each of these axon terminals can potentially make presynaptic contacts with
other neurons. Also shown is the cell body, which is the command center of the nerve, contains the
nucleus of the cell, and processes both incoming and outgoing information. The dendrites are
organized largely to capture information from other neurons (see also Fig. 1—2).
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FIGURE 1—2. This figure shows how a neuron is organized to receive synaptic information. Presyn-
aptic input from other neurons can be received postsynaptically at many sites, but especially on
dendrites, often at specialized structures called dendritic spines. Other postsynaptic neuronal
sites tor receiving presynaptic input from other neurons include the cell body and axon terminal.

Space: The Anatomically Addressed Nervous System

Classically, the central nervous system has been envisioned as a series of "hard-wired"
synaptic connections between neurons, not unlike millions of telephone wires within
thousands upon thousands of cables (Fig. 1—4). This idea has been referred to as the
"anatomically addressed"” nervous system. The anatomically addressed brain is thus
a complex wiring diagram, ferrying electrical impulses to wherever the "wire" is
plugged in (i.e., at a synapse). There are an estimated 100 billion neurons, which
make over 100 trillion synapses, in a single human brain.
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FIGURE 1-3. The synapse is enlarged conceptually here showing its specialized structures that enable
chemical neurotransmission to occur. Specifically, a presynaptic neuron sends its axon terminal to
form a synapse with a postsynaptic neuron. Energy for this process is provided by mitochondria in
the presynaptic neuron. Chemical neurotransmitter is stored in small vesicles ready for release on firing
of the presynaptic neuron. The synaptic cleft is the connection between the presynaptic neuron and
the postsynaptic neuron. Receptors are present on both sides of this cleft and are key elements of
chemical neurotransmission.

Neurons send electrical impulses from one part of the cell to another part of the
same cell via their axons, but these electrical impulses do not jump directly to other
neurons. Neurons communicate by one neuron hurling a chemical messenger, or
neurotransmitter, at the receptors of a second neuron. This happens frequently, but
not exclusively, at the sites of synaptic connections between them (Fig. 1 — 3).
Communication between neurons is therefore chemical, not electrical. That is, an
electrical impulse in the first neuron is converted to a chemical signal at the synapse
between it and a second neuron, in a process known as chemical
neurotransmission. This occurs predominantly in one direction, from the
presynaptic axon terminal, to any of a variety of sites on a second postsynaptic
neuron. However, it is increasingly apparent that the postsynaptic neuron can also
"talk back" to the presynaptic neuron with chemical messengers of its own, perhaps
such as the neurotransmitter nitric oxide. The frequency and extent of such cross-
communication may determine how
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FIGURE 1 -4. The anatomically addressed nervous system is the concept that the brain is a
series of hard-wired connections between neurons, not unlike millions of telephone wires within
thousands and thousands of cables. Shown in the figure is a cable of axons from many different
neurons, all arriving to form synaptic connections with the dendritic tree of the postsynaptic
neuron.

well that synapse functions. Thus, mental “exercise" may provoke progressive
structural changes at a synapse, which increase the ease of neurotransmission there
(Fig. 1-3).

Space: The Chemically Addressed Nervous System

More recently, neurotransmission without a synapse has been described, which is
called volume neurotransmission or nonsynaptic diffusion neurotransmission. Chemical
messengers sent by one neuron to another can spill over to sites distant to the synapse
by diffusion. Thus, neurotransmission can occur at any compatible receptor within
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the diffusion radius of the neurotransmitter, not unlike modern communication with
cellular telephones, which function within the transmitting radius of a given cell
(Fig. 1 — 5). This concept is called the chemically addressed nervous system, where
neurotransmission occurs in chemical "puffs.” The brain is thus not only a collection
of wires but also a sophisticated "chemical soup." The chemically addressed nervous
system is particularly important in understanding the actions of drugs that act at
various neurotransmitter receptors, since such drugs will act wherever there are
relevant receptors and not just where such receptors are innervated with synapses
by the anatomically addressed nervous system.

Time: Fast-Onset versus Slow-Onset Signals

Some neurotransmitter signals are very fast in onset, starting within milliseconds
of receptors being occupied by neurotransmitter. Two of the best examples of fast-
onset signals are those caused by the neurotransmitters glutamate and gamma-
aminobutyric acid (GABA). Glutamate is a neurotransmitter that universally
stimulates almost any neuron, whereas GABA is a messenger that universally
inhibits almost any neuron (Fig. 1—6). Both of these neurotransmitters can cause
fast onset of chemical signaling by rapidly changing the flux of ions, thus altering
within milliseconds the excitability of the neuron.

On the other hand, signals from other neurotransmitters can take longer to
develop, ranging from many milliseconds to even several full seconds of time.
Sometimes these neurotransmitters with slower onset are called neuromodulators,
since slow-onset ionic signals may last long enough to carry over and modulate a
subsequent neurotransmission by another neurotransmitter (Fig. 1—6). Thus, a slow-
onset but long-acting neuromodulating signal can set the tone of a neuron and
influence it not only by a primary action of its own, but also by a modifying action on
the neurotransmission of a second chemical message sent before the first signal is
gone. Examples of slow-onset, long-acting neurotransmitters are the monoamines
norepi-nephrine and serotonin, as well as various neuropeptides. Although their
signals can take seconds to develop, the biochemical cascades that they trigger can
last for days.

Function: Presynaptic Events

The third dimension of chemical neurotransmission is function, namely that cascade
of molecular and cellular events set into action by the chemical signaling process. First
come the presynaptic and then the postsynaptic events. An electrical impulse in the
first, or presynaptic, neuron is converted into a chemical signal at the synapse by a
process known as excitation-secretion coupling.

Once an electrical impulse invades the presynaptic axon terminal, it causes the
release of chemical neurotransmitter stored there (Fig. 1—3). Electrical impulses open
ion channels, such as voltage-gated calcium channels and voltage-gated sodium channels, by
changing the ionic charge across neuronal membranes. As calcium flows into the
presynaptic nerve, it anchors the synaptic vesicles to the inner membrane of the
nerve terminal so that they can spill their chemical contents into the synapse. The
way is paved for chemical communication by previous synthesis and storage of
neurotransmitter in the first neuron's presynaptic axon terminal.



FIGURE 1 — 5. A conceptualization of the chemically addressed nervous system is shown. Two
anatomically addressed synapses (neurons A and B) are shown communicating (arrow 1) with their
corresponding postsynaptic receptors (a and b). However, there are also receptors for neurotransmitter
a, neurotransmitter b, and neurotransmitter ¢, which are distant from the synaptic connections of the
anatomically addressed nervous system. If neurotransmitter A can diffuse away from its synapse before
it is destroyed, it will be able to interact with other receptor a sites distant from its own synapse
(arrow 2). If neurotransmitter A encounters a different receptor not capable of recognizing it (receptor
¢), it will not interact with that receptor even if it diffuses there (arrow 3). Thus, a chemical messenger
sent by one neuron to another can spill over by diffusion to sites distant from its own synapse.
Neurotransmission can occur at a compatible receptor within the diffusion radius of the matched
neurotransmitter. This is analogous to modern communication with cellular telephones, which function
within the transmitting radius of a given cell. This concept is called the chemically addressed nervous
system, in which neurotransmission occurs in chemical "puffs.” The brain is thus not only a collection
of wires (Fig. 1—2 and the anatomically addressed nervous system), but also a sophisticated "chemical
soup"” (Fig. 1-3 and the chemically addressed nervous system).
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FIGURE 1-6. Some neurotransmitter signals are fast in onset (rabbit/hare neurons A and C) whereas
other transmitter signals are slow in onset (tortoise neuron B). The neurotransmitter glutamate
(neuron A) is fast in onset and excitatory ( + ), whereas the neurotransmitter GABA (neuron C) is
fast on onset and inhibitory (—). In contrast to the fast glutamate and GABA signals, neurotrans-
mission following those neurotransmitters known as monoamines or neuropeptides tends to be
slow in onset (neuron B) and either excitatory ( + ) or inhibitory ( —). Fast in this context is a few
milliseconds, whereas slow signals are many milliseconds or even several full seconds of time. Slower-
onset neurotransmitters may nevertheless be long-acting. They are sometimes called neuromodulators,
since they may modulate a different signal from another neurotransmitter. In this figure, three
neurons (A, B, and C) are all transmitting to a postsynaptic dendrite on the same neuron. If the slow
signal from B is still present when a fast signal from A or C arrives, the B signal will modulate the A or
C signal. Thus, a long-acting neuromodulating signal of neuron B can set the tone of the postsynaptic
neuron, not only by a primary action of its own but also by modifying the action of neurons A and
C.
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When presynaptic neurons use monoamine neurotransmitters, they manufacture
not only the monoamine neurotransmitters themselves but also the enzymes for
monoamine synthesis (Fig. 1—7), the receptors for monoamine reuptake and regulation
(Fig. 1—8) and the synaptic vesicles loaded with monoamine neurotransmitter. They do
this on receiving instructions from the "command center” or headquarters, namely
the cell nucleus containing the neuron's deoxy-ribonucleic acid (DNA). These
activities occur in the cell body of the neuron, but then monoamine presynaptic
neurons send all of these items to the presynaptic nerve terminals, which act as "field
offices" for that neuron throughout the brain (Figs. 1 — 1 to 1—3, 1—7, 1—8).
Neurotransmitter is thus packaged and stored in the presynaptic neuron in vesicles,
like a loaded gun ready to fire.

Since the enzyme machinery to manufacture more monoamines is present in axon
terminals (Fig. 1—7), additional monoamine neurotransmitters can be synthesized
there. Since a reuptake pump, which can recapture released monoamines, is present
on the presynaptic neuron (Fig. 1—8), monoamines used in one neurotransmission
can be captured for reuse in a subsequent neurotransmission. This is in contrast to
the way in which neuropeptides function in neurotransmission (Fig. 1—09).

In the case of neuropeptides, presynaptic neurotransmission synthesis occurs only
in the cell body because the complex machinery for neuropeptide synthesis is not
transported into the axon terminal. Synthesis of a specific neuropeptide begins
with the pre-propeptide gene in the cell nucleus (Fig. 1—9). This gene is transcribed
into primary ribonucleic acid (RNA), which can be rearranged, or "edited,” to
create different versions of RNA, known as alternative splice variants, such as pre-
propeptide RNA.

Next, this RNA is translated into a pre-propeptide, which enters the endoplasmic
reticulum (Fig. 1—9). This is the "precursor of a precursor," sometimes also called
the "grandparent™ of the neuropeptide neurotransmitter. This pre-propeptide grand-
parent neuropeptide has a peptide "tail," called a signal peptide, which allows the
pre-propeptide to enter the endoplasmic reticulum, where the tail is clipped off by
an enzyme called a signal peptidase with formation of the propeptide, or "parent"
of the neuropeptide. The propeptide is the direct precursor of the neuropeptide
neurotransmitter itself.

This parental propeptide then leaves the endoplasmic reticulum and enters
synaptic vesicles, where it is finally converted into the neuropeptide itself by a
converting enzyme located there. Since only the synaptic vesicles loaded with
neuropeptide neurotransmitters and not the synthetic enzyme machinery to make
more neuropeptides, are transported down to the axon terminals, no local synthesis
of more neuropeptide neurotransmitter can occur in the axon terminal.

Furthermore, there does not appear to be any significant reuptake pump for
neuropeptides, so once they are released, they are not recaptured for subsequent
reuse (Fig. 1—9). The action of peptides is terminated by catabolic peptidases,
which cut the peptide neurotransmitter into inactive metabolites.

Function: Post synaptic Events

Once neurotransmitter has been fired from the presynaptic neuron, it shoots across
the synapse, where it seeks out and hits target sites on receptors of the postsynaptic
neuron that are very selective for that neurotransmitter. (This will be discussed in
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FIGURE 1—7. Shown here is the axonal transport of monoamine-synthesizing enzymes in a monoam-
inergic neuron. Enzymes are protein molecules, which are created (synthesized) in the cell body,
starting in the cell nucleus. Once synthesized, enzymes may be transported down the axon to the
axon terminal to perform functions necessary for neurotransmission, such as making or destroying
neurotransmitter molecules. DNA in the cell nucleus is the "command center," where orders to carry
out the synthesis of enzyme proteins are executed. DNA is a template for mMRNA synthesis, which
in turn is a template for protein synthesis in order to form the enzyme by classical molecular rules.
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FIGURE 1—8. Shown here is the axonal transport of a presynaptic receptor in a monoaminergic neuron.
In analogy with the process shown in Figure 1-7, receptors are also protein molecules created
(synthesized) in the cell body of the neuron. Receptors can also be transported to various parts of
the neuron, including the axon terminal, where they can be inserted into neuronal membranes to
perform various functions during neurotransmission, such as capturing and reacting to neurotrans-
mitters released from incoming signals sent by neighboring neurons.
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FIGURE 1—9. Neurotransmitter synthesis in a neuropeptidergic neuron. Neurotransmitter synthesis
occurs only in the cell body because the complex machinery for neuropeptide synthesis is not
transported into the axon terminal. Synthesis of a specific neuropeptide begins with the
transcription of the pre-propeptide gene in the cell nucleus into primary RNA, which can be
rearranged or "edited" to create different versions of RNA, known as alternative splice variants or
pre-propeptide RNA. Next, RNA is translated into a pre-propeptide, which enters the endoplasmic
reticulum, where its peptide tail is clipped off by an enzyme called a signal peptidase to form the
propeptide, the direct precursor of the neuropeptide neurotransmitter. Finally, the propeptide enters
synaptic vesicles, where it is converted into the neuropeptide itself. Synaptic vesicles loaded with
neuropeptide neurotrans-mitters are transported down to the axon terminals, where there is no
reuptake pump for neuropep-tides. The action of peptides is terminated by catabolic peptidases, which
cut the peptide neurotransmitter into inactive metabolites.
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FIGURE 1 — 10. The functional outcome of neurotransmission is depicted here in the postsynaptic
neuron. Neurotransmitter released from the presynaptic neuron is considered the first
messenger. It binds to its receptor and the bound neurotransmitter causes an effector system
to manufacture a second messenger. That second messenger is inside the cell of the postsynaptic
neuron. It is this second messenger that then goes on to create cellular actions and biological
effects. Examples of this are the neuron beginning to synthesize a chemical product changing its
firing rate. Thus, information in the presynaptic neuron is conveyed to the postsynaptic neuron by a
chain of events. This is how the brain is envisioned to do its work—thinking, remembering,
controlling movement, etc. — through the synthesis of brain chemicals and the firing of brain
neurons.

much greater detail in the section below on molecular neurobiology and in Chapters
2, 3, and 4). Receptor occupancy by neurotransmitter binding to highly specific
sites begins the postsynaptic events of chemical neurotransmission (Fig. 1 — 10). This
process is very similar to the binding of substrates by enzymes at their active sites.
The neurotransmitter acts as a key fitting the receptor lock quite selectively.
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Classically, it has been held that this neurotransmitter-receptor complex initiates
a process that reconverts the chemical message back into an electrical impulse in
the second nerve. This is certainly true for rapid-onset neurotransmitters and can
explain the initial actions of some slow-onset neurotransmitters as well. However, it
is now known that the postsynaptic neuron has a vast repertoire of responses beyond
Just whether it changes its membrane polarization to make it more or less likely to
"fire." Indeed, many important biochemical processes are triggered in the
postsynaptic neuron by neurotransmitters occupying their receptors. Some of these
begin within milliseconds, whereas others can take days to develop (Figs. 1 — 11to 1
—13).

Thus, chemical neurotransmission in the postsynaptic neuron begins with receptor
occupancy by the neurotransmitter, the first messenger. This leads to numerous intra-
cellular events, starting with additional messengers within the cell (Fig. 1 — 10). The
second messenger is an intracellular chemical, which is created by the first messenger
neurotransmitter occupying the receptor outside of the cell, in the synaptic
connection between the first and the second neuron. The best examples of second
messengers are cyclic adenosine monophosphate (cCAMP) and phosphatidyl inositol.
Some receptors are linked to one type of second messenger and others to different
second messengers.

The second messenger intracellular signal eventually tells the second neuron to
change its ionic fluxes, to propagate or disrupt neuronal electrical impulses, to phos-
phorylate intracellular proteins, and to perform many, many other actions. It does
this by a biochemical cascade, which eventually reaches the cell nucleus and results
in genes being turned on or turned off (Fig. 1 — 11). Once gene expression is so
triggered, a second biochemical cascade based on the direct consequences of which
specific genes have been turned on or off is initiated (Fig. 1 — 12). Many of these
events are still mysteries to neuroscientists. These events of postsynaptic
neurotransmission are akin to a molecular "pony express” system, with the
chemical information encoded within a neurotransmitter-receptor complex being
passed along from molecular rider to molecular rider until the message is delivered to
the appropriate DNA mailbox in the postsynaptic neuron's genome (Fig. 1 — 11).

Thus, the function of chemical neurotransmission is not so much to have a pre-
synaptic neurotransmitter communicate with its postsynaptic receptors as to have a
presynaptic genome converse with a postsynaptic genome: DNA to DNA; presynaptic
command center to postsynaptic command center.

In summary, the message of chemical neurotransmission is transferred via three
sequential molecular pony express routes: (1) a presynaptic neurotransmitter
synthesis route from the presynaptic genome to the synthesis and packaging of
neurotransmitter and supporting enzymes and receptors (Figs. 1—7, 1—8, and 1—9);
(2) a postsynaptic route from receptor occupancy through second messengers (Fig. 1
— 10) all the way to the genome, which turns on postsynaptic genes (Fig. 1 — 11);
and (3) another postsynaptic route, starting from the newly expressed postsynaptic
genes transferring information as a molecular cascade of biochemical consequences
throughout the postsynaptic neuron (Fig. 1 — 12).

It should now be clear that neurotransmission does not end when a
neurotransmitter binds to a receptor or even when ion flows have been altered or
second messengers have been created. Events such as these all start and end within
milliseconds to seconds following release of presynaptic neurotransmitter (Fig. 1 —
13). The ultimate goal of neurotransmission is to alter the biochemical activities
of the
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FIGURE 1 — 11. Shown here is a neurotransmitter setting off a cascade that results in turning on a
gene. The neurotransmitter binds to its receptor at the top, creating a second messenger. The second
messenger activates an intracellular enzyme, which results in the creation of transcription factors (red

arrowheads) that cause gene activation (red DNA segment).
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FIGURE 1-12. As in Figures 1-7 to 1-9, DNA in the cell nucleus is the "command center," where
orders to carry out the synthesis of receptor proteins are executed. DNA is a template for mRNA
synthesis, which in turn is a template for protein synthesis in order to form the receptor by classical
molecular rules. Shown in this figure is the molecular neurobiology of receptor synthesis. The
process begins in the cell nucleus, when a gene (red DNA segment) is transcribed into messenger
RNA
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FIGURE 1-13. The time course of postsynaptic responses to presynaptic neurotransmitter are shown
here. At the top, the most immediate actions are on ion channels or second messenger formation.
Next comes activation of intracellular enzymes, leading to transcription of genes into RNA
synthesis. This leads naturally to translation of RNA into proteins. Proteins have functions,
which include such actions as enzyme activity. By the time enzyme activity has begun, it is already
hours after the initial neurotransmission event. Once so activated, the functional changes in enzyme
activity can last for many days. Thus, the ultimate effects of neurotransmission are not only delayed but
long-lasting.

(arrow 1). Messenger RNA then travels to the endoplasmic reticulum (arrow 2), where ribosomes
cause the messenger RNA to be translated into partially formed receptor protein (arrow 3). The
next step

is for partially formed receptor protein to be transformed into complete receptor molecules in
the golgi apparatus (arrow 4). Completely formed receptor molecules are proteins and these are
transported
to the cell membrane (arrow 5) where they can interact with neurotransmitters (arrow 6). Neurotrans-
mitters can bind to the receptor, as shown in Figure 1 — 10. In addition to causing second messenger
systems to be triggered, as shown in Figure 1 — 10, the bound neurotransmitter may also reversibly
cause the membrane to form a pit (arrow 7). This process takes the bound receptor out of circulation
when the neuron wants to decrease the number of receptors available. This can be reversed or it can
progress into lysosomes (arrow 8), where receptors are destroyed (arrow 9). This helps to remove old

receptors so that they can be replaced by new receptors coming from DNA in the cell nucleus.
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postsynaptic target neuron in a profound and enduring manner. Since the post-
synaptic DNA has to wait until molecular pony express messengers make their way
from the postsynaptic receptors, often located on dendrites, to the postsynaptic
neuron's nucleus (Fig. 1 — 11), it can take a while for neurotransmission to begin
influencing the postsynaptic target neurons' biochemical processes (Fig. 1 — 13). The
time it takes from receptor occupancy by neurotransmitter to gene expression is
usually hours. Furthermore, since the last messenger triggered by
neurotransmission, called a transcription factor, only initiates the very beginning of
gene action (Fig. 1 — 11), it takes even longer for the gene activation to be fully
implemented via the series of biochemical events it triggers (Figs. 1 — 12 and 1 —
13). These biochemical events can begin many hours to days after the
neurotransmission occurred and can last days or weeks once they are put in motion
(Fig. 1 —13).

Thus, a brief puff of chemical neurotransmission from a presynaptic neuron can
trigger a profound postsynaptic reaction, which takes hours to days to develop and
can last days to weeks or even longer. Every conceivable component of this entire
process of chemical neurotransmission is a candidate for modification by drugs. Most
psychotropic drugs act on the processes that control chemical neurotransmission at
the level of the neurotransmitters themselves or of their enzymes and especially their
receptors. Future psychotropic drugs will undoubtedly act directly on the
biochemical cascades, particularly on those elements that control the expression of
pre- and postsynaptic genes. Also, mental and neurological illnesses are known or
suspected to affect these same aspects of chemical neurotransmission.

Multiple Neurotransmitters

The known or suspected neurotransmitters in the brain already number several dozen
(Table 1 — 1). Based on theoretical considerations of the amount of genetic material
in neurons, there may be several hundred to several thousand unique brain chemicals.
Originally, about half a dozen "classical" neurotransmitters were known. In recent
years, an ever increasing number of neurotransmitters are being discovered. The
classical neurotransmitters are relatively low molecular weight amines or amino
acids. Now we know that strings of amino acids called peptides can also have
neurotransmitter actions, and many of the newly discovered neurotransmitters are
peptides, which are specifically called neuropeptides (Fig. 1—9).

God's Pharmacopoeia

Some naturally occurring neurotransmitters may be similar to drugs we use. For
example, it is well known that the brain makes its own morphine (i.e., beta endor-
phin), and its own marijuana (i.e., anandamide). The brain may even make its own
antidepressants, it own anxiolytics, and its own hallucinogens. Drugs often mimic
the brain's natural neurotransmitters. Often, drugs are discovered prior to the natural
neurotransmitter. Thus, we knew about morphine before the discovery of beta-
endorphin; marijuana before the discovery of cannabinoid receptors and anandamide;
the benzodiazepines diazepam (Valium) and alprazolam (Xanax) before the discovery
of benzodiazepine receptors; and the antidepressants amitriptyline (Elavil) and
fluoxetine (Prozac) before the discovery of the serotonin transporter site. This un-
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Table 1 — 1. Neurotransmitters in brain

Amines Amino Acids

Serotonin (5HT)
Dopamine (DA)
Norepinephrine (NE)
Epinephrine (E)
Acetylcholine (Ach)
Tyramine
Octopamine
Phenylethylamine
Tryptamine
Melatonin
Histamine

Pituitary Peptides

Corticotropin (ACTH)

Growth hormone (GH)

Lipotropin

Alpha-melanocyte—stimulating hormone
(alpha-MSH)

Oxytocin

Vasoporessin

Thyroid-stimulating hormone (TSH)

Prolactin

Circulating Hormones

Angiotensin

Calcitonin Glucagon
Insulin Leptin

Atrial natriuretic factor
Estrogens Androgens
Progestins Thyroid
hormones

Hypothalamic-Releasing Hormones

Corticotropin-releasing factor (CRH)
Gonadotropin-releasing hormone (GnRH)
Somatostatin

Thyrotropin-releasing hormone (TRH)

Gamma-aminobutyric acid (GABA)
Glycine

Glutamic acid (glutamate)

Aspartic acid (aspartate)
Gamma-hydroxybutyrate

Gut Hormones
Cholecystokinin (CCK)
Gastrin
Motilin
Pancreatic polypeptide
Secretin
Vasoactive intestinal peptide (VIP)

Opioid Peptides
Dynorphin Beta-
endorphin Met-
enkephalin Leu-
enkephalin
Kyotorphin

Miscellaneous Peptides
Bombesin
Bradykinin
Carnosine
Neuropeptide Y
Neurotensin Delta
sleep factor
Galanin Oxerin

Gases
Nitric oxide (NO)
Carbon monoxide (CO)

Lipid Neurotransmitter
Anandamide

NeurokininsITachykinins
Substance P
Neurokinin A
Neurokinin B

derscores the point made above that the great majority of drugs that act in the CNS
act on the process of neurotransmission. Indeed, this apparently occurs at times in
a manner that often replicates or mimics the actions of the brain itself when the
brain uses its own chemicals.
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Co-transmitters

Each neuron was originally thought to use one neurotransmitter only and to use it
at all of its synapses. Today, we now know, however, that many neurons have more
than one neurotransmitter (Table 1—2). Thus, the concept of co-transmission has
arisen. This often involves a monoamine coupled with a neuropeptide. Under some
conditions, the monoamine is released alone; under other conditions, both are
released, adding to the repertoire of options for chemical neurotransmission by
neurons that contain both neurotransmitters.

Incredibly, the neuron thus uses a certain "polypharmacy" of its own. The rationale
behind the use and action of many drugs, however, grew up in the era of thinking
about one neuron using only one neurotransmitter, so that the more selective a drug,
perhaps the better it could modify neurotransmission. This may be true only to a
point. That is, the physiological function of many neurons is now known to be that
of communicating by using more than one neurotransmitter.

To replace or influence abnormal neurotransmission, it may therefore be necessary
to use multiple drug actions. If the neuron itself uses polypharmacy, perhaps
occasionally so should the psychopharmacologist. Today we still lack a rationale
for specific multiple drug uses based on the principle of co-transmission, and so much
polypharmacy is empirical or even irrational. As understanding of co-transmission
increases, the scientific basis for multiple drug actions may well become established
for clinical applications. In fact, this may explain why drugs with multiple
mechanisms or multiple drugs in combination are the therapeutic rule rather than
the exception in psychopharmacology practice. The trick is to be able to do this
rationally.

Table 1 — 2. Co-transmitter pairs

Amine/Amino Acid Peptide
Dopamine Enkephalin
Dopamine Cholecystokinin
Norepinephrine Somatostatin
Norepinephrine Enkephalin
Norepinephrine Neurotensin
Epinephrine Enkephalin
Serotonin Substance P
Serotonin Thyrotropin-releasing hormone
Serotonin Enkephalin
Acetylcholine Vasoactive intestinal peptide
Acetylcholine Enkephalin
Acetylcholine Neurotensin
Acetylcholine Luteinizing-hormone-releasing hormone
Acetylcholine Somatostatin
Gamma aminobutyric acid (GABA) Somatostatin

Gamma aminobutyric acid (GABA) Motilin
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Molecular Neurobiology

As mentioned earlier, the purpose of chemical neurotransmission is to alter the
function of postsynaptic target neurons. To understand the long-term consequences
of chemical neurotransmission on the postsynaptic neuron (e.g., Fig. 1 — 13), it is
necessary to understand the molecular mechanisms by which neurotransmission
regulates gene expression. It is estimated that the human genome contains
approximately 80,000 to 100,000 genes located within 3 million base pairs of DNA
on 23 chromosomes. Incredibly, however, genes only occupy about 3% of all this
DNA. The other 97% of DNA is not well understood, but it is obviously there for
some reason. We may need to await the completion of the Human Genome Project,
which hopes to sequence the entire 3 million base pairs within a few years, before
the function of all this DNA is clarified. Once the DNA is sequenced, it will be
easier to figure out what it does.

The general function of the various gene elements within the brain's DNA is well
known; namely, they contain all the information necessary to synthesize the proteins
that build the structures that mediate the specialized functions of neurons. Thus, if
chemical neurotransmission ultimately activates the appropriate genes, all sorts of
changes can occur in the postsynaptic cell. Such changes include making,
strengthening, or destroying synapses; urging axons to sprout; and synthesizing
various proteins, enzymes, and receptors that regulate neurotransmission in the
target cell.

How does chemical neurotransmission regulate gene expression? We have already
discussed how chemical neurotransmission converts receptor occupancy by a neuro-
transmitter into the creation of a second messenger (Fig. 1 — 10), followed by
activation of enzymes, which in turn form transcription factors that turn on genes
(Fig. 1 — 11). Most genes have two regions, a coding region and a regulatory region
(Fig. 1 — 14). The coding region is the direct template for making its corresponding
RNA. This DNA can be transcribed into its RNA with the help of an enzyme called
RNA polymerase. However, RNA polymerase must be activated, or it will not
function.

Luckily, the regulatory region of the gene can make this happen. It has an enhancer
element and a promoter element (Fig. 1 — 14), which can initiate gene expression with
the help of transcription factors. Transcription factors themselves can be activated
when they are phosphorylated, which allows them to bind to the regulatory region
of the gene (Fig. 1 — 15). This in turn activates RNA polymerase, and off we go with
the coding part of the gene transcribing itself into its mMRNA (Fig. 1 — 16). Once
transcribed, of course, the RNA goes on to translate itself into the corresponding
protein (Fig. 1 — 16).

If such changes in genetic expression lead to changes in connections and in the
functions that these connections perform, it is easy to understand how genes can
modify behavior. The details of nerve functioning, and thus the behavior derived from
this nerve functioning, are controlled by genes and the products they produce. Since
mental processes and the behavior they cause come from the connections between
neurons in the brain, genes therefore exert significant control over behavior. But can
behavior modify genes? Learning as well as experiences from the environment can
indeed alter which genes are expressed and thus can give rise to changes in neuronal
connections. In this way, human experiences, education, and even psychotherapy may
change the expression of genes that alter the distribution and "strength™ of specific
synaptic connections. This, in turn, may produce long-term changes in behavior
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FIGURE 1 —14. Activation of a gene, part 1. Here the gene is "off." The elements of gene activation
include the enzyme protein kinase, a transcription factor, the enzyme RNA polymerase, and
the gene itself. This gene is off because the transcription factor has not yet been activated. The
gene contains both a regulatory region and a coding region. The regulatory region has both an
enhancer element and a promoter element, which can initiate gene expression when they
interact with activated transcription factors. The coding region is directly transcribed into its
corresponding RNA once the gene is activated.
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FIGURE 1-15. Activation of a gene, part 2. The transcription factor is now activated because
it has been phosphorylated by protein kinase allowing it to bind to the regulatory region of the
gene.
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FIGURE 1 — 16. Activation of a gene, part 3. The gene itself is now activated because the transcrip-
tion factor has bound to the regulatory region of the gene, activating in turn the enzyme RNA
polymerase. Thus, the gene is transcribed into mRNA, which in turn is translated into its
corresponding protein. This protein is thus the product of activation of this particular gene.

caused by the original experience and mediated by the genetic changes triggered by
that original experience. Thus, genes modify behavior and behavior modifies genes.

Enzymes (Fig. 1—7) and receptors (Fig. 1—8) are specific examples of proteins
encoded within the neuron's genes and synthesized when the appropriate gene is
turned on (see also Fig. 1 — 12). A complete understanding of receptor function
involves knowing the exact structure of the receptor protein, based on its amino acid
sequence. This can be derived from cloning the receptor by standard molecular
techniques. Subtle differences in receptor structure can be the key to explaining
distinctions between receptors in various species (e.g., humans versus experimental
animals), in certain diseases (i.e., "sick" wversus healthy receptors), and in
pharmacological subtypes of receptors (i.e., receptors that bind the same
neurotransmitters but do so quite differently and with vastly different pharmacologic
properties). This will be amplified in Chapter 2.

Molecular neurobiology techniques thus help to clarify receptor functioning in
neurotransmission by giving scientists the structure of the receptor. Knowledge of
receptor structure also assists in refining receptors as targets for chemists trying to
develop new drugs. Knowing the structure of receptors especially allows comparisons
of receptor families of similar structure and may ultimately lead to describing
changes in receptor structure caused by inherited disease and by drug administration.

Although receptors are usually discovered after neurotransmitters and drugs are
found to bind to them, sometimes it happens the other way around. That is, if the
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gene for a receptor with no known ligand is characterized, it is known as an "orphan
receptor,” waiting to be adopted by a ligand to be discovered in the future.

The conceptual point to grasp here is that the genome (i.e., DNA) is responsible
for the production of receptors, and the production of receptors can be modulated
by physiological adaptations, by drugs, and by diseases.

Neurodevelopment and Neuronal Plasticity

Understanding of human brain development is advancing at a rapid pace. Most
neurons are formed by the end of the second trimester of prenatal life (Fig. 1 — 17).
Neuronal migration starts within weeks of conception and is largely complete by
birth. Thus, human brain development is more dynamic before birth than during
adulthood, and brain volume is 95% of its adult size by age 5. On the other hand,
several processes affecting brain structure persist throughout life. Myelination of axon
fibers and branching, or arborization, of neurons into their tree-like structures
continue at least throughout adolescence. Synaptogenesis seemingly occurs
throughout a lifetime.

Thus, both the neuron and its synapses are quite "plastic,” changeable, and
malleable. Surprising recent reports suggest that some neurons can divide after
birth, even in mature mammalian brains and possibly even in human brains.
Equally shocking, however, is the discovery that periodically throughout the life
cycle and under certain conditions neurons kill themselves in a type of molecular
hari-kari called apoptosis. In fact, up to 90% of the neurons that the brain makes
during fetal development commit apoptotic suicide before birth. Since the mature
human brain contains approximately 100 billion neurons, perhaps nearly 1 trillion
are initially formed and hundreds of billions apoptotically destroyed between
conception and birth.

How do neurons kill themselves? Apoptosis is programmed into the genome of
various cells including neurons, and when activated, causes the cell to self-destruct.
This is not the messy affair associated with cellular poisoning or suffocation known
as necrosis (Fig. 1 — 18). Necrotic cell death is characterized by a severe and sudden
injury associated with an inflammatory response. By contrast, apoptosis is more
subtle, akin to fading away. Apoptotic cells shrink, whereas necrotic cells explode
(Fig. 1 — 18). The original scientists who discovered apoptosis coined that term to
rhyme with necrosis, and also to mean literally a "falling off," as the petals fall off
a flower or the leaves fall from a tree. The machinery of cell death is a set of genes
that stand ever ready to self-destruct if activated.

Why should a neuron "slit its own throat" and commit cellular suicide? For one
thing, if a neuron or its DNA is damaged by a virus or a toxin, apoptosis destroys
and silently removes these sick genes, which may serve to protect surrounding
healthy neurons. More importantly, apoptosis appears to be a natural part of
development of the immature CNS. One of the many wonders of the brain is the
built-in redundancy of neurons early in development. These neurons compete
vigorously to migrate, innervate target neurons, and drink trophic factors necessary
to fuel this process. Apparently, there is survival of the fittest, because 50 to 90% of
many types of neurons normally die at this time of brain maturation. Apoptosis is a
natural mechanism to eliminate the unwanted neurons without making as big a
molecular mess as necrosis would.
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FIGURE 1 — 17. Time course of brain development. The earliest events of neuronal and brain devel-
opment in humans are shown at the top, with subsequent and longer-lasting events shown in the
lower panels. Maximum growth of new neurons is complete before birth, as are the processes of
neuronal migration and programmed cell death. After birth, synaptogenesis, myelination, and
dendritic and axonal arborization occur throughout the individual's lifetime. Competitive
elimination of synapses, not neurons, is at its peak around pubescence.

Dozens of neurotrophic factors regulate the survival of neurons in the central and
peripheral nervous systems (Table 1 — 3). A veritable alphabet soup of neurotrophic
factors contributes to the brain broth of chemicals that bathe and nourish nerve cells.
Some are related to nerve growth factor (NGF), others to glial cell line—derived
neurotrophic factor (GDNF) and still others to various other neurotrophic factors
(Table 1 — 3). Some neurotrophic factors can trigger neurons to commit cellular
suicide by making them fall on their apoptotic swords. The brain seems to choose
which nerves live or die partially by whether a neurotrophic factor nourishes them
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FIGURE 1 — 18. Neuronal death can occur by either necrosis or apoptosis. Necrosis is analogous to
neuronal assassination, in which neurons explode and cause an inflammatory reaction after being
destroyed by poisons, suffocation, or toxins such as glutamate. On the other hand, apoptosis is akin
to neuronal suicide and results when the genetic machinery is activated to cause the neuron to literally
"fade away" without causing the molecular mess of necrosis.
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Table 1 — 3. Neurotrophin factors: An alphabet soup of brain tonics

NGF Nerve growth factor

P75 Proaptotic receptors

TrkA Antiaptotic receptors

GDNF Glial cell line—derived neurotrophic factors including neurturin, c-REF,
and R-alpha

BDNF Brain-derived neurotrophic factor

NT-3, 4 and 5 Neurotrophins 3, 4, and 5

CNTF Ciliary neurotrophic factr

ILGF I and 1l Insulin-like growth factors

FGF Fibroblast growth factor (comes in both acidic and basic forms)

EGF Epidermal growth factor

Table 1—4. Recognition molecules

PSA-NCAM, polysialic acid—neuronal cell adhesion molecule
NCAM, neuronal cell adhesion molecules (such as H-CAM, G-CAM, VCAM-1)
APP, amyloid precursor protein

Integrin

N-Cadherin

Laminin

Tenscin

Proteoglycans

Heparin-binding growth-associated molecule

Glial hyaluronate—binding protein

Clusterin

or chokes them to death. That is, certain molecules (such as NGF) can interact at
proapoptotic "grim reaper” receptors to trigger apoptotic neuronal demise. However,
if NGF decides to act on a neuroprotective "bodyguard" receptor, the neuron
prospers.

Not only must the correct neurons be selected, but they must migrate to the
right parts of the brain. While the brain is still under construction in utero, whole
neurons wander. Later, only their axons can move. Neurons are initially produced in
the center of the developing brain. Consider that 100 billion human neurons,
selected from nearly 1 trillion, must migrate to the right places in order to function
properly. What could possibly direct all this neuronal traffic? It turns out that an
amazing form of chemical communication calls the neurons forth to the right places
and in the right sequences. At speeds up to 60 millionths of a meter per hour, they
travel to their proper destination, set up shop, and then send out their axons to
connect with other neurons.

These neurons know where to go because of a series of remarkable chemical
signals, different from neurotransmitters, called adhesion molecules (Table 1—4). First,
glial cells form a cellular matrix. Neurons can trace glial fibers like a trail through
the brain to their destinations. Later, neurons can follow the axons of other neurons
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FIGURE 1 —19. Neurotrophic factors can be repulsive {middle panel) and cause axons to grow away
from such molecules. Neurotrophic factors can also be attractant and encourage axonal growth toward
such molecules. Neurotrophic factors thus direct axonal traffic in the brain and help determine which
axons synapse with which postsynaptic targets.

already in place and trace along the trail already blazed by the first neuron. Adhesion
molecules are coated on neuronal surfaces of the migrating neuron, and
complementary molecules on the surface of glia allow the migrating neuron to stick
there. This forms a kind of molecular Velcro, which anchors the neuron temporarily
and directs its walk along the route paved by the appropriate cell surfaces.
Settlement of the brain by migrating neurons is complete by birth, but axons of
neurons can grow for a lifetime on activation.

Once neurons settle down in their homesteads, their task is to form synapses.
How do their axons know where to go? Neurotrophins not only regulate which.
neuron lives or dies, but also whether an axon sprouts and which target it innervates.
During development in the immature brain, neurotrophins can cause axons to cruise
all over the brain, following long and complex pathways to reach their correct
targets. Neurotrophins can induce neurons to sprout axons by having them form an
axonal growth cone. Once the growth cone is formed, neurotrophins as well as other
factors make various recognition molecules for the sprouting axon, presumably by
having neurons and glia secrete these molecules into the chemical stew of the brain's
extracellular space.

These recognition molecules can either repel or attract growing axons, sending
directions for axonal travel like a semaphore signaling a navy ship (Fig. 1 —19).
Indeed, some of these molecules are called semaphorins to reflect this function. Once
the axon growth tip reaches port, it is told to collapse by semaphorin molecules
called collapsins, allowing the axon to dock into its appropriate postsynaptic slip
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FIGURE 1—20. Synapses are formed at a furious rate between birth and age 6. However, there is
competitive elimination and restructuring of synapses, a phenomenon that peaks during pubescence
and adolescence, leaving about half to two-thirds of the synapses present in childhood to survive into
adulthood.

and not sail past it. Other recognition molecules direct axons away by emitting
repulsive axon guidance signals (RAGS) (Fig. 1 — 19).

As brain development progresses, the travel of axonal growth cones is greatly
impeded but not completely lost. The fact that axonal growth is retained in the
mature brain suggests that neurons continue to alter their targets of communication,
perhaps by repairing, regenerating, and reconstructing synapses as demanded by the
evolving duties of a neuron. A large number of recognition molecules supervise this.
Some of these include not only semaphorins and collapsins but also molecules such
as netrins, neuronal cellular adhesion molecules (NCAMS), integrins, cadherins, and
cytokines (Table 1—4).

Interestingly, more synapses are present in the brain by age 6 than at any other
time in the life cycle (Fig. 1 — 20). During the next 5 to 10 years and into
adolescence, the brain then systematically removes half of all synaptic connections
present at age 6. This leaves about 100 trillion synapses and up to 10,000
individual synapses for some neurons. Excitotoxicity may mediate the pruning of
synaptic connections (as will be discussed in much greater detail in Chapter 4).
Hopefully, neu-rodevelopmental experiences and genetic programming lead the brain
to select wisely which connections to keep and which to destroy. If this is done
appropriately, the individual prospers during this maturational task and advances
gracefully into adulthood. Bad selections theoretically could lead to
neurodevelopmental disorders such as schizophrenia or even attention deficit
hyperactivity disorder.
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FIGURE 1—21. The neuron is composed of a cell body, an axon and a dendritic tree (literally, a
tree of branching dendrites). The dendritic tree is in constant flux and revises its synaptic connections
throughout life.

That growth of new synapses and the pruning of old synapses then proceeds
throughout a lifetime, but at a much slower pace and over shorter distances than
earlier in development. Thus, the axons and dendrites of each neuron are constantly
changing, establishing new connections, and removing old connections, in a manner
reminiscent of the branches of a tree (Fig. 1—21). Indeed, the arborization of neuronal
terminals and the dendritic tree are terms implying this constant branching (Fig. 1 —
22) and pruning (Fig. 1—23) process, which proceeds throughout the lifetime of
that neuron. After the dramatic reductions in neurons before birth and in synapses
during late childhood and early adolescence are complete, activity calms down
considerably in the mature brain, where maintenance and remodeling of synapses
continue to modest extents and over more limited distances.

Although the continuous structural remodeling of synapses in the mature brain,
directed by recognition molecules, cannot approximate the pronounced long-range
growth of early brain development, this restriction could be beneficial, in part
because it allows structural plasticity while restricting unwanted axonal growth. This
would stabilize brain function in the adult and could furthermore prevent chaotic
rewiring of the brain by limiting both axonal growth away from appropriate targets
and ingrowth from inappropriate neurons. On the other hand, the price of such
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FIGURE 1 — 22. The dendritic tree of a neuron can sprout branches, grow, and establish a multitude
of new synaptic connections throughout its life. The process of making dendritic connections on an
undeveloped neuron may be controlled by various growth factors, which act to promote the
branching process and thus the formation of synapses on the dendritic tree.

growth specificity becomes apparent when a long-distance neuron in the adult brain
or spinal cord dies, thus making it difficult to reestablish original synaptic
connections, even if axonal growth is turned on.

As previously discussed, neurons and their supportive and neighboring glia
elaborate a rich array of neurotrophic factors, which promote synaptic connections
(Fig. 1—22) or eliminate them (Fig. 1—23). The potential for releasing growth factors
is preserved forever, which contributes to the possibility of constant synaptic revision
throughout the lifetime of that neuron. Such potential changes in synaptogenesis
may provide the substrate for learning, emotional maturity, and the development of
cognitive and motor skills throughout a lifetime. However, it is not clear how the
brain dispenses its neurotrophic factors endogenously during normal adult
physiological functioning. Presumably, demand to use neurons is met by keeping
them fit and ready to function, a task accomplished by salting the brain broth with
neurotrophic factors that keep the neurons healthy. Perhaps thinking and learning
provoke the release of neurotrophic factors. Maybe "use it or lose it" applies to adult
neurons.
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Dendrites in need
of "pruning"

FIGURE 1—23. The dendritic tree of a neuron not only sprouts branches, grows, and establishes a
multitude of new synaptic connections throughout its life, as shown in Figure 1—22, but it can also
remove, alter, trim, or destroy such connections when necessary. The process of dismantling synapses
and dendrites may be controlled by removal of growth factors or by a naturally occurring destructive
process sometimes called excitotoxicity. Thus, there is a normal "pruning process for removing
dendrites in need of pruning.

with neurons being preserved and new connections being formed if the brain stays
active. It is even possible that the brain could lose its "strength” in the absence of
mental exercise. Perhaps inactivity leads to pruning of unused, "rusty" synapses,
even triggering apoptotic demise of entire inactive neurons. On the other hand,
mental stimulation might prevent this, and psychotherapy may even induce neu-
rotrophic factors to preserve critical cells and innervate new therapeutic targets to
alter emotions and behaviors. Only future research will clarify how to use drugs and
psychotherapy to balance the seasonings in the tender stew of the brain.

Summary

The reader should now appreciate that chemical neurotransmission is the foundation
of psychopharmacology. It has three dimensions, namely, space, time, and function.
The spatial dimension is both that of "hard wiring" as the anatomically addressed
nervous system and that of a "chemical soup™ as the chemically addressed nervous
system. The time dimension reveals that neurotransmission can be fast (milliseconds)
or slow (up to several seconds) in onset, depending on the neurotransmitter or neu-
romodulator, of which there are dozens. Neurotransmission can also cause actions
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that are short-acting (milliseconds) or very long acting (days to weeks or
longer). The functional dimension of chemical neurotransmission is the process
whereby an electrical impulse in one neuron is converted into a chemical message at
the synaptic connection between two neurons and then into a chemical message
that can alter gene expression in the second neuron.

This chapter has also emphasized a few additional points: Chemical
neurotransmission sometimes occurs with more than one neurotransmitter in a single
neuron. Naturally occurring neurotransmitters are often mimicked by drugs (for
example, marijuana and morphine). Molecular neurobiology and its techniques
demonstrate that the genetic materials of a neuron are responsible for the production
of neuronal proteins in general and neurotransmitter receptors in particular. This can
be modulated by physiological adaptations, by drugs, and by diseases. Finally, the
neuron is dynamically modifying its synaptic connections throughout its life, in
response to learning, life experiences, genetic programming, drugs, and diseases.






CHAPTER 2

RECEPTORS AND ENZYMES AS THE
TARGETS OF DRUG ACTION

I. The organization of a single receptor: Three parts of a receptor 1.
Synaptic teamwork
A. lon channels
B. Transport carriers and active transport pumps
C. Neurotransmitter synaptic reuptake—an example of molecular transport us
ing an active transport pump
D. Second-messenger systems
E. lon regulation
F. Gene regulation
I1l. Receptors as sites of drug action
IV. Enzymes as sites of drug action
V. Summary: How drugs modify chemical neurotransmission

In Chapter 1 we discussed how modern psychopharmacology is essentially the study
of chemical neurotransmission. In this chapter we will become more specific and
discuss how virtually all central nervous system (CNS) drugs act in one of two very
specific ways on chemical neurotransmission: first and most prominently as
stimulators (agonists) or blockers (antagonists) of neurotransmitter receptors; or
second, and less commonly, as inhibitors of regulatory enzymes.

Given the far-reaching importance of receptors and enzymes in our current
thinking about how drugs work in the brain, this chapter will explore the properties
of these very interesting targets of CNS drug action. We will first explore the
organization of single receptors and how they form binding sites for
neurotransmitters and drugs. We will then describe how receptors work as members
of a synaptic neurotransmission team, including ions, ion channels, transport carriers,
second messenger systems, transcription factors, genes, and gene products.
Finally, we will

3
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FIGURE 2 — 1. This figure is a schematic diagram of a receptor, showing that it is a protein arranged
essentially as a long chain of amino acids. The chain winds in and out of the cell several times,
creating three regions of the receptor: first, the extracellular portions are those parts of the chain
entirely outside the neuron; second, the intracellular portions are those bits of the chain entirely
inside the neuron; and third, the transmembrane portion, which comprises the regions of the receptor
that reside within the membrane of the neuron.

discuss how enzymes and receptors are sites of drug actions and how such drug
actions in turn modify chemical neurotransmission.

The Organization of a Single Receptor: Three Parts of a Receptor

Receptors are long chains of amino acids and therefore a type of protein (Fig. 2—1).
Receptors reside partially within neuronal membranes (Figs. 2 — 1 and 2 — 2). In fact,
neurotransmitter receptors can be thought of as containing three portions: an
extracellular portion, a transmembrane portion and an intracellular portion (Fig. 2 —
2). The chain of amino acids constituting the receptor is not arranged in a straight
line as might be implied by oversimplified representations in diagrams such as
Figures
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FIGURE 2—2. A side view of a receptor with seven transmembrane regions is shown here. This
is a common structure of many receptors for neurotransmitters and hormones. That is, the string of
amino acids goes in and out of the cell several times to create three portions of the receptor: first,
that part that is outside of the cell (called the extracellular portion); second, the part that is inside
the receptor that is inside the cell (called the intracellular portion; and finally, the part that traverses
the membrane several times (called the transmembrane portion). Throughout this text, this receptor
will be represented in a simplified schematic manner with the icon shown in the small box.

2 — 1 and 2 — 2, but rather in an alpha helical manner, as a spiral around a central
core (Figs. 2 — 3 and 2—4). The binding site for the neurotransmitter is inside the
central core for many receptors (i.e., inside the helix of Figs. 2 — 3 and 2—4).

The extracellular binding portion of a receptor is the part of the receptor that is
located outside the cell. It was originally believed that this portion of the receptor
contained the selective binding site for its neurotransmitter. However, as mentioned
above, it is now known that the selective binding site for a neurotransmitter is often
located within the second portion of the receptor, its transmembrane regions (Figs.
2-3 and 2-4).

Some drugs may compete with the neurotransmitter for its own binding site,
attempting to mimic the neurotransmitter that normally binds there or to block
that neurotransmitter. As we will discuss in more detail in Chapter 3 under the
topic of allosteric modulation, drugs may also act at totally separate and unique
binding sites at other locations on the receptor to change the actions of the
neurotransmitter on its receptor. The locations of such binding sites are still under
intense investigation, but these sites may also be located in the transmembrane
regions, yet separate from the neurotransmitter's binding site. This recognition site
for the neurotransmitter receptor is quite unique from one receptor to the next and
indeed may be one of the major distinguishing characteristics of one receptor
versus another. Some receptors even have binding sites for two distinct
neurotransmitters, in which case they are called co-transmitters.

The transmembrane regions (Figs. 2 — 2 and 2 — 3) probably also serve in part a
structural purpose, holding the receptor in place or allowing a certain movement of
the receptor relative to the membrane itself. Transmembrane regions of one
neurotransmitter receptor can be quite similar to those of other neurotransmitter
receptors,



FIGURE 2 — 3. The seven transmembrane regions are not arranged in a line but rather in a circle.
In the middle of this circle is a central core, where neurotransmitters find their binding sites. This
figure depicts each transmembrane region as a spiral, since each is actually an alpha-helix. Also shown
is how these spirals are arranged so that the seven of them form a circle. In the middle of the circle
is the binding site for the neurotransmitter. Since there are seven transmembrane regions (left), the
icon representing this will have the number 7 on it (right).

TOP VIEW OF THE
RECEPTOR

FIGURE 2-4. This figure shows a top view of the receptor. All that is seen are the extracellular
portions of the receptors sticking out of the membrane. These extracellular regions of the receptor
connect the various transmembrane regions to each other. In the center of the bits of receptor is the
central core, where the neurotransmitter for that receptor binds.
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forming large families of receptors (sometimes called superfamilies), which are
structurally similar but which use different neurotransmitters.

One example of this is the super-family of receptors organized with seven trans-
membrane regions (Fig. 2 — 3). This is a structure common to many neurotransmitter
receptors that use second-messenger systems and are “"slow" in responding (e.g.,
serotonin-2A receptors and beta-2 adrenergic receptors). A description of the seven-
transmembrane region superfamily of receptors will be amplified below in our
discussion of receptors linked to second-messenger systems.

A second important example of the organization of a receptor structure that is
shared by many different neurotransmitter receptors is that of four transmembrane
regions common to many other neurotransmitter receptors that interact with ion
channels (Fig. 2 — 5). In this case, multiple copies of each four-transmembrane region
receptor are clustered around a central ion channel (Fig. 2—6). A description of the
four-transmembrane region superfamily of receptors will be amplified below in our
discussion of receptors interacting with ion channels.

There is even a third prominent example of how a receptor can be organized,
namely, the 12-transmembrane region transporter systems (Fig. 2—7). A description
of such transporters will be given in greater detail in the section on monoamine
reuptake, which follows later in this chapter.

The third part of a neurotransmitter receptor is intracellular (Figs. 2—2 and 2—
3). These intracellular section of the receptor, sometimes termed cytoplasmic loops,
can interact with other transmembrane proteins or with intracellular proteins in
order to trigger second-messenger systems (as shown in Figs. 1 — 10 and 1 — 11). The
great majority of neurotransmitter and hormone receptors interact with second-
messenger systems to modify the transition of molecular information from the
neurotransmitter first-messenger to the second-messenger system and on to the
genetic machinery (i.e., DNA) of the cell nucleus.

Synaptic Teamwork

Much importance and emphasis is given to the selective interaction of
neurotransmitter with its unique binding site on its receptor because this is how
information is encoded and decoded, both by neurotransmitters and by drugs
mimicking neurotransmitters. Indeed, the majority of psychopharmacologic agents
are thought to act at such sites on various receptors. However, this is far from a
complete description of chemical neurotransmission or of all the sites at which
drugs can potentially modulate neurotransmission.

Chemical neurotransmission can be described more completely as a team of
molecular players. The neurotransmitter may be the captain of the team, but it is
only one key player. Other molecular players on the synaptic transmission team
include the specific ions (Fig. 2—38), that interact with the ion channels (e.g., Fig.
2—=6), various enzymes (Fig 2—9), transport carriers (Fig. 2—10), active transport
pumps (Fig. 2 — 11), second messengers (Fig. 2 — 12), receptors (Fig. 2 — 13),
transcription factors (Fig. 2 — 14), genes (Fig. 2 — 15), and gene products (Fig. 2 —
16).

In addition to the role of these players in chemical neurotransmission, each
molecule is a known or potential site of drug interactions. Each is also a theoretical
site of malfunction that could possibly contribute to a nervous or mental
disorder, as
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FIGURE 2 —5. A type of structure that is shared by many receptors linked to an ion channel is that
of four transmembrane regions. This will be represented by the icon on the right, and labeled
with a 4. It is not the whole receptor but just a subunit of the receptor as shown in Figure 2 — 6.

channel

FIGURE 2 — 6. lon channels are often composed of five copies of each of the four-transmembrane-
region receptor subunits shown in Figure 2-5. In the center of these five copies is the ion channel
itself. We will use the icon on the right to represent receptor—ion channel complexes comprising five
copies of the four-transmembrane-region subunits.

will be discussed in general terms in Chapter 4 and in specific relationship to various
psychiatric disorders throughout the rest of the book.

The molecular players beyond the second messenger are particularly important in
gene regulation. They include both active and inactive forms of protein kinase, an
enzyme that phosphorylates various intracellular proteins, and protein dephosphatase
enzymes, which reverse this (Fig. 2 — 9). Also included are transcription factors, which



Receptors and Enzymes as the Targets of Drug Action 41

FIGURE 2-7. Another prominent example of how a receptor can be organized is provided by the 12-
transmembrane-region proteins that comprise the hinding sites for various neurotransmitter
transporter systems. The icon on the left will be used to represent this type of receptor.

O calcium
O 4"

sodium
potassium
chloride

FIGURE 2 — 8. Various ions are represented. Channels for one ion are unique from channels for other
ions. The ions include sodium, potassium, chloride, and calcium.

activate genes (Fig. 2 — 14) by allowing RNA polymerase to spring into action,
transcribing DNA into RNA (Figs. 1-16 and 2-9).

Immediate early genes (early response genes) with exotic names such as cJun and
cFos are some of the very first that can be transcribed directly following
neurotransmitter action at postsynaptic receptors (Fig. 2 — 15). In fact, the gene
products of "early genes,” such as the Fos gene product from the cFos gene and the
Jun gene product from the cJun gene, can themselves form transcription factors with
equally exotic names, such as leucine zipper (Fig. 2 — 14). Later-onset genes (Fig. 2 —
15) are turned on by these products of early-onset genes to perpetuate the cascade
begun way back with the neurotransmitter. These late-onset genes are the ultimate
regulators of the postsynaptic neuron, as their gene products include all the important
proteins that target neurons make, including enzymes, receptors, transcription
factors, growth factors, structural proteins, and many more (Fig. 2 — 16).

The spatial arrangement of these different molecules relative to one another
facilitates their mutual interactions. These various elements of chemical
neurotransmission, represented as icons in Figures 2 — 5 through 2—16, can be
arranged to cooperate on teams to accomplish various aspects of chemical
neurotransmission, as will be shown in several of the figures that follow.
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FIGURE 2—9. Enzymes are very important to the functioning of the cell. Some enzymes create
molecules (i.e., build them up) and some enzymes destroy molecules (i.e., tear them apart). One
enzyme responsible for using energy is ATPase. Three important classes of enzymes that regulate
gene expression include both active and inactive forms of protein kinases, various dephosphatases,
which can reverse the actions of protein kinases, and finally, RNA polymerase enzymes, which catalyze
the transcription of DNA into RNA.
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FIGURE 2 — 10. A transport carrier is used to shuttle molecules into cells that otherwise would not
be able to get into the cell through the membrane.

FIGURE 2 — 11. If a transport carrier is coupled with an energy-providing enzyme such as ATPase.
it is called an active transport pump.
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FIGURE 2 — 12. Second messengers are intracellular chemicals produced when some neurotransmit-
ters bind to their receptors. Such receptors are capable of converting the binding information of their
neurotransmitter into the synthesis of these second messengers.

7 transmembrane region 4 transmembrane region 12 transmembrane
G protein linked ligand gated ion channel region transporter

FIGURE 2 — 13. Icons for various receptors are shown here, including the seven-transmembrane
region G-protein-linked second messenger system (left), the ligand-gated ion channel comprising five
subunits with four transmembrane regions (middle), and the 12-transmembrane region transporter
(right).

lon Channels

Some transmembrane proteins form channels, lining the neuronal membrane to
enable ions to traverse the membrane (Figs. 2 — 6, 2 — 17, and 2 — 18). Channels
exist for many ions, including, for example, sodium, potassium, chloride, and
calcium (Fig. 2 — 8). lon channels in the CNS can be modulated in such a way
that the channel may be open or permeable at times (Fig. 2 — 17) and closed or
impermeable at other times (Fig. 2 — 18). There are two principal ways to regulate
the opening and closing of ion channels, with electricity or with a molecular
gatekeeper (Fig. 2 — 19). Those that use electricity are called voltage-gated; those that
use a neurotransmitter ligand binding to a receptor near the ion channel are called
ligand-gated (Fig. 2-19).
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FIGURE 2-14. Multiple transcription factors are represented here, including active and inactive
forms, estradiol (E2), cyclic AMP response binding element (CREB), and the leucine zipper formed
by Fos and Jun.
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FIGURE 2 — 15. Many different genes are important to neuronal regulation by drugs and diseases.
The prototypical gene is a sequence of DNA that has a regulatory region comprising an enhancer and
a promoter, plus a coding region, which is directly transcribed into RNA. Some genes are quickly
activated and are known as early-response genes or immediate early genes. Others take longer to be
activated, and are late-onset genes.

Transport Carriers and Active Transport Pumps

Membranes normally serve to keep the internal milieu of the cell constant by acting
as a barrier against the intrusion of outside molecules and the leakage of internal
molecules. However, selective permeability of the membrane is required to allow
uptake as well as discharge of specific molecules to respond to the needs of cellular
functioning. This has already been mentioned with regard to ions but also applies
to a number of other specific molecules. For example, glucose is transported into
the cell in order to provide energy for neurotransmission. Neurotransmitters are also
transported into neurons as a recapture mechanism following their release and use
during neurotransmission. This is done in order for neurotransmitter to be
repackaged and reused in a subsequent neurotransmission.

In order to accomplish selective shuttling of certain molecules across an otherwise
impermeable membrane, other molecules known as transport carriers work to bind
that molecule needing a trip inside the cell (Figs. 2—11 and 2—20 through 2 — 22).
The transport carrier is thus itself a type of receptor. In order for some transport
carriers to concentrate the shuttling molecules within the cell, they require energy.

One example of molecular transport requiring energy is the reuptake of
neurotransmitter into its presynaptic neuron, as already mentioned above. In this
case, the energy comes from linkage to an enzyme known as sodium-potassium
ATPase (Fig. 2—9). An active transport pump is the term for this type of organization of
two neurotransmitters, namely a transport carrier and an energy-providing system,
which function as a team to accomplish transport of a molecule into the cell (Fig. 2
— 11).
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FIGURE 2 — 16. Gene products are various proteins with a wide spectrum of functions, including
receptors, ion channels, peptide neurotransmitters, enzymes, neurotrophic factors, transcription factors,
reuptake carriers, and many, many more.

Neurotransmitter Synaptic Reuptake—an Example of Molecular
Transport Using an Active Transport Pump

In the case of the active transport pump for presynaptic transport of
neurotransmitter, the job is to sweep synaptic neurotransmitter molecules out of the
synapse and back into the presynaptic neuron. The reuptake pump comprises a carrier
for neurotransmitter (Fig. 2 — 20). However, in the absence of sodium it cannot bind
that neurotransmitter very well (see carrier with no sodium binding, no
neurotransmitter binding, and "flat tires" in Figure 2 — 20). However, in the presence
of sodium the carrier does bind to neurotransmitter molecules (see Figure 2 — 21
with sodium in the tires, which are now pumped up, and the carrier now binding
neurotransmitter as well). This reuptake pump can also be inhibited so that
neurotransmitter molecules can no longer bind to the reuptake carrier (Figure 2 — 22
shows sodium gone, neurotransmitter gone, and an inhibitor in place causing the tires
to go flat again). Many antidepressants act by targeting one or another of the
reuptake pumps for monoamine neurotransmitters, especially the serotonin
transporter, the norepineph-rine transporter, and the dopamine transporter.
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FIGURE 2 — 17. This schematic shows an ion channel that is closed. It has a molecular
gatekeeper, shown here keeping the channel closed so that ions cannot get into the cell.

This reuptake pump takes an active part in the neurotransmission process, which
begins with the firing of the presynaptic neuron and release of neurotransmitter (Fig.
2—23). The neurotransmitter diffuses across the synapse, binds its neurotransmitter
receptors selectively, and triggers all the subsequent events that translate that
chemical message into another neuronal impulse in the postsynaptic neuron, activate
postsynaptic genes, and regulate various cellular functions in the target neuron. The
neurotransmitter then diffuses off its receptor and can be destroyed by enzymes or
transported back into the presynaptic neuron.

When neurotransmitter successfully diffuses back to the presynaptic neuron, a
transport carrier, which has been waiting there for it (Fig. 2 — 23), binds it in the
presence of sodium (Fig. 2 — 23) and, with the help of its teammate energy-providing
enzyme system sodium-potassium ATPase, shuttles the neurotransmitter back into
the neuron for repackaging and reuse, while simultaneously exchanging sodium for
potassium with the neuron. Several molecules therefore cooperate to make this
reuptake complex function so as to transport neurotransmitter back into the neuron.
The most important of these are the transport carrier (Figs. 2—20, 2 — 21, and 2 — 23)
and the enzyme sodium-potassium ATPase (Figs. 2 — 9 and 2 — 23). Also involved is
sodium, which increases the affinity of the transporter for its neurotransmitter
(Figs.
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FIGURE 2-18. Here the ion channel of Figure 2-17 is open. The gatekeeper has acted, on
instruction from some neurotransmitter, to open the channel and allow ions to travel into the cell.

2-21 and 2-23). As will be discussed in detail in Chapter 6, inhibiting this
transport of one or another of the monoamine neurotransmitters is the mechanism
of action of most antidepressant drugs (Figs. 2 — 22 and 2-24).

Reuptake of synaptic neurotransmitter is thus another example of how molecules
cooperate with each other as players on a team in order to accomplish a complex
but elegant dimension of chemical neurotransmission.

Second-Messenger Systems

A neurotransmitter receptor can also cooperate with a team of specialized molecules
comprising what is known as a second-messenger system (Figs. 2—25 through 2 —
28). The first messenger is considered to be the neurotransmitter itself (Fig. 2—25).
It transfers its message to a second messenger, which is intracellular (see Fig. 1 — 10
and 2 — 25 through 2 — 28). It does this via two receptors, which cooperate with each
other. These two receptors are the neurotransmitter receptor itself and another
receptor associated with the inner membrane of the cell, known as a G protein. Once
these two receptors have interacted (Figs. 2 — 26 and 2—27), this permits yet another
interaction, namely that of the two receptors with an enzyme (Figs. 2 — 27 and 2-
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FIGURE 2 — 19. lon channels can be either ligand-gated (i.e., opened and closed by neurotransmitter
ligands) or voltage-gated (i.e., opened or closed by the voltage charge across the channel). Many
different ions have their own channels, including sodium, potassium, and calcium.
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FIGURE 2 — 20. The transport carrier for neurotransmitter reuptake is like a box car with reserved
seats for molecules for neurotransmitter. Here the transport carrier is empty. Its tires are flat, and it
is unable to transport neurotransmitter.

FIGURE 2 — 21. The neurotransmitter reuptake transporter can bind neurotransmitter molecules at
specific binding sites. Here the neurotransmitter is bound to transporter sites, ready for a trip inside
the neuron. It is now binding the neurotransmitter serotonin (5HT) because it has found sodium
ions, which have increased its affinity for serotonin, resulting in the tires being pumped up and full
of air, ready for transport.

FIGURE 2 — 22. If an inhibitor of the transport carrier binds to its own binding site, it prevents
neurotransmitter molecules from being able to bind to their sites. This figure shows an antidepressant,
fluoxetine (Prozac), binding to the serotonin transporter. When this drug binds to the serotonin
transporter, it essentially bumps serotonin neurotransmitter molecules out of their seats on the
transport carrier. This causes inhibition or blockade of neurotransmitter transport into the neuron.
Sodium binding is also decreased, and the tires go flat, so that transport is halted.
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FIGURE 2 — 23. This figure shows how the box cars of neurotransmitter transporters are arranged on
a track to act as a neurotransmitter shuttle system. Once the neurotransmitter molecules are released
by the neuron, they can be snatched by the transport carrier, given a seat on the shuttle, and driven
into the cell on the track created by the transport carrier using energy provided by ATPase. Once
inside the cell, the neurotransmitter gets out of its seat on the shuttle and is stored again in synaptic
vesicles so that it can be reused in a subsequent neurotransmission.
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fluoxetine (Prozac)

FIGURE 2 — 24. Shown here is how the antidepressant fluoxetine (Prozac) disrupts neurotransmitter
from shuttling into the neuron. In this case, binding of the transport carrier by fluoxetine prevents
serotonin neurotransmitter molecules from taking a seat on the shuttle. Thus, there is no ride for the
serotonin into the neuron. This means that the neurotransmitter serotonin remains in the synapse
until it diffuses away or is destroyed by enzymes.

28). The enzyme manufactures a second messenger in response to its interactions
with the dual cooperating receptors (Fig. 2 — 28) but cannot do this by interaction
with either of the receptors separately.

A second-messenger system thus includes several elements (Figs. 2-25 through
2 — 28): (1) the first messenger (neurotransmitter); (2) the neurotransmitter's receptor;
(3) a second receptor called a G protein, which interacts with the neurotransmitter
receptor; (4) an enzyme triggered into action by the interacting pair of receptors;
(5) and a second-messenger molecule manufactured by this enzyme. The two best
known examples of second messengers are cyclic adenosine monophosphate (CAMP)
and phosphatidyl inositol (Pl). The systems that produce these second messengers
are also sometimes known as the cCAMP second messenger system and the Pl second
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FIGURE 2 — 25. Shown here is a second messenger system, which comprises four elements. The
first element is the neurotransmitter itself, sometimes also referred to as the first messenger. The
second element is the neurotransmitter receptor. The third element is a connecting protein called a
G protein. The fourth element of the second messenger system is an enzyme, which can
synthesize a second messenger.

The first messenger
causes the receptor
to change

G-Protein can now bind to the receptor

FIGURE 2 — 26. In this figure the neurotransmitter has docked into its receptor. The first messenger
does its job by transforming the receptor, indicated here by turning the same color as the
neurotransmitter, in order to make it capable of binding to the G protein. This requires a
conformational change of the neurotransmitter receptor, shown here as a change in the shape of
its bottom.
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Once bound to the receptor, the G-Protein
changes shape so it can bind to an enzyme capable
of synthesizing a second messenger.

FIGURE 2 — 27. The next stage in producing a second messenger is for the transformed neurotrans-
mitter receptor to bind to the G protein, depicted here by the G protein turning the same color as
the neurotransmitter and its receptor. Binding of the binary neurotransmitter receptor complex to the
G protein causes yet another conformational change, this time in the G protein, represented
here as a change in the shape of the right-hand side of the G protein. This prepares the G protein to
bind to the enzyme capable of synthesizing the second messenger.

Once this binding takes place, the second
message will be released.

FIGURE 2 — 28. The final step in formation of the second messenger is for the ternary complex
neurotransmitter—receptor—G protein to bind to a messenger-synthesizing enzyme, depicted here
by the enzyme turning the same color as the ternary complex. Once the enzyme binds to this ternary
complex, it becomes activated and capable of synthesizing the second messenger. Thus, it is the
cooperation of all four elements, wrapped together as a quaternary complex, which leads to the
production of the second messenger. Information from the first messenger thus passes to the second
messenger through use of receptor—G protein —enzyme intermediaries.
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messenger system, respectively. Although the actions of a stimulatory G protein are
shown here, other types of G proteins are inhibitory and slow down or prevent
coupling of the receptor with the enzyme that makes the second messenger.

Thus, the transfer of first messenger to second messenger is accomplished by
means of a molecular cascade: neurotransmitter to neurotransmitter receptor (Fig.
2—25); neurotransmitter receptor to G protein (Fig. 2—26); binary complex of two
receptors to enzyme (Fig. 2—27); and enzyme to second-messenger molecule (Fig. 2-
28).

lon Regulation

As if this were not complex enough, the cascade put into motion by the first
messenger and continued by the second messenger in fact does not stop here. The
exact molecular events of this continuing cascade are the subject of intense current
investigation and are just beginning to be unraveled. The cascade continues as second
messengers change various cellular activities. Usually, the next step is for the second
messenger to activate enzymes (Fig. 2 — 29) that are capable of altering virtually any
function within the cell. One of the most important functions triggered by enzymes
activated by second messengers is to change the membrane's permeability to ions
such as calcium (Fig. 2 — 30). Altering fluxes of ions in the neuron is one of the key
ways to modify the excitability of the neuron that the second messenger is trying
to influence. This happens fairly soon after neurotransmission has occurred. Other
events take longer to develop and last longer once they have been started.

Gene Regulation

Second messengers frequently activate enzymes and cause them to phosphorylate
proteins and other enzymes inside the cell (Figs. 2 — 31 through 2 — 35). This can
alter the synthesis of various molecules in the cell that are subject to regulation by
the second messenger. Specifically, in order to modify the functioning of a neuron,
these molecules must alter the genes that control the synthesis of the proteins that
implement all the functions the postsynaptic cell can perform. Eventually the
message is passed along via messenger after messenger (Figs. 2 — 31 through 2 — 33)
until the information reaches the cell nucleus and the DNA (genes) in it (Fig. 2 —
34). Once the message has been received at this site, virtually any biochemical
change is possible, since the DNA is the command center of the cell and has the
power to change any and all biochemical events of which the cell is capable.

Thus, genes do not directly regulate cellular functioning. Rather, they directly
regulate the proteins that bring about cellular functioning. Thus, changes in function
have to wait until the changes in protein synthesis occur and the events that they
cause start to take place.

Let us now trace the events that the common second messenger CAMP can trigger.
Once cAMP is formed (Fig. 2 — 31), it can interact with a family of important
regulatory enzymes called protein kinases. Once cAMP binds to the inactive or
"sleeping" version of one of these enzymes, the enzyme "wakes up" and becomes
activated protein kinase (Fig. 2 — 32). Protein kinases job is to activate transcription
factors by phosphorylating them (Fig. 2 — 33). It does this by traveling straight to
the cell nucleus and finding a "sleeping” transcription factor, to which it attaches a



ACTIVATING ENZYME

FIGURE 2 — 29. Once the second messenger has been synthesized, it can continue the information
transfer by further molecular conversations. Shown here is second messenger synthesis, depicted as
blue neurotransmitter binding extracellularly and cascading the transfer of blue information through
receptor, G protein, and enzyme to produce a second messenger, indicated in Figures 2 — 25 through
2 — 28. However, this figure goes past second messenger synthesis to depict the second messenger
activating an intracellular enzyme. Note that the ion channel is closed in this figure and that no
information is being directed at the cell's DNA here.
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OPENING ION CHANNEL

The second messenger
tells the enzyme to
open an ion channel,
allowing Calcium to
enter the cell.

FIGURE 2 — 30. One of the consequences of activation of an intracellular enzyme by a second messenger
is that some activated enzymes can instruct ion channels to open. This may be mediated by a
complicated molecular cascade, set in motion by a second messenger activating an intracellular enzyme,
which itself creates still further molecular instructions to an ionic gatekeeper to open the ion channel.
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FIGURE 2 — 31. Gene regulation by neurotransmitters, part 1. Neurotransmitters begin the

process of activating genes by producing a second messenger, as previously shown in Figures 2 — 25

through 2-28.
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protein kinase protein kinase
FIGURE 2 — 32. Gene regulation by neurotransmitters, part 2. Here a second messenger is

activating an intracellular enzyme, protein kinase. This enzyme is inactive when it is paired with
another copy of the enzyme plus two regulatory units (R). In this case, two copies of the second
messenger interact with the regulatory units, dissociating them from the copies of protein kinase. This
activates protein kinase, readying this enzyme to phosphorvlate other proteins (PO,).
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FIGURE 2 — 33. Gene regulation by neurotransmitters, part 3. Once activated, protein kinase phos-
phorylates a transcription factor (TF). Attaching phosphate (PO;) to this transcription factor activates

it so it can bind to the regulatory region of a gene.
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FIGURE 2 — 34. Gene regulation by neurotransmitters, part 4. The activated transcription factor now
binds to the regulatory region of the gene and activates it. The gene shown here is called cFos.
Activation of a gene means that it is transcribed into RNA and then the RNA is translated into
the protein for which it codes. In this example, the protein is Fos from the gene cFos.
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FIGURE 2 — 35. Gene regulation by neurotransmitters, part 5. Here all four parts of Figures 2 — 31
through 2 — 34 are put together into a continuous cascade from first-messenger neurotransmitter to
gene activation and production of the gene product, Fos protein.

60



Receptors and Enzymes as the Targets of Drug Action 61

FOS

FIGURE 2 — 36. How early genes activate late genes, part 1. Here, a transcription factor is activating
the immediate early gene cFos and producing the protein product Fos, as described in detail in
Figures 2 — 31 through 2 — 35.

JUN !

FIGURE 2 — 37. How early genes activate late genes, part 2. While the cFos gene is being activated
in Figure 2 — 38, another immediate early gene is being simultaneously activated. This second gene
is called cJun and it is producing its protein product Jun.

phosphate group; by so doing the protein kinase is able to "wake up" that
transcription factor (Fig. 2 — 33). Once a transcription factor is activated, it will bind
to genes.

Some genes are known as immediate early genes (Fig. 2 — 34). They have weird
names such as cJun and cFos (Figs. 2 — 34 through 2—40) and belong to a family
called leucine zippers (Fig. 2 — 38). These genes function as rapid responders to the
neurotransmitter's input, like the first troops sent into combat once war has been
declared. Such rapid deployment forces of immediate early genes are the first to
respond to the neurotransmission signal by making the proteins they encode. In this
example, these are Jun and Fos proteins coming from cJun and cFos genes (Figs.
2 — 36 and 2 — 37). These are nuclear proteins, that is, they live and work in the
nucleus. They get started within 15 minutes of receiving a neurotransmission, but
only last for a half hour to an hour (Fig. 2—41).
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FIGURE 2 — 38. How early genes activate late genes, part 3. Once Fos and Jun proteins are synthesized,
they can collaborate as partners and produce a Fos-Jun combination protein, which now acts as a
transcription factor for late genes. Sometimes the Fos-Jun transcription factor is called a leucine

zipper.
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FIGURE 2 — 39. How early genes activate late genes, part 4. The leucine zipper transcription factor
formed by the products of the activated early genes cFos and cJun now returns to the genome and
finds another gene. Since this gene is being activated later than the others, it is called a late gene.
Thus, early genes activate late genes when the products of early genes are themselves transcription
factors. The product of the late gene can be any protein the neuron needs, such as an enzymes,
transport, or growth factor, as shown in Figure 2 — 16.

When Jun and Fos team up, they form a leucine zipper type of transcription
factor (Fig. 2 — 38), which in turn activates many kinds of later onset genes (Figs.
2 — 39 through 2—42). Thus, Fos and Jun serve to wake up the much larger army
of inactive genes. Which individual soldier genes are so drafted to active gene duty
depends on a number of factors, not the least of which is which neurotransmitter is
sending the message, how frequently it is sending the message, and whether it is
working in concert with or in opposition to other neurotransmitters addressing other
parts of the same neuron at the same time.

When Fos and Jun operate as partners to form a leucine zipper type of
transcription factor, this can lead to the activation of genes to make anything you
can think of, from enzymes to receptors to structural proteins (see Fig. 2—A42).
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FIGURE 2—40. How early genes activate late genes, part 5. This figure shows the process of activating
a late gene, incorporating the elements illustrated in Figures 2 — 36 through 2 — 39. At the top,
immediate early genes cFos and cJun are expressed, and their protein products Fos and Jun are formed.
Next, a transcription factor, namely a leucine zipper, is created by the cooperation of Fos and Jun
together. Finally, this transcription factor goes on to activate a late gene, resulting in the expression
of its own gene product.
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FIGURE 2—41. The time course of neurotransmitter-induced activation of late genes is shown
here. This encompasses the activities illustrated in Figures 2 — 31 through 2—40. A similar time course
was outlined in less detail in Figure 1 — 13. Here, the earliest events start at the top, and the later
events cascade down through the graph. Neurotransmitter binding to receptor is immediate, and many
important events occur within the first hour. Immediate early genes are probably activated within 15
minutes and late genes within the first hour. However, it is only many hours to days after activation
of the late genes that the profound physiological actions are seen, such as regulation of enzymes and
receptors and synaptogenesis.
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FIGURE 2—42. Examples of late gene activation are illustrated. Thus, a receptor, an enzyme,
and a neurotrophic growth factor are all being expressed owing to activation of their respective
genes. Such gene products go on to modify neuronal function for many hours or days.

Receptors as Sites of Drug Action

One common example of a neurotransmitter-induced change is the regulation of the
number of the neurotransmitter's own receptors. By asking for more copies or fewer
copies of its receptors, the neurotransmitter enables the neurotransmission process
to come full circle from receptor to gene and back to receptor again (Figs. 2—43
and 2—44). Drugs acting at a receptor can also affect the number of these
neurotransmitter receptors by similarly decreasing the rate of receptor synthesis.
When the rate of a neurotransmitter receptor's synthesis is decreased, it is sometimes
called down regulation or desensitization (see Figs. 2—43 and 2—45). This process
takes days. Changes in the rates of receptor synthesis can powerfully modify chemical
neurotransmission at the synapse. That is, a decreased rate of receptor synthesis
results in less receptor being made and less being transported down the axon to the
terminal for insertion into the membrane (see Figs. 1—8, 2—43, and 2—45). This
would theoretically diminish the sensitivity of neurotransmission. A
neurotransmitter or drug can also cause a faster form of desensitization by
activating an enzyme that phosphorylates the receptor, making the receptor
immediately insensitive to its neurotransmitter.

When the rate of a neurotransmitter receptor's synthesis is increased, it is
sometimes called up regulation (Figs. 2—44 and 2—45). In fact, receptors may be
synthesized in excess under some conditions, especially if these receptors are
blocked by a drug for a long period of time (Figs. 2—44 and 2—45). Too much
receptor



DOWN REGULATION

The new chemical
affects the cell's DNA.
Here, it causes DOWN-
REGULATION of
receptors.

FIGURE 2—43. The production of chemical instructions by intracellular enzymes can include orders
for the cell's DNA. Shown here is the blue neurotransmitter cascade leading to second messenger
formation, followed by second messenger activation of an intracellular enzyme, which in turn has
triggered yet another intracellular enzyme to produce red molecules. These red molecules contain
instructions for the cell's DNA, which order it to slow down the synthesis of the neurotransmitter
receptor. Thus, fewer blue neurotransmitter receptors are being formed, as represented by the tortoise
on the arrows of neurotransmitter receptor synthesis. Such slowing of neurotransmitter receptor
synthesis is called down regulation.
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UP REGULATION

FIGURE 2—44. The production of chemical instructions by intracellular enzymes can also include
orders for the cell's DNA to speed up the synthesis of neurotransmitter receptors. Thus, the blue
neurotransmitter cascade leads to second messenger formation, which is followed by second messenger
activation of an intracellular enzyme, which in turn has triggered yet another intracellular enzyme to
produce red molecules. In contrast to the molecules of Figure 2—43, the red molecules depicted here
contain instructions for the cell's DNA, which order it to speed up the synthesis of the
neurotransmitter receptor. Thus, a greater number of blue neurotransmitter receptors are being formed,
as represented by the hare on the arrows of neurotransmitter receptor synthesis. Such an increase in
neurotransmitter receptor synthesis is called up regulation.
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FIGURE 2—45. The complicated molecular cascades of Figures 2—43 and 2—44 are shown here with
simplified icons. Thus, when fewer neurotransmitter receptors are formed, the process is called down
regulation. When more neurotransmitter molecules are formed, it is called up regulation.
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After a substrate binds to an enzyme, it is turned into a product which is then released from the enzyme.

\
4
. ¢

1 2 3

FIGURE 2—46. Enzyme activity is conversion of one molecule into another. Thus, a substrate is
said to be turned into a product by enzymatic modification of the substrate molecule. The enzyme
has an active site at which the substrate can bind specifically (1). The substrate then finds the active
site of the enzyme, and binds to it (2), so that a molecular transformation can occur, changing the
substrate into the product (3).

synthesis may not only increase the sensitivity of neurotransmission but may also
produce a disease. Exactly this is suspected to be the case for the condition known
as tardive dyskinesia (see Chapter 11, antipsychotics), which is apparently caused
when drugs that block dopamine receptors cause abnormal changes in the number
or sensitivity of dopamine receptors.

Neurotransmitter-induced molecular cascades into the cell nucleus of course lead
not only to changes in the synthesis of the neurotransmitter's own receptors, but
also to changes in the synthesis of many other important postsynaptic proteins,
including enzymes and receptors for other neurotransmitters.

In summary, second-messenger systems (Figs. 2 — 25 through 2 — 28) have a general
theme of using neurotransmitter first messengers occupying their receptors in order
to precipitate a cascade of molecular events, carried out by a team of molecular
players that interact with one another cooperatively, handing over the message from
one molecule to another. This accomplishes the transfer of information sent via a
transmitting neuron's neurotransmitter outside of the receiving neuron (Fig. 2 — 25)
to inside that receiving neuron (Figs. 2 — 26 through 2 — 28), with many potential
effects on intracellular processes (Figs. 2 — 29 through 2—45).

Once the extracellular first messenger from the transmitting neuron has handed
over a message to an intracellular second messenger of the receiving neuron, the
message then penetrates deep inside the recipient cell in a complex molecular
cascade, which reaches enzymes, receptors, ion channels, and ultimately DNA, in
order to transmit the information of how the neurotransmitter from the
transmitting



IRREVERSIBLE
INHIBITOR

The "suicide inhibitor." This enzyme inhibitor binds
irreversibly to the enzyme protein, permanently
inhibiting the enzyme.

FIGURE 2—47. Some drugs are inhibitors of enzymes. Shown here is an irreversible inhibitor of
an enzyme, depicted as binding to the enzyme with chains. The binding is locked so permanently
that such irreversible enzyme inhibition is sometimes called the work of a "suicide inhibitor," since
the enzyme essentially commits suicide by binding to the irreversible inhibitor. Enzyme activity cannot
be restored unless another molecule of enzyme is synthesized by the cell's DNA. The enzyme molecule
that has bound the irreversible inhibitor is permanently incapable of further enzymatic activity and

therefore is essentially "dead."
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REVERSIBLE
INHIBITOR

The reversible inhibitor. This inhibitor can come off of the
enzyme protein and thus can be reversed.

FIGURE 2—48. Other drugs are reversible enzyme inhibitors, depicted as binding to the enzyme
with a string. It is possible for the inhibitor to be chased off the enzyme under the right circumstances,
in which case the inhibition is reversed and the enzyme becomes fully functional again.

neuron will alter cellular function in the receiving neuron (Figs. 2 — 35 and 2—40
through 2—42). At each point along the way, there is a potential site of action for
psychotropic drugs or for contributions to psychiatric and neurological diseases.
Finally, altering the rates of synthesis of enzymes that can either create or destroy
neurotransmitters can also affect the amount of chemical neurotransmitter available
for neurotransmission and thereby alter the chemical neurotransmission process itself.

Enzymes as Sites of Drug Action

Enzymes are involved in multiple aspects of chemical neurotransmission, as discussed
earlier in this chapter. Every enzyme is the theoretical target for a drug acting as
an enzyme inhibitor. However, in practice only a minority of currently known drugs
are enzyme inhibitors.
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REVERSIBLE
INHIBITOR

The inhibitor can then be moved off of the enzyme by a competing substrate.

FIGURE 2—49. This reversible enzyme inhibitor is being challenged by the substrate for this
same enzyme. In the case of a reversible inhibitor, the molecular properties of the substrate are such
that it can get rid of the reversible inhibitor, which is depicted as scissors cutting the string that
binds the reversible inhibitor to the enzyme.

The enzymes most important in the neurotransmission process are those that make
and destroy the neurotransmitters. Thus, precursors are transported into the neuron
with the aid of an enzyme-assisted transport pump and converted into
neurotransmitters by a series of neurotransmitter-synthesizing enzymes (Figs. 1—7
through 1 — 9). Once synthesis of the neurotransmitter is complete, it is stored in
vesicles, where it stays until released by a nerve impulse. In the vesicle, the
neurotransmitter is also protected from enzymes capable of breaking it down. Once
released, however, the neurotransmitter is free not only to diffuse to its receptors for
synaptic actions but also to diffuse to enzymes capable of destroying the
neurotransmitter or to the reuptake pump already discussed above and represented in
Figures 2 — 20 through 2-24.

Enzyme activity is thus the conversion of one molecule into another, namely a
substrate into a product. The substrates for each enzyme are very unique and
selective, as are the products. The inhibitors of an enzyme are also very unique
and selective for one enzyme as compared with another. Enzymes doing their
normal work bind their substrates prior to converting them into products (Fig 2—
46). How-
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REVERSIBLE
INHIBITOR

FIGURE 2 — 50. The consequence of a substrate competing successfully for reversal of enzyme
inhibition is that the substrate essentially displaces the inhibitor and shoves it off. Because the
substrate has this capability, the inhibition is said to be reversible.

ever, in the presence of an enzyme inhibitor, the enzyme can also bind to the
inhibitor, which prevents the binding of substrate and the making of products (Figs.
2—A47 through 2 — 51). The binding of inhibitors can be either reversible (Figs. 2 —
48 through 2 — 50) or irreversible (Figs. 2—47 and 2 — 51).

In the case of reversible enzyme inhibitors, an enzyme's substrate is able to
compete with that reversible inhibitor for binding to the enzyme (Fig. 2—49) and
literally to shove it off the enzyme (Fig. 2 — 50). Whether the substrate or the
inhibitor "wins" or predominates depends on which one has the greater affinity for the
enzyme and/or is present in the greater concentration.

However, when an irreversible inhibitor binds to the enzyme, it cannot be
displaced by the substrate and thus binds irreversibly (Fig. 2 — 51). The irreversible
type of enzyme inhibitor is sometimes called a "suicide inhibitor" because it
covalently and irreversibly binds to the enzyme protein, permanently inhibiting it
and therefore essentially "killing" the enzyme by making it nonfunctional forever
(Fig. 2 — 51). Enzyme activity in this case is only restored when new enzyme
molecules are synthesized.
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IRREVERSIBLE
INHIBITOR

The suicide inhibitor cannot be moved off of the enzyme by a competing substrate.

FIGURE 2 — 51. The consequence of a substrate competing unsuccessfully for reversal of enzyme
inhibition is that the substrate is unable to displace the inhibitor. This is depicted as scissors
unsuccessfully attempting to cut the chains of the inhibitor. In this case, the inhibition is irreversible.

These concepts can be applied potentially to any enzyme system. Given the rapid
clarification of increasing numbers of enzymes, we should expect to see an
evergrowing number of enzyme inhibitors entering psychopharmacology in
future years.

Summary: How Drugs Modify Chemical Neurotransmission

This chapter has discussed the role of receptors and enzymes in the fascinating and
dynamic processes of chemical neurotransmission. The importance of understanding
of fundamentals of how receptors and enzymes affect neurotransmission cannot be
underestimated. Much of contemporary neuropharmacology is predicated on the
premise that most of the drugs and many of the diseases that affect the CNS do so
at the level of the synapse, as well as on the process of chemical neurotransmission.
The chapter has specifically reviewed how receptors and enzymes are the targets of
drug actions in psychopharmacology. We have explored the components of individual
receptors and discussed how receptors function as members of a synaptic
neurotransmission team, which has the neurotransmitter as captain and receptors as
major team players interacting with other players on the team including ions, ion
channels, transport carriers, active transport pumps, second-messenger systems, and
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enzymes. The reader should also have an appreciation for the elegant if complex
molecular cascade precipitated by a neurotransmitter, with molecule-by-molecule
transfer of the transmitted message inside the neuron receiving that message
eventually altering the biochemical machinery of that cell in order to carry out
the message sent to it.
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SPECIAL PROPERTIES OF RECEPTORS

I. Multiple receptor subtypes
A. Definition and description
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IV. Co-transmission versus allosteric modulation
V. Summary

The study of receptor psychopharmacology involves understanding not only that
receptors are the targets for most of the known drugs but also that they have some
very special properties. This chapter will build on the discussion of the general
properties of receptors introduced in Chapter 2 and will introduce the reader to
some of the special properties of receptors that help explain how they participate in
key drug interactions. Specifically, we will discuss three important psychopharma-
cological principles of receptors: first, that they are organized into multiple subtypes;
second, that their interactions with drugs can define not only agonists and
antagonists but also partial agonists and inverse agonists; and finally, that
allosteric modulation is an important theme of receptor modulation by drugs.
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Multiple Receptor Subtypes

Definition and Description

There are at least two ways to categorize receptors. One is based on describing all
the receptors that share a common neurotransmitter. This is sometimes called
pharmacological subtyping. The other organizational scheme for receptors is to
classify them according to their common structural features and molecular
interactions, a classification sometimes called receptor superfamilies.

Additional classification schemes will not be discussed here in any detail but
include those with related gene and/or chromosome localizations and those with the
same effector systems, (e.g., stimulatory or inhibitory G proteins or sodium,
potassium, chloride, or calcium channels). These features of different receptors will
be discussed as specific neurotransmitter receptors are mentioned throughout the
rest of the book.

Pharmacological Subtyping

To increase the options for brain communication, each neurotransmitter can act on
more than one neurotransmitter receptor. That is, there is not a single acetylcholine
receptor, nor a single serotonin receptor, nor a single norepinephrine receptor. In
fact, multiple subtypes have been discovered for virtually every known
neurotransmitter receptor.

It is as though the neurotransmitter keys in the brain can open many receptor
locks. Thus, the neurotransmitter is the master key. Whereas some drugs act like
duplicates of master keys, others can be made more selective and act at only one of
the receptors, like a submaster key for a single lock (Fig. 3 — 1).

This makes for clever engineering of the communications that occur via the brain's
neurotransmitters and receptors. Because the system of chemical neurotransmission
uses multiple neurotransmitters, each working through multiple receptors, chemical
signaling provides the features of both selectivity and amplification. That is, while
there is selectivity of a receptor family for a single neurotransmitter, there is
nevertheless amplification of receptor communication due to the presence of a great
variety of neurotransmitter receptors for the same neurotransmitter. Thus, each
neurotransmitter has not only the property of selectivity when compared with other
neurotransmitters but also a redundancy of receptor subtypes sharing the same
neurotransmitter. Receptor subtypes allow a single neurotransmitter to perform quite
different functions, depending not only on which particular subtype it is binding but
also on where in the brain's topography any receptor subtype is localized.

Receptor Superfamilies

There are two major superfamilies of receptors. The first is the superfamily of which
all members have seven transmembrane regions, all use a G protein, and all use a
second-messenger system (represented as an icon in Fig. 3—2). This was extensively
discussed in the text and figures of Chapter 2. Individual member receptors within
this class may, however, use various different neurotransmitters and still be a member
of this same superfamily. What makes one member of the family use one neuro-
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Drugs for six neurotransmitter
receptor subtypes

Neurotransmitter
(master key)

FIGURE 3 — 1. Neurotransmitters have multiple receptor subtypes with which to interact. It is as
though the neurotransmitter is the master key capable of unlocking each of the multiple receptor
subtype locks. Drugs can be made that mimic the neurotransmitter. The most selective drugs are
capable of mimicking the natural neurotransmitter's action at just one of the receptor locks. This
figure shows a neurotransmitter capable of interacting with six different receptor subtypes (i.e., the
master key). Also shown are six different drugs on a key chain. Each of these drugs is selective for a
different single subtype of the neurotransmitter receptors.

transmitter and another member of this same family use another neurotransmitter
is probably the molecular makeup of that portion of the transmembrane region that
binds the neurotransmitter (see Figs. 2 — 3, 2 — 5, and 2 — 6). The molecular
configuration of the neurotransmitter binding site differs from one receptor to the
next in the same family. This is how different neurotransmitters can be used in the
same receptor superfamily. The differences in binding sites between receptors in the
same superfamily are generally based on substitution of different amino acids at a
few critical places in the receptor's amino acid chain (Fig. 2 — 1). Precise substitution
of amino acids in just a few key places can thus transform a receptor with binding
characteristics for one neurotransmitter into a receptor with vast changes in its binding
characteristics so that it now recognizes and binds an entirely different
neurotransmitter. This has been previously discussed in Chapter 2 and represented
in earlier figures, including Figures2 —1to 2 — 3.

A second superfamily of receptors shares a common molecular makeup in which
every member has four transmembrane regions, with five copies of each receptor
configured around an ion channel (represented as icons in Figs. 3-3 and 3-4; see
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SUPERFAMILY 1

FIGURE 3 — 2. Represented here is one of the two major superfamilies of neurotransmitter
receptors. This superfamily is called the G protein—linked receptor superfamily. Each member
of this family has a receptor containing seven transmembrane regions (shown in Figs. 2— 1 and 2
— 2) but given here as a simple receptor icon. Each receptor in this family is linked to a G protein
and also uses a second-messenger system triggered by a cooperating enzyme. A more detailed
breakdown and explanation of this superfamily with a series of icons was given in Figures 2 — 25
through 2 — 22.

also Figs. 2 — 5 and 2—®6). The ion channel may differ from one receptor to another
in this superfamily, and the neurotransmitter may also differ from one family
member to another. However, all are arranged in a similar molecular form,
concentrically around the ion channel.

Another common feature of this superfamily is that not only are there multiple
copies of each receptor but many different types of receptor are present. Thus, the
ion channel is surrounded by multiple copies of many different receptors (Fig. 3 — 3).
This allows the critical passage of ions into the cell via the ion channel to be
regulated by multiple neurotransmitters and drugs rather than just a single
neurotransmitter. It seems that regulating an ion channel is too important a job
to be left up to a single neurotransmitter. Thus, the brain has arranged for many
different gatekeepers to watch over the passage of ions into the neuron. Sometimes the
various gatekeepers that have a say in the regulation of the channel compete with
each other to neutralize each other. Sometimes they cooperate to boost each other's
actions. There may even be two neurotransmitters that can be active at such
receptors; these are known then as co-transmitters.

The ion channel itself is essentially a column of columns. By binding to the
binding sites in the receptor columns, the neurotransmitter causes the opening and
closing of the ion channel column in the center of all the columns (i.e., within the
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FIGURE 3 — 3. The second major superfamily of neurotransmitter receptors is represented here. This
superfamily is called the ligand-gated ion channel receptors. This receptor has five copies of subunits
each of which have four transmembrane regions. (See also Figs. 2 — 5 and 2 — 6.) Since multiple copies
of each such receptor are arranged as columns in a circle they can serve as molecular gatekeepers
for an ion channel. The ion channel is located in the middle of the circle of receptors. On each
receptor, there is not only the receptor binding site but also various different modulatory sites for
additional neurotransmitters and drugs. In this figure, the ion channel is partially open.

column of columns) (Fig 3 — 3). This arrangement is best documented for the nico-
tinic acetylcholine receptor, and for the gamma-aminobutyric acid (GABA)—ben-
zodiazepine receptor, but is hypothesized to be a general theme for several types of
ligand-gated ion channels, including glycine receptors. However, this may not be
the exact structural configuration for ion channels that use glutamate as the gate-
keeping ligand.

As mentioned in Chapter 1 and represented pictorially in Figure 1—6 depicting
slow and fast neurotransmission, the members of the superfamily with seven
transmembrane regions linked to second-messenger systems have slower-onset
modulatory signals, eventually amplified into gene activation minutes to hours later.
However, the members of the superfamily with four transmembrane region ion
channels have faster onset in that they immediately change the ionic condition of
the neuron and thus facilitate excitatory or inhibitory neurotransmission.



82

Essential Psychopharmacology

SUPERFAMILY 2; Channel
open

FIGURE 3—4. Another version of the ligand-gated ion channel receptor superfamily is shown here
with the ion channel opened to a greater extent than in Figure 3 — 3. The opening and closing of
the ion channel is controlled by the various ligands that can bind to the different binding sites on
the receptors in this family. That is why this superfamily is called ligand-gated.

Agonists and Antagonists

Naturally occurring neurotransmitters stimulate receptors. These are called agonists.
By contrast, the portfolio of options for drugs is far greater than just stimulation of
receptors. In fact, a whole spectrum of possibilities exists, sometimes called the
agonist spectrum (Fig. 3 — 5). Some drugs do stimulate receptors just as do the
natural neurotransmitters and are therefore agonists. Other drugs actually block the
actions of a natural neurotransmitter at its receptor and are called antagonists. True
antagonists only exert their actions in the presence of agonist; they have no intrinsic
activity of their own in the absence of agonist. Still other drugs do the opposite of
what agonists do and are called inverse agonists. Thus, drugs acting at a receptor
exist in a spectrum from full agonist to antagonist to inverse agonist (Fig. 3 — 5).
Examples of the actions of agonists can be taken from each of the two major
molecular superfamilies. For the family of seven-transmembrane-region receptors
linked to G proteins and enzymic second-messenger systems, the agonist would turn
on the synthesis of second messenger to the greatest extent possible (i.e., the action
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FIGURE 3-5. Shown here is the agonist spectrum. This spectrum reaches from agonists through
antagonists to inverse agonists. Naturally occurring neurotransmitters are agonists. It is a common
misconception that antagonists are the opposite of agonists because they block the actions of agonists.
However, inverse agonists are really the opposite of agonists. Antagonists can block anything in the
agonist spectrum, including inverse agonists. If an agonist is not as strong as the full agonist, it is
called a partial agonist. Similarly, if an inverse agonist is partial and not as strong as a full inverse
agonist, it is called a partial inverse agonist. Examples of the psychopharmacological actions of an
agonist would be to reduce anxiety or to reduce pain. An inverse agonist, by analogy, would cause
anxiety or pain. A partial agonist would weakly reduce anxiety or pain, and a partial inverse agonist
would weakly cause anxiety or pain. An antagonist would block the full and partial agonists from
reducing any anxiety or pain and would also block the full and partial inverse agonists from causing
any anxiety or pain. However, an antagonist would neither reduce nor cause pain in itself.

of a full agonist). The full agonist is generally represented by the naturally occurring
neurotransmitter itself, although some drugs can also act in as full a manner as the
natural neurotransmitter. Often the term agonist is therefore imprecise, and the
better term is full agonist.

For the family of four-transmembrane-region receptors, with multiple copies of
each arranged as individual columns forming an ion channel in the center, a full
agonist acts by multiple molecules of the agonist each finding the transmembrane
binding site for the agonist within the receptor columns surrounding the ion
channel. This in turn opens the ion channel column more completely; thus, the
full agonist action (Fig. 3 — 6). At baseline the ion channel is only partially open,
and a full agonist therefore opens it much more (Fig. 3 — 6).

Antagonists

Antagonists block the actions of everything in the agonist spectrum (Fig. 3 — 5). By
themselves, antagonists have no intrinsic activity and therefore are sometimes
referred to as "silent" (Fig. 3—7). However, in the presence of an agonist, an antagonist
will block the actions of that agonist (Fig. 3-8).
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FIGURE 3 — 6. Actions of an agonist. On the left, the ion channel is in its resting state, a balance
between being opened and closed. On the right, the agonist occupies its binding site on the ligand-
gated ion channel receptor and as gatekeeper, opens the ion channel. This is represented as the red
agonist turning the receptor red and opening the ion channel as the agonist docks into its binding

site.

Inverse Agonists

Inverse agonists do the opposite of agonists. An example of their action can also be
taken from receptors linked to an ion channel. By contrast to agonists and
antagonists, an inverse agonist neither opens the ion channel as does an agonist (Fig. 3
— 6) nor blocks the agonist from opening the channel as does an antagonist (Fig. 3—
8); rather, it binds the neurotransmitter receptor in such a fashion as to provoke
an action opposite to that of the agonist, namely, causing the receptor to close the ion
channel (Fig. 3—9).

It might seem at first look that there is no difference between an inverse agonist
and an antagonist. There is, however, a very important distinction between them.
Whereas an antagonist blocks an agonist (Fig. 3 — 8), it has no particular action in
the absence of the agonist, when it is thus silent (Fig. 3 — 7). An inverse agonist has
an action opposite to that of an agonist (Fig. 3 — 9). Furthermore, an antagonist will
actually block the action of an inverse agonist (Fig. 3 — 10), just as it will block the
action of a full agonist (Fig. 3-7).
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FIGURE 3 — 7. Antagonist acting alone. On the left, the ion channel is in its resting state, a balance
between being open and closed. On the right, the antagonist occupies the binding site normally
occupied by the agonist on the ligand-gated ion channel receptor. However, there is no consequence
to this, and the ion channel neither opens further nor closes. This is represented as the yellow
antagonist turning the receptor yellow and neither opening nor closing the ion channel as the
antagonist docks into the binding site.

Partial Agonists

To add even more options to the actions of drugs at neurotransmitter receptors and
to influence neurotransmission in even more ways, there is a class of agents known
as partial agonists. A partial agonist exerts an effect similar to but weaker than that
of the full agonist. Thus, in the example of the neurotransmitter system controlling
an ion channel, a partial agonist would open the ion channel to a certain extent
(Fig. 3 — 11) but only partially as compared with the full agonist (Fig. 3—6). Partial
agonists are also blocked by antagonists (Fig. 3 — 12). It is even possible for the
inverse agonists to be partial (Fig. 3 — 13). In this case, the partial inverse agonist
closes the ion channel to a lesser extent (Fig. 3 — 13) than a full inverse agonist (Fig. 3-
9).

This means that there is a spectrum of degree to which a receptor can be
stimulated (Fig. 3 — 14). At one end of the spectrum, there is the full agonist,
which elicits the same degree of physiologic receptor-mediated response as the natural
neurotransmitter agonist itself. At the other end of the spectrum is a full inverse
agonist, which in concept does the opposite of the agonist. In the middle is the
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FIGURE 3-8. Antagonist acting in the presence of an agonist. On the left, the ion channel has been
opened by the agonist occupying its binding site on the ligand-gated ion channel receptor and as
gatekeeper, opening the ion channel, just as in Figure 3 — 6. This is represented as the red agonist
turning the receptor red and opening the ion channel as it docks into its binding site, as in Figure
3 — 6. On the right, the yellow antagonist prevails and shoves the red agonist off the binding site,
reversing the agonist's actions. Since the agonist had opened the ion channel, the antagonist reverses
this by partially closing the ion channel to restore the resting state. Thus, the ion channel has been
caused to return to its status before the agonist acted.

antagonist, which blocks the effects of all participants in the spectrum but has no
properties of its own in changing the ion channel.

The spectrum thus goes from full agonist to partial agonist to antagonist to partial
inverse agonist to full inverse agonist (Fig. 3 — 14). Although this concept of agonists,
antagonists, and partial agonists is well developed for several neurotransmitter
systems, there are relatively few examples of inverse agonists.

Light and Dark as an Analogy for Partial Agonists

It was originally considered that a neurotransmitter could act at the receptor as does
a light switch, to turn it on or off. We now know that the synapse and its receptors
can function rather more like a rheostat. That is, a full agonist will turn the lights
all the way on (Fig. 3 — 15), but a partial agonist will only turn the light on partially
(Fig. 3 — 16). If neither full agonist nor partial agonist is present, the room is dark
(Fig. 3-17).
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FIGURE 3 — 9. Actions of an inverse agonist. On the left, the ion channel is in its resting state, a
balance between being opened and closed. On the right, the inverse agonist occupies the binding
site on the ligand-gated ion channel receptor as gatekeeper, closes the ion channel. This is the
opposite of what the agonist does (cf. Fig. 3 — 6). Inverse agonist is represented as the light blue
inverse agonist turning the receptor light blue and closing the ion channel as the inverse agonist
docks into its binding site.

Each partial agonist has its own set point engineered into the molecule, so that
it cannot make lights brighter with a higher dose. No matter how much partial
agonist is given, only a certain degree of brightness will result. A series of partial
agonists will differ one from the other in degree of partiality, so that theoretically
all degrees of brightness can be covered within the range from "off" to "on," but
each partial agonist is associated with its own unique degree of brightness.

What is so interesting about partial agonists is that they can appear as net agonists
or as net antagonists, depending on the amount of naturally occurring full agonist
neurotransmitter that is present. Take, for example, the case of neurotransmitters
controlling an ion channel. When no full agonist neurotransmitter is present, a
partial agonist will be a net agonist, that is, it will open the channel from its resting
state (Fig. 3 — 18). However, when a full agonist neurotransmitter agonist is present,
the same partial agonist will become a net antagonist, it will close the channel from
its full agonist state (Fig. 3 — 18). Thus, a partial agonist can simultaneously boost
deficient neurotransmitter activity yet block excessive neurotransmitter activity (Fig.
3-18).
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FIGURE 3 — 10. Antagonist acting in the presence of an inverse agonist. On the left, the ion channel
has been closed by the inverse agonist occupying the binding site on the ligand-gated ion channel
receptor and as gatekeeper, closing the ion channel, just as shown in Figure 3—9. This is represented
as the light blue inverse agonist turning the receptor light blue and closing the ion channel as it
docks into its binding site, as in Figure 3-9. On the right, the yellow antagonist prevails and shoves
the light blue inverse agonist off the binding site, reversing the inverse agonist's actions. Since
the inverse agonist had previously closed the ion channel, the antagonist reverses this closing by
opening the ion channel to restore the resting state. This causes the ion channel to return to its status
before the agonist acted. In this way, the antagonist's effect on an inverse agonist's actions is similar
to that on an agonist's actions, namely, it returns the ion channel to its resting state (cf. Fig. 3 —
8). However, in the case of an inverse agonist, the antagonist opens the channel, whereas in the case
of an agonist, the same antagonist closes the channel (cf. Figs. 3 — 8 and 3 — 10). Thus, an antagonist
can reverse either an agonist or an inverse agonist despite the fact that it does nothing on its own
(Fig. 3-7).

Returning to the light switch analogy, a room will be dark when agonist is
missing and the light switch is off (Fig. 3 — 17). A room will be brightly lighted
when it is full of natural full agonist and the light switch is fully on (Fig. 3 — 15).
Adding partial agonist to the dark room where there is no natural full agonist
neurotransmitter will turn the lights up, but only as far as the partial agonist works
on the rheostat (Figure 3 — 16). Relative to the dark room as a starting point, a
partial agonist acts therefore as a net agonist. On the other hand, adding a partial
agonist to the fully lighted room will have the effect of turning the lights down to
a level of lower brightness on the rheostat (Fig. 3 — 16). This is a net antagonistic
effect relative to the fully lighted room. Thus, after adding partial agonist to the
dark room and to the brightly lighted room, both rooms will be equally lighted.



Special Properties of Receptors 89

At left, the ION
CHANNEL in its
resting state.

At right, the
PARTIAL AGONIST
causes the channel
to open further.

FIGURE 3 — 11. Actions of a partial agonist. On the left, the ion channel is in its resting state, a
balance between being opened and closed. On the right, the partial agonist occupies its binding site
on the ligand-gated ion channel receptor and as gatekeeper, partially opens the ion channel. This
is represented as the orange agonist turning the receptor orange and partially, but not fully, opening
the ion channel as the partial agonist docks into its binding site. The ion channel is thus more open
than it was in the resting state once a partial agonist acts, but less open than after a full agonist acts (cf.
Figure 3-6).

The degree of brightness is that obtained with the lights partially turned on as
dictated by the properties of the partial agonist. However, in the dark room, the
partial agonist has acted as a net agonist, whereas in the brightly lighted room, it
has acted as a net antagonist.

An agonist and an antagonist in the same molecule provide quite a new dimension
to therapeutics. This concept has led to proposals that partial agonists could treat
not only states that are theoretically deficient in full agonist but also states that
theoretically have an excess of full agonist. An agent such as a partial agonist may
even be able to treat simultaneously states that are mixtures of both excessive and
deficient neurotransmitter activity.

Allosteric Modulation

By now, it should be clear that a neurotransmitter and its receptor act as members
on a team of specialized molecules, all working together in numerous ways to carry
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FIGURE 3 — 12. Antagonist acting in the presence of a partial agonist. On the left, the ion channel
has been opened by the partial agonist occupying its binding site on the ligand-gated ion channel
receptor and as gatekeeper, partially opening the ion channel, just as in Figure 3 — 11. This is
represented as the orange agonist turning the receptor orange and partially opening the ion channel as
the partial agonist docks into its binding site, as in Figure 3 —11. On the right, the yellow antagonist
prevails and shoves the orange partial agonist off the binding site, reversing the partial agonist's
actions. Since the partial agonist had partially opened the ion channel, the antagonist reverses this
partial opening by restoring the resting state of the ion channel that existed prior to the partial
agonist's actions.

out the specialized functions necessary for the chemical neurotransmission of neu-
ronal information. Another specific example of molecular interactions during
chemical neurotransmission is the configuration of two or more neurotransmitter
receptor sites such that one can boost or blunt the activities of the other. In some
instances, the two interacting receptor binding sites may be located on the same
receptor molecule; in other cases, the binding sites may be on neighboring
receptors of different classes.

When two different receptor sites utilizing different neurotransmitters are
arranged so as to influence a single receptor, there is generally considered to be a
primary neurotransmitter receptor site, which influences its receptor in the usual
manner (i.e., it turns on a second messenger or alters an ion channel). In this
example, furthermore, there is a second receptor site, which can influence the receptor
generally only when the primary neurotransmitter is binding at the primary receptor
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FIGURE 3 — 13- Actions of a partial inverse agonist. On the left, the ion channel is in its resting
state, a balance between being opened and closed. On the right, the partial inverse agonist occupies
its binding site on the ligand-gated ion channel receptor and as gatekeeper, partially closes the ion
channel. This is represented as the green inverse agonist turning the receptor green and partially
closing the ion channel as the partial inverse agonist docks into its binding site.

site. Thus, a second neurotransmitter interacting at the secondary site only acts
indirectly and through an interaction with the receptor when the primary
neurotransmitter is simultaneously binding at its primary (and different) receptor
site. Since the binding of the secondary neurotransmitter to its secondary receptor site
is influencing the receptor by a mechanism other than direct binding to the
primary receptor site, it is said to be modulating that receptor allosterically
(literally, at an "other site"). The other site is the second receptor binding site,
which utilizes a second neurotransmitter, yet influences the same receptor as does the
primary neurotransmitter at its primary receptor binding site, but only when the
primary neurotransmitter is present at that primary binding site. As mentioned
earlier, this allosteric modulation can either amplify or block the actions of the
primary neurotransmitter at the primary receptor binding site.

This allosteric cooperation among synaptic transmission teammates, in which one
player interacts with a second player in order to modify or control it, is another
example of a common recurring theme in chemical neurotransmission: A cascade of
molecular interactions is triggered by the neurotransmitter—receptor binding site
events.
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FIGURE 3 — 14. The agonist spectrum and its effects on the ion channel. Shown again is the agonist
spectrum, this time with the corresponding effects of each agent on the ion channel. This spectrum
ranges from agonists, which fully open the ion channel, through antagonists, which retain the resting
state between open and closed, to inverse agonists, which close the ion channel. Between the extremes
are partial agonists, which partially open the ion channel, and partial inverse agonists, which partially
close the ion channel. Antagonists can block anything in the agonist spectrum, returning the ion
channel to the resting state in each instance.

Positive Allosteric Interactions

An example of positive allosteric modulation is shown by the influence of modulatory
sites on the gatekeepers at ligand-gated ion channels. In this case, the primary
neurotransmitter is the gatekeeper, which opens the ion channel as discussed
previously. To explain allosteric modulation, we will introduce a second receptor
binding site, which can interact with the gatekeeper and its receptor. Thus, following
occupancy of the gatekeeper receptor by the primary gatekeeper, that receptor in
turn interacts with an ion channel to open it a bit, as previously discussed for agonist
actions (Fig. 3 — 19).

Near the gatekeeper's receptor site is not only the ion channel but also another
neurotransmitter receptor binding site, namely, a receptor capable of allosterically
modulating the gatekeeper's receptor (Fig. 3 — 19). Allosteric modulatory sites do not
directly influence the ion channel. They do so indirectly by influencing the
gatekeeper receptor, which in turn influences the ion channel. Thus, the allosteric
modulatory site acts literally at another site to influence the ion channel. Since the
meaning of allosteric is other site, one can easily understand why this term is applied
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FIGURE 3 — 15. Light as an analogy for the agonist spectrum: actions of a full agonist. Light will be
brightest after a full agonist turns the light switch fully on. When a partial agonist is added to
the fully lighted (i.e. full agonist) room, it will "dim" the lights; thus, the partial agonist in this case
acts as a net antagonist.

to such modulatory receptor sites and their neurotransmitters. The allosteric mod-
ulatory site thus has a knock-on effect on the conductance of ions through the ion
channel.

The mechanism of allosteric modulation is such that when an allosteric modulator
binds to its own receptor site, which is a neighbor of the gatekeeper receptor binding
site, nothing happens if the gatekeeper is not also binding to its own gatekeeper
receptor. On the other hand, when the gatekeeper is binding to its receptor site, the
simultaneous binding of the allosteric modulator to its binding site causes a large
amplification in the gatekeeper's ability to increase the conductance of ion through
the channel (Fig. 3 — 19).

Why is this necessary? It turns out that most gatekeepers can increase ionic
conductance through ion channels only to a certain extent by themselves. Allosteric
modulators cannot alter ionic conductance at all when working by themselves.
However, allosteric modulation is a formula to maximize ionic conductance beyond
that which the gatekeeper alone can accomplish. Thus, the gatekeeper can increase
ionic conductance through an ion channel much more dramatically when an allosteric
modulator is helping than it can when it is working alone.

Evident in this discussion of allosteric modulation of one receptor binding site
by another receptor binding site is the possibility of numerous allosteric sites for a
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FIGURE 3 — 16. Light as an analogy for the agonist spectrum: actions of a partial agonist. By itself,
a partial agonist turns the light neither fully on or fully off. Rather, a partial agonist acts like a
rheostat, or dimming switch, which turns on the light but only partially.

single receptor. As will be developed in greater detail in subsequent chapters, it is
hypothesized that the anxiolytic, hypnotic, anticonvulsant, and muscle relaxant
properties of numerous drugs, including the benzodiazepines, barbiturates, and
anticon-vulsants, are all mediated by allosteric interactions at molecular sites
around the GABA receptor and the chloride channel. It is possible that a variety of
allosteric sites, analogous to the benzodiazepine sites, modulate GABA-induced
increases at chloride channels by a wide variety of drugs, even including alcohol.

Negative Allosteric Interactions

An example of negative allosteric modulation is the case of the antidepressants,
which act as neurotransmitter reuptake blockers for the neurotransmitters
norepinephrine and serotonin. This has already been discussed in Chapter 2. When the
neurotransmitters norepinephrine and serotonin bind to their own selective receptor
sites, they are normally transported back into the presynaptic neuron, as shown in
Figure 2 — 23. Thus the empty reuptake carrier (Fig. 2 — 20) binds to the
neurotransmitter (Fig. 2 — 21) to begin the transport process (Fig. 2—23). However,
when certain antidepressants bind to an allosteric site close to the neurotransmitter
transporter (represented as an icon in Figs. 2-22 and 2-24), this causes the
neurotransmitter to no longer be able to bind there, thereby blocking synaptic re-
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FIGURE 3 — 17. Light as an analogy for the agonist spectrum: actions when no agonist is present.
When no agonist is present, the situation is analogous to the light switch being off. Adding the
partial agonist when the lights are off has the effect of turning the lights partially on, to the level
preset in the partial agonist rheostat. Thus, in the absence of a full agonist, adding a partial agonist
will turn up the lights. In this case, the partial agonist acts as a net agonist.

uptake transport of the neurotransmitter. Therefore, norepinephrine and serotonin
cannot be shuttled back into the presynaptic neuron.

An antidepressant drug, which blocks norepinephrine and serotonin reuptake, can
be said to modulate in a negative allosteric manner the presynaptic neurotransmitter
transporter and thereby block neurotransmitter reuptake (Figs. 2 — 22 and 2 — 24). As
developed in detail in later chapters, this action may have therapeutic implications
for a number of disorders, including depression, panic disorder, and obsessive-
compulsive disorder.

It should now be clear from these numerous examples that when neurotransmitter
receptor binding sites are arranged as neighbors, they can interact with each other
allosterically to promote or control some aspect of neurotransmission. This theme is
amplified over and over again throughout psychopharmacology, with varying
receptors, transmitters, ion channels, and allosteric modifying receptors and their
transmitters. The exact architecture of specific sites is being discovered at a fast
pace. It has only been well worked out for a few specific neurotransmitters, for example
the benzodiazepine complex, nicotinic cholinergic receptors, and glutamate receptors.
However, the most important thing to remember is the concept, not necessarily the
details of allosteric modulation.
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FIGURE 3 — 18. Partial agonist acting either as net agonist or as net antagonist. When full agonist
is absent, a partial agonist partially opens the ion channel, since it increases the opening relative to
the resting state. In this instance, the partial agonist is acting as a net agonist, just as in
Figure 3 — H. However, in the presence of full agonist, a partial agonist partially closes the ion
channel, since it decreases the opening relative to the open state of the ion channel. In this instance, the
partial agonist is acting as a net antagonist.

In summary, allosteric modulation is a specific concept in which neurotransmitters
and their receptors may cooperate with each other to work much more powerfully
and through a much greater range of action than they can by themselves. This may
be mediated in many instances by the guarding of ion channels. Drugs can act at a
myriad of sites, to influence this process. So can diseases. There are at a minimum
ion channel sites, neurotransmitter sites, and allosteric sites as targets of drug (and
disease) action. Data are developing so quickly, that the details are changing
constantly. However, as a general principle, understanding this architecture of
receptor-mediated chemical neurotransmission should provide the reader with the
basis to understand a vast array of drug actions, and how such actions modify and
impact chemical neurotransmission.

Co-transmission versus Allosteric Modulation

Why isn't allosteric modulation just called "co-transmission?" That is, two chemicals
are influencing neurotransmission together. Indeed, some systems do incorporate co-
transmitters, such as both glutamate and glycine at some glutamate receptor
subtypes. In the case of co-transmitters, each can work somewhat independently of
the other, and although their effects can be additive if they are working
simultaneously, it is not necessary for both to be present for either one to have an
effect. However, in the case of allosteric modulation, there is only one
neurotransmitter, whereas the
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FIGURE 3 — 19. Allosteric modulation of the ligand-gated ion channel receptor. On the left, the
receptor is shown not only with its agonist binding site for neurotransmitter 1 (NT1), but also with
a second binding site within the membrane for neurotransmitter 2 (NT2). The ion channel is shown
on the left to be closed in the absence of binding of their NT1 or NT2. When neurotransmitter full
agonist (NT1) binds to its binding site, it of course opens the ion channel, as shown in the
middle of the figure also in Figure 3 — 6. This is represented in the middle of the figure as purple NT1
binding to its agonist site, turning the receptor purple, and opening the ion channel to the greatest
extent possible by the full agonist. If allosteric modulator (NT2) binds to the second binding site in
the absence of neurotransmitter binding to its own binding site, it has no particular effect.
However, if neurotransmitter (NT1) is already binding to its binding site, addition of allosteric
modulator (NT2) binding to the second membrane site has the effect of dramatically opening the ion
channel even further than a full agonist can on its own, as shown on the right. This is graphically
represented as purple NT1 binding to the receptor and turning it partially purple; as green NT2
binding to the receptor and turning it partially green; and as the ion channel opening to an extent
much greater than can be achieved by the action of a full agonist alone.

other has been called an allosteric modulator, not a co-transmitter. The difference is
that the neurotransmitter can work in the absence of the allosteric modulator, but
the allosteric modulator cannot work in the absence of the neurotransmitter. Thus,
these chemicals are not independent of each other and are not considered to be co-
transmitters.

Summary

This chapter has introduced the reader to three special properties of receptors. The
first of these is the classification of receptors by their subtypes and by their molecular
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configurations. Several receptor subtypes can bind the exact same neurotransmitter.
Also, families of receptors can share common molecular characteristics even if they
do not share the same neurotransmitter. Specifically, individual receptors within
superfamilies of receptors can all be arranged in similar configurations with second
messengers or with ion channels. The second of the special properties of receptors
discussed here is the action of receptors with neurotransmitters and drugs that bind
to them to produce a spectrum of output ranging from full agonists to partial
agonists to antagonists to partial inverse agonists to full inverse agonists. Finally,
the reader has been introduced to the concept of allosteric modulation of one receptor
by another. This provides for regulation of neurotransmission through either the
boosting or blocking one receptor's action by another. The allosterically modulating
receptor was shown to act indirectly either as a referee or as a coach but not by
participating directly in the action game of neurotransmission.



CHAPTER 4

CHEMICAL NEUROTRANSMISSION AS
THE MEDIATOR OF DISEASE ACTIONS

I. Receptors and enzymes as mediators of disease action in the central nervous
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C. Psychopharmacology
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A. Molecular neurobiology and psychiatric disorders
B. Neuronal plasticity and psychiatric disorders
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be hazardous to your health

D. No neurotransmission
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IV. Summary

Receptors and Enzymes as Mediators of Disease Action in the Central
Nervous System

The reader should now know that enzymes make things and receptors make things
happen, especially by activating genes. We have already discussed in Chapter 2 that
the most powerful way known to change the functioning of a neuron with a drug is
to interact at one of its key receptors or to inhibit one of its important enzymes.
However, this is only one perspective in psychopharmacology, namely, that enzymes
and receptors are the sites of drug action. A second and equally important perspective
in psychopharmacology will be developed in this chapter. That perspective is that
enzymes and receptors in their various neuronal pathways and circuits can also be
the mediators of disease actions.
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If receptors and enzymes are so important for explaining the actions of drugs on
chemical neurotransmission, it should not be surprising that alterations of these same
enzymes and receptors could disrupt brain function. That is, if the normal flow of
chemical neurotransmission leads to the healthy growth, development, and
implementation of normal brain functions, abnormal neurotransmission could
therefore lead to behavioral or motor abnormalities expressed by patients who suffer
from psychiatric and neurological disorders. Obviously, different aspects of
neurotransmission would hypothetically be disrupted in different brain disorders.
Given the vast complexity of chemical neurotransmission, there are certainly a lot of
possibilities for sites of abnormally acting receptors and/or enzymes. Since these
receptors and enzymes live in different neuronal pathways, when something happens
to damage, misdirect, or remove a pathway, the resultant aberrant neurotransmission
could be quite disruptive to normal brain functioning.

Psychopharmacology is a science dedicated in part to discovering where molecular
lesions exist in the nervous system in order to determine what is wrong with
chemical neurotransmission. Knowledge of the molecular problem that leads to
abnormal neurotransmission can generate a rationale for developing a drug therapy
to correct it, thereby removing the psychiatric and neurological symptoms of the
brain disorder. This concept has proved to be quite complex to apply to specific
brain disorders. The general nature of investigating the molecular basis of
psychiatric disorders will first be discussed in a broad and general manner in this
chapter. Later, once the reader is familiar with the general concepts outlined here,
these scientific strategies will be applied in the subsequent chapters to many
specific psychiatric and neurological disorders.

In particular, this chapter will discuss how diseases of the central nervous system
(CNS) are approached by three disciplines: neuroscience, biological psychiatry, and
psychopharmacology. We will then show how these three approaches can be applied
to learning how modifications in chemical neurotransmission might lead to various
brain disorders. Specific concepts that will be explained are the molecular neuro-
biology and genetics of psychiatric disorders, neuronal plasticity, and excitotoxicity.
Also, the reader will learn how CNS disorders may be linked either to no
neurotransmission, too much neurotransmission, an imbalance among
neurotransmitters, or the wrong rate of neurotransmission.

Diseases in the Central Nervous System: A Tale of Three Disciplines

Neurobiology

Neurobiology is the study of brain and neuronal functioning, usually emphasizing
normal brain functioning in experimental animals rather than in humans (Table
4—1). Obviously, one must first understand normal brain functioning and normal
chemical neurotransmission in order to have any chance of detecting, let alone
understanding, neurobiological abnormalities that cause psychiatric and neurological
disorders. For example, neurobiological investigations have led to the clarification of
certain principles of chemical neurotransmission, to the enumeration of specific
neurotransmitters, to the discovery of multiple receptor subtypes for each neurotrans-
mitter, to the understanding of the enzymes that synthesize and metabolize the
neurotransmitters, and to the unfolding discoveries of how genetic information con-
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Table 4—1. Neurobiology

Limited definition
The study of brain and neuronal functioning

Approach
Studies using experimental animals
Use of drugs to probe neurobiological and molecular regulatory mechanisms

Findings relevant to psychopharmacology
Discovery of neurotransmitters and their enzymes and receptors
Principles of neurotransmission
Genetic and molecular regulation of neuronal functioning
Neurobiological regulation of animal behaviors

trols this whole process. The discipline of neurobiology uses drugs as tools to interact
selectively with enzymes and receptors—and with the DNA and RNA systems that
control the synthesis of enzymes and receptors—in order to elucidate their functions
in the normal brain. Many of the lessons derived from this approach have already
been discussed in the preceding chapters.

Biological Psychiatry

Biological psychiatry, on the other hand, is oriented toward discovering the
abnormalities in brain biology associated with the causes or consequences of mental
disorders (Table 4—2). Making such discoveries is proving to be very difficult.
However, the importance of pursuing the causes of mental disorders is underscored
by how frequent these illnesses are in our society and how limited current
treatments for them can be. That is, as many as one in five persons may experience a
mental illness during their lifetimes, and about 4% of the population has a chronic
and severe mental disorder. Furthermore, currently available treatments in
psychopharmacology are not strictly "curative" but are merely palliative, reducing
symptoms without necessarily offering sustained relief. Better treatments of the future
now depend on discovering the causes of mental illness. This is the central goal of
biological psychiatry.

This discipline uses the results of neurobiological investigations of normal brain
functioning as a basis for the search for the substrate of abnormal brain functioning
in psychiatric disorders. Scientists have long suspected that abnormalities in brain
enzymes or receptors are major contributors to the causes of mental illness and have
been searching for an enzyme or receptor deficiency that could be identified as the
cause of specific psychiatric disorders. Some of the earliest tools of biological
psychiatry were less elegant than those of basic neurobiology, since practical and
ethical considerations limit the manner in which patients and their CNS can be
studied, compared with the techniques available for use in laboratories with
experimental animals. Such tools available for use in humans include studies of
enzymes, receptors, and genes in postmortem brain tissues and in peripheral tissues
that can be ethically
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Table 4-2. Biological psychiatry

Limited definition
The study of abnormalities in brain neurobiology associated with the causes or
consequences of mental illnesses

Approach

Studies using patients with psychiatric disorders

Taking direction from psychopharmacological studies indicating that drugs with known
mechanisms of action on receptors or enzymes predictably alter symptoms in a specific
psychiatric disorder

Search for abnormalities in receptors, enzymes, neurotransmitters, genes, or gene
products that correlate with the diagnosis of a particular mental illness

Biochemical measurements using blood, urine, cerebrospinal fluid, peripheral tissues such
as platelets or lymphocytes, postmortem brain tissues, or plasma hormones after provoking
hormone secretion by drugs

Measurements of structural abnormalities using CT or MRI brain scans

Measurements of functional or physiological abnormalities using PET, EEG, evoked
potentials, or magnetoencephalography

Findings relevant to psychopharmacology
Few strong biological findings demonstrating lesions in specific psychiatric disorders
Example: discovery of changes in serotonin receptors and metabolites in depression,
schizophrenia, and suicidal behavior
Search for the genetic basis of specific neurological and psychiatric illnesses

sampled in living patients, such as blood platelets or lymphocytes, whose enzymes,
receptors, and genes are similar or identical to those in brain. Metabolites of
neurotransmitters can be studied in cerebrospinal fluid, plasma, and urine.
Metabolic rates and cerebral blood flow reflecting neuronal firing patterns, as well
as the number and function of several neurotransmitter receptors, can be visualized
in living patients by use of positron emission tomography (PET) scans. Receptors for
neurotransmitters can also be studied indirectly by using selective drug probes,
which cause hormones to be released into the blood that can be measured and
therefore serve as a reflection of brain receptor stimulation. Structural brain
abnormalities can be detected by computed tomography (CT) and magnetic resonance
imaging (MRI). The latter modality can also detect functional changes in brain
activity with a technique called functional MRI. Abnormalities in brain electrical
activity can be measured with electroencephalography (EEG), evoked potentials, or
magnetoencephalography.

Unfortunately, little progress has been made yet in defining the biological causes
of mental illnesses by using these approaches. No single reproducible abnormality
in any neurotransmitter or in any of its enzymes or receptors has been shown to
cause any common psychiatric disorder. Indeed, it is no longer considered likely that
one will be found, given the complexity of psychiatric diagnosis and the profound
interaction of environmental factors with genetics in psychiatric disorders. More
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recently, biological psychiatry has shifted from a strategy of pursuing a single unique
biochemical lesion as the cause of each psychiatric disorder to the discovery and
enumeration of risk factors that do not cause illness by themselves but contribute to
the risk of a psychiatric disorder. This approach is sometimes called complex genetics
because it is indeed complicated, as we shall see below.

The potential usefulness of this approach is underscored by findings from genetic
studies of mental illnesses. Despite strong evidence from twin studies that genetic
susceptibility exists for both bipolar disorder and schizophrenia, no specific gene has
been unambiguously identified for the usual forms of any common mental disorder.
Thus, it is already clear that the cause of major psychiatric disorders is not going to
be a single abnormality in a major genetic locus of DNA, as already proved for
Huntington's disease, sickle cell anemia, and cystic fibrosis. Rather, the genetics of
major psychiatric disorders are likely to be at best contributors in multiple complex
ways to these illnesses, just as is currently suspected for coronary artery disease,
diabetes, and hypertension.

Methods to approach the complex genetics of mental illnesses are just evolving and
include such techniques as linkage, linkage disequilibrium, and association studies to name
a few. Rather than looking for a single major abnormality in DNA as the cause of
mental disorders, the idea behind these methods is to identify multiple genes that
each make a small contribution to the overall vulnerability to mental illness,
perhaps only when other critical genetic vulnerabilities and critical environmental
inputs are also present. If this approach does not prove to explain the causes of
psychiatric disorders as defined in the Diagnostic and Statistical Manual of Mental
Disorders, 4th edition (DSM-1V), as appears likely, it may unravel the causes of
simpler symptom complexes or even variations in personality.

Thus, biological psychiatry no longer deems it likely that any single abnormality
in DNA in a psychiatric disorder leads to abnormalities in the synthesis of gene
products that are sufficient on their own to cause mental illness. Rather, a whole
list of abnormally acting genes and their corresponding gene products, triggered by
both inherited and acquired risk factors, are hypothesized to act together or in just
the right sequence to cause clusters of symptoms that appear in different psychiatric
disorders. No wonder they call this field complex genetics!

Once the complete list of genes and environmental factors that comprise all the
vulnerabilities to a psychiatric illness is determined, it will be necessary to
understanding how all the corresponding gene products participate in the neuronal
functioning and especially the chemical neurotransmission that mediate the mental
illness. The long-term hope, of course, is that by knowing this, a logical biochemical
rationale can be found for reversing these abnormalities with drug therapies. The
question of how this could lead to a rational drug therapy to halt, reverse, or
compensate for these multiple simultaneous biochemical events leaves us in a
complete quandary at present.

It might be possible to pursue treatments based on this knowledge if the
abnormal gene products proved to be enzymes or receptors that could be stimulated
or blocked by drugs. However, it is not likely to be this simple, as multiple
simultaneous drugs acting to compensate for each genetic abnormality that
contributes to the disease vulnerability might prove to be necessary. At any rate, the
biological psychiatry hunt is on, but treatments based on this approach certainly do
not appear to be right around the corner.
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Table 4—3. Psychopharmacology

Limited definition
The use of drugs to treat symptoms of mental illness
The science of drug discovery, targeting enzymes and receptors

Approach

Studies in patients with psychiatric disorders

Serendipitous clinical observations

In clinical investigations, the use of drugs with known mechanisms of action to provoke
biological or behavioral responses that would provide clues where abnormalities in brain
functioning may exist in specific psychiatric disorders

In drug discovery, theory-driven targeting of enzymes and receptors hypothesized to
regulate symptoms in a psychiatric disorder

Psychopbarmacological results

In clinical investigations, the first observation is often a serendipitous discovery of
clinical efficacy, after which the biochemical mechanism of action is discovered

In drug discovery, specific enzymes or receptors are first targeted for drug action. The
earliest experiments use chemistry to synthesize drugs; experimental animals to test the
biochemical, behavioral, and toxic actions of the drugs; and human subjects, both normal
volunteers and patients, to test the safety and efficacy of the drugs

Discovery and use of antidepressants, anxiolytics, antipsychotics, and cognitive enhancers
as well as drugs of abuse

Psychopharmacology

As mentioned previously, the discipline of psychopharmacology is oriented not only
toward discovering new drugs and understanding the actions of drugs on the CNS,
but also toward understanding diseases of the CNS by altering them through the
use of drugs whose actions are known (Table 4—3). That is, if a drug with a well
understood mechanism of action on a receptor or enzyme causes reproducible effects
on the symptoms of a patient with a brain disorder, it is likely that those symptoms
are also linked to the same receptor that the drug is targeting. Using drugs as tools
in this manner can help map which receptors and enzymes are linked to which
psychiatric or neurological disorder.

Since drug actions are much better known than disease actions at the present
time, the use of drug tools in this manner has so far proved to be the more productive
approach to understanding diseases as compared with the biological psychiatry
approach of looking for abnormal receptors, enzymes, or genes. Indeed, much of
what is known, hypothesized, or theorized about the neurochemical abnormalities of
brain disorders is derived from the approach of using drugs as tools.

Therefore, in general, contemporary knowledge of CNS disorders, as will be
discussed for specific entities in subsequent chapters, is in fact largely predicated on
knowing how drugs act on disease symptoms, and then inferring pathophysiology
by knowing how the drugs act. Thus, pathophysiology is inferred rather than proved,
since we do not yet know the primary enzyme, receptor, or genetic deficiency in any
given psychiatric or neurological disorder.

The discipline of psychopharmacology has therefore been useful, not only in
generating empirically successful treatments for CNS disorders, but also in
generating
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the leading theories and hypotheses about psychiatric disorders. These theories, in
fact, direct the biological psychiatry researcher where to look for proof of disease
abnormalities. Thus, psychopharmacology is bidirectional in the sense that certain
drugs, namely, those that have a known neurochemical mechanism of action and
that are also effective in treating brain disorders, help to generate hypotheses about
the causes of those brain disorders. The other direction of psychopharmacology is
that in the case of a brain disorder with a known or suspected pathophysiology,
drugs can be rationally designed to act on a specific receptor or enzyme to correct
the known or suspected pathophysiology and thereby treat the disorder.

It would be advantageous for new drug development to proceed from knowledge
of pathophysiology to the invention of new therapeutics, but this must await the
elucidation of such pathophysiologies, which, as emphasized here, are yet largely
unknown. Virtually all effective psychopharmacological drugs that have been
discovered to date were found by serendipity (good luck) or by empiricism, that is, by
probing disease mechanisms with a drug of known action but no prior proof that
such actions would necessarily be therapeutic. Hopefully, a rational route from
pathophysiology to drug development will become increasingly available as the
molecular causes of such disorders are elucidated in coming years.

A new approach to selecting specific drugs for individual patients called phar-
macogenetics is dawning in psychopharmacology. Although in its infancy, pharmaco-
genetics attempts to match the likelihood of a positive or negative clinical response
to a given drug with the specific genetic makeup of the patient. The idea is that
knowing the critical genetic information about a patient, not just the psychiatric
diagnosis, could lead to a more rational decision as to which drug to prescribe for
that patient.

Currently, there is no rational way to predict which antidepressant is more likely
than another to work in any depressed patient or which antipsychotic would be best
for a given schizophrenic patient. Such selections often are made by trial and error.
Perhaps certain genetic characteristics will predict the likelihood of a better
therapeutic response or better tolerability of one drug over another. To date, no
such genetic factors are yet known that can assist the prescriber in selecting
psychotropic drugs for individual patients.

How Synaptic Neurotransmission Mediates Emotional Disorders

Despite a frustrating lack of knowledge of specific pathophysiological mechanisms
for various psychiatric disorders, a good deal of progress has been made in our
thinking about mechanisms whereby synaptic neurotransmission can mediate disease
processes. Discussed below are several general concepts relating to how psychiatric
disorders are thought to be associated with modifications in synaptic
neurotransmission.

Molecular Neurobiology and Psychiatric Disorders

A modern formulation of psychiatric disorders involves the integration of at least
four key elements: (1) genetic vulnerability to the expression of a disease; (2) life
event stressors that come that individual's way (divorce, financial problems, etc.); (3)
the individual's personality, coping skills, and social support available from others;
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and (4) other environmental influences on the individual and his or her genome,
including viruses, toxins, and various diseases.

Genetic Vulnerability. Geneticists no longer talk about inheriting a mental illness;
they talk about inheriting vulnerability to a mental illness. Such vulnerability
theoretically arises from a set of abnormally functioning genes, and some of this
abnormal functioning is inherited. Since genes control all functions of the neuron, all
psychiatric disorders at some level are genetic. However, that does not necessarily
mean that all abnormal functions of genes are inherited. Some of the problems of
gene function can arise from the person's experiences, from stressors arising in the
environment, and from chemicals and toxins outside the brain. Vulnerability factors
for psychiatric disorders are as yet poorly understood, multiple in number, and very
complicated. Nevertheless, a few important principles of genetic vulnerability have
been established.

For instance, if the rate of illness is greater among monozygotic (single-egg) twins
than among dizygotic (two-egg) twins, then heredity is an important factor. At least
two important examples of this, bipolar illness and schizophrenia, are well
documented in psychiatry. The monozygotic twin of a schizophrenic has a 50%
chance of having schizophrenia, whereas a dizygotic twin has only about a 15%
chance. Similarly, the monozygotic twin of a person with bipolar illness has up to an
80% chance of being bipolar, whereas a dizygotic twin has only about an 8 to 10%
chance. Despite this proof of genetic vulnerability, no specific gene has been
established for these illnesses because it is now believed that there is no single genetic
abnormality within the affected subject's DNA that by itself causes these or any other
common psychiatric disorders.

Rather, the current thinking is that multiple sites in DNA within the genome
must interact to produce most of the causation of a psychiatric illness. Such genes
may act independently, additively, or even synergistically; they may also act at
different critical times during brain development. There may be both positive and
negative modifier genes, which if present also influence the likelihood that the illness
will occur. Thus, unlike Mendelian disorders such as Huntington's disease, in which
single genes contribute large effects (e.g., Fig. 4—1), in psychiatric disorders we are
looking for many different genes, each of which contributes only a small effect or
even no effect unless its effects coincide with the expression of other critical genes
(Fig. 4—2). To make things even more complicated, different genes may be abnormal
in different families with the same psychiatric illness. This situation is called
heterogeneity.

The biochemical expression of vulnerability to a psychiatric disorder occurs when
many different genes make many important proteins in the wrong amounts, at the
wrong places, or at the wrong times. This in turn causes abnormal structures and
functions of neurons. Even when all this happens in a manner to create the maximum
amount of risk, there still may not be a psychiatric disorder unless nongenetic factors,
especially from the environment, interact in just the right way to convert latent
vulnerability into manifest disease. In such a case, only a conspiracy of several genetic
and environmental risks produces an emotional disorder. Detection of a single
conspirator without rounding up all the coconspirators is inadequate to explain the
genetic basis of the disease.
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FIGURE 4 — 1. This figure depicts the classical view of an inherited disease. In this case, the
abnormal gene expresses some sort of abnormal gene product. The consequences of making this
deficient gene product is that cellular functioning is compromised, resulting in the inherited
disease.

Life Events and the Two-Hit Hypothesis of Psychiatric Disorders. One theory that tries to
explain this combination of genetic vulnerabilities and environmental factors as the
basis of many psychiatric disorders is the "two-hit" hypothesis. That is, in order to
manifest an overt psychiatric disorder, one must not only sustain the first hit, namely
all the critical genetic vulnerabilities, but one must also sustain a second hit of some
type from the environment (Figs. 4—2 through 4—5). Thus, psychiatric disorders
are increased in incidence in first-degree relatives of patients with a wide variety of
psychiatric disorders but not to an extent that allows one to predict which specific
individuals will or will not eventually develop a specific psychiatric disorder.

This supports the concept that one does not inherit the mental disorder per se;
one inherits vulnerability factors for the mental disorder (the genetic first hits) (Figs.
4—2 through 4—5). The chance of actually manifesting a psychiatric illness
apparently depends not only on whether one inherited all the necessary
vulnerability factors but also on numerous other factors (i.e., second hits from
nongenetic environmental sources) (Fig. 4—4).

Some mental disorders, such as schizophrenia or bipolar illness, may have a higher
chance of being expressed in vulnerable individuals as compared with disorders such
as depression, anxiety, or obsessive-compulsive disorder, which may more frequently
lie dormant in the vulnerable individual (Fig. 4—5). Thus, genetic endowment gives
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FIGURE 4—2. Depicted here is the hypothesis of complex genetics of psychiatric disorders.
Here,

three risk factors are inherited and two risk factors come from the environment. In this case, these
five factors combine to produce a hypothetical case of schizophrenia in a young adult. Thus, this
individual inherited not only an aberrant enzyme (genetic risk factor 1) but also neurons with
abnormal neuronal migration in utero (genetic risk factor 2), plus synapses that were incorrectly
eliminated in adolescence (genetic risk factor 3). Compounding these inherited abnormalities in the
biological functioning of the brain, there are neurodevelopmental problems due to bad parenting
(environmental risk factor 4) and neuronal toxicities from ingesting drugs of abuse
(environmental risk factor 5). When they are put all together in the right sequence, the result is
schizophrenia.

an individual a certain degree of risk for a psychiatric disorder, and certain disorders
may have more of a propensity to become manifest than other disorders, but genetic
vulnerability alone is not enough to express overt psychiatric illness.

Childhood Development, Personality, Coping Skills, and Social Support as Factors in
Psychiatric Illnesses. Several environmental interactions are hypothesized to affect the
expression of information present in the genome and therefore may dictate whether
a disorder remains only a latent possibility or breaks down into overt psychiatric
pathology (Fig. 4—4). These include early life experiences, which cause a person to
develop learned patterns of coping that together constitute his or her personality, or
in some cases, personality disorder (Figs. 4-3 and 4—4). Also, there are adult life
experiences, which an individual encounters from social interaction with the
environment, including events commonly called stressful, such as divorce, death of a
loved one, financial difficulties, and medical problems (Fig. 4—4).

Personality traits (Fig. 4—3) may themselves be genetically influenced (e.g., im-
pulsivity, shyness) or environmentally determined by early childhood developmental
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FIGURE 4 — 3. This figure demonstrates how life events from the environment test the postulated
vulnerability genes for a psychiatric illness (in this case, several postulated genes capable of triggering
depression if expressed in the critical manner). Life events, sometimes called stressors, challenge the
organism, and this manifests itself as a biological demand on the individual's genome. Such stressors
are modified by the individual and processed so that the nature of the biological demand may be
similarly modified. That is, persons who have developed an adaptive personality with good coping
skills and social support may be able to mitigate, blunt, or lessen the biological demand on their
genetic code for latent depression. On the other hand, those who have developed an abnormal
personality with poor coping skills may actually worsen, accelerate, or even recruit potentially damaging
psychosocial stressors to play on the genome. Thus, personality and coping skills are either a filter or
a magnifying glass through which psychosocial stressors pass on their journey to test and challenge
the genome where a potential psychiatric disorder may or may not be waiting for a chance to be
expressed.

experiences. Personality traits generate coping skills, which can either blunt or
exacerbate the impact of adult life events on that individual's genome (Fig. 4 — 3). The
ability of an individual to buffer stressors or even to grow and prosper when exposed
to them versus breaking down into a mental disorder may be the product of which
life events occur and how much coping skill and social support exist prior to being
layered onto a genome. Also, that genome may be robust or vulnerable, and the
particular vulnerability may explain why some people develop depression, others
obsessive-compulsive disorder,and still others no disorder at all despite similar life
experiences and similar personalities.

The nature of genetic risk may thus be quite different for different psychiatric
disorders. Given comparable genetic material and comparable personalities and
coping skills, it may be the severity of psychosocial stressors from the environment
that determines how often a vulnerable individual develops a mental illness.
According
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FIGURE 4—4. This figure represents the two-hit hypothesis for psychiatric illnesses with a
genetic component. In this hypothesis, inheriting a set of abnormal genetic risks (the first hit shown
as the red genes on the black strands of DNA) is not sufficient for manifestation of a psychiatric
disorder. One must also sustain just the right second hit from the environment, postulated to be
life events such as a bad childhood or divorce or insults from the environment such as a virus or a
toxin. Thus, those with just one hit do not develop the disorder, even though they have the
identical genetic makeup as those who do develop the psychiatric disorder. What distinguishes those
who ultimately develop an illness from those who do not is whether the individual at risk and
vulnerable for the illness (i.e., having the red genes of vulnerability to a specific psychiatric disorder)
also is exposed to just the right second hit (shown as inputs to the gene) necessary to trigger the
abnormal genes into making their abnormal gene products and thereby causing the disease in that
individual.

to this model, the more biologically determined disorders, with the more vulnerable
genomes, would require only minor stressors for a person develop that mental illness
to develop (e.g., schizophrenia in Fig. 4 — 5). On the other hand, a less vulnerable
disorder such as depression might theoretically require moderate stressors to become
manifest (Fig. 4 — 5). Finally, some stressors could be so severe (e.g., rape, combat,
witnessing atrocities) that even a normal robust genome might break down to cause
a mental disorder (e.g., posttraumatic stress disorder [PTSD] in Fig. 4—5).

Other Environmental Influences on Individuals and Their Genomes. Finally, the environment
provides numerous potential biochemical influences on the genome, such as exposure
to viruses, toxins, or diseases (Fig. 4—4). These, too, could contribute to the
probability that genetic vulnerabilities for a psychiatric illness will become
manifest.
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FIGURE 4 — 5. Some disorders have a relatively high predisposition for manifestation in a vulnerable
individual, whereas others have a relatively low predisposition, as shown in Figure 4—2. Thus, it may
take only relatively minor or usual stressors for the set of schizophrenia vulnerability genes of a
vulnerable individual to be activated into producing a disease (left panel). On the other hand, since
fewer individuals with the postulated genetic potential for depression or bipolar disorder may actually
manifest this disorder, it may take at least moderate or more unusual stressors for the vulnerable
individual to have his or her set of bipolar disorder vulnerability genes activated into producing a
disease (middle panel). Finally, even those with apparently normal DNA, with no known predisposition
to any given psychiatric disorder, may decompensate under major and overwhelming stressors
(such as rape or combat or natural disasters) to produce a breakdown of cellular functioning through
the breakdown of normal DNA to produce yet other psychiatric disorders (right panel). This latter
mechanism is one hypothesis for the development of posttraumatic stress disorder (PTSD), for
example.

Neuronal Plasticity and Psychiatric Disorders

Neurodevelopmental Disorders. Neurons and their synapses must develop properly and
then be adequately maintained or else a disorder in the functioning of the brain
could result. First, the correct neurons must be selected in utero (Fig. 4—®6), and
then they must migrate to their predesignated locations (Fig. 4—7) for the brain to
function properly. Epilepsy and mental retardation are disorders that in part may
result from neurons getting lost and migrating to the wrong places during fetal
development (Fig. 4 — 7). Abnormal neuronal migration may even contribute to the
causes of schizophrenia and dyslexia.

Failure of neuronal migration could be caused by genes giving the wrong
directions. Bad instructions could be inherited and thus be preprogrammed, or they
could be acquired in utero, after the mother takes cocaine and alcohol or her uterus
sustains radiation for some reason. One mechanism whereby the wrong genetic
information or toxins such as drugs or radiation could cause abnormal neuronal
selections would be for them to cause a "grim reaper" growth factor to be
inappropriately turned on instead of a "bodyguard" growth factor (Fig. 4 — 6). This
could cause the wrong cell to turn on its apoptotic suicide system (see Fig. 1 — 18).
What may be left are puny cells with bad molecular "Velcro" (e.g., cadherins),
which therefore cannot crawl along glia/fibers to get where they need to go. Thus,
a neuronal migration disorder is begun by improper selection of neurons in the
first place.
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FIGURE 4 — 6. Neurons are formed in excess prenatally (top panel of neurons). Some are healthy and
others may be defective. Normal neurodevelopment chooses the good neurons (left), but in a
developmental disorders, some defective neurons may be chosen and thus cause a neurological or
psychiatric disorder later in life when that neuron is called on to perform its duties (right panel).

Other neurodevelopmental problems could result from abnormal synaptogenesis.
As discussed in Chapter 1, synapses are dynamic and constantly changing, being
laid down, maintained, and in some cases removed. Many things influence this
process of adding, maintaining, and removing synapses. If the neuron receives the
wrong semaphore signal (from neurotrophic semaphorin molecules), it may sail its
axonal growth tip into the wrong postsynaptic targets (cf. Figs. 4—8 and 4—29). Since
the synapse is the substrate of chemical neurotransmission, information transfer in
the brain is vitally dependent on axons innervating the correct targets.

Once innervation is complete, information transfer in the brain continues to be
dependent on how the synapse is maintained, including the processes of branching,
pruning, growing, or dying of neuronal axons and dendrites (see Chapter 1 and Figs.
1—21 through 1 — 23, as well as Fig. 4—10). If the process of synaptogenesis is
interrupted early in development, the brain may not reach its full potential, as occurs
in mental retardation, autism, and as is now hypothesized for schizophrenia (Fig.
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FIGURE 4 — 7. Neurons are formed in central growth plates (top panel) and then migrate out into
the growing brain. If this is done properly (left panel), the neurons are properly aligned to grow,
develop, form synapses, and generally function as expected. However, if there is abnormal migration
of neurons (right panel), the neurons are not in the correct places, and do not receive the appropriate
inputs from incoming axons, and therefore do not function properly. This may result in a neurological
or psychiatric disorder.

4—10). The wrong neuronal wiring of the anatomically addressed nervous system could
thus be quite problematic for proper brain functioning.

Drug treatments themselves may not only modify neurotransmission acutely but
also could potentially interact with neuronal plasticity. Harnessing the neurochem-
istry of the brain's plasticity is an important goal of new drug development. For
example, certain growth factors may provoke the neuron to sprout new axonal or
dendritic branches and to establish new synaptic connections (see Chapter 1 and Fig.
1—22, as well as Fig. 4—10). If applied early enough in the course of a neurode-
velopmental disorder, such treatments might be able to compensate for problems in
cell selection, cell migration, or synapse formation. On the other hand, these
problems are so anatomically discrete that it is hard to envision how one could
program a drug for delivery only at the critical time during neurodevelopment
and just at the critical places.
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CORRECT WIRING

FIGURE 4 — 8. This figure represents the correct wiring of two neurons. During development, the
incoming blue axons from all different parts of the brain are appropriately directed to their
appropriate target dendrites on the blue neuron. Similarly, the incoming red axons from various
regions of the brain are appropriately paired with their correct dendrites on the red neuron.

Neurodegenerative Disorders and Neurotrophic Growth Factors. Not only can psychiatric
illness result if synapses are malformed early in life, but brain disorders can also
occur if normal healthy synapses are inappropriately interrupted late in life. Thus,
the brain may regress from the potential it had realized and result in various types
of dementia (Fig. 4—10). A milder form of this may occur in "normal aging," if it



WRONG WIRING

FIGURE 4 — 9. This figure represents simplistically a possible disease mechanism in neurodevelop-
mental disorders. In this case, the neurons do not fail to develop connections; the neurons also do not
die or degenerate. What happens here is that the synapse formation is misdirected, resulting in
the wrong wiring. This could lead to abnormal information transfer, confusing neuronal
communications, and the inability of neurons to function, which are postulated to occur in
schizophrenia, mental retardation, and other neurodevelopmental disorders. This state of chaos is
represented here as a tangle of axons, where red axons inappropriately innervate blue dendrites and blue
axons inappropriately pair up with red dendrites. This is in contrast to the organized state
represented in Figure 4-8.
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FIGURE 4—10. An undeveloped neuron may fail to develop during childhood either because of a
developmental disease of some sort or because of the lack of appropriate neuronal or environmental
stimulation for proper development {left arrow). In other cases, the undeveloped neuron does develop
normally (right arrow), only to lose these gains when an adult-onset degenerative disease strikes it

(bottom arrow).

116



Chemical Neurotransmission as the Mediator of Disease Actions 117

can be considered normal to stop exercising the brain as one gets older. Just as
neglect and abuse of other tissues contribute to breakdown of peripheral organ
systems as they age, so could the lack of mental exercise lead to "rusty" and irritable
synapses in the brain. Fortunately, challenging the brain throughout a lifetime by
honing acquired skills and developing new ones may prevent this type of age-
associated brain impairment.

Frank brain failure, however, can occur when neurons die and synapses are ruined.
Two of the principal final common pathways for neuronal and synaptic destruction
are necrosis and apoptosis, as discussed in Chapter 1 (see also Fig. 1 — 18). In
neurological disorders, necrotic inflammatory demise of neurons can be triggered if
they are poisoned by toxins and infections or hammered by physical trauma, or if
their oxygen is choked off during a stroke, for example. More subtle loss of neurons
occurs when apoptosis is activated inappropriately after the brain has developed, as
may occur in Alzheimer's dementia, frontotemporal dementia, Lewy body dementia,
and perhaps schizophrenia. Even if apoptosis can explain how neurons die in these
illnesses, it is still a major mystery why they do this. Although neurological
illnesses such as Alzheimer's disease and Parkinson's disease are classically
considered to be the illnesses typified by neurodegeneration, there are now hints
that a subtle form of neurodegeneration may be operative in the progressive course
of schizophrenia and in the development of treatment resistance in depression, panic,
and other psychiatric illnesses. Neurodegenerative phenomena may also play a role in
the apparent "kindling" phenomena of various affective disorders, such as the
development of rapid cycling in bipolar disorder, and in the increased risk of
recurrence of depression during a shift in reproductive hormones in women who have
had an affective episode associated with a previous shift in reproductive hormones.

Exploitation of normal neuronal plasticity to develop new drugs to halt
degenerative diseases of the nervous system is only beginning to be investigated.
Drugs are not yet available that can reliably turn on and direct the plasticity process.
Theoretically, it should become possible to salvage degenerating neurons, to establish
new synapses, and to reestablish preexisting synapses. Such possible modifications of
degenerative nerve diseases are being pursued in several different ways.

First, the search is on for abnormal genes or abnormal gene products that might
be mediating the breakdown of neurons. Once these are identified, it should
theoretically be possible to stop the production or block the action of unwanted
gene products. It should also be possible to turn on the production or provide a
substitute for desirable but absent gene products.

Second, attempts are being made to make neurotrophic factors "get on your
nerves" to rescue degenerating neurons and halt the progression of neurodegenerative
disorders (Figs. 4—11 through 4—13). This might be particularly effective if acquired
deficiencies in neurotrophic factors were causing previously healthy neurons to
degenerate. Hypothetically, the ideal cocktail of molecules could help nourish back to
health all sorts of ailing neurons (Figs. 4—12 and 4—13). Applying knowledge of
the actions of neurotrophic factors and recognition molecules that help guide
sprouting axons might some day increase the odds that dysfunctional neurons in the
mature nervous system can be salvaged or even that desirable synaptic connections can
be facilitated.

It might in theory be possible to have growth factors get on your nerves by direct
delivery of the growth factor if a delivery method could ever be devised. There are
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FIGURE 4—11. Shown here is normal communication between two neurons, with the synapse
between the red and the blue neuron magnified. Normal neurotransmission from the red to the blue
neuron is being mediated here by neurotransmitter binding to postsynaptic receptors by the usual
mechanism of synaptic neurotransmission.

numerous problems in using neurotrophic factors as therapeutic agents. Such a large
number of neurons are responsive to them that systemic administration may well
activate all kinds of axonal sprouts that are not desired. Perhaps high doses or chronic
use could stimulate unwanted cell division of neurons or even increase the risk of
cancer. Thus, local administration to the desired site of action or site-selective actions
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FIGURE 4—12. Shown here and in Figure 4 — 13 is a conceptually more complex mechanism of
compensation for the loss of a degenerating neuron. The ailing but not yet degenerated red neuron
indicated here is no longer functioning to allow normal neurotransmission with the blue neuron (see
box) and is about to die. Also indicated is the application of a growth factor to the degenerating

neuron. This could be conceived as either a natural reparative mechanism that the dying neuron could
activate (see Fig. 1—22 and Table 1 — 3) or a drug that could mimic this.

of systemically administered neurotrophic factors may be required if treatment is
going to be safe.
To complicate the potential utility of growth factors for neurodegenerative

disorders is that fact that many growth factors are large protein or peptide
molecules,
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FIGURE 4—13. This figure demonstrates how a degenerating neuron might be rescued by a growth
factor. In this case, the dying neuron of Figure 4—12 is salvaged by a growth factor, which restores
the function of neurotransmission to reactivate normal communications between the red neuron and
the blue neuron (see box).

which are unable to survive intact when administered orally and unable to cross the
blood-brain barrier when administered intravenously. This has led to several different
approaches to delivering neurotrophic factors to their desired targets in the CNS.
First, the protein itself can be infused directly into the cerebrospinal fluid or
implanted in a biodegradable, slow-release preparation. Second, the active protein
can travel across the blood-brain barrier by hiding inside a "Trojan horse™ molecule



New neuron is implanted to take over the functions of the dead neuron

FIGURE 4—14. Transplantation of a new neuron by neurosurgical techniques is another potential
mechanism for replacing the function of a degenerated neuron. In this case, the turquoise transplanted
neuron makes the same neurotransmitter as the formerly red neuron made (see Fig. 4—11) prior to
degenerating here. Synaptic neurotransmission is restored when the transplanted neuron takes over the
lost function of the degenerated neuron (see box). This has already been performed for patients with
Parkinson's disease, in which transplanted fetal substantia nigra neurons can successfully improve
functional neurotransmission of degenerated substantia nigra neurons in some patients.
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that is normally translocated across this blood-brain barrier. Third, low molecular
weight chemicals might be able to get into the brain and pharmacologically induce
the formation of a trophic factor. This action, in fact, has been suggested for cho-
linesterase inhibitors, which not only increase acetylcholine levels but subsequently
increase nerve growth factor. Finally, a high-tech idea is to transfer genes that
produce the trophic factor directly into the brain by grafting cells that normally
make it, by genetically engineering cells to make it, or by delivering the gene in a
carrier virus. All of these possibilities are under active investigation.

A third long-term therapeutic approach to neurodegenerative disorders is
transplantation of neurons. Neuronal transplantation is being investigated as a way to
substitute new neurons for degenerated neurons (Fig. 4—14). This is not a
Frankenstein-style transplant of an entire brain but rather a selective introduction
of specific and highly specialized nerves, which produce specialized chemicals and neu-
rotransmitters capable of compensating for and replacing the functions of the
degenerated and destroyed neurons that caused disease in the first place.
Transplantation of neurons into human brain is already occurring in Parkinson's
disease, where dopamine-producing neurons have been successfully transplanted into
the brains of patients with this condition. Experimental use of cholinergic neurons
holds promise for the treatment of experimental models of Alzheimer's disease.

From Excitement to Brain Burn: Too Much Excitatory

Neurotransmission Could Be Hazardous to Your Health

If Benjamin Franklin said "nothing in excess, including moderation” he may have
anticipated contemporary thinking about excitatory neurotransmission. Excitatory
neurotransmission with glutamate ranges from talking to neurons (Fig. 4—15), to
screaming at them (Fig. 4—16), to strangling their dendrites, and even to
assassinating them (Fig. 4—17).

Glutamate normally opens an ion channel so that the nerve can drink calcium
(Figs. 4—15 and 4—18). Sipping calcium is exciting to a neuron and a normal
reaction when glutamate is speaking pleasantly. However, when glutamate screams
at a neuron, the neuron reacts by drinking more calcium (Figs. 4—16 and 4—19).
Imbibing too much calcium may lead in part to excitatory symptoms such as panic,
seizures, mania, or psychosis (Figs. 4—19 and 4—20). Too much calcium eventually
will anger intracellular enzymes, which then generate nasty chemicals called free
radicals. A small commune of free radicals can crash the chemical party in the
postsynaptic dendrite and strangle it (Fig. 4 — 21). A mob of free radicals can Kill
the whole neuron, perhaps by triggering apoptosis (Fig. 4—22; see also Fig. 1 — 18).

Why would the neuron allow this to happen? It is possible that the brain needs
this excitotoxic mechanism so that glutamate can act as a gardener in the brain,
pruning worn out branches from dendritic trees so that healthy new sprouts may
prosper (Fig. 1—23). However, this also equips the neuron with a powerful weapon,
which can potentially be misused to cause various neurodegenerative conditions due
literally to pruning neurons to death (Fig. 4—22). Such an excitotoxic mechanism
could be activated if the genetic program controlling it is turned on or potentially
by ingestion of toxins or toxic drugs of abuse. That is, when glutamate decides to
act as an abusive bully for whatever reason, neurons may seize, panic, become manic,
or become psychotic (Fig. 4—20). Furthermore, such symptoms of calcium intoxi-



O = Calcium

1) Calcium entering neuron at a normal rate

2) Calcium entering neuron too quickly (the calcium channel may
be opened by a toxin or stroke)

3) Finally, the neuron is destroyed by the excess calcium

FIGURE 4-15. The calcium ion is a key regulator of neuronal excitability and is constantly entering
and leaving neurons through ion channels of various sorts that are conducting the normal business
functions of the neuron. When this occurs at a normal rate, it modifies neuronal excitability but is
not damaging to the neuron (but see Figs. 4 — 16 and 4—17).

FIGURE 4—16. Calcium may also rush into cells too quickly if its ion channels are opened too
much, as is postulated to occur as a result of certain toxins, by stroke, or by neurodegenerative
conditions (see Fig. 4—17).

FIGURE 4—17. If too much calcium gets into the neuron and overwhelms any sinks and buffers
there, it can destroy the neuron and cause it to degenerate and die. This mechanism of excessive
excitation is called excitotoxicity and is a major current hypothesis of the cause of various psychiatric
and neurological disorders. This idea postulates that for such diseases, neurons are literally "excited to
death.”
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FIGURE 4—18. Shown here are details of calcium entering a dendrite of the blue neuron when the
red neuron excites it with glutamate during normal excitatory neurotransmission. This was shown in
a more simplistic model in Figure 4—15. Glutamate released from the red neuron travels across the
synapse, docks into its agonist slot on its receptor, and as ionic gatekeeper, opens the calcium channel
to allow calcium to enter the postsynaptic dendrite of the blue neuron to mediate normal excitatory
neurotransmission (see box).

cation may be followed by an unfortunate glutamate hangover in the form of
destroyed dendrites, which can never be excited again (Fig. 4—21).

Other illnesses such as Alzheimer's disease, Parkinson's disease, amytrophic lateral
sclerosis (Lou Gehrig's disease), and even schizophrenia may hire glutamate as a
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FIGURE 4—19. Shown here is what may happen when excitatory neurotransmission causes too much
neurotransmission. This may possibly occur during the production of various symptoms mediated
by the brain, including panic attacks. It could also occur during mania, positive symptoms of
psychosis, seizures, and other neuronally-mediated disease symptoms. In this case, too much
glutamate is being released by the red neuron, causing too much excitation of the postsynaptic blue
neuron's dendrite. Extra release of glutamate causes additional occupancy of postsynaptic glutamate
receptors, opening more calcium channels and allowing more calcium to enter the blue dendrite (see
box). Although this degree of excessive neurotransmission may be associated with psychiatric
symptoms, it does not actually damage the neuron (but see Figs. 4 —20 and 4—21).
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FIGURE 4 —20. This figure represents the concept of an electrical storm in the brain in which
overexcitation and too much neurotransmission are occurring during the production of various
psychiatric symptoms, including those which occur during a panic attack. This may also be a model
for other disorders of excessive behavioral symptoms that imply too much neurotransmission, including
mania, positive manifestation of psychosis, and seizures.

methodical undercover assassin, eliminating a whole subpopulation of predesignated
neurons over a prolonged period of time. Such a systematic process would be
consistent with the pace of these slow neurodegenerative disorders. In catastrophic
brain diseases such as stroke and global ischemia associated with cardiac arrest,
drowning, etc., a whole army of glutamate "hit men" may be hired as mass
murderers. In this case, glutamate causes the massacre of an entire region of brain
neurons by suddenly subjecting them to molecular mayhem.

Thus, glutamate's actions can range across a vast spectrum. It can be a friendly
neuronal conversationalist or a screaming hypothetical mediator of neurological and
psychiatric disorders. How might the symptoms and clinical course of various
psychiatric disorders fit this model of excitotoxicity? Psychosis possibly shares some
analogies with a seizure, in that excessive transmission of dopamine in the mesolim-
bic areas of brain may lead to symptoms of delusions, hallucinations, and thought
disorder in various psychiatric disorders. Panic disorder may be analogous to a seizure
in areas of the brain controlling emotions (such as the parahippocampal gyrus),
leading to clinical symptoms characterized by a massive emotional discharge of panic,
shortness of breath, chest pain, dizziness, feelings of impending death, or fear of
losing control. Thus, disorders such as psychosis, epilepsy and panic disorder appear
to involve excessive neurotransmission, which may help explain the mechanism by
which they produce acute symptoms (Figs. 4—19 and 4—20).

Furthermore, these disorders seem to become more resistant to treatment the
longer the disorder persists and the more poorly the symptoms are controlled, as if
there were an underlying mechanism of destruction accompanying symptoms that
are out of control (Figs. 4—21 through 4—23). Thus, excessive neurotransmission
may itself be a cause of deficient neurotransmission. If seizures beget seizures, panic
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CAN LEAD TO DENDRITIC DEATH

FIGURE 4 — 21. If too much neurotransmission occurs for too long, it is hypothetically possible that
this would lead to dendritic death. The mechanism for this may be tantamount to inappropriately
activating the normal dendritic pruning process (indicated schematically as scissors snipping off the
dendrite; see Figure 1 — 23 for a diagram of normal pruning). Thus, far too much glutamate release
can cause too much opening of the gates of the calcium channel, activating an excitotoxic demise
of the dendrite (see box).
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"Pruning” out of
control

A disease may let the normal process of pruning get out of control. The disease can
cause the neuron to be "pruned to death."

FIGURE 4—22. Neurons appear to have a normal maintenance mechanism for their dendritic tree by
which they are able to prune, or remove, old, unused, or useless synapses and dendrites (normal
mechanism shown in Fig. 1—23). One postulated mechanism for some degenerative diseases is that
this otherwise normal pruning mechanism may get out of control, eventually rendering the neuron
useless or even killing it by "pruning it to death.”

begets panic, psychosis begets psychosis, and mania begets mania, these symptoms
are obviously not good for the brain. The psychopharmacologist must therefore act
to prevent symptoms, not only because symptom control may harness the disruptive
influences of excessive neurotransmission on behavior, but also because symptom
control may ultimately prevent the demise of the neurons mediating these very
behaviors (Figs. 4—20 to 4—23). If these disorders of excessive neurotransmission are
analogous to the brain "burning” during symptomatic crises such as a seizure,
psychosis, panic attack, or mania, treatments might not only "put out the fire" but also
salvage the underlying neuronal substrates, which are burning as the fuel for the
fire.



CAN LEAD TO CELL DEATH

FIGURE 4—23. Catastrophic overexcitation can theoretically lead to so much calcium flux into a
neuron due to dangerous, wide-ranging opening of calcium channels by glutamate (see box) that not
only is the dendrite destroyed, but so is the entire neuron. This scenario is one in which the neuron
is literally excited to death. The same idea was represented more simplistically in Figure 4—17.
Excitotoxicity is a major current hypothesis to explain the mechanism of neuronal death in neuro-
degenerative disorders, including aspects of schizophrenia, Alzheimer's disease, Parkinson's disease,
amyotrophic lateral sclerosis, and ischemic cell damage from stroke.
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Discovery of antagonists to excitotoxicity, such as exemplified by the glutamate
antagonists, may portend the possibility of developing new drug therapies for neu-
rodegenerative disorders. At least two approaches to controlling glutamate are
showing promise. The first is to protect the neuron from drinking too much calcium
by blocking glutamate receptors directly with antagonists. Thus, neurons are only
allowed to quench their thirst in normal excitatory neurotransmission but not to
guzzle so much calcium that they become excitotoxically inebriated. If such
compounds worked, they would be neuroprotective, since they would arrest
glutamate before it could assassinate any more neurons. Another approach to
developing treatments for illnesses that may be mediated by excitotoxicity is to rescue
the cellular machinery once glutamate's cascade of doom has been activated. Thus,
free-radical scavengers are being developed that neutralize the troublesome free
radicals. Certain chemicals can do this, including vitamin E and experimental agents
called lazaroids (so named because they purport to raise neurons from the dead, as
the biblical Lazarus was raised).

No Neurotransmission

There are a myriad of known and suspected mechanisms by which diseases can
modify chemical neurotransmission. These can vary from no transmission, as in the
case of a degenerated or absent neuron, to too much neurotransmission from a
malfunction of the synapse. One of the key consequences of loss of neurons in neuro-
degenerative disorders such as Parkinson's disease, Huntington's disease, amyotrophic
lateral sclerosis (Lou Gehrig's disease), and Alzheimer's disease, is the fact that no
neurotransmission occurs subsequent to neuronal loss (Fig. 4—24). This is a
conceptually simple mechanism of disease action with profound consequences. It is
also at least in part the mechanism of other disorders, such as stroke, multiple
sclerosis, and virtually any disorder in which neurons are irreversibly damaged.
One of the earliest attempts to compensate for the dropout of neurons and the
consequent loss of neurotransmission (Fig. 4—24) was simply to replace the neuro-
transmitter (Fig. 4—25). Indeed, this can happen in certain conditions such as
Parkinson's disease, where loss of the neurotransmitter dopamine can be replaced.
Even in this conceptually simple example, however, therapeutic replacement is in
fact not so simple. Dopamine given orally or intravenously cannot get into the brain.
Its precursor, L-DOPA, can reach the brain and be converted into dopamine.
However, even the precursor needs help in practice, since coadministration of an
inhibitor of L-dopa destruction is necessary for L-DOPA to work optimally.

Other Mechanisms of Abnormal Neurotransmission

Several other mechanisms can be conceptualized. These include the imbalance between
two neurotransmitters required to regulate a single process. This has been theorized
as the mechanism of many of the movement disorders, in which balance between
the two neurotransmitters dopamine and acetylcholine is not normal. Another
possible aberrancy is that of the wrong rate of neurotransmission, possibly disrupting
functions such as sleep or biorhythms. We have already discussed how degenerative
disorders involve loss of neurons and synapses, and the net result of the loss of key
synapses is abnormality of the remaining wiring system of the brain.
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FIGURE 4—24. This figure illustrates what happens in a conceptually simple disease in which a
neuron dies, leaving behind no neurotransmission. The loss of the red neuron means that neuro-
transmission at the former site between the red and the blue neuron is now lost (but see Fig. 4 — 25).
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New neurotransmitter is given as a drug to take over the
functions of the dead neuron

FIGURE 4—25. One of the simplest pharmacological remedies for replacing the function of the lost
neurotransmission from a degenerated neuron is to replace the neurotransmitter with a drug that
mimics the former neuron's neurotransmitter. This is shown here with the yellow drug replacing the
natural neurotransmitter that was formerly present when the red neuron was present and functioning
(Fig. 4—11). This strategy is used, for example, when L-DOPA is used to replace the lost
neurotransmission in Parkinson's disease when nigrostriatal dopamine neurons degenerate and die.
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Summary

This chapter has reviewed how enzymes and receptors are not only the targets of
drug actions but also the sites of disease actions. We have discussed how diseases of
the CNS are approached by three disciplines: neurobiology, biological psychiatry,
and psychopharmacology. We have also discussed how disease actions in the brain
modify neurotransmission by at least eight mechanisms: (1) modifications of
molecular neurobiology; (2) loss of neuronal plasticity; (3) excitotoxicity; (4) absence
of neurotransmission; (5) excess neurotransmission; (6) an imbalance among
neurotrans-mitters; (7) the wrong rate of neurotransmission; and (8) the wrong
neuronal wiring.
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In this chapter, the reader will develop a foundation of knowledge about the mood
disorders characterized by depression, mania, or both. Included here are descriptions
of the leading hypotheses that attempt to explain the biological basis of mood
disorders, especially depression. To understand these hypotheses, this chapter will
formulate key pharmacological principles that apply to neurons using specific mono-
amine neurotransmitters, namely norepinephrine (NE; also called noradrenaline or
NA), dopamine (DA), and serotonin (also called 5-hydroxytryptamine or 5HT). We
will also briefly introduce neuropeptides related to substance P. This will set the
stage for understanding the pharmacological concepts underlying the use of antide-
pressant and mood-stabilizing drugs, which will be reviewed in Chapters 6 and 7.

Clinical descriptions and criteria for diagnosis of disorders of mood will only be
mentioned in passing. The reader should consult standard reference sources for this
material. Here we will discuss how discoveries of various antidepressants have
impacted the diagnostic criteria for depression and how they may have modified the
natural history and course of this illness. The goal of this chapter is to acquaint the
reader with current ideas about the clinical and biological aspects of mood disorders
in order to be prepared to understand how the various antidepressants and mood
stabilizers work.

Clinical Features of Mood Disorders

Description of Mood Disorders

Problems with mood are often called affective disorders. Depression and mania are
often seen as opposite ends of an affective or mood spectrum. Classically, mania and
depression are "poles" apart, thus generating the terms unipolar depression, in which
patients just experience the down or depressed pole and bipolar disorder, in which
patients at different times experience either the up (manic) pole or the down
(depressed) pole. In practice, however, depression and mania may occur
simultaneously, which is called a "mixed" mood state. Mania may also occur in lesser
degrees, known as "hypomania,” or may switch so fast between mania and depression
that it is called "rapid cycling."

Depression is an emotion that is universally experienced by virtually everyone at
some time in life. Distinguishing the "normal” emotion of depression from an illness
requiring medical treatment is often problematic for those who are not trained in
the mental health sciences. Stigma and misinformation in our culture create the
widespread popular misconception that mental illness such as depression is not a
disease but a deficiency of character, which can be overcome with effort. For example,
a survey in the early 1990s of the general population revealed that 71% thought
that mental illness was due to emotional weakness; 65% thought it was caused by
bad parenting; 45% thought it was the victim's fault and could be willed away;
43% thought that mental illness was incurable; 35% thought it was the consequence
of sinful behavior; and only 10% thought it had a biological basis or involved the
brain (Table 5 — 1).

Stigma and misinformation can also extend into medical practice, where many
depressed patients present with medically unexplained symptoms. "Somatization" is
the term used for such use of physical symptoms to express emotional distress, which
may be a major reason for misdiagnosis of mental illness by medical and psycho-
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Table 5 — 1. Public perceptions of mental illness

71% Due to emotional weakness

65% Caused by bad parenting

45%  Victim's fault; can will it away

43% Incurable

35% Consequence of sinful bahavior

10% Has a biological basis; involves the brain

logical practitioners. Many depressed patients with somatic complaints are
considered to have no real or treatable illness and thus are not treated for a
psychiatric disorder once medical illnesses are evaluated and ruled out. In reality,
however, most patients with diffuse unexplained somatic symptoms in primary care
settings either have a treatable psychiatric illness (e.g., anxiety or depressive
disorder) or are responding to stressful life events. Such patients do not generally
have a genuine somatization disorder in which "their symptoms are really all in
their mind."”

Given how frequent and treatable the affective illnesses are, if there are a few
most important points to make in this textbook, one of them is the need for the
reader to know how to recognize and treat these illnesses.

Diagnostic Criteria

Accepted, standardized diagnostic criteria are used to separate "normal™” depression
caused by disappointment or "having a bad day" from the disorders of mood. Such
criteria also are used to distinguish feeling good from feeling "better then good"
and so expansive and irritable that the feelings amount to mania. Diagnostic criteria
for mood disorders are in constant evolution, with current nosologies being set by
the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-
1V) (Tables 5—2 and 5—3) in the United States and the International Classification
of Diseases, Tenth Edition (ICD-10) in other countries. The reader is referred to
these references for the specifics of currently accepted diagnostic criteria.

For our purposes, it is sufficient to recognize that the affective disorders are
actually syndromes. That is, they are clusters of symptoms, only one symptom of which
is an abnormality of mood. Certainly the quality of mood, the degree of mood change
from the normal (up—mania, or down—depression), and the duration of the
abnormal mood are all key features of an affective disorder. In addition, however,
clinicians must assess vegetative features such as sleep, appetite, weight, and sex drive;
cognitive features such as attention span, frustration tolerance, memory, negative
distortions; impulse control such as suicide and homicide; behavioral features such as
motivation, pleasure, interests, fatigability; and physical {or somatic) features such as
headaches, stomach aches, and muscle tension (Table 5—4).

Epidemiology and Natural History

In the 1990s, diagnostic criteria for depression began to be applied increasingly to
describing the epidemiology and natural history of mood disorders so that the effects
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Table 5-2. DSM 1V diagnostic criteria for a major depressive episode

A. Five (or more) of the following symptoms have been present during the same 2-week period and
represent a change from previous functioning; at least one of the symptoms is either (1)
depressed mood or (2) loss of interest or pleasure. Note: Do not include symptoms that are
clearly due to a general medical condition, or mood-incongruent delusions or hallucinations.

1

Depressed mood most of the day, nearly every day, as indicated by either subjective report
(e.g., feels sad or empty) or observation made by others (e.g., appears tearful). Note: In
children and adolescents, can be irritable mood.

Markedly diminished interest or pleasure in all, or almost all, activities most of the day,
nearly every day (as indicated by either subjective account or observation made by others).
Significant weight loss when not dieting or weight gain (e.g., a change of more than 5% of
body weight in a month), or decrease or increase in appetite nearly every day. Note: In
children, consider failure to make expected weight gains.

Insomnia or hypersomnia nearly every day.

Psychomotor agitation or retardation nearly every day (observable by others, not merely
subjective feelings of restlessness or being slowed down).

Fatigue or loss of energy nearly every day.

Feelings of worthlessness or excessive or inappropriate guilt (which may be delusional) nearly
every day (not merely self-reproach or guilt about being sick).

Diminished ability to think or concentrate, or indecisiveness, nearly every day (either by
subjective account or as observed by others).

Recurrent thoughts of death (not just fear of dying), recurrent suicidal ideation without a
specific plan, or a suicide attempt or a specific plan for committing suicide.

B. The symptoms do not meet criteria for a mixed episode.

C. The symptoms cause clinically significant distress or impairment in social, occupational, or other
important areas of functioning.

D. The symptoms are not due to the direct physiological effects of a substance (e.g., a drug of
abuse, a medication, or other treatment) or a general medical condition (e.g., hyperthyroidism).

E. The symptoms are not better accounted for by bereavement (i.e., after the loss of a loved one);
the symptoms persist for longer than 2 months or are characterized by marked functional
impairment, morbid preoccupation with worthlessness, suicidal ideation, psychotic symptoms, or
psychomotor retardation.

of treatments could be better measured. Key questions are: What is the incidence
of major depressive disorder versus bipolar disorder? How many people have the
condition at the present time, and how many in their lifetimes? Are individuals
with mood disorders being identified and treated, and if so, how? Also: What is the
outcome of their treatment? What is the natural history of their mood disorder
without treatment and how is this affected by treatment?

Answers to these questions are just beginning to evolve (Tables 5 — 5 through 5 —
10). For example, the incidence of depression is about 5% of the population, whereas
the incidence of bipolar disorder is about 1%. Thus, up to 15 million individuals
are currently suffering from depression and another 2 to 3 million from bipolar
disorders in the United States. Unfortunately, only about one-third of individuals
with depression are in treatment, not only because of underrecognition by health
care providers but also because individuals often conceive of their depression as a
type of moral deficiency, which is shameful and should be hidden. Individuals often
feel as if they could get better if they just "pulled themselves up by the bootstraps"
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Table 5-3. DSM IV diagnostic criteria for a manic episode

A. A distinct period of abnormally and persistently elevated, expansive, or irritable mood, lasting at

B.

least 1 week (or any duration if hospitalization is necessary).

During the period of mood disturbance, three (or more) of the following symptoms have

persisted (four if the mood is only irritable) and have been present to a significant degree:

1. Inflated self-esteem or grandiosity.

Decreased need for sleep (e.g., feels rested after only 3 hours of sleep).

More talkative than usual or pressure to keep talking.

Flight of ideas or subjective experience that thoughts are racing.

Distractability (i.e., attention too easily drawn to unimportant or irrelevant external stimuli).

Increase in goal-directed activity (either socially, at work or school, or sexually) or

psychomotor agitation.

7. Excessive involvement in pleasurable activities that have a high potential for painful
consequences (e.g., engaging in unrestrained buying sprees, sexual indiscretions, or foolish
business investments).

The symptoms do not meet criteria for a mixed episode.

SR NEREN

. The mood disturbance is sufficiently severe to cause marked impairment in occupational

functioning or in usual social activities or relationships with others, or to necessitate
hospitalization to prevent harm to self or others, or there are psychotic features.

. The symptoms are not due to the direct physiological effects of a substance (e.g., a drug of

abuse, a medication, or other treatment) or a general medical condition (e.g., hyperthyroidism).
Note: Manic-like episodes that are clearly caused by somatic antidepressant treatment (e.g.,
medication, electroconvulsive therapy, light therapy) should not count toward a diagnosis of
bipolar I disorder.

Table 5—4. Depression is a syndrome

Clusters of symptoms in depression:
Vegetative Cognitive Impulse
control Behavioral Physical
(somatic)

and tried harder. The reality is that depression is an illness, not a choice, and is just
as socially debilitating as coronary artery disease and more debilitating than diabetes
mellitus or arthritis. Furthermore, up to 15% of severely depressed patients will
ultimately commit suicide. Suicide attempts are up to ten per hundred subjects
depressed for a year, with one successful suicide per hundred subjects depressed for
a year. In the United States for example, there are approximately 300,000 suicide
attempts and 30,000 suicides per year, most, but not all, associated with depression.
The conclusions are impressive: mood disorders are common, debilitating, life-
threatening illnesses, which can be successfully treated but which commonly are not
treated. Public education efforts are ongoing to identify cases and provide effective
treatment.



Table 5 — 5. Patient education

The effectiveness of any treatment rests on a cooperative effort by patient and practitioner. The
patient should be told of the diagnosis, prognosis, and treatment options, including costs,
duration, and potential side effects. In educating patient and family about the clinical
management of depression, it is useful to emphasize the following information: Depression is a
medical illness, not a character defect or weakness. Recovery is the rule, not the exception.
Treatments are effective, and there are many options for treatment. An effective treatment can be
found for nearly all patients. The aim of treatment is complete symptom remission, not just
getting better but getting and
staying well. The risk of recurrence is significant: 50% after one episode, 70% after two
episodes, 90% after
three episodes. Patient and family should be alert to early signs and symptoms of recurrence and
seek treatment
early if depression returns.

Table 5—6. Risk factors for major depression

Risk factor Association

Sex Major depresson is twice as likely in women

Age Peak age on onset is 20—40 years

Family history 1.5 to 3 times higher risk with positive history
Marital status Separated and divorced persons report higher rates

Married males lower rates than unmarried males
Married females higher rates than unmarried females

Postpartum An increased risk for the 6-month period following childbirth
Negative life events Possible association
Early parental death Possible association

Table 5 — 7. Depression in the United States

High rate of occurence

5 — 11 % lifetime prevalence

10—15 million in United States depressed in any year Episodes can be
of long duration (years) Over 50% rate of recurrence following a single
episode; higher if patient

has had multiple episodes

Morbidity comparable to angina and advanced coronary artery disease High
mortality from suicide if untreated
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Table 5—8. Facts about suicide and depression

20—40% of patients with an affective disorder exhibit nonfatal suicidal behaviors,
including thoughts of suicide
Estimates associate 16,000 suicides in the United States annually with depressive disorder
15% of those hospitalized for major depressive disorder attempt suicide 15% of patients
with severe primary major depressive disorder of at least 1 month's
duration eventually commit suicide

Table 5 — 9. Suicide and major depression: the rules of sevens

One out of seven with recurrent depressive illness commits suicide

70% of suicides have depressive illness

70% of suicides see their primary care physician within 6 weeks of suicide
Suicide is the seventh leading cause of death in the United States

Table 5 — 10. The hidden cost of not treating major depression

Mortality
30,000 to 35,000 suicides per year
Fatal accidents due to impaired concentration and attention
Death due to illnesses that can be sequelae (e.g., alcohol abuse)
Patient morbidity
Suicide attempts
Accidents
Resultant illnesses
Lost jobs
Failure to advance in career and school
Substance abuse
Societal costs
Dysfunctional families
Absenteeism
Decreased productivity
Job-related injuries
Adverse effect on quality control in the workplace
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EPISODE OF DEPRESSION

RECOVERY or
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MOOD

DEPRESSION

TIME —
6 - 24 months

FIGURE 5 — 1. Depression is episodic, with untreated episodes commonly lasting 6 to 24
months, followed by recovery or remission.
Effects of Treatments on Mood Disorders

Long-Term Outcomes of Mood Disorders and the Five R's
of Antidepressant Treatment

Until recently very little was really known about what happens to depression if it
is not treated. It is now thought that most untreated episodes of depression last
6 to 24 months (Fig. 5 — 1). Perhaps only 5 to 10% of untreated sufferers have their
episodes continue for more than 2 years. However, the very nature of this illness
includes recurrent episodes. Many individuals who present for the first time for
treatment will have a history of one or more prior unrecognized and untreated

episodes of this illness, dating back to adolescence.

Three terms beginning with the letter "R" are used to describe the improvement
of a depressed patient after treatment with an antidepressant, namely response,
remission, and recovery. The term response generally means that a depressed patient has
experienced at least a 50% reduction in symptoms as assessed on a standard
psychiatric rating scale such as the Hamilton Depression Rating Scale (Fig. 5—2).
This also generally corresponds to a global clinical rating of the patient as much
improved or very much improved. Remission, on the other hand, is the term used
when essentially all symptoms go away, not just 50% of them (Fig. 5 — 3). The
patient is not better; the patient is actually well. If this lasts for 6 to 12 months,

remission is then considered to be recovery (Fig. 5— 3).

Two terms beginning with the letter "R™ are used to describe worsening in a patient
with depression, relapse and recurrence. If a patient worsens before there is a
complete remission or before the remission has turned into a recovery, it is called a
relapse (Fig. 5—4). However, if a patient worsens a few months after complete
recovery, it is called a recurrence. The features that predict relapse with greatest
accuracy are: (1) multiple prior episodes; (2) severe episodes; (3) long-lasting
episodes; (4) episodes with bipolar or psychotic features; and (5) incomplete recovery
between two consecutive episodes, also called poor interepisode recovery (Table 5 —

11).
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NORMAL

MOOD U

RESPONSE

RESPONSE

DEPRESSION

FIGURE 5 — 2. When treatment of depression results in at least 50% improvement in symptoms, it
is called a response. Such patients are better, but not well.

NORAL , REMISSION :
MOQCD 100%
: " RECOVERY
DEPRESSION [ * :
: Acute : Continuation : Maintenence
«6-12weeks , 4-9months . 1 ormore years

TIME

FIGURE 5 — 3. When treatment of depression results in removal of essentially all symptoms, it is
called remission for the first several months, and then recovery if it is sustained for longer than 6
to 12 months. Such patients are not just better—they are well.

The longitudinal course of bipolar illness is also characterized by many recurrent
episodes, some predominantly depressive, some predominantly manic or hypomanic,
some mixed with simultaneous features of both mania and depression (Fig. 5 — 5);
some may even be rapid cycling, with at least four ups and/or downs in 12 months
(Fig. 5—6). There is worrisome evidence that bipolar disorders may be somewhat
progressive, especially if uncontrolled. That is, mood fluctuations become more
frequent, more severe, and less responsive to medications as time goes on,
especially in cases where there has been little or inadequate treatment.
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FIGURE 5—4. When depression returns before there is a full remission of symptoms or within the
first several months following remission of symptoms, it is called a relapse. When depression returns
after a patient has recovered, it is called a recurrence.

Table 5 — 11. Biggest risk factors for a
recurrent episode of depression

Multiple prior episodes

Incomplete recoveries from prior episodes
Severe episode

Chronic episode

Bipolar or psychotic features

Dysthymia is a low-grade but very chronic form of depression, which lasts for
more than 2 years (Fig. 5—7). It may represent a relatively stable and unremitting
illness of low-grade depression, or it may indicate a state of partial recovery from
an episode of major depressive disorder. When major depressive episodes are
superimposed on dysthymia, the resulting condition is sometimes called "double
depression™ (Fig. 5—=8) and may account for many of those with poor interepisode
recovery.

Search for Subtypes of Depression That Predict
Response to Antidepressants

Although effective for depression in general, antidepressants do not help everyone
with depression. In fact, only about two out of three patients with depression will
respond to any given antidepressant (Fig. 5—9), whereas only about one out of three
will respond to placebo (Fig. 5 — 10). Follow-up studies of depressed patients after
1 year of clinical treatment show that approximately 40% still have the same
diagnosis, 40% have no diagnosis, and the rest either recover partially or develop the
diagnosis of dysthymia (Fig. 5—9). In the 1970s and 1980s, the diagnostic criteria
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DEPRESSION

FIGURE 5 — 5. Bipolar disorder is characterized by various types of episodes of affective disorder,
including depression, full mania, lesser degrees of mania called hypomania, and even mixed
episodes in which mania and depression seem to coincide.

for depression began to focus in part on trying to identify those depressed patients
who were the best candidates for the various antidepressant treatments that had
become available.

During this era, the idea evolved that there might be one subgroup of unipolar
depressives that was especially responsive to antidepressants and another that was
not. The first group was hypothesized to have a serious, even melancholic clinical
form of depression, which had a biological basis and a high degree of familial
occurrence, was episodic in nature, and was likely to respond to tricyclic
antidepressants and monoamine oxidase (MAO) inhibitors. Opposed to this was a
second form of depression hypothesized to be neurotic and characterological in origin,
less severe but more chronic, not especially responsive to antidepressants, and possibly
amenable to treatment by psychotherapy. This was called depressive neurosis, or
dysthymia.

The search for any biological markers of depression, let alone those that might
be predictive of antidepressant treatment responsiveness has been disappointing. It
is currently not possible to predict which patient will respond to antidepressants in
general or to any specific antidepressant drug. However, it is well established that
no matter what the subtype, some patients with any known form of unipolar
depression will respond to antidepressants, including those individuals with
melancholia as well as those with dysthymia.

Although it is therefore not yet possible to predict who will and who will not
respond to a given antidepressant drug, several approaches that fail to predict this
are known. These include the concepts of biological versus nonbiological, endogenous



RAPID
CYCLING

NORMAL .
MOOD

DEPRESSION

e
W

12 months

FIGURE 5—6. Bipolar disorder can become rapid cycling, with at least four switches into mania,
hypomania, depression, or mixed episodes within a 12-month period. This is a particularly difficult
form of bipolar disorder to treat.
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FIGURE 5 — 7. Dysthymia is a low-grade but very chronic form of depression, which lasts for more
than 2 years.

146



Depression and Bipolar Disorders

NORMAL
MOQD

DOUBLE
DEPRESSION

PARTIAL RECOVERY

T2 years

< >
6-24 months

147

FIGURE 5 — 8. Double depression is a syndrome characterized by oscillation between episodes of
major depression and periods of partial recovery or dysthymia.

MEDICATION

NORMAL
MOQD

DEPRESSION

Medication
started

In patients who are treated for
depression, 67% will respond after
8 weeks (i.e. reduction of at least
50% of symptoms) and 33% will not
respond at all.

67% RESPONDERS

33% NON-RESPONDERS

B weeks

FIGURE 5 — 9- Virtually every known antidepressant has the same response rate, namely 67% of
depressed patients respond to a given medication and 33% fail to respond.

versus reactive, melancholic versus neurotic, acute versus chronic, and familial versus
nonfamilial depression, and others as well.

The Good News and the Bad News about Antidepressant Treatments

One can look at the effects of antidepressant treatments on the long-term outcome
from depression as either good news or bad news, depending on whether it is seen
from the perspective of response or from the perspective of remission. The news looks
good if mere response to an antidepressant is the standard (i.e., getting better), but
if one "raises the bar" and asks about remission (i.e., getting well), the news does
not look nearly as good (Tables 5— 12 and 5 — 13).
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In patients who are given placebo,
PLACEBO 33% will respond within 8 weeks.
NORMAL
MOOD

33% RESPONDERS

67% NON-RESPONDERS

DEPRESSION . i

8 weeks

FIGURE 5 — 10. In controlled clinical trials, 33% of patients respond to placebo treatment and 67%
fail to respond.

Table 5 — 12. Limitations of response definition

Response is a reduction in the signs and symptoms of depression of

more than 50% from baseline. Responders have residual
symptoms. Response is the end point for clinical trials, not clinical
practice.

Table 5— 13. Remission

Remission is defined as a Hamilton Depression Score less than 8 to 10 and a clinical global
impression rating of normal, not mentally ill. A patient who is in remission may be
considered asymptomatic. Remission is a more relevant end point than response for
clinicians, as it signifies that the
patient is "well."

For example, the good news side of the story is that half to two-thirds of patients
respond to any given antidepressant, as mentioned above (Fig. 5—9 and Table
5 — 14). Even better news is the finding that 90% or more may eventually respond
if a number of different antidepressants or combinations of antidepressants are tried
in succession. Other good news is that some studies suggest that up to half of
responders may go on to experience a complete remission from their depression
within 6 months of treatment, and possibly two-thirds or more of the responders
will remit within 2 years.

Some of the best news of all is that antidepressants significantly reduce relapse
rates during the first 6 to 12 months following initial response to the medication
(Figs. 5 — 11 and 5 — 12). That is, about half of patients may relapse within 6 months



Table 5 — 14. The good news in the treatment of depression

Half of depressed patients may recover within 6 months of an index episode of depression,
and three-fourths may recover within 2 years. Up to 90% of depressed patients may
respond to one or a combination of therapeutic
interventions if multiple therapies are tried.
Antidepressants reduce relapse rates.

PLACEBO SUBSTITUTION
placebo 50% continue
NORMAL IESPONES
MOOD

antidepressant
treatment

\

50% relapse

DEPRESSION

FIGURE 5 — 11. Depressed patients who have an initial treatment response to an antidepressant will
relapse at the rate of 50% within 6 to 12 months if their medication is withdrawn and a placebo
substituted.

DRUG CONTINUATION
90% continue
NORMAL response
MOOD

antidepressant
treatment

\

10% relapse

DEPRESSION

FIGURE 5 — 12. Depressed patients who have an initial treatment response to an antidepressant will
only relapse at the rate of about 10 to 20% if their medication is continued for a year following
recovery.

149



150

Essential Psychopharmacology

Table 5 — 15. Probability of recurrence as a function of
the number of previous episodes

Number of Prior Episodes Recurrence Risk
1 <50%

2 50-90%

3 or more >90%

Table 5 — 16. Who needs maintenance
therapy?

Patients with:
Two or more prior episodes One
prior episode (elderly, youth) Chronic
episodes Incomplete remission

Table 5 — 17. The bad news in the treatment of depression

"Pooping out" is common: the percentage of patients who remain well during the 18-
month period following successful treatment for depression is disappointingly low, only
70 to 80%.

Many patients are "treatment-refractory": the percentage of patients who are nonresponders
and who have a very poor outcome during long-term follow-up evaluation after a
diagnosis of depression is disappointingly high, up to 20%.

Up to half of patients may fail to attain remission, including both those with "apathetic"
responses and those with "anxious" responses.

of response if they are switched to placebo (Fig. 5 — 11), but only about 10 to 25%
relapse if they are continued on the drug that made them respond (Fig. 5 — 12).

On the basis of these findings, treatment guidelines have recently evolved so that
depression is not just treated until a response is seen but treatment is continued
after attaining a response, so that relapses are prevented (Tables 5 — 15 and 5 — 16).
Those with their first episode of depression may need treatment for only 1 year
following response, unless they had a very prolonged or severe episode, were elderly,
were psychotic, or had a response but not a remission. Those with more than one
episode may require lifelong treatment with an antidepressant, as the risk of relapse
skyrockets the more episodes that a patient experiences (Tables 5 — 15 and 5 — 16).
Antidepressant treatment reduces these relapse rates, especially in the first year after
successful treatment (Figs. 5— 11 and 5 — 12).

The bad news in the treatment of depression (Table 5 — 17) is that a common
experience of antidepressant responders is that their treatment response will “poop
out." That is, the percentage of patients who fail to maintain their response during
the first 18 months following successful treatment for depression is disappointingly
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Table 5 — 18. Features of partial remission

Apathetic responders:
Reduction of depressed mood
Continuing anhedonia, lack of motivation, decreased libido, lack of interest, no zest
Cognitive slowing and decreased concentration
Anxious responders:
Reduction of depressed mood
Continuing anxiety, especially generalized anxiety
Worry, insomnia, somatic symptoms

high, up to 20 to 30%. "Pooping out™ may be even more likely in patients who
only responded and never remitted (i.e., they never became well).

Although clinical trials conducted under ideal conditions for up to 1 year have
high compliance and low dropout rates, this may not reflect what happens in actual
clinical practice. Thus, the effectiveness of drugs (how well they work in the real
world) may not approximate the efficacy of these same drugs (how well they work
in clinical trials). For example, the median time of treatment with an antidepressant
in clinical practice is currently only about 78 days, not 1 year, and certainly not a
lifetime. Can you imagine treating hypertension or diabetes for only 78 days?
Depression is a chronic, recurrent illness, which requires long-term treatment to
maintain response and prevent relapses, just like hypertension and diabetes. Therefore,
antidepressant effectiveness in reducing relapses in clinical practice will likely remain
lower than antidepressant efficacy in clinical trials until long-term compliance can be
increased.

Other bad news in the treatment of depression is that many responders never
remit (Table 5 — 17). In fact, some studies suggest that up to half of patients who
respond nevertheless fail to attain remission, including those with either "apathetic
responses™ or "anxious responses” (Table 5 — 18). The apathetic responder is one who
experiences improved mood with treatment, but has continuing lack of pleasure
(anhedonia), decreased libido, lack of energy, and no "zest." The anxious responder,
on the other hand, is one who had anxiety mixed with depression and who
experiences improved mood with treatment but has continuing anxiety, especially
generalized anxiety characterized by excessive worry, plus insomnia and somatic
symptoms. Both types of responders are better, but neither is well.

Why settle for silver when you can go for gold? Settling for mere response,
whether apathetic or anxious, rather than pushing for full remission and wellness
may be partly the fault of antidepressant prescribers, who have been taught that the
end point for clinical research in journal publications and for approval by
governmental regulatory agencies such as the U.S. Food and Drug Administration
(FDA) is response, that is, a minimum of 50% improvement in symptoms (Table 5 —
12). Although response rates may be appropriate for research, remission rates are
more relevant for clinical practice (Table 5-13). Responders may represent
continuing illness in a milder form, as well as inadequate treatment, since matching
the right antidepressant or combination of antidepressants to each patient will greatly
increase the chance of delivering a full remission rather than a mere response (Table 5
—19). Failure to push for remission means that the patient is left with an
increased risk
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Table 5 — 19. Implications of partial response in patients who do not
attain remission

Represents continuing illness in a milder form

Can be due to inadequate early treatment

Can also be due to underlying dysthymia or personality disorders
Leads to increased relapse rates

Causes continuing functional impairment

Associated with increased suicide rate

Table 5 — 20. Dual mechanism hypothesis

Remission rates are higher with antidepressants or with combinations of antidepressants
having dual serotonin and norepinephrine actions, as compared with those having
serotonin selective actions.

Corollary: Patients unresponsive to a single-action agent may respond, and eventually remit,
with dual-action strategies.

of relapse, continuing functional impairment, and a continuing increase in the risk
of suicide (Table 5 — 19). A patient who is in remission, on the other hand, may be
considered asymptomatic or well (Table 5 —13).

Another bit of bad news is that many patients are treatment-refractory (Table
5 — 17). That is, the percentage of nonresponders with a very poor outcome is
disturbingly high—about 15 to 20% of all patients treated with antidepressants but
perhaps a majority of patients selectively referred to a modern psychiatrist's practice.

Fortunately, there is hope for eliminating the bad news stories listed here, namely
dual pharmacological mechanisms (Table 5—20). Data are increasingly showing that
the percentage of patients who remit is higher for antidepressants or combinations
of antidepressants acting synergistically on both serotonin and norepinephrine than
for those acting just on serotonin alone. Exploiting this strategy may help increase
the number of remitters, prevent or treat more cases of poop out, and convert
treatment-refractory cases into successful outcomes. This will be discussed in more
detail in Chapter 7.

It is potentially important to treat symptoms of depression "until they are gone"
for reasons other than the obvious reduction of current suffering. Depression may
be part of an emerging theme for many psychiatric disorders today, namely, that
uncontrolled symptoms may indicate some ongoing pathophysiological mechanism
in the brain, which if allowed to persist untreated may cause the ultimate outcome
of illness to be worse. Depression seems to beget depression. Depression may thus
have a long-lasting or even irreversible neuropathological effect on the brain,
rendering treatment less effective if symptoms are allowed to progress than if they are
removed by appropriate treatment early in the course of the illness.

In summary, the natural history of depression indicates that this is a life-long
illness, which is likely to relapse within several months of an index episode,
especially if untreated or under-treated or if antidepressants are discontinued, and
is prone to multiple recurrences that are possibly preventable by long-term
antide-
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pressant treatment. Antidepressant response rates are high, but remission rates are
disappointingly low unless mere response is recognized and targeted for aggressive
management, possibly by single drugs or combinations of drugs with dual serotonin-
norepinephrine pharmacological mechanisms when selective agents are not fully
effective.

Longitudinal Treatment of Bipolar Disorder

The mood stabilizer lithium was developed as the first treatment for bipolar disorder.
It has definitely modified the long-term outcome of bipolar disorder because it not
only treats acute episodes of mania, but it is the first psychotropic drug proven to
have a prophylactic effect in preventing future episodes of illness. Lithium even treats
depression in bipolar patients, although it is not so clear that it is a powerful
antidepressant for unipolar depression. Nevertheless, it is used to augment antide-
pressants for treating resistant cases of unipolar depression.

Other mood stabilizers are arising from the group of drugs that were first
developed as anticonvulsants and have also found an important place in the treatment
of bipolar disorder. Several anticonvulsants are especially useful for the manic,
mixed, and rapid cycling types of bipolar patients and perhaps for the depressive
phase of this illness as well. Mood stabilizers will be discussed in detail in Chapter 7.
An-tipsychotics, especially the newer atypical antipsychotics, are also useful in the
treatment of bipolar disorders.

Antidepressants modify the long-term course of bipolar disorder as well. When
given with lithium or other mood stabilizers, they may reduce depressive episodes.
Interestingly, however, antidepressants can flip a depressed bipolar patient into
mania, into mixed mania with depression, or into chaotic rapid cycling every few
days or hours, especially in the absence of mood stabilizers. Thus, many patients
with bipolar disorders require clever mixing of mood stabilizers and
antidepressants, or even avoidance of antidepressants, in order to attain the best
outcome.

Without consistent long-term treatment, bipolar disorders are potentially very
disruptive. Patients often experience a chronic and chaotic course, in and out of the
hospital, with psychotic episodes and relapses. There is a significant concern that
intermittent use of mood stabilizers, poor compliance, and increasing numbers of
episodes will lead to even more episodes of bipolar disorder, and with less
responsiveness to lithium. Thus, stabilizing bipolar disorders with mood stabilizers,
atypical antipsychotics, and antidepressants is increasingly important not only in
returning these patients to wellness but in preventing unfavorable long-term
outcomes.

Mood Disorders Across the Life Cycle: When Do Antidepressants
Start Working?

Children. Despite classical psychoanalytic notions suggesting that children do not
become depressed, recent evidence is quite to the contrary. Unfortunately, very little
controlled research has been done on the use of antidepressants to treat depression
in children, so no antidepressant is currently approved for treatment of depression
in children. However, many of the newer antidepressants have been extensively tested
in children with other conditions. For example, some antidepressants are approved



154

Essential Psychopharmacology

for the treatment of children with obsessive-compulsive disorder. Thus, the safety of
some antidepressants is well established in children even if their efficacy for
depression is not. Nevertheless, antidepressant treatment studies in children are in
progress, and extensive anecdotal observations suggest that antidepressants,
particularly the newer, safer ones (see Chapters 6 and 7), are in fact useful for
treating depressed children. Changes in FDA regulations have extended patent lives
for new drugs in the United States if such drugs are also approved to treat children.
Thankfully, this is now providing incentives for doing the research necessary to prove
the safety and efficacy of antidepressants to treat depression in children, a long
neglected area of psychopharmacology.

Perhaps even more important in children is the issue of bipolar disorder. Mania
and mixed mania have not only been greatly underdiagnosed in children in the past
but also have been frequently misdiagnosed as attention deficit disorder and hyper-
activity. Furthermore, bipolar disorder misdiagnosed as attention deficit disorder and
treated with stimulants can produce the same chaos and rapid cycling state as
antidepressants can in bipolar disorder. Thus, it is important to consider the
diagnosis of bipolar disorder in children, especially those unresponsive or apparently
worsened by stimulants and those who have a family member with bipolar disorder.
These children may need their stimulants and antidepressants discontinued and
treatment with mood stabilizers such as valproic acid or lithium initiated.

Adolescents. Documentation of the safety and efficacy of antidepressants and mood
stabilizers is better for adolescents than for children, although not at the standard
for adults. That is unfortunate, because mood disorders often have their onset in
adolescence, especially in girls. Not only do mood disorders frequently begin after
puberty, but children with onset of a mood disorder prior to puberty often experience
an exacerbation in adolescence. Synaptic restructuring dramatically increases after
age 6 and throughout adolescence. Onset of puberty also occurs at this time of the
life cycle. Such events may explain the dramatic rise in the incidence of the onset
of mood disorders, as well as the exacerbation of preexisting mood disorders, during
adolescence.

Unfortunately, mood disorders are frequently not diagnosed in adolescents,
especially if they are associated with delinquent antisocial behavior or drug abuse.
This is indeed unfortunate, as the opportunity to stabilize the disorder early in its
course and possibly even to prevent adverse long-term outcomes associated with lack
of adequate treatment can be lost if mood disorders are not aggressively diagnosed and
treated in adolescence. The modern psychopharmacologist should have a high index
of suspicion and increased vigilance to the presence of a mood disorder in adolescents,
because treatments may well be just as effective in adolescents as they are in adults
and perhaps more critical to preserve normal development of the individual.

Biological Basis of Depression

Monoamine Hypothesis

The first major theory about the biological etiology of depression hypothesized that
depression was due to a deficiency of monoamine neurotransmitters, notably nor-
epinephrine (NE) and serotonin (5-hydroxytryptamine [SHT]) (Figs. 5 — 13 through
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FIGURE 5-13. This figure represents the normal state of a monoaminergic neuron. This particular
neuron is releasing the neurotransmitter norepinephrine (NE) at the normal rate. All the regulatory
elements of the neuron are also normal, including the functioning of the enzyme monoamine oxidase
(MAOQO), which destroys NE, the NE reuptake pump which terminates the action of NE, and
the NE receptors which react to the release of NE.
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DEPRESSION: CAUSED BY NEUROTRANSMITTER DEFICIENCY

FIGURE 5 — 14. According to the monoamine hypothesis, in the case of depression the
neurotransmitter is depleted, causing neurotransmitter deficiency.
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INCREASE IN NEUROTRANSMITTERS CAUSES RETURN TO NORMAL STATE

FIGURE 5 — 15. Monoamine oxidase inhibitors act as antidepressants, since they block the enzyme
MAO from destroying monoamine neurotransmitters, thus allowing them to accumulate. This
accumulation theoretically reverses the prior neurotransmitter deficiency (see Fig. 5 —14) and
according to the monoamine hypothesis, relieves depression by returning the monoamine neuron to
the normal state.

reuptake
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INCREASE IN NEUROTRANSMITTERS CAUSES RETURN TO NORMAL STATE

FIGURE 5 — 16. Tricyclic antidepressants exert their antidepressant action by blocking the
neurotransmitter reuptake pump, thus causing neurotransmitter to accumulate. This accumulation,
according to the monoamine hypothesis, reverses the prior neurotransmitter deficiency (see Fig. 5 — 14)
and relieves depression by returning the monoamine neuron to the normal state.
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5 —16). Evidence for this was rather simplistic. Certain drugs that depleted these
neurotransmitters could induce depression, and the known antidepressants at that
time (the tricyclic antidepressants and the MAQO inhibitors) both had
pharmacological actions that boosted these neurotransmitters. Thus, the idea was
that the "normal” amount of monoamine neurotransmitters (Fig. 5 — 13) became
somehow depleted, perhaps by an unknown disease process, by stress, or by drugs (Fig.
5 — 14), leading to the symptoms of depression. The MAO inhibitors increased the
monoamine neurotransmitters, causing relief of depression due to inhibition of MAO
(Fig. 5 — 15). The tricyclic antidepressants also increased the monoamine
neurotransmitters, resulting in relief from depression due to blockade of the
monoamine transport pumps (Fig. 5 — 16). Although the monoamine hypothesis is
obviously an overly simplified notion about depression, it has been very valuable in
focusing attention on the three monoamine neurotransmitter systems norepinephrine,
dopamine, and serotonin. This has led to a much better understanding of the
physiological functioning of these three neurotransmitters and especially of the
various mechanisms by which all known antidepressants act to boost
neurotransmission at one or more of these three monoamine neurotransmitter
systems.

Monoaminergic Neurons

In order to understand the monoamine hypothesis, it is necessary first to understand
the normal physiological functioning of monoaminergic neurons. The principal
monoamine neurotransmitters in the brain are the catecholamines norepinephrine
(NE, also called noradrenaline) and dopamine (DA) and the indoleamine serotonin
(5HT).

Noradrenergic neurons. The noradrenergic neuron uses NE for its neurotransmitter.
Monoamine neurotransmitters are synthesized by means of enzymes, which assemble
neurotransmitters in the cell body or nerve terminal. For the noradrenergic neuron,
this process starts with tyrosine, the amino acid precursor of NE, which is
transported into the nervous system from the blood by means of an active transport
pump (Fig. 5 — 17). Once inside the neuron, the tyrosine is acted on by three enzymes
in sequence, the first of which is tyrosine hydroxylase (TOH), the rate-limiting and
most important enzyme in the regulation of NE synthesis. Tyrosine hydroxylase
converts the amino acid tyrosine into dihydroxyphenylalanine (DOPA). The second
enzyme DOPA decarboxylase (DDC), then acts, converting DOPA into dopamine
(DA), which itself is a neurotransmitter in some neurons. However, for NE neurons,
DA is just a precursor of NE. In fact, the third and final NE synthetic enzyme,
dopamine beta-hydroxylase (DBH), converts DA into NE. The NE is then stored
in synaptic packages called vesicles until released by a nerve impulse (Fig. 5 — 17).
Not only is NE created by enzymes, but it can also be destroyed by enzymes
(Fig. 5 — 18). Two principal destructive enzymes act on NE to turn it into inactive
metabolites. The first is MAO, which is located in mitochondria in the presynaptic
neuron and elsewhere. The second is catechol-O-methyl transferase (COMT), which is
thought to be located largely outside of the presynaptic nerve terminal (Fig. 5 — 18).
The action of NE can be terminated not only by enzymes that destroy NE, but
also cleverly by a transport pump for NE, which removes it from acting in the
synapse without destroying it (Fig. 5 — 18). In fact, such inactivated NE can be re-
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FIGURE 5 — 17. This figure shows how the neurotransmitter norepinephrine (NE) is produced in
noradrenergic neurons. This process starts with the amino acid precursor of NE, tyrosine (tyr), being
transported into the nervous system from the blood by means of an active transport pump (tyrosine
transporter). This active transport pump for tyrosine is separate and distinct from the active transport
pump for NE itself (see Fig. 5 — 18). Once pumped inside the neuron, the tyrosine is acted on by
three enzymes in sequence, the first of which, tyrosine hydroxylase (TOH), is the rate-limiting and
most important enzyme in the regulation of NE synthesis. Tyrosine hydroxylase converts the amino
acid tyrosine into DOPA. The second enzyme, namely DOPA decarboxylase (DDC), then acts by
converting DOPA into dopamine (DA). The third and final NE synthetic enzyme, dopamine beta
hydroxylase (DBH), converts DA into NE. The NE is then stored in synaptic packages called vesicles
until released by a nerve impulse.

stored for reuse in a later neurotransmitting nerve impulse. The transport pump
that terminates the synaptic action of NE is sometimes called the NE "transporter”
and sometimes the NE "reuptake pump." This NE reuptake pump is located as part
of the presynaptic machinery, where it acts as a vacuum cleaner, whisking NE out
of the synapse and off the synaptic receptors and stopping its synaptic actions. Once
inside the presynaptic nerve terminal, NE can either be stored again for subsequent
reuse when another nerve impulse arrives, or it can be destroyed by NE-destroying
enzymes (Fig. 5 — 18).

The noradrenergic neuron is regulated by a multiplicity of receptors for NE (Fig.
5 —19). In the classical subtyping of NE receptors, they were classified as either alpha
or beta, depending on their preference for a series of agonists and antagonists. Next,
the NE receptors were subclassified into alpha 1 and alpha 2 as well as beta 1 and
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FIGURE 5-18. Norepinephrine (NE) can also be destroyed by enzymes in the NE neuron. The
principal destructive enzymes are monoamine oxidase (MAO) and catechol-O-methyl transferase
(COMT). The action of NE can be terminated not only by enzymes that destroy NE, but also by a
transport pump for NE, called the norepinephrine transporter, which prevents NE from acting in
the synapse without destroying it. This transport pump is separate and distinct from the transport
pump for tyrosine used in carrying tyrosine into the NE neuron for NE synthesis (see Fig. 5 — 17).
The transport pump that terminates the synaptic action of NE is sometimes called the "NE
transporter" and sometimes the "NE reuptake pump." There are molecular differences among the
transporters for the NE, dopamine, and serotonin neurons. These differences can be exploited by
drugs so that the transport of one monoamine can be blocked independently of another. The NE
transporter is part of the presynaptic machinery, where it acts as a "vacuum cleaner,” whisking NE
out of the synapse, and off the synaptic receptors and stopping its synaptic actions. Once inside the
presynaptic nerve terminal, NE can either be stored again for subsequent reuse when another nerve
impulse arrives, or it can be destroyed by enzymes.

beta 2. More recently, adrenergic receptors have been even further subclassified on
the basis of both pharmacologic and molecular differences.

For a general understanding of NE receptors, the reader should begin with an
awareness of three key receptors that are postsynaptic, namely beta 1, alpha 1, and
alpha 2 receptors (Fig. 5 — 19). The postsynaptic receptors for NE convert occupancy
of an alpha 1, alpha 2, or beta 1 receptor into a physiological function and ultimately
result in changes in gene expression in the postsynaptic neuron.

On the other hand, alpha 2 receptors are the only presynaptic noradrenergic
receptors on noradrenergic neurons. They regulate NE release and so are called auto-
receptors. Presynaptic alpha 2 autoreceptors are located both on the axon terminal,
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FIGURE 5 — 19. The noradrenergic neuron is regulated by a multiplicity of receptors for NE. Pictured
here are the NE transporter and several NE receptors, including the presynaptic alpha 2 autoreceptor
as well as the postsynaptic alpha 1, alpha 2 and beta 1 adrenergic receptors. The presynaptic alpha
2 receptor is important because it is an autoreceptor. That is, when the presynaptic alpha 2 receptor
recognizes synaptic NE, it turns off further release of NE. Thus, the presynaptic alpha 2 terminal
autoreceptor acts as a brake for the NE neuron. Stimulating this receptor (i.e., stepping on the brake)
stops the neuron from firing. This probably occurs physiologically to prevent too much firing of the
NE neuron, since it can shut itself off once the firing rate gets too high and the autoreceptor becomes
stimulated. Postsynaptic NE receptors generally act by recognizing when NE is released from the
presynaptic neuron and react by setting up a molecular cascade in the postsynaptic neuron, thereby
causing neurotransmission to pass from the presynaptic to the postsynaptic neuron.

(terminal alpha 2 receptors) (Fig. 5 — 19) and at the cell body (soma) and nearby
dendrites (somatodendritic alpha 2 receptors) (Fig. 5—20). Presynaptic alpha 2 re-
ceptors are important because both the terminal and the somatodendritic re-ceptors
are autoreceptors. That is, when presynaptic alpha 2 receptors recognize NE, they
turn off further release of NE (Figs. 5—21 and 5—22). Thus, presynaptic alpha 2
autoreceptors act as a brake for the NE neuron and also cause what is known as a
negative feedback regulatory signal. Stimulating this receptor (i.e., stepping on the
brake) stops the neuron from firing. This probably occurs physiologically to prevent
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FIGURE 5 — 20. Both types of presynaptic alpha 2 autoreceptors are shown here. They are located
either on the axon terminal, where they are called terminal alpha 2 receptors, or at the cell body
(soma) and nearby dendrites, where they are called somatodendritic alpha 2 receptors.

overfiring of the NE neuron, since it can shut itself off once the firing rate gets too
high and the autoreceptor becomes stimulated. It is worthy of note that not only
can drugs mimic the natural functioning of the NE neuron by stimulating the
presynaptic alpha 2 neuron, but drugs that antagonize this same receptor will have
the effect of cutting the brake cable and enhancing the release of NE

Most of the cell bodies for noradrenergic neurons in the brain are located in the
brainstem in an area known as the locus coeruleus (Fig. 5 — 23). The principal function
of the locus coeruleus is to determine whether attention is being focused on the
external environment or on monitoring the internal milieu of the body. It helps to
prioritize competing incoming stimuli and fixes attention on just a few of these.
Thus, one can either react to a threat from the environment or to signals such as
pain coming from the body. Where one is paying attention will determine what one
learns and what memories are formed as well.

Norepinephrine and the locus coeruleus are also thought to have an important
input into the central nervous system's control of cognition, mood, emotions,
movements, and blood pressure. Malfunction of the locus coeruleus is hypothesized
to underlie disorders in which mood and cognition intersect, such as depression,
anxiety, and disorders of attention and information processing. A norepinephrine de-
ficiency syndrome (Table 5 — 21) is theoretically characterized by impaired attention,
problems in concentrating, and difficulties specifically with working me-mory and
the speed of information processing, as well as psychomotor retardation, fatigue, and
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FIGURE 5 — 21. Presynaptic alpha 2 receptors are important because when they recognize NE, they
turn off further release of NE. Shown here is the function of presynaptic somatodendritic autore-
ceptors, namely to act as a brake for the NE neuron and also to cause what is known as a negative
feedback regulatory signal. Stimulating this receptor (i.e., "stepping on the brake") stops the
neuron from firing. This probably occurs physiologically to prevent excessive firing of the NE
neuron, since NE can shut itself off once the firing rate gets too high and the autoreceptor becomes
stimulated.

apathy. Such symptoms can commonly accompany depression as well as other
disorders with impaired attention and cognition, such as attention deficit disorder,
schizophrenia, and Alzheimer's disease.

There are many specific noradrenergic pathways in the brain, each mediating a
different physiological function. For example, one projection from the locus coeruleus
to frontal cortex is thought to be responsible for the regulatory actions of NE on
mood (Fig. 5 — 24); another projection to prefrontal cortex mediates the effects of
NE on attention (Fig. 5—25). Different receptors may mediate these differential
effects of norepinephrine in frontal cortex, postsynaptic beta 1 receptors for mood
(Fig. 5—24) and postsynaptic alpha 2 for attention and cognition (Fig. 5 — 25).

The projection from the locus coeruleus to limbic cortex may regulate emotions,
as well as energy, fatigue, and psychomotor agitation or psychomotor retardation
(Fig. 5 — 26). A projection to the cerebellum may regulate motor movements,
especially tremor (Fig. 5—27). Brainstem norepinephrine in cardiovascular centers
controls blood pressure (Fig. 5—28). Norepinephrine from sympathetic neurons
leaving the spinal cord to innervate peripheral tissues control heart rate (Fig. 5—29)
and bladder emptying (Fig. 5 — 30).
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FIGURE 5 — 22. Shown here is the action of the presynaptic axon terminal alpha 2 receptors,
which have the same function as the somatodendritic autoreceptors shown in Figure 5 — 21.

Dopaminergic neurons. Dopaminergic neurons utilize the neutotransmitter DA, which
is synthesized in dopaminergic nerve terminals by two out of three of the same
enzymes that also synthesize NE (Fig. 5 — 31). However, DA neurons lack the third
enzyme, namely, dopamine beta hydroxylase, and thus cannot convert DA to NE.
Therefore, it is DA that is stored and used for neurotransmitting purposes.

The DA neuron has a presynaptic transporter (reputake pump), which is unique
for DA neurons (Fig. 5 — 32) but works analogously to the NE transporter (Fig.
5 — 33). On the other hand, the same enzymes that destroy NE (Fig. 5 — 18) also
destroy DA (MAO and COMT) (Fig. 5-31).

Receptors for dopamine also regulate dopaminergic neurotransmission (Fig.
5 — 33). A plethora of dopamine receptors exist, including at least five
pharmacological subtypes and several more molecular isoforms. Perhaps the most
extensively investigated dopamine receptor is the dopamine 2 receptor, as it is
stimulated by dopaminergic agonists for the treatment of Parkinson's disease and
blocked by dopamine antagonist antipsychotics for the treatment of schizophrenia.
Dopamine 1, 2, 3, and 4 receptors are all blocked by some atypical antipsychotic
drugs, but it is not clear to what extent dopamine 1, 3, or 4 receptors contribute to
the clinical properties of these drugs. Dopamine receptors can be presynaptic, where
they function as autoreceptors. They provide negative feedback input, or a braking
action on the release of dopamine from the presynaptic neuron. (Fig. 5 — 33).

Serotonergic neurons. Analogous enzymes, transport pumps, and receptors exist in the
5HT neuron (Figs. 5 — 34 through 5—42). For synthesis of serotonin in serotonergic
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FIGURE 5 — 23. Most of the cell bodies for noradrenergic neurons in the brain are located in the
brainstem in an area known as the locus coeruleus. This is the headquarters for most of the important
noradrenergic pathways mediating behavior and other functions such as cognition, mood, emotions,
and movements. Malfunction of the locus coeruleus is hypothesized to underlie disorders in which
mood and cognition intersect, such as depression, anxiety, and disorders of attention and information
processing.

Table 5 — 21. Norepinephrzne deficiency
syndrome

Impaired attention Problems
concentrating Deficiencies in
working memory Slowness of
information processing Depressed
mood Psychomotor retardation
Fatigue

neurons, however, a different amino acid, tryptophan, is transported into the brain
from the plasma to serve as the SHT precursor (Fig. 5 — 34). Two synthetic enzymes
then convert tryptophan into serotonin: first tryptophan hydroxylase converts
tryptophan into 5-hydroxytryptophan, which is then converted by aromatic amino
acid decarboxylase into 5HT (Fig. 5-34). Like NE and DA, 5HT is destroyed by
MAO and converted into an inactive metabolite (Fig. 5 — 35). Also, the 5HT neuron
has a presynaptic transport pump for serotonin called the serotonin transporter
(Fig. 5 — 35), which is analogous to the NE transporter in NE neurons (Fig. 5 —
18) and to the DA transporter in DA neurons (Fig. 5 — 32).

Receptor subtyping for the serotonergic neuron has proceeded at a very rapid
pace, with several major categories of 5HT receptors, each further subtyped
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FIGURE 5-24. Some noradrenergic projections from the locus coeruleus to frontal cortex are thought
to be responsible for the regulatory actions of norepinephrine on mood. Beta 1 postsynaptic receptors
may be important in transducing noradrenergic signals regulating mood in postsynaptic targets.
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FIGURE 5-25. Other noradrenergic projections from the locus coeruleus to frontal cortex are
thought to mediate the effects of norepinephrine on attention, concentration, and other cognitive
functions, such as working memory and the speed of information processing. Alpha 2 postsynaptic
receptors may be important in transducing postsynaptic signals regulating attention in postsynaptic
target neurons.

Limbic

Energy Level Agitation Emotions

FIGURE 5 — 26. The noradrenergic projection from the locus coeruleus to limbic cortex may mediate
emotions, as well as energy, fatigue, and psychomotor agitation or psychomotor retardation.
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FIGURE 5-27. The noradrenergic projection from the locus coeruleus to the cerebellum may mediate
motor movements, especially tremor.
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FIGURE 5-28. Brainstem norepinephrine in cardiovascular centers controls blood pressure.
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FIGURE 5 — 29. Noradrenergic innervation of the heart via sympathic neurons leaving the spinal cord
regulates cardiovascular function, including heart rate, via beta 1 receptors.
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FIGURE 5 — 30. Noradrenergic innervation of the urinary tract via sympathetic neurons leaving the
spinal cord regulates bladder emptying via alpha 1 receptors.
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FIGURE 5 — 31. Dopamine (DA) is produced in dopaminergic neurons from the precursor tyrosine
(tyr), which is transported into the neuron by an active transport pump, called the tyrosine transporter,
and then converted into DA by two of the same three enzymes that also synthesize
norepinephrine (Fig. 5 — 17). The DA-synthesizing enzymes are tyrosine hydroxylase (TOH), which

produces DOPA,
and DOPA decarboxylase (DDC), which produces DA.
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FIGURE 5 — 32. Dopamine (DA) is destroyed by the same enzymes that destroy norepinephrine (see
Fig. 5 — 18), namely monoamine oxidase (MAO) and catechol-O-methyl-transferase (COMT). The DA
neuron has a presynaptic transporter (reuptake pump), which is unique to the DA neuron but works

analogously to the NE transporter (Fig. 5-18).
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FIGURE 5 — 33. Receptors for dopamine (DA) regulate dopaminergic neurotransmission. A plethora
of dopamine receptors exist, including at least five pharmacological subtypes and several more
molecular isoforms. Perhaps the most extensively investigated dopamine receptor is the dopamine 2
(D2) receptor, as it is stimulated by dopaminergic agonists for the treatment of Parkinson's disease
and blocked by dopamine antagonist neuroleptics and atypical antipsychotics for the treatment of
schizophrenia.
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FIGURE 5-34. Serotonin (5-hydroxytryptamine [SHT]) is produced from enzymes after the amino
acid precursor tryptophan is transported into the serotonin neuron. The tryptophan transport pump
is distinct from the serotonin transporter (see Fig. 5 — 35). Once transported into the serotonin neuron,
tryptophan is converted into 5-hydroxytryptophan (5HTP) by the enzyme tryptophan hydroxylase
(TryOH) which is then converted into 5HT by the enzyme aromatic amino acid decarboxylase
(AAADC). Serotonin is then stored in synaptic vesicles, where it stays until released by a neuronal

impulse.
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FIGURE 5 — 35. Serotonin is destroyed by the enzyme monoamine oxidase (MAQ) and converted
into an inactive metabolite. The 5SHT neuron has a presynaptic transport pump selective for serotonin,
which is called the serotonin transporter and is analogous to the norepinephrine (NE) transporter
in NE neurons (Fig. 5-18) and to the DA transporter in DA neurons (Fig. 5-32).
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FIGURE 5-36. Receptor subtyping for the serotonergic neuron has proceeded at a very
rapid pace, with at least four major categories of SHT receptors, each further subtyped depending on
pharmacological or molecular properties. In addition to the serotonin transporter, there is a key
presynaptic serotonin receptor (the 5SHT1D receptor) and another key presynaptic receptor, the alpha 2
noradrenergic heteroreceptor. This organization allows serotonin release to be controlled not only by
serotonin but also by norepinephrine, even though the serotonin neuron does not itself release nor-
epinephrine. Several postsynaptic serotonin receptors (5HT1A, 5HT1D, 5HT2A, 5HT2C, 5HTS3,
5HT4, and many others denoted by 5HT X, Y, and Z) are shown as well. They convey messages from
the presynaptic serotonergic neuron to the target cell postsynaptically.

depending on pharmacologic or molecular properties (Fig. 5 — 36). The 5HT
receptors are a good example of how the description of neurotransmitter receptors is
in constant flux and is constantly being revised. For a general understanding of
the SHT neuron, the reader can begin with an understanding that there are two key
receptors that are presynaptic (SHT1A and 5HT1D) (Figs. 5 — 36 through 5—42)
and several that are postsynaptic (5SHT1A, 5HT1D, 5HT2A, 5HT2C, 5HT3, and
5HT4) (Fig. 5-36).

Presynaptic S5HT receptors are autoreceptors and detect the presence of 5HT,
causing a shutdown of further SHT release and 5HT neuronal impulse flow. When
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FIGURE 5-37. Presynaptic 5HT1A receptors are autoreceptors, are located on the cell body and
dendrites, and are therefore called somatodendritic autoreceptors.

FIGURE 5 — 38. The 5HT1A somatodendritic autoreceptors depicted in Figure 5 — 37 act by
detecting the presence of 5HT and causing a shutdown of 5HT neuronal impulse flow,
depicted here as decreased electrical activity and a reduction in the color of the neuron.

5HT is detected at the dendrites and cell body, this occurs via a SHT1A receptor,
which is also called a somatodendritic autoreceptor (Figs. 5 — 37 and 5 — 38). This causes
a slowing of neuronal impulse flow through the serotonin neuron (Fig. 5 — 38). When
5HT is detected in the synapse by presynaptic 5HT receptors on axon terminals,
this occurs via a 5SHT1D receptor, also called a terminal autoreceptor (Fig. 5 — 39). In
the case of the SHT1D terminal autoreceptor, SHT occupancy of this receptor
inhibits 5HT release (Figs. 5 — 39 through 5—42). On the other hand, drugs that
block the 5SHT1D autoreceptor can promote 5HT release (Fig. 5—42).



FIGURE 5 — 39. Presynaptic 5HT1D receptors are also a type of autoreceptor, but they are located
on the presynaptic axon terminal and are therefore called terminal autoreceptors.

FIGURE 5—40. Depicted here is the consequence of the S5HT1D terminal autoreceptor being
stimulated by serotonin. The terminal autoreceptor of Figure 5 — 39 is occupied here by 5HT, causing
the blockade of 5HT release, as also shown in Fig. 5—41.
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FIGURE 5-41. Depicted here is an enlargement of the 5HT1D terminal autoreceptor being
stimulated by serotonin. The terminal autoreceptor of Figure 5—40 is occupied here by 5HT, causing the
blockade of 5HT release.

FIGURE 5-42. If a drug blocks a presynaptic 5HT1D terminal autoreceptor, it would promote
the release of 5HT by not allowing 5HT to block its own release. Some 5HT1D antagonists are being
tested for the treatment of depression.
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FIGURE 5—43. Shown here are the alpha 2 presynaptic heteroreceptors on serotonin
axon terminals.

The serotonin neuron not only has serotonin receptors located presynaptically, but
also has presynaptic noradrenergic receptors that regulate serotonin release (Figs.
5 — 36 and 5-43 through 5—46). On the axon terminal of serotonergic receptors are
located presynaptic alpha 2 receptors (Figs. 5 — 35, 5—42, and 5—43), just as they
are on noradrenergic neurons (Figs. 5 — 19 through 5—22). When norepinephrine is
released from nearby noradrenergic neurons, it can diffuse to alpha 2 receptors, not
only to those on noradrenergic neurons but also to the same receptors on serotonin
neurons. Like its actions on noradrenergic neurons, norepinephrine occupancy of
alpha 2 receptors on serotonin neurons will turn off serotonin release. Thus, serotonin
release can be inhibited by serotonin and by norepinephrine. Alpha 2 receptors on
a norepinephrine neuron are called autoreceptors, but alpha 2 receptors on serotonin
neurons are called heteroreceptors.

Another type of presynaptic norepinephrine receptor on serotonin neurons is the
alpha 1 receptor, located on the cell bodies (Figs. 5-45 and 5—46). When
norepinephrine interacts with this receptor, it enhances serotonin release. Thus,
norepinephrine can act as both an accelerator and a brake for serotonin release
(Table 5-22 and Figs. 5-47 and 5-48).

The anatomic sites of noradrenergic control of serotonin release are shown in
Figure 5—47, and include the "brake" at the axon terminals in the cortex and the
"accelerator" at the cell bodies in the brainstem. This is shown schematically in
Figure 5-48.

Postsynaptic 5HT receptors such as 5HT2A receptors (Fig. 5—49) regulate the
translation of 5HT release from the presynaptic nerve into a neurotransmission in
the postsynaptic nerve (Fig. 5 — 50). The 5HT2A, 5HT2C, and 5HT3 receptors are
especially important postsynaptic 5HT receptor subtypes because they are implicated
in the several physiological actions of serotonin in various serotonin pathways in the
central nervous system. More is being learned about the importance of postsynaptic
5HT1A receptors in the brain and 5HT4 receptors in the gastrointestinal tract.

The headquarters for the cell bodies of serotonergic neurons is in the brainstem
area called the raphe nucleus (Fig. 5 — 51). Projections from the raphe to the frontal
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FIGURE 5—44. This figure shows how norepinephrine can function as a brake for serotonin release.
When norepinephrine is released from nearby noradrenergic neurons, it can diffuse to alpha 2 receptors,
not only to those on noradrenergic neurons but as shown here, also to these same receptors on serotonin
neurons. Like its actions on noradrenergic neurons, norepinephrine occupancy of alpha 2 receptors on
serotonin neurons will turn off serotonin release. Thus, serotonin release can be inhibited not only by
serotonin but, as shown here, also by norepinephrine. Alpha 2 receptors on a norepinephrine neuron

are called autoreceptors, but alpha 2 receptors on serotonin neurons are called heteroreceptors.
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FIGURE 5—45. Another type of presynaptic norepinephrine receptor on serotonin neurons is the

alpha 1 receptor, located on the cell bodies and dentrites.
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FIGURE 5—46. Shown here is how norepinephrine can act as a facilitator or "accelerator"” of serotonin
release. When norepinephrine interacts with the somatodendritic alpha 1 receptor on serotonin
neurons, it enhances serotonin release.

Table 5 — 22. Types of noradrenergic interactions with serotonin

Inhibitory
Axoaxonic interactions (noradrenergic axons with serotonergic axon terminals)
Inhibitory alpha 2 heteroreceptors (negative feedback)
"Brakes"
Excitatory
Axodendritic interactions (noradrenergic axons with serotonergic cell bodies and
dendrites)
Excitatory alpha 1 receptors (positive feedback)
"Accelerators"

cortex may be important for regulating mood (Fig. 5 — 52). Projections to basal
ganglia, especially on 5HT2A receptors, may help control movements and obsessions
and compulsions (Fig. 5 — 53). Projections from the raphe to the limbic area,
especially on 5HT2A and 5HT2C postsynaptic receptors, may be involved in
anxiety and panic (Fig. 5-54). Projections to the hypothalamus especially on 5HT3
receptors may regulate appetite and eating behavior (Fig. 5 — 55). Brainstem sleep
centers, especially with 5SHT2A postsynaptic receptors, regulate sleep, especially
slow-wave sleep (Fig. 5 — 56). Serotonergic neurons descending down the spinal cord
may be responsible for controlling certain spinal reflexes that are part of the sexual
response, such as orgasm and ejaculation (Fig. 5 — 57). The brainstem chemoreceptor
trigger zone can mediate vomiting, especially via 5HT3 receptors (Fig. 5 — 58).
Peripheral 5HT3 and 5HT4 receptors may also regulate appetite as well as other
gastrointestinal functions, such as gastrointestinal motility (Fig. 5-59). Putting all
these pathways and their functions together, a hypothetical serotonin deficiency
syndrome (Table 5 — 23) might comprise depression, anxiety, panic, phobias,
obsessions, compulsions, and food craving.
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FIGURE 5—47. Two types of norepinephrine interaction with serotonin are shown here. In the
brainstem, a pathway from locus coeruleus to raphe interacts with serotonergic cell bodies there and
accelerates serotonin release. A second noradrenergic pathway to target areas in the cortex also
interacts with serotonin axon terminals there and brakes serotonin release.

Classical Antidepressants and the Monoamine Hypothesis

The first antidepressants to be discovered came from two classes of agents, namely,
the tricyclic antidepressants, so named because their chemical structure has three
rings, and the MAO inhibitors, so named because they inhibit the enzyme MAO,
which destroys monoamine neurotransmitters. When tricyclic antidepressants block
the NE transporter, they increase the availability of NE in the synapse, since the
"vacuum cleaner"” reuptake pump can no longer sweep NE out of the synapse (Figs.
5 — 16 and 5 — 18). When tricyclic antidepressants block the DA pump (Fig. 5 — 32)
or the 5HT pump (Fig. 5 — 35), they similarly enhance the synaptic availability of
DA or 5HT, respectively, and by the same mechanism. When MAO inhibitors block
NE, DA, and 5HT breakdown, they boost the levels of these neurotransmitters (Fig. 5-
15).

Since it was recognized by the 1960s that all the classical antidepressants boost
NE, DA, and 5HT in one manner or another (Figs. 5-15 and 5 — 16), the original
idea was that one or another of these neurotransmitters, also chemically known as
monoamines, might be deficient in the first place in depression (Fig. 5 — 14). Thus,
the "monoamine hypothesis" was born. A good deal of effort was expended, especially
in the 1960s and 1970s, to identify the theoretically predicted deficiencies of the
monoamine neurotransmitters. This effort to date has unfortunately yielded mixed
and sometimes confusing results.

Some studies suggest that NE metabolites are deficient in some patients with
depression, but this has not been uniformly observed. Other studies suggest that
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FIGURE 5—48. A schematic representation of both the excitatory and inhibitory actions of nor-
epinephrine on serotonin release is shown here. This is the same action shown in Figure 5—47.

the SHT metabolite 5-hydroxy-indole acetic acid (SHIAA) is reduced in the cere-
brospinal fluid (CSF) of depressed patients. On closer examination, however, it has
been found that only some of the depressed patients have low CSF 5HIAA, and
these tend to be the patients with impulsive behaviors, such as suicide attempts of
a violent nature. Subsequently, it was also reported that CSF 5HIAA is decreased in
other populations who were subject to violent outbursts of poor impulse control but
were not depressed, namely, patients with antisocial personality disorder who were
arsonists, and patients with borderline personality disorder with self-destructive
behaviors. Thus, low CSF 5HIAA may be linked more closely with impulse control
problems than with depression.

Another problem with the monoamine hypothesis is the fact that the timing of
antidepressant effects on neurotransmitters is far different from the timing of the
antidepressant effects on mood. That is, antidepressants boost monoamines immedi-



FIGURE 5—49. A key postsynaptic regulatory receptor is the 5HT2A receptor.

FIGURE 5-50. When the postsynaptic 5SHT2A receptor of Figure 5-49 is occupied by 5HT, it
causes neuronal impulses in the postsynaptic neuron to be transduced via the production of second
messengers.
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Serotonin Pathways

Raphe
Nucleus

FIGURE 5 — 51. The headquarters for the cell bodies of serotonergic neurons is in the brainstem area
called the raphe nucleus.

Frontal Cortex Mood

FIGURE 5 — 52. Serotonergic projections from raphe to frontal cortex may be important for regulating
mood.

Basal Ganglia Akathisia/Agitation OCD

FIGURE 5 — 53. Serotonergic projections from raphe to basal ganglia may help control movements
as well as obsessions and compulsions.
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Limbic Anxiety

FIGURE 5 — 54. Serotonergic projections from raphe to limbic areas may be involved in anxiety and
panic.

Hypothalamus Appetite/bulimia

FIGURE 5 — 55. Serotonergic projections to the hypothalamus may regulate appetite and eating
behavior.

Sleep centers Insomnia

FIGURE 5 — 56. Serotonergic neurons in brainstem sleep centers regulate sleep, especially slow-wave
sleep.
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Spinal cord Sexual dysfunction

FIGURE 5 — 57. Serotonergic neurons descending down the spinal cord may be responsible for
controlling certain spinal reflexes that are part of the sexual response, such as orgasm and
ejaculation.

Brainstem vomiting center Nausea and vomiting
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FIGURE 5 — 58. The chemoreceptor trigger zone in the brainstem can mediate vomiting,
especially via 5SHT3 receptors.

Gut Gl cramps/Diarrhea

FIGURE 5-59. Peripheral 5HT3 and 5HT4 receptors in the gut may regulate appetite as well as
other gastrointestinal functions, such as gastrointestinal motility.
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Table 5 — 23. Serotonin deficiency
syndrome

Depressed mood

Anxiety

Panic

Phobia

Anxiety

Obsessions and compulsions
Food craving; bulimia

MONOAMINE RECEPTOR
HYPOTHESIS OF
DEPRESSION

Normal functioning

FIGURE 5-60. The monoamine receptor hypothesis of depression posits that something is wrong
with the receptors for the key monoamine neurotransmitters. Thus, according to this theory, an
abnormality in the receptors for monoamine neurotransmitters leads to depression. Such a
disturbance in neurotransmitter receptors may be caused by depletion of monoamine neurotransmitters,
by abnormalities in the receptors themselves, or by some problem with signal transduction of the neuro-
transmitter's message from the receptor to other downstream events. Depicted here is the normal
monoamine neuron with the normal amount of monoamine neurotransmitter and the normal amount
of correctly functioning monoamine receptors.

ately, but as mentioned earlier, there is a significant delay in the onset of their
therapeutic actions, which in fact occurs many days to weeks after they have already
boosted the monoamines. Because of these and other difficulties, the focus of
hypotheses for the etiology of depression began to shift from the monoamine
neurotransmitters themselves to their receptors. As we shall see, contemporary
theories have shifted past the receptors to the molecular events that regulate gene
expression.

Neurotransmitter Receptor Hypothesis

The neurotransmitter receptor theory posits that something is wrong with the
receptors for the key monoamine neurotransmitters (Figs. 5—60 through 5—62).
According to this theory, an abnormality in the receptors for monoamine
neurotransmitters leads to depression (Fig. 5—62). Such a disturbance in
neurotransmitter receptors may itself be caused by depletion of monoamine
neurotransmitters (Fig. 5-61).
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Decrease in NT

FIGURE 5 — 61. In this figure, monoamine neurotransmitter is depleted (see red circle), just
as previously shown in Figure 5 — 14.

Receptors up-regulate
due to lack of NT

FIGURE 5 — 62. The consequences of monoamine neurotransmitter depletion, of stress, or of some
inherited abnormality in neurotransmitter receptor could cause the postsynaptic receptors to
abnormally up-regulate (indicated in red circle). This up-regulation or other receptor dysfunction is
hypothetically linked to the cause of depression.

Depletion of monoamine neurotransmitters (cf. Fig. 5 — 60 and Fig. 5—61) has
already been discussed as the central theme of the monoamine hypothesis of
depression (see Figs. 5 — 13 and 5 — 14). The neurotransmitter receptor hypothesis of
depression takes this theme one step further—namely, that the depletion of
neurotransmitter causes compensatory up regulation of postsynaptic neurotransmitter
receptors (Fig. 5 — 62).

Direct evidence of this is generally lacking, but postmortem studies do
consistently show increased numbers of serotonin 2 receptors in the frontal cortex
of patients who commit suicide. Indirect studies of neurotransmitter receptor
functioning in patients with major depressive disorders suggest abnormalities in
various neurotransmitter receptors when using neuroendocrine probes or peripheral
tissues such as platelets or lymphocytes. Modern molecular techniques are exploring
for abnormalities in gene expression of neurotransmitter receptors and enzymes in
families with depression but have not yet been successful in identifying molecular
lesions.
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The Monoamine Hypothesis of Gene Expression

So far, there is no clear and convincing evidence that monoamine deficiency accounts
for depression; that is, there is no "real” monoamine deficit. Likewise, there is no
clear and convincing evidence that excesses or deficiencies of monoamine receptors
account for depression; that is, there is no pseudomonoamine deficiency due to the
monoamines being there but not the monoamine receptors. On the other hand, there
is growing evidence that despite apparently normal levels of monoamines and their
receptors, these systems do not respond normally. For instance, probing monoam-
inergic receptors with drugs that stimulate them can lead to deficient output of
neuroendocrine hormones. It can also lead to deficient changes in neuronal firing
rates, as demonstrated on positron emission tomography (PET).

Such observations have led to the idea that depression may be a
pseudomonoamine deficiency due to a deficiency in signal transduction from the
monoamine neurotransmitter to its postsynaptic neuron in the presence of normal
amounts of neurotransmitter and receptor. If there is a deficiency in the molecular
events that cascade from receptor occupancy by neurotransmitter, it could lead to a
deficient cellular response and thus be a form of pseudomonoamine deficiency (i.e.,
the receptor and the neurotransmitter are normal, but the transduction of the signal
from neurotransmitter to its receptor is somehow flawed). Such a deficiency in
molecular functioning has been described for certain endocrine diseases such as
hypoparathy-roidism (parathyroid hormone deficiency), pseudohypoparathyroidism
(parathyroid receptors deficient but parathyroid hormone levels normal), and pseudo-
pseudohy-poparathyroidism  (signal  transduction  deficiency  leading to
hypoparathyroid clinical state despite normal levels of hormone and receptor).

Perhaps a similar situation exists for depression due to a hypothesized problem
within the molecular events distal to the receptor. Thus, second messenger systems
leading to the formation of intracellular transcription factors that control gene
regulation could be the site of deficient functioning of monoamine systems. This is
the subject of much current research into the potential molecular basis of affective
disorders. This hypothesis suggests some form of molecularly mediated deficiency in
monoamines that is distal to the monoamines themselves and their receptors despite
apparently normal levels of monoamines and numbers of monoamine receptors.

One candidate mechanism that has been proposed as the site of a possible flaw
in signal transduction from monoamine receptors is the target gene for brain-derived
neurotrophic factor (BDNF). Normally, BDNF sustains the viability of brain
neurons, but under stress, the gene for BDNF is repressed (Fig. 5 — 63), leading to the
atrophy and possible apoptosis of vulnerable neurons in the hippocampus when their
BDNF is cut off (Fig. 5—64). This in turn leads to depression and to the
consequences of repeated depressive episodes, namely, more and more episodes and
less and less responsiveness to treatment. This possibility that hippocampal neurons
are decreased in size and impaired in function during depression is supported by
recent clinical imaging studies showing decreased brain volume of related structures.
This provides a molecular and cellular hypothesis of depression consistent with a
mechanism distal to the neurotransmitter receptor and involving an abnormality in
gene expression. Thus, stress-induced vulnerability decreases the expression of genes
that make neurotrophic factors such as BDNF critical to the survival and function of
key neurons (Fig. 5-63). A corollary to this hypothesis is that antidepressants
act to
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FIGURE 5 — 63. The monoamine hypothesis of gene action in depression, part 1. One candidate
mechanism that has been proposed as the site of a possible flaw in signal transduction from monoamine
receptors is the target gene for brain-derived neurotrophic factor (BDNF). Normally, BDNF
sustains the viability of brain neurons. Shown here, however, is the gene for BDNF under situations of
stress. In this case, the gene for BDNF is repressed, and BDNF is not being synthesized.

reverse this by causing the genes for neurotrophic factors to be activated (see
Chapter 6).

Neurokinin Hypothesis of Emotional Dysfunction

Another hypothesis for the pathophysiology of depression and other states of
emotional dysfunction relates to the actions of a relatively new class of peptide neuro-
transmitters known as neurokinins (also sometimes called tachykinins). This
hypothesis was generated by some rather serendipitous observations that an
antagonist to one of the neurokinins, namely substance P, may have antidepressant
actions. Classically, substance P was thought to be involved in the pain response
because it is released from neurons in peripheral tissues in response to inflammation,
causing "neurogenic” inflammation and pain (Fig. 5 — 65). Furthermore, substance P
is present in spinal pain pathways, suggesting a role in central nervous system-
mediated pain (Fig. 5 — 65). Unfortunately, however, antagonists to substance P's
receptors have so far been unable to reduce neurogenic inflammation or pain of
many types in human testing. On the other hand, suggestions that substance P
antagonists may have improved mood, if not pain, in migraine patients led to
controlled trials of such drugs in patients with depression. Although these are still
early days and not all studies confirm antidepressant effects of substance P
antagonists, the possibility that such
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FIGURE 5 — 64. The monoamine hypothesis of gene action in depression, part 2. If BDNF is no longer
made in appropriate amounts, instead of the neuron prospering and developing more and more synapses
(right), stress causes vulnerable neurons in the hippocampus to atrophy and possibly undergo apop-
tosis when their neurotrophic factor is cut off (left). This, in turn, leads to depression and to the
consequences of repeated depressive episodes, namely, more and more episodes and less and less
responsiveness to treatment. This may explain why hippocampal neurons seem to be decreased in
size and impaired in function during depression on the basis of recent clinical neuroimaging

studies.
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FIGURE 5 — 65. Classically, substance P was thought to be involved in the pain response because
it is released from neurons in peripheral tissues in response to inflammation, causing "neurogenic"
inflammation and pain. Furthermore, substance P is present in spinal pain pathways, which suggests
a role in central nervous system—medicated pain. Unfortunately, however, antagonists to substance P's
receptors were unable to reduce neurogenic inflammation or pain of many types in human testing.

drugs might be effective in reducing emotional distress has nevertheless spawned a
race to find antagonists for all three of the known neurokinins to see if they would
have therapeutic actions in a wide variety of psychiatric disorders. Substance P and
its related neurokinins are present in areas of the brain such as the amygdala that
are thought to be critical for regulating emotions (Fig. 5—66). The neurokinins are
also present in areas of the brain rich with monoamines, which suggests a potential
regulatory role of neurokinins for monoamine neurotransmitters already known to
be important in numerous psychiatric disorders and in the mechanisms of action of
numerous psychotropic drugs. Thus, antagonists to all three important neurokinins
are currently in clinical testing of various states of emotional dysfunction, including
depression, anxiety, and schizophrenia. Over the next few years it should become
apparent whether this strategy can be exploited to generate truly novel psychotropic
drugs acting on an entirely new neurotransmitter system, namely, the neurokinins.
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FIGURE 5-66. Substance P and its related neurokinins are present in areas of the brain such as the
amygdala that are thought to be critical for regulating emotions. The neurokinins are also present
in areas of the brain rich in monoamines, which suggests a potential regulatory role of monoamine
neurotransmitters, which are already known to be important in numerous psychiatric disorders and
in the mechanisms of action of numerous psychotropic drugs.

Substance P and neurokinin 1 receptors. The first neurokinin was discovered in the 1930s
in extracts of brain or intestine. Since it was prepared as a "powder," it was called
substance P. This molecule is now known to be a string of 11 amino acids (an
undecapeptide) (Fig. 5—67). This is in sharp contrast to monoamine
neurotransmitters, which are modifications of a single amino acid.

The following are some of the differences between the synthesis of neurotrans-
mitter by a monoaminergic neuron and by a peptidergic neuron. Whereas mono-
amines are made from dietary amino acids, peptide neurotransmitters are made from
proteins that are direct gene products. However, genes are not translated directly
into peptide neurotransmitters but into precursors of the peptide neurotransmitters.
These precursors are sometimes called "grandparent” proteins, or pre-propeptides.
Further modifications convert these grandparent proteins into the direct precursors
of peptide neurotransmitters, sometimes called the "parents” of the neuropeptide, or
the propeptides. Finally, modifications of the parental peptide produces the
neuropeptide progeny itself.

For neurons utilizing substance P, synthesis starts with the gene called pre-
protachykinin A (PPT-A) (Fig. 5—68). This gene is transcribed into RNA, which is
then "edited,” or revised by cutting and pasting, like revising a manuscript or a
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FIGURE 5-67. Shown here are the amino acid sequences for the three neurokinins substance P,
neurokinin A (NK-A) and neurokinin B (NK-B). Substance P has 11 amino acid units and NK-A
and NK-B each have 10. Several of the amino acids are the same in these three peptides.
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FIGURE 5 — 68. Substance P neurons and neurokinin 1 receptors, part 1. For neurons utilizing
substance P, synthesis starts with the gene called pre-protachykinin A (PPT-A). This gene is
transcribed into RNA, which is then "edited" to form three alternative mRNA splice variants, alpha,
beta, and gamma. The actions of the mRNA version called alpha-PPT-A mRNA are shown here.
This mRNA is then transcribed into a protein called alpha-PPT-A, which is substance P's
"grandparent.” It is converted in the endoplasmic reticulum into the "parent™ of substance P, called
protachykinin A (alpha-PT-A). Finally, this protein is clipped even shorter by another enzyme,
called a converting enzyme, in the synaptic vesicle and forms substance P itself.
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videotape. Thus, this process is sometimes called "splicing” of the RNA. This leads
to different versions of RNA called alternative mRNA splice variants.

The mRNA version called alpha-PPT-A mRNA goes on to be transcribed into a
protein called alpha-PPT-A, which is substance P's grandparent (Fig. 5—68). It is
much longer than substance P itself, as it contains a longer string of amino acids.
The alpha-PPT-A grandparent protein needs to be cut down to size by an enzyme
in the endoplasmic reticulum called a signal peptidase. Thus, pro-tachykinin A (alpha-
PT-A) protein is formed, the parent of substance P. Finally, alpha PT-A is clipped
even shorter by another enzyme in the synaptic vesicle called a converting enzyme, and
forms substance P itself (Fig. 5 — 68).

Substance P can also be formed from two other proteins, called beta-PPT-A and
gamma PPT-A (Figs. 5—69 and 5—70). These proteins come from different mMRNA
splice variants, but the same precursor PPT-A gene. Not only can substance P be
formed from these proteins, but so can another important neurokinin, called neu-
rokinin A (NK-A) (Figs. 5-71 and 5-72). Thus, substance P can be formed from
three proteins derived from the PPT-A gene, namely, alpha, beta, and gamma
PPT-A (Figs. 5-68 to 5-70), and NK-A can be formed from two of these, beta
and gamma PPT-A (Figs. 5-71 and 5-72).

Substance P is released from neurons and prefers to interact selectively with the
neurokinin 1 (NK-1) subtype of neurokinin receptor (Figs. 5-68 to 5—70). Inter-
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FIGURE 5-69. Substance P and neurokinin 1 receptors, part 2. Substance P can also be formed
from two other proteins, called beta-PPT-A, shown here, and gamma PPT-A, shown in Figure 5 —
70. These proteins come from different mRNA splice variants but the same precursor PPT-A gene.
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FIGURE 5—70. Substance P and neurokinin 1 receptors, part 3. Shown here is how substance P is
formed from gamma PPT-A. Thus, substance P can be formed from three proteins derived from the
PPT-A gene, namely, alpha, beta, and gamma PPT-A (see also Figs. 5 — 68 and 5 — 69). When substance
P is released from neurons, it prefers to interact selectively with the neurokinin 1 subtype of
neurokinin receptor (Figs. 5—68 to 5 — 70). However, there is a mismatch in the brain between the
locations of substance P and the NK-1 receptors, suggesting that substance P acts preferentially by
volume neurotransmission at sites remote from its axon terminals rather than by classical synaptic
neurotransmission.

estingly, however, there is a bit of a mismatch in the brain between where substance
P is located and where the NK-1 receptors are located. This may suggest that
substance P acts preferentially by volume neurotransmission at sites remote from its
axon terminals rather than by classical synaptic neurotransmission.

Neurokinin A and neurokinin 2 receptors. Neurokinin A (NK-A) is another member of the
neurokinin family of peptide neurotransmitters. It is a peptide containing 10
amino acid units (decapeptide), with 5 amino acid units the same as in substance
P, including 4 of the last 5 on its N-terminal tail (Fig. 5 — 67). As mentioned above,
it is formed both from the beta and the gamma PPT-A proteins derived from the
PPT-A gene (Figs. 5—71 and 5—72). The beta and gamma PPT-A proteins are the
grandparents of NK-A and are cut down to size just as described for substance P,
eventually forming the peptide neurotransmitter NK-A.

This neurokinin prefers a different receptor than does substance P. Thus, NK-A
specifically binds the NK-2 receptor (Figs. 5—71 and 5—72). There are few NK-A
receptors in the brain of rats, so the guinea pig is a closer model to humans, with
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FIGURE 5 — 71. Neurokinin A and neurokinin 2 receptors, part 1. Neurokinin A can be formed
from two of the same proteins that form substance P, namely beta and gamma PPT-A. The
formation of neurokinin A from beta PPT-A is shown here.

NK-A receptors also in peripheral tissues such as the lung. As for substance P, there
is a mismatch between the neurotransmitter and its receptor anatomically, which
suggests the important role of nonsynaptic volume neurotransmission for NK-A as
well. However, the anatomical distribution of NK-A is different from that of
substance P, and the anatomical distribution of NK-2 receptors is different from
that of NK-1 receptors.

Neurokinin B and neurokinin B receptors. The third important member of the neurokinin
neurotransmitter family is neurokinin B (NK-B). Like NK-A, it is a ten amino acid
peptide (decapeptide). Six of the ten amino acids in NK-B are the same as in NK-A,
and four of the last five amino acids in the N-terminal tail of NK-B are identical
to substance P (Fig. 5—67).

Neurokinin B is formed from a gene called PPT-B, which is different from that
from which substance P and NK-A are derived. However, the process of converting
the PPT-B protein into NK-B is analogous to that already described for substance
P and NK-A (Fig. 5 — 73). NK-B prefers its own unique receptors, called NK-3
receptors (Fig. 5—73). Neurokinin B and its NK-3 receptors are also mismatched,
and in different anatomical areas from substance P, NK-A, and their NK-1 and
NK-2 receptors, respectively.
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FIGURE 5 — 72. Neurokinin A and neurokinin 2 receptors, part 2. Shown here is the formation of
NK-A from the gamma PPT-A protein. The beta and gamma PPT-A proteins are the
"grandparents” of NK-A and are cut down to size just as described for substance P, eventually
forming the peptide neurotransmitter NK-A. Neurokinin A specifically binds to the NK-2 receptor.
As for substance P, there is a mismatch between this neurotransmitter and its receptor anatomically,
suggesting the important role of nonsynaptic volume neurotransmission for NK-A as well. However,
the anatomical distribution of NK-A is different from that of substance P, and the anatomical
distribution of NK-2 receptors is different from that of NK-1 receptors.

Summary

In this chapter we have introduced two major psychopharmacological themes,
namely, the affective disorders and the monoamine and neuropeptide
neurotransmitters. We have described the clinical features, epidemiology, and
longitudinal course of various types of depression, including the impact that
treatments are having on the long-term outcome of affective disorders. We have also
described the three monoamine neurotransmitter systems—noradrenergic,
dopaminergic, and seroto-nergic. Specifically, the synthesis, metabolism, transport
systems, and receptors for each monoaminergic system have been outlined and then
applied to the leading theories for the biological basis of depression. These theories of
depression are the monoamine hypothesis, the neurotransmitter hypothesis, and the
pseudomonoamine hypothesis of defective signal transduction and gene expression.
Finally, we have introduced a new family of neurotransmitters and their receptors,
called neurokinins, of which substance P is the most prominent member.
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FIGURE 5—73. Neurokinin B and neurokinin 3 receptors. The third important member of the
neurokinin neurotransmitter family is NK-B, which is formed from a gene, called PPT-B, which is
different from the gene from which either substance P or NK-A is derived. However, the process of
converting the PPT-B protein into NK-B is analogous to that already described for substance P and
NK-A. Neurokinin B prefers its own unique receptors, called NK-3 receptors. Neurokinin B and
its NK-3 receptors are also mismatched and are located in different anatomical areas from substance
P, NK-A, and their NK-1 and NK-2 receptors, respectively.

The material in this chapter should provide the reader with the basis for
understanding the pharmacologic basis of the treatment of depression discussed in
the following two chapters. It should also provide useful background information
about the monoamine neurotransmitter systems that serve as the pharmacological
basis for several other classes of psychotropic drugs.






CHAPTER 6

CLASSICAL ANTIDEPRESSANTS,
SEROTONIN SELECTIVE REUPTAKE
INHIBITORS, AND NORADRENERGIC
REUPTAKE INHIBITORS

I. Theories of antidepressant drug action

A. Classifications based on acute pharmacologic actions
B. The neurotransmitter receptor hypothesis of antidepressant action
C. The monoamine hypothesis of antidepressant action on gene expression

Il. Pharmacokinetics of antidepressants
A. CYP450 1A2
B. CYP450 2D6
C. CYP450 3A4
D. CYP450 inducers

I1l. Classical antidepressants
A. Monoamine oxidase inhibitors
B. Tricyclic antidepressants

IV. Selective serotonin reuptake inhibitors
A. What five drugs share in common
B. Pharmacologic and molecular mechanisms of action of the SSRIs
C. Serotonin pathways and receptors that mediate therapeutic actions and side

effects of SSRIs
D. Not-so-selective serotonin reuptake inhibitors: five unique drugs or one class
with five members?
V. Selective noradrenergic reuptake inhibitors VI.
Norepinephrine and dopamine reuptake blockers VII.
Summary

In this chapter, we will review pharmacological concepts underlying the use of
several classes of antidepressant drugs, including the classical monoamine
oxidase (MAO) inhibitors, the classical tricyclic antidepressants, the popular
serotonin selective reuptake inhibitors (SSRIs), and the new selective
noradrenergic reuptake
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inhibitors, as well as norepinephrine and dopamine reuptake inhibitors. The goal of
this chapter is to acquaint the reader with current ideas about how these antide-
pressants work. We will explain the mechanisms of action of these drugs by building
on general pharmacological concepts. We will also introduce pharmacokinetic
concepts for the antidepressants, namely, how the body acts on these drugs through
the cytochrome P450 enzyme system.

Our treatment of antidepressants in this chapter is at the conceptual level and
not at the pragmatic level. The reader should consult standard drug handbooks for
details of doses, side effects, drug interactions, and other issues relevant to the
prescribing of these drugs in clinical practice.

Theories of Antidepressant Drug Action

Classifications Based on Acute Pharmacological Actions

We do not currently have a complete and adequate explanation of how antidepressant
drugs work. What we do know is that all effective antidepressants have identifiable
immediate interactions with one or more monoamine neurotransmitter receptor or
enzyme. These immediate actions provide the pharmacological foundation for the
current classification of the different antidepressants.

According to this classification scheme, there are at least eight separate
pharmacological mechanisms of action and more than two dozen antidepressants.
Most antidepressants block monoamine reuptake, but some block alpha 2 receptors
and others the enzyme monoamine oxidase (MAQ). Some antidepressants have
direct actions on only one monoamine neurotransmitter system; others have direct
actions on more than one monoamine neurotransmitter system. As discussed in
Chapter 5, the immediate pharmacological actions of all antidepressants eventually
have the effect of boosting the levels of monoamine neurotransmitters (Figs. 5 — 15
and 5 — 16; see also Fig. 6—1). This chapter and the following chapter will review
those specific receptors and enzymes that are influenced by each of the various
antidepressants immediately after administration to a depressed patient. Just how all
these different immediate pharmacological actions result ultimately in an
antidepressant response a few weeks after administration of an antidepressant
agent—that is, the final common pathway of antidepressant treatment response—is
the subject of intense research interest and debate (Fig. 6—1). Currently, there is
intense focus on the gene expression that is triggered by antidepressants. The
monoamine hypothesis of antidepressant action on gene expression suggests that
gene expression is ultimately the most important action of antidepressants.

The Neurotransmitter Receptor Hypothesis of Antidepressant Action

One theory to explain the ultimate mechanism of delayed therapeutic action of
antidepressants is the neurotransmitter receptor hypothesis of antidepressant action
(Figs. 6—1 through 6—6). This is a hypothesis related to the neurotransmitter
receptor hypothesis of depression discussed in Chapter 5 (Figs. 5—60 through 5—
62). As previously discussed, this latter hypothesis proposes that depression itself is
linked to abnormal functioning of neurotransmitter receptors.
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FIGURE 6—1. This figure depicts the different time courses for three effects of antidepressant drugs,
namely clinical changes, neurotransmitter (NT) changes, and receptor sensitivity changes. Specifically,
the amount of NT changes relatively rapidly after an antidepressant is introduced.
However, the clinical effect is delayed, as is the desensitization, or down regulation, of
neurotransmitter receptors. This temporal correlation of clinical effects with changes in receptor
sensitivity has given rise to the hypothesis that changes in neurotransmitter receptor sensitivity may
actually mediate the clinical effects of antidepressant drugs. These clinical effects include not only
antidepressant and anxiolytic actions but also the development of tolerance to the acute side effects
of antidepressant drugs.

Whether or not neurotransmitter receptors are abnormal in depression, the
neurotransmitter receptor hypothesis of antidepressant action proposes that
antidepressants, no matter what their initial actions on receptors and enzymes,
eventually cause a desensitization, or down regulation, of key neurotransmitter
receptors in a time course consistent with the delayed onset of antidepressant action of
these drugs (Figs. 6—1 through 6 — 6).

This time course coincides with other events, including the time it takes for a
patient to become tolerant to the side effects of antidepressants. Thus, desensitization
of some neurotransmitter receptors may lead to the delayed therapeutic actions of
antidepressants, whereas desensitization of other neurotransmitter receptors may lead
to the decrease of side effects over time.

An overly simplistic view of the neurotransmitter receptor hypothesis of
depression is that the normal state becomes one of depression as neurotransmitter is
depleted and postsynaptic receptors then up-regulate (Fig. 6—2). Boosting neurotrans-
mitters by MAO inhibition (Figs. 6—3 and 6—4) or by blocking reuptake pumps
for monoamine neurotransmitters (Figs. 6—5 and 6—6) eventually results in the
down regulation of neurotransmitter receptors in a delayed time course more closely
related to the timing of recovery from depression (Figs. 6—1, 6—4, and 6—6).
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NEUROTRANSMITTER RECEPTOR
HYPOTHESIS OF
ANTIDEPRESSANT ACTION

Depressed state due to
up-regulation of receptors

FIGURE 6—2. The neurotransmitter receptor hypothesis of antidepressant action—part 1.
Shown here is the monoaminergic neuron in the depressed state, with up regulation of receptors
(indicated in the red circle).

NEUROTRANSMITTER RECEPTOR
HYPOTHESIS OF
ANTIDEPRESSANT ACTION

MAO Inhibitor
tells the enzyme
to stop destroying NE

FIGURE 6—3. The neurotransmitter receptor hypothesis of antidepressant action—part 2.
Here, a monoamine oxidase (MAQ) inhibitor is blocking the enzyme and thereby stopping the
destruction of neurotransmitter. This causes more neurotransmitter to be available in the
synapse (indicated in the red circle).

Originally, it was hypothesized that desensitization of postsynaptic receptors may
be responsible for the therapeutic actions of antidepressants. It is now clear that
desensitization of some postsynaptic receptors is responsible for the development of
tolerance to the acute side effects of antidepressants. Attention is currently being
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Increase in NT
causes receptors
to down-regulate

FIGURE 6—4. The neurotransmitter receptor hypothesis of antidepressant action—part 3. The
consequence of long-lasting blockade of monoamine oxidase (MAQ) by an MAO inhibitor is that
the neurotransmitter receptors are desensitized or down-regulated (indicated in the red
circle).

Antidepressant blocks the
reuptake pump, causing
more NT to be in the synapse

FIGURE 6—5. The neurotransmitter receptor hypothesis of antidepressant action—part 4. Here, a
tricyclic antidepressant blocks the reuptake pump, causing more neurotransmitter to be
available in the synapse (indicated in the red circle). This is very similar to what happens after MAO is
inhibited (Fig. 6-3).

focused on the presynaptic receptors and their desensitization in order to explain the
therapeutic actions of antidepressants. This will be discussed in more detail in the
section on serotonin selective reuptake inhibitors (SSRIs).

The Monoamine Hypothesis of Antidepressant Action on Gene Expression

As discussed in Chapter 5 (Figs. 5—63 and 5—64), the monoamine hypothesis of
gene expression proposes that depression itself is linked to abnormal functioning of
neurotransmitter-inducible gene expression, particularly neurotrophic factors such as
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Increase in NT
causes receptors
to down-regulate

FIGURE 6—6. The neurotransmitter receptor hypothesis of antidepressant action—part 5. The
consequence of long-lasting blockade of the reuptake pump by a tricyclic antidepressant is to
cause the neurotransmitter receptors to become desensitized or down-regulated (indicated in
the red circle). This is the same outcome as with long-lasting blockade of MAO (see Fig. 6—4).

brain-derived neurotrophic factor (BDNF), leading to atrophy and apoptosis of
critical hippocampal neurons. Whether or not the transduction of a monoaminergic
neuronal impulse into gene expression is actually abnormal in depression, the
monoamine hypothesis of antidepressant action on gene expression proposes that
antide-pressants, no matter what their initial actions on receptors and enzymes,
eventually cause critical genes to be activated or inactivated. One of these may indeed
be BDNF, although many others are undoubtedly involved as well (Fig. 6 — 7).
Changes in the genetic expression of monoamine neurotransmitter receptors have
already been discussed (Figs. 6—1 through 6—6). Thus, the gene expression
hypothesis is consistent with the monoamine receptor hypothesis of antidepressant
action but is broader in scope.

Delayed actions of antidepressants may not only explain the delay in onset of
therapeutic action of antidepressants; they may also explain why some patients fail
to respond to antidepressants, since it is possible that in such patients the initial
pharmacological actions are not translated into the required delayed pharmacologic
and genetic actions. Knowing the biological basis for treatment nonresponse may
lead to a greatly needed advance in the pharmacotherapy of depression, namely an
effective treatment for refractory or nonresponding depressed patients, as discussed
in Chapter 5. Also, if one understands the key pharmacologic events that are linked
to the therapeutic actions of the drugs, it may be possible to accelerate them with
future drugs. If so, it could lead to another highly desired advance in the
pharmacotherapy of depression, namely a rapid-onset antidepressant.

In summary, all antidepressants have a common action on monoamine neurotrans-
mitters—they boost monoamine neurotransmission, leading to changes in gene
expression in the neurons targeted by the monoamines. This includes
desensitization of neurotransmitter receptors, leading to both therapeutic action
and tolerance to side effects. Although antidepressants are classified on the basis of
those actions on neurotransmitter receptors and enzymes that are immediate, attention
is increasingly being paid to how these initial and immediate actions translate into
delayed actions.
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Monoamine Hypothesis of Antidepresssant Action on Gene Expression
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FIGURE 6-7. The monoamine hypothesis of antidepressant action on gene expression is shown
here. The neurotransmitter at the top is presumably increased by an antidepressant. The cascading
consequence of this is ultimately to change the expression of critical genes in order to effect an
antidepressant response. This includes down-regulating some genes so that there is decreased synthesis
of receptors, as well as up-regulating other genes so that there is increased synthesis of critical proteins,
such as brain-derived neurotrophic factor (BDNF).

Pharmacokinetics of Antidepressants

Recently, there has been a rapid increase in our knowledge about how antidepressants
and mood stabilizers are metabolized and about drug interactions with
antidepressants and mood stabilizers. Pharmacokinetics is the study of how the body
acts on drugs, especially to absorb, distribute, metabolize, and excrete them. These
phar-macokinetic actions are mediated through the hepatic and gut drug-
metabolizing system known as the cytochrome P450 (CYP450) enzyme system.

The CYP450 enzymes and the pharmacokinetic actions they represent must be
contrasted with the pharmacodynamic actions of antidepressants, which were discussed
in the previous section on the mechanism of action of antidepressants. Although
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Table 6—1. Pharmacokinetics and pharmacodynamics

PHARMACOKINETICS:
How the body acts on drugs
PHARMACODYNAMICS:

How drugs act on the body, especially the brain

bloodstream

biotransformed
drug

FIGURE 6—8. A drug is absorbed and delivered through the gut wall to the liver to be
biotransformed so that it can be excreted. Specifically, the cytochrome P450 (CYP450) enzyme in
the gut wall or liver converts the drug substrate into a biotransformed product in the bloodstream.
After passing through the gut wall and liver (left), the drug will exist partly as unchanged drug and
partly as biotransformed drug (right).

most of this book deals with the pharmacodynamics of psychopharmacological agents,
especially how these drugs act on the brain, the following section will discuss the
pbarmacokinetics of antidepressants and mood stabilizers, or how the body acts on
these drugs (Table 6—1).

The CYP450 enzymes follow the principle of transforming substrates into
products. Figure 6 — 8 shows how an antidepressant is absorbed and delivered
through the gut wall to the liver to be biotransformed so that it can be excreted
from the body. Specifically, the CYP450 enzyme in the gut wall or liver converts the
drug substrate into a biotransformed product in the bloodstream. After passing
through the gut wall and liver, the drug will exist partly as unchanged drug and partly
as biotransformed product (Fig. 6—8).

There are several known CYP450 systems. Five of the most important enzymes
for antidepressant drug metabolism are shown in Figure 6—9. There are over 30
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FIGURE 6—9. There are several known CYP450 enzyme systems. Five of the most important for
antidepressant and mood stabilizer metabolism are shown here.

1IN 20

GENETIC POLYMORPHISM
FOR CYTOCHROME P450 2D6

FIGURE 6—10. Not all individuals have the same CYP450 enzymes. For example, about 1 in 20
Caucausians is a poor metabolizer via 2D6 and must metabolize drugs by an alternative route, which

may not be as efficient.
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FIGURE 6—11. Certain tricyclic antidepressants, especially secondary amines such as clomipramine
and imipramine, are substrates for CYP450 1A2. This enzyme converts the tricyclics into active
metabolites by demethylation to form desmethylclomipramine and desipramine, respectively.

known CYP450 enzymes, and probably many more awaiting discovery and
classification. Not all individuals have all the same CYP450 enzymes. In such cases,
the enzyme is said to be polymorphic. For example, about 5 to 10% of Caucasians
are poor metabolizers via the enzyme CYP450 2D6 (Fig. 6—10). They must
metabolize drugs by alternative routes, which may not be as efficient as the CYP450
2D6 route. Another CYP450 enzyme, 2C19, has reduced activity in approximately
20% of Japanese and Chinese individuals and in 3 to 5% of Caucasians.

CYP450 1A2

One CYP450 enzyme of relevance to antidepressants is 1A2 (Figs. 6—11 and
6—12). Certain tricyclic antidepressants (TCAs) are substrates for this enzyme,
especially the secondary amines such as clomipramine and imipramine (Fig. 6—11).
CYP450 1A2 demethylates such TCAs, but does not thereby inactivate them. In
these cases, the desmethyl metabolite of the TCA (e.g., desmethylclomipramine and
desipramine) is still an active drug (Fig. 6—12).

CYP450 1A2 is inhibitedhy the serotonin selective reuptake inhibitor fluvoxamine
(Fig. 6—12) Thus, when fluvoxamine is given concomitantly with other drugs that
use 1A2 for their metabolism, those drugs can no longer be metabolized as efficiently.
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s = fluvoxamine

FIGURE 6—12. The SSRI fluvoxamine is a potent inhibitor of the enzyme CYP450 1A2.

An example of a potentially important drug interaction is that which occurs when
fluvoxamine is given along with theophyllin (Figure 6—13). In that case, the theo-
phyllin dose must be lowered or else the blood levels of theophyllin will rise and
possibly cause side effects, even toxic side effects such as seizures. The same may
occur with caffeine. Fluvoxamine also affects the metabolism of atypical anti-
psychatics.

CYP450 2D6

Another important CYP450 enzyme for antidepressants is 2D6. Tricyclic
antidepressants are substrates for 2D6, which hydroxylates and thereby inactivates
them (Fig. 6—14). Several antidepressants from the SSRI class are inhibitors of
CYP2D6 (Fig. 6—15). There is a wide range of potency for 2D6 inhibition by the five
SSRIs, with paroxetine and fluoxetine the most potent and fluvoxamine, sertraline,
and citalopram the least potent.

One of the most important drug interactions that SSRIs can cause through
inhibition of 2D6 is to raise plasma levels of tricyclic antidepressants (TCASs) if these
TCAs are given concomitantly with SSRIs or if there is switching between TCAs
and SSRIs. Since TCAs are substrates for 2D6 (Fig. 6—14) and SSRIs are inhibitors
of 2D6 (Fig. 6—15), concomitant administration will raise TCA levels, perhaps to
toxic levels (Fig. 6—16). Concomitant administration of an SSRI and a TCA thus
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FIGURE 6-13. Theophyllin is a substrate for CYP450 1A2. Thus, in the presence of the 1A2
inhibitor fluvoxamine, theophyllin levels rise. The theophyllin dose must be lowered when it is given
with fluvoxamine in order to avoid side effects.

requires monitoring of the plasma drug concentrations of the TCA and probably a
reduction in its dose. CYP450 2D6 also interacts with atypical antipsychotics.

CYP450 3A4

A third important CYP450 enzyme for antidepressants and mood stabilizers is 3A4.
Some benzodiazepines (e.g., alprazolam and triazolam) are substrates for 3A4 (Fig.
6—17). Some antidepressants are 3A4 inhibitors, including the SSRIs fluoxetine and
fluvoxamine and the antidepressant nefazodone (Fig. 6—18). Administration of a 3A4
substrate with a 3A4 inhibitor will raise the level of the substrate. For example,
fluoxetine, fluvoxamine, or nefazodone will raise the levels of alprazolam or triazolam,
requiring dose reduction of the benzodiazepine (Fig. 6—18).

Other nonpsychotropic drugs are also substrates (Fig. 6—17) or inhibitors of 3A4
(Fig. 6—18). It is important to understand the consequences of concomitant
administration of psychotropic drugs that are either substrates or inhibitors of 3A4
with nonpsychotropic drugs that are also either substrates or inhibitors of 3A4.
Notably, some 3A4 substrates such as cisapride, terfenidine, and astemazole must be
metabolized, or else toxic levels of the drug can accumulate, with cardiovascular
consequences such as prolonged QT interval and sudden death. Thus, they
cannot be
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FIGURE 6—14. Tricyclic antidepressants (TCASs) are substrates for CYP450 2D6, which hydroxylates
and thereby inactivates them.

given with a 3A4 inhibitor because of this potential danger, and use of fluoxetine,
fluvoxamine, and nefazodone with such 3A4 substrates must be avoided. Changes
in 3A4 activity also affect atypical antipsychotic drug levels.

CYP450 Inducers

Finally, not only can drugs be substrates or inhibitors for CYP450 enzymes; they
can also be inducers. An inducer increases the activity of the enzyme over time because
it induces the synthesis of more copies of the enzyme. One example of this is the
effects of the anticonvulsant and mood stabilizer carbamazepine, which induces 3A4
over time (Fig. 6—19). Another example of CYP450 enzyme induction is cigarette
smoking, which induces 1A2 over time (Fig. 6—20). The consequence of such
enzyme induction is that substrates for the induced enzyme will be more efficiently
metabolized over time, and thus their levels in the plasma will fall. Doses of such
substrate drugs may therefore need to be increased over time to compensate for this.
For example carbamazepine is both a substrate and an inducer of 3A4. Thus as
treatment becomes chronic, 3A4 is induced and carbamazepine blood levels fall (Fig.
6—19). Failure to recognize this effect and to increase carbamazepine dosage to
compensate for it may lead to a failure of anticonvulsant or mood-stabilizing efficacy,
with breakthrough symptoms.
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FIGURE 6-15. Some serotonin selective reuptake inhibitors (SSRIs) are inhibitors of CYP450 2D6.
Fluoxetine and paroxetine are potent inhibitors of 2D6, and fluvoxamine, sertaline, and citalopram
are weak inhibitors of 2D6.

Another important thing to remember about a CYP450 inducer is what happens
if the inducer is stopped. Thus, if one stops smoking, 1A2 substrate levels will rise.
If one stops carbamazepine, the plasma concentrations will rise for any concomitantly
administered drug that is a 3A4 substrate.

An overview of some actions of antidepressants at various CYP450 enzyme
systems is given in Table 6 — 2. This is not a comprehensive list, and the
discussion here has only been at the conceptual level, leaving out many important
details that the prescriber will need to know. In this rapidly evolving area of
therapeutics, the only way to keep up is to continually consult updated standard
reference materials on drug interactions and the specific dosing implications that
such interactions cause. In summary (Table 6—3), many drug interactions require
dosage adjustment of one of the drugs. A few combinations must be strictly
avoided. Many drug interactions are statistically significant but not clinically
significant. By following the principles outlined here, the skilled practitioner and
antidepressant prescriber must learn whether any given drug interaction is
clinically relevant.

Classical Antidepressants: Monoamine Oxidase Inhibitors and
Tricyclic Antidepressants

Monoamine Oxidase Inhibitors

The first clincially effective antidepressants to be discovered were immediate
inhibitors of the enzyme monoamine oxidase (MAO) (Table 6—4 and Figs. 5 — 15,
6—3, and 6—4). They were discovered by accident when an antituberculosis
drug was
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FIGURE 6-16. If a tricyclic antidepressant (TCA) is given together with a serotonin selective
reuptake inhibitor (SSRI), the SSRI will prevent TCA metabolism. This causes TCA levels to
increase, which can be toxic. Therefore either monitoring of TCA plasma concentration with
dose reduction of the TCA, or avoidance of the combination, is required.

observed to help depression that coexisted in some of the tuberculosis patients. This
antituberculosis drug, which was also an antidepressant, was soon discovered to
inhibit the enzyme MAO. It was soon thereafter shown that inhibition of MAO was
unrelated to its antitubercular actions but was the immediate biochemical event that
caused its ultimate antidepressant actions. This discovery soon led to the synthesis
of more drugs in the 1950s and 1960s that inhibited MAO but lacked unwanted
additional properties, such as antituberculosis properties. Although best known as
powerful antidepressants, the MAO inhibitors are also therapeutic agents for certain
anxiety disorders, such as panic disorder and social phobia.

The original MAO inhibitors are all irreversible enzyme inhibitors, which bind
to MAO irreversibly and destroy its function forever. Enzyme activity returns only
after new enzyme is synthesized (see Figs. 5 — 15, 6—3 and 6—4). Sometimes such
inhibitors are called "suicide inhibitors" because once the enzyme binds the
inhibitor, the enzyme essentially commits suicide in that it can never function again
until a new enzyme protein is synthesized by the neuron's DNA in the cell
nucleus.

Monoamine oxidase exists in two subtypes, A and B. Both forms are inhibited
by the original MAO inhibitors, which are therefore nonselective. The A form
metabolizes the neurotransmitter monoamines most closely linked to depression
(serotonin and norepinephrine).
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FIGURE 6—17. The benzodiazepines alprazolam and triazolam are substrates for the enzyme
CYP450 3A4. The nonpsychotropic drugs cisapride and astemazole are also substrates for 3A4.

It thereby also metabolizes the amine most closely linked to control of blood
pressure (norepinephrine). The B form is thought to convert some amine substrates,
called protoxins, into toxins that may cause damage to neurons. Because of these
observations, MAO A inhibition is linked both to antidepressant action and to the
troublesome hypertensive side effects of the MAO inhibitors. Inhibition of MAO B
is linked to prevention of neurodegenerative processes, such as those in Parkinson's
disease.

Two developments have occurred with MAO inhibitors in recent years. One is
the production of selective inhibitors of MAO A or of MAO B. The other advance
is the production of selective MAO A inhibitors that are reversible. The implications
of these advances are multiple. One of the most troublesome properties of the
original nonselective, irreversible MAO inhibitors is the fact that after they
inhibit MAO, amines taken in from the diet can cause dangerous elevations in blood
pressure. Normally, such dietary amines are safely metabolized by MAO before they
can cause blood pressure elevations (Figs. 6—21 and 6—22). However, when MAO A is
inhibited, blood pressure can rise suddenly and dramatically and can even cause
intracerebrai hemorrhage and death after consumption of certain tyramine-containing
foods or beverages (Fig. 6—23). This risk can be controlled by restricting the diet
so that dangerous foods are eliminated and also restricting the simultaneous
dangerous use of certain medications (e.g., the pain killer meperidine [Demerol};
the
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FIGURE 6-18. The antidepressants fluoxetine, fluvoxamine, and nefazodone are all inhibitors of
CYP450 3A4. More potent inhibitors of this enzyme include the nonpsychotropic drugs ketoconazole,
erythromycin, and protease inhibitors. If a 3A4 inhibitor is given with cisapride or astemazole, levels
of these substrates can rise to toxic levels. Thus, fluoxetine, fluvoxamine, and nefazodone cannot be
given with cisapride or astemazole.

serotonin selective reuptake inhibitors; sympathomimetic agents). The risk of
hypertensive crisis and the hassle of restricting diet and medications have
generally been the price that a patient has had to pay for the therapeutic benefits of the
MAQO inhibitors.

In the case of MAO B inhibitors, no significant amount of MAO A is inhibited,
and there is very little risk of hypertension from dietary amines. Patients taking
MAO B inhibitors to prevent progression of Parkinson's disease, for example, do not
require any special diet. On the other hand, MAQO B inhibitors are not effective
antidepressants at doses that are selective for MAO B.

A newer class of MAO inhibitors, which has entered clinical practice for the
treatment of depression, is known as reversible inhibitors of MAO A (RIMAS). This
is a very welcome development in new drug therapeutics for depression, because it
has the potential of making MAO A inhibition for the treatment of depression much
safer. That is, the "suicide inhibitors" are associated with the dangerous hypertensive
episodes mentioned above, which are caused when patients eat food rich in tyramine
(such as cheese). This so-called cheese reaction occurs when the tyramine in the diet
releases norepinephrine and other sympathomimetic amines (Fig. 5 — 23). When
MAO is inhibited irreversibly, the levels of these amines rise to a dangerous level
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FIGURE 6—19- The anticonvulsant and mood stabilizer carbamazepine is a substrate for CYP450
3A4. It can also induce the metabolism of 3A4 by inducing more copies of the enzyme to be formed,
thereby raising the enzyme activity of 3A4. Over time, therefore, carbamazepine doses may need to
be increased to compensate for this increased metabolism.

bloodstream

FIGURE 6-20. Smoking can induce the activity of CYP450 1A2. This might require that 1A2
substrates administered to a smoker be given in a higher dose. It may also require such 1A2 substrates

to have their doses decreased if a smoker stops smoking.
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Table 6-2. Inhibition potential of antidepressants at CYP450 enzyme systems
Relative rank 1A2 2C9/19 2D6 3A4
High fluvoxamine fluvoxamine paroxetine fluvoxamine
fluoxetine fluoxetine nefazodone
fluoxetine
Moderate to low tertiary TCAs sertraline secondary TCAs sertraline
fluoxetine fluoxetine TCAs
paroxetine paroxetine
Low to minimal venlafaxine venlafaxine venlafaxine venlafaxine
bupropion bupropion bupropion bupropion
citalopram citalopram citalopram citalopram
reboxetine reboxetine reboxetine reboxetine
mirtazapine mirtazapine mirtazapine mirtazapine
sertraline sertraline
nefazodone nefazodone nefazodone
fluvoxamine
paroxetine

Table 6 — 3. Pharmacokinetics summary

A few combinations must be avoided.
Several combinations require dosage adjustment of one of the drugs.
Many drug interactions are statistically significant but clinically insignificant.

Table 6—4. Monoamine oxidase (MAO) inhibitors

Classical MAO inhibitors — irreversible and nonselective
phenelzine (Nardil)
tranylcypromine (Parnate)
isocarboxazid  (Marplan)  Reversible
inhibitors of MAO A (RIMAS)
moclobemide (Aurorix)
Selective inhibitors of MAO B
deprenyl (Selegiline; Eldepryl)

because they are not being destroyed by MAO. Blood pressure soars, even causing
blood vessels to rupture in the brain.

Enter the reversible MAO inhibitors. If someone eats cheese, tyramine will still
release sympathomimetic amines, but these amines will chase the reversible inhibitor
off the MAO enzyme, allowing the dangerous amines to be destroyed (Fig. 6—24).
This is sort of like having your cake—or cheese—and eating it, too. The reversible
MAO inhibitors have the same therapeutic effects as the suicide inhibitors of MAO,
but without the likelihood of a cheese reaction if a patient inadvertently takes in
otherwise dangerous dietary tyramine.



218 Essential Psychopharmacology

MAO ENZYME | Normal NE
DESTROYING | production and
NE destruction

NE REUPTAKE
PUMP OQD

vV INACTIVE
&y SUBSTANCE

NOREPINEPHRINE

O

NE RECEPTOR

FIGURE 6-21. This figure shows the normal process of norepinephrine (NE) being both produced
and destroyed. Monoamine oxidase (MAO) is the enzyme that normally acts to destroy NE to keep
it in balance.

As MAO inhibitors have applications as second-line treatment for anxiety
disorders, such as panic disorder and social phobia, in addition to depression, the
RIMAs have the potential to make the treatment of these additional disorders by
MAO A inhibition much safer as well.

In terms of the new MAO inhibitors that may become available in the future, it
is possible that some new RIMAs may be approved as antidepressants. Moclobemide,
available in many countries, is unlikely, for commercial reasons, to become available
in the United States. Another promising RIMA, brofaramine, is also unlikely to be
developed for any country. However, befloxatone is progressing in clinical trials, and
other RIMAs are also potential drug development candidates, including RS-8359,
cimoxatone, and toloxatone.

Tricyclic Antidepressants

The tricyclic antidepressants (Table 6 — 5) were so named because their organic
chemical structure contains three rings (Fig. 6—25). The tricyclic antidepressants were
synthesized about the same time as other three-ringed molecules that were shown
to be effective tranquilizers for schizophrenia (i.e., the early antipsychotic neuroleptic
drugs such as chlorpromazine) (Fig. 6—26). The tricyclic antidepressants were a
disappointment when tested as antipsychotics. Even though they have a three-ringed
structure, they were not effective in the treatment of schizophrenia and were almost
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Tyramine, as in cheese,
increases the release of
NE(1), and the excess is
destroyed by MAO (2).

FIGURE 6 — 22. Tyramine is an amine present in rood such as cheese. Indicated in this figure is how
tyramine (depicted as cheese) acts to increase the release of norepinephrine (NE) (red circle 1).
However, in normal circumstances, the enzyme monoamine oxidase (MAQ) readily destroys the
excess NE released by tyramine, and no harm is done (see red circle 2).

discarded. However, during testing for schizophrenia, they were discovered to be
antidepressants. That is, careful clinicians detected antidepressant properties,
although not antipsychotic properties, in the schizophrenic patients. Thus, the anti-
depressant properties of the tricyclic antidepressants were serendipitously observed
in the 1950s and 1960s, and eventually these compounds were marketed for the
treatment of depression.

Long after their antidepressant properties were observed, the tricyclics were
discovered to block the reuptake pumps for both serotonin and norepinephrine, and
to a lesser extent, dopamine (Figs. 5 — 16, 6 — 5, and 6—6). Some tricyclics have more
potency for inhibition of the serotonin reuptake pump (e.g., clomipramine); others
are more selective for norepinephrine over serotonin (e.g., desipramine, maprotilene,
nortriptyline, protriptyline). Most, however, block both serotonin and
norepinephrine reuptake.

In addition, essentially all the tricyclic antidepressants have at least three other
actions: blockade of muscarinic cholinergic receptors, blockade of H1l histamine
receptors, and blockade of alpha 1 adrenergic receptors (Fig. 6-27). Whereas
blockade of the serotonin and norepinephrine reuptake pumps is thought to account
for the therapeutic actions of these drugs (Figs. 6 — 28 and 6 — 29), the other three
pharmaco-logic properties are thought to account for their side effects (Figs. 6—30,
6—31, and
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FIGURE 6—23. Here, tyramine is releasing norepinephrine (NE) (red circle 1) just as previously shown
in Figure 6—9. However, this time monoamine oxidase (MAO) is also being inhibited by a typical,
irreversible MAO inhibitor. This results in MAO stopping its destruction of norepinephrine (NE)
(arrow 2). As already indicated in Figure 6 — 3, such MAO inhibition in itself causes accumulation
of NE. However, when MAO inhibition is taking place in the presence of tyramine, the combination
can lead to a very large accumulation of NE (red circle 3). Such a great NE accumulation can cause
dangerous elevations of blood pressure.

6—32). Some of the tricyclic antidepressants also have the ability to block serotonin
2A receptors, which may contribute to the therapeutic actions of those agents with
this property. Blockade of serotonin 2A receptors is discussed in Chapter 7. Tricyclic
antidepressants also block sodium channels in the heart and brain, which can cause
cardiac arrhythmias and cardiac arrest in overdose, as well as seizures.

In terms of the therapeutic actions of tricyclic antidepressants, they essentially work
as allosteric modulators of the neurotransmitter reuptake process. Specifically, they
are negative allosteric modulators. After the neurotransmitter norepinephrine or
serotonin binds to its own selective receptor site, it is normally transported back
into the presynaptic neuron as discussed in Chapter 5 (Fig. 5 — 16). However, when
certain antidepressants bind to an allosteric site close to the neurotransmitter
transporter, this causes the neurotransmitter to no longer be able to bind there, thus
blocking synaptic reuptake of the neurotransmitter (Figs. 6—28 and 6—29).
Therefore, norepinephrine and serotonin cannot be shuttled back into the
presynaptic neuron.

In terms of side effects of the tricyclic antidepressants (Table 6—5), blockade of
alpha 1 adrenergic receptors causes orthostatic hypotension and dizziness (Fig.
6—30). Anticholinergic actions at muscarinic cholinergic receptors cause dry mouth,
blurred vision, urinary retention, and constipation and memory disturbances (Fig.
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FIGURE 6 — 24. Shown in this figure also is the combination of a monoamine oxidase (MAO)
inhibitor and tyramine. However, in this case the MAO inhibitor is of the reversible type (reversible
inhibitor of MAO A, or RIMA). In contrast to the situation shown in the previous figure (Fig. 6 —
23), the accumulation of norepinephrine (NE) caused by tyramine (indicated in red circle 1) can
actually strip the RIMA off MAO (arrow 2). MAO, now devoid of its inhibitor, can merrily do its
job, which is to destroy the NE (red circle 3) and thus prevent the dangerous accumulation of NE.
Such a reversal of MAO by NE is only possible with a RIMA and not with the classical MAO
inhibitors, which are completely irreversible.

Table 6 — 5. Tricyclic antidepressants

clomipramine (Anafranil)

imipramine (Tofranil)

amitriptyline (Elavil; Endep; Tryptizol; Loroxyl)
nortriptyline (Pamelor; Noratren)

protriptyline (Vivactil)

maprotiline (Ludiomil)

amoxapine (Asendin)

doxepin (Sinequan; Adapin)

desipramine (Norpramin; Pertofran)
trimipramine (Surmontil)
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FIGURE 6—25. This is the chemical structure of a tricyclic antidepressant (TCA). The three
rings show how this group of drugs got its name.

6—31). Blockade of H1 histamine receptors causes sedation and weight gain (Fig. 6-
32).

The term tricyclic antidepressant is archaic by today's pharmacology. First, the
antidepressants that block biogenic amine reuptake are no longer all tricyclic; the new
agents can have one, two, three, or four rings in their structures. Second, the tricyclic
antidepressants are not merely antidepressant since some of them have anti-obsessive
compulsive disorder effects and others have antipanic effects.

Like the MAO inhibitors, tricyclic antidepressants have fallen into second-line
use for depression in North America and much of Europe. However, there still
remains considerable use of these agents, and they are even among the most
frequently prescribed antidepressants in certain countries, including Germany and
countries in Latin America, as well as in the Third World, where generic pricing
makes these agents less expensive than the newer antidepressants that are still under
patent protection.

Selective Serotonin Reuptake Inhibitors

What Fife Drugs Share in Common

The SSRIs comprise a class of drugs with five prominent members, which together
account for the majority of prescriptions for antidepressants in the United States and
several other countries. These are fluoxetine, sertraline, paroxetine, fluvoxamine, and
citalopram (Table 6 — 6). Although each of these five SSRIs belongs to a chemically
distinct family, all have a single major pharmacologic feature in common, namely,
selective and potent inhibition of serotonin reuptake, which is more powerful than
their actions on norepinephrine reuptake or on alpha 1, histamine 1, or muscarinic
cholinergic receptors, and with virtually no ability to block sodium channels, even
in overdose. This simple concept is shown in Figs. 6—33 and 6—34.

Thus, the SSRIs all share important differentiating features from the tricyclic
antidepressants, which they have largely replaced in clinical practice. That is, SSRIs
have more powerful and selective serotonin reuptake inhibiting properties than the
tricyclic antidepressants. By removing undesirable pharmacologic properties of the
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FIGURE 6-26. This is a general chemical formula for the phenothiazine type of antipsychotic
drugs. These drugs also have three rings, and the first antidepressants were modeled after such drugs.

The Tricyclic Antidepressant has five actions: blocking
the reuptake of serotonin, blocking the reuptake of
norepinephrine, blockade of alpha 1 adrenergic receptors,
blockade of H1 histamine receptors, and blockade of
muscarinic cnolinergic receptors.

FIGURE 6-27. Shown here is an icon of a tricyclic antidepressant (TCA). These drugs are actually
five drugs in one: (1) a serotonin reuptake inhibitor (SRI); (2) a norepinephrine reuptake inhibitor
(NRI); (3) an anticholinergic/antimuscarinic drug (M1); (4) an alpha adrenergic antagonist (alpha);
and (5) an antihistamine (H1).
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FIGURE 6 — 28. Therapeutic actions of the tricyclic antidepressants—part 1. In this diagram, the
icon of the TCA is shown with its serotonin reuptake inhibitor (SRI) portion inserted into the
serotonin reuptake pump, blocking it and causing an antidepressant effect.
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FIGURE 6—29. Therapeutic actions of the tricyclic antidepressants—part 2. In this diagram, the
icon of the TCA is shown with its norepinephrine reuptake inhibitor (NRI) portion inserted into the
norepinephrine reuptake pump, blocking it and causing an antidepressant effect. Thus, both the
serotonin reuptake portion (see Fig. 6-28) and the NRI portion of the TCA act pharmacologically
to cause an antidepressant effect.
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FIGURE 6-30. Side effects of the tricyclic antidepressants—part 1. In this diagram, the icon
of the TCA is shown with its antihistamine (H1) portion inserted into histamine receptors, causing
the side effects of weight gain and drowsiness.
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FIGURE 6—31. Side effects of the tricyclic antidepressants—part 2. In this diagram, the icon
of the TCA is shown with its anticholinergic/antimuscarinic (MI) portion inserted into acetylcholine
receptors, causing the side effects of constipation, blurred vision, dry mouth, and
drowsiness.
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tricyclics, the SSRIs also eliminated the undesirable side effects associated with them
(Figs. 6—30 to 6—32). In particular, SSRIs lack the danger in overdose that the
tricyclics all share. Whereas a 15-day supply of a tricyclic antidepressant can be a
lethal dose, SSRIs, by contrast, rarely if ever cause death in overdose by themselves.

Pharmacologic and Molecular Mechanism of Action of the SSRIs

Although the action of SSRIs at the presynaptic axon terminal has classically been
emphasized (Figs. 6—1 through 6—6), research has more recently determined that
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FIGURE 6—32. Side effects of the tricyclic antidepressants—part 3. In this diagram, the icon
of the TCA is shown with its alpha adrenergic antagonist (alpha) portion inserted into alpha adrenergic
receptors, causing the side effects of dizziness, decreased blood pressure, and drowsiness.

Table 6 — 6. Serotonin selective reuptake
inhibitors (SSRIs)

fluoxetine (Prozac)

sertraline (Zoloft)

paroxetine (Paxil)

fluvoxamine (Luvox, Feverin, Dumirox, Floxyfral)
citalopram (Celexa, Cipramil, Serostat, Cipram)

FIGURE 6-33- Shown here is the icon of a selective serotonin reuptake inhibitor (SSRI). In this
case, four of the five pharmacological properties of the tricyclic antidepressants (TCAs) (Fig. 6-27)
were removed. Only the serotonin reuptake inhibitor (SRI) portion remains; thus the SRI action is
selective, which is why these agents are called selective SRIs.
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SSRI ACTION

FIGURE 6-34. In this diagram, the serotonin reuptake inhibitor (SRI) portion of the SSRI molecule
is shown inserted into the serotonin reuptake pump, blocking it and causing an antidepressant effect.
This is analogous to one of the dimensions of the tricyclic antidepressants (TCAS), already shown in
Figure 6—28.

events occurring at the somatodendritic end of the serotonin neuron (near the cell
body) may be more important in explaining their therapeutic actions (Figs. 6—35
through 6—38). It may be that the events occurring at postsynaptic serotonin
neurons mediate the acute side effects and the development of tolerance to these
side effects over time (Fig. 6 — 39).

The monoamine hypothesis of depression states that in the depressed state (Fig.
6 — 35), serotonin may be deficient, both at presynaptic somatodendritic areas near
the cell body and in the synapse itself near the axon terminal. Neuronal firing rates
may be diminished. Also, the neurotransmitter receptor hypothesis states that pre-
and postsynaptic receptors may be up-regulated. The monoamine hypothesis of
delayed gene action suggests that these receptors may not be able to transduce
receptor occupancy by serotonin into the necessary regulation of postsynaptic genes,
such as those for the neurotrophic factor BDNF (see Figs. 5—63 and 6—7). These
ideas are shown in Figure 6—35 and may be the starting point for the serotonin
neuron and its targets when SSRIs are first administered to a depressed patient. On
the other hand, it is also possible that the serotonin neuron is actually normal but
that the events triggered by SSRIs compensate for neurochemical deficiencies
elsewhere in the brain.

When an SSRI is given acutely, serotonin rises owing to blockade of its transport
pump. What was surprising to discover, however, is that blocking the presynaptic
reuptake pump does not immediately lead to a great deal of serotonin in the synapse.
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of signals in the neuron to release more 5HT

FIGURE 6 — 35. Mechanism of action of serotonin selective reuptake inhibitors (SSRIs)—part 1.
Depicted here is a serotonin neuron in a depressed patient. In depression, the serotonin neuron is
conceptualized as having a relative deficiency of the neurotransmitter serotonin. Also, the
number of serotonin receptors is up-regulated, or increased, including presynaptic
autoreceptors as well as postsynaptic receptors.

In fact, when SSRI treatment is initiated, SHT rises to a much higher level at the
cell body area in the midbrain raphe than in the areas of the brain where the axons
terminate (Fig. 6—36). The somatodendritic area of the serotonin neuron is where
the serotonin (5HT) first increases, and the serotonin receptors there have 5SHT1A
pharmacology. Such immediate pharmacologic actions obviously cannot explain the
delayed therapeutic actions of the SSRIs. However, these immediate actions may
explain the side effects that are caused by the SSRIs when treatment is initiated.
Over time, the increased 5HT at the somatodendritic SHT1A autoreceptors causes
them to down-regulate and become desensitized (Fig. 6—37). When the increase in
serotonin is recognized by these presynaptic SHT1A receptors, this information is
sent to the cell nucleus of the serotonin neuron. The genome's reaction to this
information is to issue instructions that cause these same receptors to become de-
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FIGURE 6—36. Mechanism of action of serotonin selective reuptake inhibitors (SSRIs)—part 2.
When an SSRI is administered, it immediately blocks the serotonin reuptake pump (see icon of an
SSRI drug capsule blocking the reuptake pump). However, this causes serotonin to increase initially
only in the somatodendritic area of the serotonin neuron (left) and not in the axon terminals

(right).

sensitized over time. The time course of this desensitization correlates with the onset
of the therapeutic actions of the SSRIs.

Once the 5HT1A somatodendritic autoreceptors are desensitized, SHT can no
longer effectively inhibit its own release, and the serotonin neuron is therefore dis-
inhibited. This results in a flurry of 5HT release from axons due to an increase in
neuronal impulse flow (Fig. 6-38). This is just another way of saying that the
serotonin release is "turned on™ at the axon terminals. The serotonin that now pours
out of the various projections of serotonin pathways in the brain theoretically
mediates the various therapeutic actions of the SSRIs.

While the presynaptic somatodendritic 5SHT1A autoreceptors are desensitizing,
serotonin is building up in synapses, causing the postsynaptic serotonin receptors to
desensitize as well. This happens because the increase in synaptic serotonin is
recognized by postsynaptic serotonin 2A, 2C, 3, and other receptors. These
receptors in turn send this information to the cell nucleus of the postsynaptic
neuron that serotonin is targeting. The reaction of the genome in the postsynaptic
neuron is also to issue instructions to down-regulate or desensitize these receptors.
The time course of this desensitization correlates with the onset of tolerance to the side
effects of the SSRIs (Fig. 6-39).

This theory thus suggests a pharmacological cascading mechanism, whereby the
SSRIs exert their therapeutic actions, namely, powerful disinhibition of serotonin
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The increase in 5HT causes the autoreceptors
to desensitize/down-regulate

FIGURE 6-37. Mechanism of action of serotonin selective reuptake inhibitors (SSRIs)—part 3.
The consequence of serotonin increasing in the somatodentritic area of the serotonin neuron, as
depicted in the Figure 6—36, is to cause the somatodendritic serotonin 1A autoreceptors to
desensitize or down-regulate (red circle).

release in key pathways throughout the brain. Furthermore, side effects are hypo-
thetically caused by the acute actions of serotonin at undesirable receptors in
undesirable pathways. Finally, side effects may attenuate over time by
desensitization of the very receptors that mediate them.

There are potentially exciting corollaries to this hypothesis. First, if the ultimate
increase in serotonin at critical synapses is required for therapeutic actions, then its
failure to occur may explain why some patients respond to an SSRI and others do
not. Also, if new drugs could be designed to increase serotonin at the right places
at a faster rate, it could result in a much needed rapid-acting antidepressant. Such
ideas are mere research hypotheses at this time but could lead to additional studies
clarifying the molecular events that are key mediators of depressive illness as well
as of antidepressant treatment responses.

Serotonin Pathways and Receptors That Mediate Therapeutic Actions

and Side Effects of SSRIs

As mentioned above, the SSRIs cause both their therapeutic actions and their side
effects by increasing serotonin at synapses, where reuptake is blocked and serotonin
release is disinhibited. In general, increasing serotonin in desirable pathways and at
targeted receptor subtypes leads to the well-known therapeutic actions of these
drugs. However, since SSRIs increase serotonin in virtually every serotonin pathway
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The down-regulation of the autoreceptors
causes the neuron to release
more 5HT at the axon

FIGURE 6 — 38. Mechanism of action of serotonin selective reuptake inhibitors (SSRIs)—part
4. Once the somatodendritic autoreceptors down-regulate as depicted in Figure 6-37, there is no longer
inhibition of impulse flow in the serotonin neuron. Thus, neuronal impulse flow is turned on. The
consequence of this is release of serotonin in the axon terminal (red circle). However, this
increase is delayed as compared with the increase of serotonin in the somatodendritic areas of the
serotonin neuron, depicted in Figure 6 — 36. This delay is the result of the time it takes for
somatodendritic serotonin to down-regulate the serotonin 1A autoreceptors and turn on neuronal
impulse flow in the serotonin neuron. This delay may explain why antidepressants do not relieve
depression immediately. It is also the reason why the mechanism of action of antidepressants may be
linked to increasing neuronal impulse flow in serotonin neurons, with serotonin levels increasing at
axon terminals before an SSRI can exert its antidepressant effects.

and at virtually every serotonin receptor, some of these serotonin actions are
undesirable and therefore account for side effects. By understanding the functions of
the various serotonin pathways and the distribution of the various serotonin receptor
subtypes, it is possible to gain insight into both the therapeutic actions and the side
effects that the SSRIs share as a class.

In terms of antidepressant actions, evidence points to the projection of serotonin
neurons from the midbrain raphe to frontal cortex as the substrate of this therapeutic
action (Fig. 5 — 51). Therapeutic actions in bulimia, binge eating, and various other
eating disorders may be mediated by serotonin's pathway from raphe to hypothalamic
feeding and appetite centers (Fig. 5 — 55).

Because different pathways seem to mediate the different therapeutic actions of
SSRIs, it would not be surprising if serotonin's therapeutic roles differed from one
therapeutic indication to another. This, indeed, seems to be the case and may be the
basis for the different therapeutic profiles of SSRIs from one therapeutic indication
to another. Contrasting antidepressant and antibulimic actions, for example, are in-
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FIGURE 6—39. Mechanism of action of serotonin selective reuptake inhibitors (SSRIs)—part 5.
Finally, once the SSRIs have blocked the reuptake pump (Fig. 6 — 36), increased somatodendritic
serotonin (Fig. 6—36), desensitized somatodendritic serotonin 1A autoreceptors (Fig. 6—37), turned on
neuronal impulse flow (Fig. 6—38), and increased release of serotonin from axon terminals (Fig. 6—
38), the final step shown here may be the desensitization of postsynaptic serotonin receptors. This has
also been shown in previous figures demonstrating the actions of monoamine oxidase (MAO) inhibitors
(Fig. 6—4) and the actions of tricyclic antidepressants (Fig. 6—6). This desensitization may mediate
the reduction of side effects of SSRIs as tolerance develops.

Table 6—7. Antidepressant profile of SSRIs

Starting dose usually the same as the maintenance dose
Onset of response usually 3 to 8 weeks Response is
frequently complete remission of symptoms Target
symptoms do not worsen when treatment initiated

dicated by differing doses, onsets of action, and documentation of long-term actions,
as summarized in Tables 6—7 and 6—8.

In terms of side effects of SSRIs, acute stimulation of at least four serotonin
receptor subtypes may be responsible for mediating these undesirable actions. These
include the 5SHT2A, 5HT2C, 5HT3, and 5HT4 receptors. Since SSRI side effects
are generally acute, starting from the first dose and if anything attenuate over time,
it may be that the acute increase in synaptic serotonin is sufficient to mediate side
effects but insufficient to mediate therapeutic effects until the much more robust
disinhibition of the neuron "kicks in" once autoreceptors are down regulated. If the
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Table 6—38. Antibulimic profile of SSRIs

Usual starting dose is higher than for other indications

Onset of response may be faster than for other indications

May not be as effective as for other indications in maintaining acute effects chronically
Fluoxetine has best efficacy data to date and also serotonin 2C properties

Target symptoms do not worsen on initiation of treatment

postsynaptic receptors that theoretically mediate side effects down regulate or
desensitize, the side effects attenuate or go away. Presumably, the signal of receptor
occupancy of serotonin to the postsynaptic receptor is detected by the genome of
the target neuron, and decreasing the genetic expression of these receptors that
mediate the side effects causes the side effects to go away.

The undesirable side effects of SSRIs seem to involve not only specific serotonin
receptor subtypes but also the action of serotonin at the receptors in specific areas
of the body, including brain, spinal cord, and gut. The topography of serotonin
receptor subtypes in different serotonin pathways may thus help to explain how side
effects are mediated. Thus, acute stimulation of serotonin 2A and 2C receptors in
the projection from raphe to limbic cortex may cause the acute mental agitation,
anxiety, or induction of panic attacks that can be observed with early dosing of an
SSRI (Fig. 5 — 54). Acute stimulation of the 2A receptors in the basal ganglia may
lead to changes in motor movements due to serotonin's inhibition of dopamine
neurotransmission there (Fig. 5 — 53). Thus, akathisia (restlessness), psychomotor
retardation, or even mild parkinsonism and dystonic movements can result.
Stimulation of serotonin 2A receptors in the brainstem sleep centers may cause rapid
muscle movements called myoclonus during the night; it may also disrupt slow-wave
sleep and cause nocturnal awakenings (Fig. 5 — 56). Stimulation of serotonin 2A
receptors in the spinal cord may inhibit the spinal reflexes of orgasm and ejaculation
and cause sexual dysfunction (Fig. 5 — 57). Stimulation of serotonin 2A receptors in
mesocortical pleasure centers may reduce dopamine activity there and cause apathy
(e.g., apathetic recoveries discussed in Chapter 5; see Table 5 — 18) or decreased
libido.

Stimulation of serotonin 3 receptors in the hypothalamus or brainstem may cause
nausea or vomiting, respectively (Fig. 5-58). Stimulation of serotonin 3 and 4
receptors in the gastrointestinal tract may cause increased bowel motility,
gastrointestinal cramps and diarrhea (Fig. 5 — 59).

Thus, virtually all side effects of the SSRIs can be understood as undesirable
actions of serotonin in undesirable pathways at undesirable receptor subtypes. This
appears to be the "cost of doing business,” as it is not possible for a systemically
administered SSRI to act only at the desirable receptors in the desirable places; it
must act everywhere it is distributed, which means all over the brain and all over
the body. Fortunately, SSRI side effects are more of a nuisance than a danger, and
they generally attenuate over time, although they can cause an important subset of
patients to discontinue an SSRI prematurely.

Although several SSRIs other than the five listed in Table 6—6 have been
synthesized, with the exception of the active enantiomers of currently marketed
SSRIs such as fluoxetine and citalopram, it is unlikely any new SSRI will be
developed as an antidepressant, as many other novel mechanisms are now
available for clinical



234

Not-So-

Essential Psychopharmacology

testing. Extended-release formulations of currently marketed SSRIs such as paroxe-
tine and fluvoxamine may also become available. One novel and distinct mechanism
related to the SSRIs is exemplified by tianeptine. This agent is in clinical testing
and available in France as a counterintuitive serotonin reuptake enhancer. Whether
this will develop into a well-documented antidepressant worldwide is still unknown.

Selective Serotonin Reuptake Inhibitors: Five Unique Drugs or
One Class with Five Members?

Although the SSRIs clearly share the same mechanism of action, therapeutic profiles,
and overall side effect profiles, individual patients often react very differently to one
SSRI versus another. This is not generally observed in large clinical trials, where
group differences between two SSRIs either in efficacy or in side effects are very
difficult to document. Rather, such differences are seen by prescribers treating
patients one at a time, with some patients experiencing a therapeutic response to
one SSRI and not another and other patients tolerating one SSRI but not another.

Although there is no generally accepted explanation that accounts for these
commonly observed clinical phenomena, it makes sense to consider the pharmacologic
characteristics of the five SSRIs that differ one from another as candidates for
explaining the broad range of individual patient reactions to different SSRIs.
Now that the SSRIs have been in widespread clinical use for over a decade,
pharmacologists have discovered that these five drugs have actions at receptors other
than the serotonin transporter and at various enzymes that may be important to their
overall actions, both therapeutically and in terms of tolerability.

The reality is that one or another of the SSRIs has pharmacologic actions within
one or two orders of magnitude of their potencies for serotonin reuptake inhibition
at a wide variety of receptors and enzymes. Furthermore, no two SSRIs have identical
secondary pharmacological characteristics. These actions can include norepinephrine
reuptake blockade, dopamine reuptake blockade, serotonin 2C agonist actions, mus-
carinic cholinergic antagonist actions, interaction with the sigma receptor, inhibition
of the enzyme nitric oxide synthetase, and inhibition of the cytochrome P450
enzymes 1A2, 2D6, and 3A4 (Fig. 6—40). Whether these secondary binding
profiles can account for the differences in efficacy and tolerability in individual
patients remains to be proved. However, it does lead to provocative hypothesis
generation and gives a rational basis for physicians not to be denied access to one
or another of the SSRIs by payors claiming "they are all the same."

The candidate secondary pharmacologic mechanisms for each of the five SSRIs are
shown in Figures 6—41 to 6—45. These may lead to variations from one drug to
another that could prove potentially more advantageous or less advantageous for
different patient profiles. However, these are hypotheses that as yet are unconfirmed.
Nevertheless, there are real differences among the five SSRIs for many individual
patients, and sometimes only an empirical trial of different SSRIs will lead to the
best match of a drug to an individual patient.

Selective Noradrenergic Reuptake Inhibitors

Although some tricyclic antidepressants (e.g., desipramine, maprotilene) block
norepinephrine reuptake more potently than serotonin reuptake, even these
tricyclics
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FIGURE 6-40. Icon of various secondary pharmacologic properties that may be associated
with one or more of the five different SSRIs. This includes not only serotonin reuptake inhibition
(SRI), but also lesser degrees of actions at other neurotransmitter receptors and enzymes, including
norepi-nephrine reuptake inhibition (NRI), dopamine reuptake inhibition (DRI), serotonin 2C agonist
actions (5HT2C), muscarinic/cholinergic antagonist actions (m-ACH), sigma actions (sigma), and
inhibition of nitric oxide synthetase (NOS), CYP450 2D6, 3A4, or 1A2.

FIGURE 6—41. Icon of fluoxetine with serotonin 2C agonist action, norepinephrine reuptake
inhibition (NRI), and 2D6 and 3A4 inhibition, in addition to serotonin reuptake inhibition (SRI).

are not really selective, since they still block alpha 1, histamine 1, and muscarinic
cholinergic receptors, as do all tricyclics. The first truly selective noradrenergic
reuptake inhibitor (NRI) is reboxetine, which lacks these undesirable binding
properties (Figs. 6-46 and 6-47).

Thus, reboxetine is the logical pharmacological complement to the SSRIs -since
it provides selective noradrenergic reuptake inhibition greater than serotonin reuptake
inhibition but without the undesirable binding properties of the tricyclic
antide-pressants. The discovery of reboxetine has given rise to the questions: What
is the
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FIGURE 6—42. Icon of sertraline with dopamine reuptake inhibition (DRI) and sigma actions, in
addition to serotonin reuptake inhibition (SRI).

FIGURE 6—43. Icon of paroxetine with muscarinic/cholinergic antagonist actions (mMACH), norep-
inephrine reuptake inhibition (NRI), and serotonin 2D6 and 3A4 inhibition, in addition to serotonin
reuptake inhibition (SRI).

clinical difference between increasing noradrenergic neurotransmission and
increasing serotonergic neurotransmission? Since norepinephrine and serotonin are
intimately interrelated, does it make any difference which reuptake pump is
inhibited?

Although norepinephrine and serotonin have overlapping functions in the
regulation of mood, the hypothetical noradrenaline deficiency syndrome is not
identical to the hypothetical serotonin deficiency syndrome (Tables 5— 21 and 5 — 23).
Furthermore, not all patients with depression respond to an SSRI nor do all
respond to a selective NRI, although more may respond to agents or combinations
of agents that block both serotonin and norepinephrine reuptake. Moreover, many
patients who respond to serotonin reuptake blockers do not remit completely and
seem to have improved mood but an enduring noradrenergic deficiency syndrome,
which is sometimes called an apathetic response to the SSRI (e.g., Table 5 — 18).

Although it is not yet possible to determine who will respond to a serotonergic
agent and who to a noradrenergic agent prior to empirical treatment, there is the
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FIGURE 6—44. Icon of fluvoxamine with sigma actions and serotonin 1A2 and 3A4 inhibition, in
addition to serotonin reuptake inhibition (SRI).

citalopram

FIGURE 6—45. Icon of citalopram, relatively selective for serotonin reuptake inhibition (SRI).

Selective
NRI

FIGURE 6—46. Icon of a selective norepinephrine reuptake inhibitor (NRI).

notion that those with the serotonin deficiency syndrome (i.e., depression associated
with anxiety, panic, phobias, posttraumatic stress disorder, obsessions, compulsions,
or eating disorders) might be more responsive to serotonergic antidepressants. This
is supported by the fact that serotonergic antidepressants are efficacious not only in
depression but also in obsessive-compulsive disorder, eating disorders, panic, social
phobia, and even posttraumatic stress disorder, whereas noradrenergic antidepressants
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FIGURE 6