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Preface

Since the discovery that neuronal transmission can be chemically mediated,
a large number of compounds have been found in the mammalian central
nervous system which appear to function as neurotransmitter agents.
Recently, electrophysiological and biochemical methods have been
developed which have enabled neuroscientists to classify better the myriad
of neurotransmitter receptor sites in brain and to study their properties in
finer detail. As a result of these investigations, a significant number of new
discoveries have been made about the mechanisms involved in
neurotransmitter receptor interactions, the role neurotransmitters play in
the actions of pharmacological agents and in the pathogenesis of various
neuropsychiatric disorders.

The present two volume text was compiled to summarize the information
relating to the physiological, biochemical, pharmacological and functional
characteristics of neurotransmitter receptor sites. While emphasis is placed
on neurotransmitter receptors in the mammalian central nervous system,
the characteristics of these receptors in other species, both vertebrate and
invertebrate, are also discussed where appropriate. While these books
cover the major classes of putative neurotransmitters — amino acids,
peptides and biogenic amines — and are therefore broad in scope, each is
discussed in a concise fashion to highlight the major points of historical
and contemporary interest. In addition to outlining data, each chapter
addresses current theories relating to the various aspects of receptor
properties and function in an attempt to reveal the directions of future
research and as a stimulus for other workers in the field. This work can
serve not only as an introductory text for young neuroscientists, but should
also be a valuable resource for more senior investigators as both a
reference and research guide.

May, 1980 H.I. Yamamura
S.J. Enna
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1.1 INTRODUCTION

There are numerous definitions of the term receptor. One definition is that
a receptor is a specific component of a cell to which a neurotransmitter or
hormone binds. The combination of the neurotransmitter or hormone with
the receptor produces a chain of events that lead to the expression of a
physiological event (Bockaert, 1978; Moran, 1975).

The concept of receptors is based on the following criteria (Moran,
1975). First there should be high degree of specificity in that minor differ-
ences of molecular configuration will alter the activity of the drug. Sec-
ondly, the interaction of drug with the receptor should produce a biological
response. Thirdly, there should be a quantitative relationship between the
concentration of drug and biological response that can be expressed using
concentration—response curves. Fourthly, there should be complete reversi-
bility of the effect of the drug indicating that the drug combines reversi-
bly with the receptor. Fifthly, there should be selective antagonists that
will block the biological response presumably by competing with the drug
and blocking the reaction of the drug with the receptor.

These criteria imply that a molecular interaction occurs between the
drug and the membrane of the effector cell (Moran, 1975). The effector
cells throughout this chapter will be either the serotonin (5-hydroxytrypt-
amine; 5-HT)-containing neurons or those neurons that receive an input
from 5-HT neurons.

1.1.1 Historical review

From the above, it is obvious that the definition of a receptor is intimately
associated with the neurotransmitter that acts on that receptor. The study
of receptors in the brain is complicated because these receptors are not as
readily accessible as the receptors are in the periphery. In the periphery a
change in a physiological parameter such as heart rate is used to measure
the effects of a drug on a receptor. Similarly, in the brain a change in the
rate of neuronal firing is used as an indicator that a drug is acting on a
receptor. The technique of microiontophoresis has made it possible to
study the pharmacology of receptors in vivo in the brain because com-
pounds can be administered into the immediate vicinity of a neuron while
changes in its activity are monitored (Curtis, 1964). When a drug or puta-
tive neurotransmitter alters spontaneous neuronal activity without affecting
the amplitude of the action potential, the compound is assumed to be
acting on receptors on the neuronal membrane.

3



4 Neurotransmitter Receptors

A receptor is characterized by the neurotransmitter that acts on it and
the physiological effect produced by the combination of the neurotransmit-
ter with the receptor. When 5-HT is administered microiontophoretically,
it produces either inhibition or an acceleration of neuronal firing in almost
every area of the brain studied, indicating that 5-HT receptors are wide-
spread (Bloom er al., 1972). However, the primary emphasis in this chap-
ter will concern the 5-HT receptors that are associated with the synaptic
action of 5-HT. Presumably to have a synaptic action, endogenous 5-HT is
released from presynaptic terminals and diffuses across the synapse to act
on receptors located on the membrane of the post-synaptic cell. Thus, to
study the action of 5-HT on receptors associated with the synaptic action
of 5-HT, it is necessary to establish that 5-HT is a neurotransmitter in the
CNS.

The various criteria that are used in the identification of neurotransmit-
ters in the autonomic and peripheral nervous systems are stressed by
numerous authors (see Hebb, 1970). The criteria that a substance should
meet to be considered a neurotransmitter are as follows: (1) the putative
transmitter, an inactivating enzyme or re-uptake system, and enzymes
associated with the synthesis of the neurotransmitter should all be present;
(2) microiontophoretic administration of the transmitter should mimic the
action of the endogenous neurotransmitter; and (3) drugs that block the
putative neurotransmitter should also block the actions of the endogen-
ously released neurotransmitter (Hebb, 1970; Werman, 1966).

Fluorescence histochemistry has been used to demonstrate that brain
5-HT is primarily a constituent of nerve cells. Prior to histochemical work
Heller et al. (1962) and Heller and Moore (1965) showed that lesioning
the medial forebrain bundle (MFB) produced a depletion of 5-HT in the
forebrain. The rate of 5-HT depletion corresponds to the rate of neuronal
degeneration implying that 5-HT neuronal pathways are present in the
brain. The direct demonstration of the existence and localization of 5-HT
neurons was accomplished by means of the formaldehyde-condensation histo-
chemical method of Falck er al. (1962) applied to freeze-dried brain tissue
(Carlsson et al., 1962). With this method, the location of 5-HT-
containing neuronal perikarya (Dahlstréom and Fuxe, 1965), terminals
(Aghajanian et al., 1973; Fuxe, 1965), and pathways (Anden et al., 1968)
were mapped. The perikarya of these neurons are almost exclusively
located in the brain stem raphe nuclei; fibres from the raphe nuclei project
to other portions of the brain stem, to the spinal cord, and to the fore-
brain. Of special interest is the fact that almost the entire 5-HT input to the
forebrain derives from the midbrain raphe nuclei, and the 5-HT input to
the spinal cord is primarily derived from the medullary pontine raphe nuc-
lei (MPR; raphe magnus, obscurus, and pallidus).

On the basis of the histochemical mapping of 5-HT (serotonergic)
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pathways in the brain, it was possible to test S-HT against the above
criteria important for establishing that a substance is a neurotransmitter.
By selectively placing lesions in the raphe nuclei, it has been possible to
ascertain whether the biochemical machinery for the synthesis, storage, and
metabolism of 5-HT is contained within the raphe projections. Destruction
of the midbrain raphe nuclei has the following anatomical and biochemical
consequences: (1) a degeneration of histochemically identified 5-HT termi-
nals in the forebrain (Aghajanian er al., 1969; Kuhar er al., 1972a); (2) a
selective reduction in forebrain 5-HT content (Heller and Moore, 1965;
Jouvet, 1967; Kostowski er al., 1968; Rosecrans and Sheard, 1969); (3) a
selective decrease in forebrain tryptophan hydroxylase activity (Kuhar ez
al., 1971); and (4) a loss of high-affinity 5-HT uptake in synaptosomes
from the forebrain (Kuhar er al., 1972b). All of these effects are selective,
because other putative transmitters and their associated enzymes are not
significantly altered by raphe destruction. Thus raphe projections are dis-
tinguished by their content of 5-HT and by the fact that they possess the
means for 5-HT synthesis, storage, and high-affinity uptake; the last process
could well serve as a means of terminating the synaptic actions of 5-HT in
its presumed role as a neurotransmitter.

Knowledge about the location of 5-HT neurons and pathways in brain
has served to provide evidence for establishing another neurotransmitter
criterion, that of release upon nerve stimulation. Electrical stimulation of
the nucleus linearis rostralis in the cat, which is in the vicinity of ascending
serotonergic fibers, causes a release of 5-HT as measured in perfusates
from the anterior horn of the lateral ventricle (Holman and Vogt, 1972).
The release of 5-HT resulting from this stimulation is selective in that
there is no concomitant release of acetylcholine (Ashkenazi ef al., 1972).
These data form an extension of previous experiments showing that selec-
tive stimulation of the midbrain raphe nuclei produces an increase in the
synthesis and turnover of 5-HT in the forebrain, a region that receives pro-
jections from the raphe (Aghajanian er al., 1967; Kostowski et al., 1969;
Sheard and Aghajanian, 1968; Shields and Eccleston, 1972). Electrical
stimulation of the dorsal raphe nucleus (DR) of the midbrain produces an
inhibition of neuronal firing in the amygdala, an effect mimicked by the
microiontophoretic administration of 5-HT (Wang and Aghajanian, 1977).

This latter point partially meets Werman'’s (1966) criterion of identical
actions although he advocates intracellular recording to determine if the
substance has the same effect on ionic conductance channels as the natural
transmitter. However, intracellular recording is difficult to perform in the
CNS and extensive experiments comparing the effects of stimulation of the
raphe nucleus and the effects of microiontophoretic administration of 5-HT
have not yet been carried out.

The above biochemical, histochemical and neurophysiological studies
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have set the stage for studying 5-HT neurotransmission from a physiologi-
cal standpoint. If 5-HT is in fact a neurotransmitter, it should be possible
to show that neurons that receive a serotonergic input respond to 5S-HT

in a fashion that mimics stimulation of the natural pathway (i.e. the raphe
system). Furthermore, drugs that might block or mimic the action of 5-HT
on postsynaptic receptors (i.e. receptors on cells that receive a serotonergic
input) should block or mimic in an identical fashion the response to raphe
stimulation and applied 5-HT. All of these approaches simply represent a
continuation of the basic theme of attempting to match 5-HT against the
classical criteria that should be met by any putative transmitter substance.
However, it is obviously much more technically difficult to carry out such
an experimental program in the brain than in the periphery, where specific
neuroeffector junctional tissue can be isolated and directly visualized. Thus
when one is applying 5-HT to a neuron deep in the brain and monitoring
its physiological response, how can it be known that the neuron in ques-
tion does in fact receive a serotonergic input? A further complication is the
possibility that there are neurons which may respond to 5-HT but which do
not naturally receive a serotonergic input. A high proportion of neurons in
many parts of the brain are responsive to the local, microiontophoretic
application of 5-HT (see below). Does this mean that all of these cells
have 5-HT receptors? If ‘receptor’ is defined in the broad sense as mean-
ing the presence of ‘receptivity’ or ‘responsivity’, then 5-HT receptors are
to be found anywhere a response to 5-HT can be made to occur. The nar-
rower definition of ‘5-HT receptor’ would count receptors only at those
sites that normally receive a 5-HT input. The latter definition is closely
linked with the concept of 5-HT as a neurotransmitter substance. Accord-
ing to this view, one would focus attention on the properties of 5-HT
‘receptors’ that occur in association with sites of established serotonergic
transmission.

1.1.2 Techniques

The characteristics of 5-HT receptors in the CNS vary depending on the
technique used to study the receptors. Data from experiments using differ-
ent techniques will be presented so that the reader can compare the
similarities and differences in the characteristics of the 5-HT receptors.
Some attempt will be made to resolve the differences in the data derived
from in vitro and in vivo techniques. Data from studies using two
neurochemical in virro techniques; two neurophysiological microion-
tophoretic techniques and techniques involving the behavioral response of
an animal to nociceptive stimuli, will be reviewed.

One in vitro approach used to study receptors is the technique developed
by Pert and Snyder (1973) in which a radioactive form of a drug is incu-
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bated with brain homogenates and then rapidly filtered. The radioactive
drug is trapped on the filter because it is bound to the receptor. Thus, the
amount of radioactivity trapped in the filter is a function of the amount of
drug attached to the receptor. When the binding of one drug (e.g. LSD) is
measured alone and then in the presence of varying concentrations of
another drug (e.g 5-HT) the decrease in binding of the first drug is an
indication of the relative binding affinities for both drugs. If at low con-
centrations, drug A can reduce the binding of drug B, an assumption is
that both drugs bind to the same site (receptor) on the membrane.

A second in vitro approach uses the activation of a S-HT-sensitive
adenylate cyclase as a measure of the presence of a 5-HT receptor (Bockaert,
1978). The adenylate cyclase has a non-uniform distribution in the
CNS indicating that it may be associated with 5-HT synapses. If cAMP is a
second messenger mediating the ‘machine language’ of neurons (Bloom,
1973) then alterations in adenylate cyclase activity may mediate the synap-
tic actions of 5-HT by altering intracellular levels of cAMP.

One neurophysiological technique that has been used to study receptors
in the CNS is the technique of microiontophoresis. This technique involves
the recording of neuronal activity from one barrel of a multibarrel micro-
pipette during the ejection of drugs from one of the adjacent barrels. In
an operational sense the receptor is the most proximal step or steps of a
sequential reaction; where detailed steps are not known, the receptor is
then defined as the entire sequence (Moran, 1975). Thus if a drug is
ejected microiontophoretically in the brain and there is an alteration in
neuronal firing rate, the assumption is that the drug produces this effect by
acting on a particular receptor. Most of the current data available are
based on extracellular recordings in the brain. Alterations in spontaneous
neuronal firing or blockade of an increase in firing that is evoked by a
stimulus is accepted as evidence that the drug is acting on a receptor.
However, it is possible that drugs produce an inhibition of firing without
acting on specific receptors. Instead, at high concentrations they may dis-
solve in the membrane causing it to swell and block the Na® channels and
thus produce a local anesthetic effect. Local anesthetic effects are assumed
to be present when there is a decrease in action potential size during the
microiontophoretic administration of a drug (Fig. 1.1). When a drug is pres-
ent in the vicinity of the cell in high enough concentration to dissolve in
the membrane and produce a local anesthetic effect, this concentration is
higher than that necessary for the drug to act on specific receptors. Thus
when there is a decrease in action potential size as a consequence of the
iontophoretic administration of a drug, the assumption is that specific
receptors for that drug are not present on the cell.

A second neurophysiological technique that has been used to study 5-HT
receptors is to stimulate an area known to contain 5-HT cell bodies while



