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Abstract:

This review contains background information on the serotonin system, furthermore the suggestion to introduce the term Contempo-
rary Witness Report (CWR) for a novel type of review and, as the main part, an overview over the history of serotonin discovery as
a basis for the identification of its receptor heterogeneity and the increase in complexity by genetic and allosteric variation.
The present article conforms to CWRs in historical and autobiographical elements, in more emphasis on the author’s work than in
conventional reviews and in aspects neglected in previous reviews, but not in the main feature namely the work of a scientist with
comprehensive expertise in a field in which, over long time, he/she continuously performed research and published. A scientist com-
plying with these requirements is a contemporary witness in that field. His report on the scientific achievements in that period,
a CWR, comprises confirmation and putative re-interpretation of data from a superior viewpoint.
Identification of serotonin’s vascular properties (publication year: 1912) as an “adrenaline mimicking substance” (without attempt to
isolate it) by O’Connor preceded the discovery of serotonin in the gastrointestinal tract by Erspamer [1937] and in blood by Rapport
[1948, 1949], who identified its structure as 5-hydroxytryptamine [1949]. Detection as a neurotransmitter in invertebrates suggested
its occurrence in vertebrate CNS as well. This was verified by finding it in dog, rat and rabbit brain [1953]. The Falck-Hillarp tech-
nique [1962] visualized serotonin neurones as fluorescent structures. The neurotoxin 5,7-dihydroxytryptamine [1972] indirectly
proved the involvement of 5-HT in multiple CNS functions.

Key words:

serotonin discovery, serotonin receptors, novel type of review, Contemporary Witness Report, Vittorio Erspamer, Maurice
Rapport, serotonin neurotoxins, 5,7-dihydroxytryptamine

1. General background and discovery

of serotonin as a basis for 5-HT receptor

identification

1.1. General background

1.1.1. “Contemporary Witness Report” – a special
type of review article

The first part of this review contains short background
information on the serotonin (5-hydroxytryptamine,
5-HT; Fig. 1, bottom right) system in general and the
suggestion to introduce the term Contemporary Wit-
ness Report for a novel type of review. It is also stated
that multiple review articles on 5-HT receptors al-
ready exist and that, accordingly, the peculiarities of
the present one had to be described in order to justify
its publication. Reasons underlying the complexity of
the serotonin system, recently outlined elsewhere
[Göthert, 2010], are mentioned only briefly here, but
they are subject of further reports on 5-HT receptor
diversity with relevant subtitles. Those manuscripts
are almost ready for submission. The main second
part of the present paper is an account on the discov-
ery of serotonin and some aspects of its functional
role. Its discovery was a prerequisite for the identifi-
cation of its receptors. Disclosure of some of its func-
tional properties was based not only on evidence for

serotonin’s presence in body fluids and organs as well
as its synthesis at sufficient amounts for functional
experiments, but also on the development of selective
serotonin neurotoxins which enabled indirect conclu-
sions on 5-HT’s physiological role.

The present paper has important properties in com-
mon with a Contemporary Witness Report. This com-
prises historical and autobiographical elements, more
pronounced emphasis on the author’s own work than
in conventional reviews and aspects neglected in pre-
vious reviews. Such reports, including the present
one, also contain anecdotal information which may
provide the article with some interesting personal as-
pects, rendering it less formal but easier to digest.
However, the present article does not conform to the
main feature of a Contemporary Witness Report. This
refers to a review by a scientist with comprehensive
expertise in a scientific field in which he/she continu-
ously performed research and published over long
time. A scientist whose biography is compatible with
those features is a contemporary witness. His/her
report on the scientific achievements in that period,
a Contemporary Witness Report, offers the chance to
reinterpret the results or to confirm the conclusions
from a superior viewpoint. Subsequent articles under
the same principal theme as the present one will meet
all criteria of Contemporary Witness Reports, but the
present paper is at least related to this novel type of
review article.
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An important formal aspect of such a report is the
kind of citation of the scientists’ papers (in the text
chronologically). As an exception from the “Note to
Contributors” to the present journal, this holds also
true for the present account because of its historical
elements. The citation of a scientist’s work should be
highlighted by his/her name together with the year of
publication. These items will be easily found in the
list of references in which the authors’ names are or-
dered alphabetically. Further formal features are a ta-
ble of contents before the text of the paper, the possi-
bility to add subtitles to the main theme if further re-
ports are expected to follow, “schemes” illustrating
the sequence of events underlying, e.g., stimulus-
release coupling and “boxes” composed of a figure or
scheme together with a small table. These criteria are
also met in the present article.

1.1.2. Serotonin signalling, Rapport Lecture, Polish
International Congress Lecture

A typical feature of serotonin signalling is its remark-
able complexity. This is mainly due to the high diver-
sity of the serotonin receptors, which has largely been
established in the course of the last four decades. Dur-
ing that time period the serotonin system has been my
main field of research. My scientific work began at
the Institute of Pharmacology of the University of
Hamburg in 1967 and, since 1971, it was devoted
mainly to 5-HT receptors. Their identification, char-
acterization, classification and nomenclature as well
as the elucidation of their functional role occurred al-
most exclusively during those 40 years.

A long incubation time elapsed between the discov-
ery of the basic features of the serotonin system and
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Fig. 1. Schematic representation of two synapses and several pre- and postsynaptic as well as somadendritic receptors within the framework of
three types of neurones in the CNS: a 5-HT neurone (bottom right: serotonin structure), a non-5-HT (e.g., acetylcholine, GABA) neurone and two
postsynaptic neurones. The unmyelinated axon terminals of the 5-HT and non-5-HT neurones are in synaptic contact with the cell bodies of the
postsynaptic neurones, symbolized for the sake of clarity by simple rectangles. The unmyelinated axon terminal of the 5-HT neurone is endowed
with inhibitory presynaptic 5-HT autoreceptors and non-5-HT heteroreceptors, and the non-5-HT axon terminal with stimulatory/facilitatory 5-HT
heteroreceptors. The axon terminals interact with each other via their receptors. This may involve axo-axonal synapses or, at least equally
important, non-synaptic interaction [Beaudet and Descarries, 1978; Törk, 1990; not discriminated between these features in this scheme]. In the
latter case, 5-HT released from a 5-HTergic axon terminal can modify release of non-5-HT neurotransmitters from various non-5-HT axon terminals
(as targets within relatively vast neuronal territories) by acting at their presynaptic 5-HT heteroreceptors. As a rule, presynaptic receptors
modulate release induced by invading action potentials, but presynaptic 5-HT3 receptors may also directly (i.e., independently of action
potentials) stimulate release. The receptors are depicted as black structures on the surfaces of the postsynaptic neurones and of the axon
terminals of the 5-HT and non-5-HT neurones as well as, in the case of the somadendritic 5-HT autoreceptor, of 5-HT’s somadendritic area



general appreciation of its significance [Rapport,
1997]. This is surprising when considering the multi-
ple central and peripheral functions in which sero-
tonin is involved not only as a neurotransmitter but
also as a paracrine tissue hormone and a blood-borne
substance. The present paper and further reports (al-
most ready for submission) under the same principle
theme were written by an author who is grateful for
the privilege to have been an immediate witness (and
a contributor to certain aspects) of the stepwise dis-
closure of 5-HT receptor complexity.

The present and subsequent articles are based on
two recent plenary lectures dealing with the complex-
ity of 5-HT receptors, as recently outlined [Göthert,
2010]. I gave one of those lectures named after
Maurice Rapport, the discoverer of serotonin, at the
Ninth Meeting of the Serotonin Club (recently re-
named International Society for Serotonin Research)
at Montreal, Canada, July 9–11, 2010. This was the
last of the lectures which this outstanding scientist at-
tended. Recently the serotonin community received
the sad news that Maurice Rapport died on August 18,
2011 at the age of 91. A scientist is eligible as
a Maurice Rapport Lecturer at a meeting of the Sero-
tonin Club if he has continuously contributed to sero-
tonin research over a long period. In the lecture (and
in corresponding articles), these contributions are ex-
pected to be placed and interpreted in a historical con-
text within our serotonin science and with neighbour-
ing disciplines. Obviously, these criteria served as
a guide for the formulation of the properties of a Con-
temporary Witness Report. The XVIIth International
Congress of the Polish Pharmacological Society at
Krynica Zdrój, Poland, September 16–18, 2010 was
the event at which I gave the second lecture [Göthert,
2010]. In this context it should be noted that the
Polish and German pharmacological societies agreed
already in 1973 to have a close cooperation. Back-
ground information on this relationship, in which
many institutions in Poland and Germany were con-
tinuously involved, are given elsewhere [Wolfarth et
al., 1994; Malinowska et al., 2003].

1.1.3. 5-HT receptors, available review articles,
peculiarity of this one

The first step towards the main 5-HT receptor classifi-
cation was made in 1957 [Gaddum and Picarelli,
1957], i.e., eight years after the discovery of serotonin
[Rapport, 1949] and fourteen years before my period

of involvement in serotonin research. In 1979, i.e.,
twenty two years after the first step and eight years
after my start, Peroutka and Snyder [1979] provided
evidence for further increase in diversity. Their work
was based on the identification by Fillion et al.,
[1978] of a high- and a low-affinity 5-HT binding site
in the bovine brain with each of two labelled ligands,
[3H]-5-hydroxytryptamine and [3H]-lysergic acid di-
ethylamide. Unequivocal evidence for the presence of
two distinct binding sites, named 5-HT1 and 5-HT2, in
the rat brain cortex was derived from their selective
recognition by [3H]-5-hydroxytryptamine and [3H]-
spiroperidol, respectively, corresponding to two dif-
ferent 5-HT receptors [Peroutka and Snyder, 1979].
Thus, the application of a new method, i.e., the radio-
ligand binding technique, was – as in many following
steps – responsible for progress in disclosure of 5-HT
receptor heterogeneity. In particular, this refers to the
role of molecular biological techniques. Application
of the broad spectrum of methods, which is nowadays
available, played an important role as a pacemaker of
progress in that research.

Finally, fourteen distinct 5-HT receptors were dis-
closed and grouped in seven main families named
5-HT1 to 5-HT7. Thirteen of these receptors are cou-
pled to G proteins, only one, the 5-HT3 receptor (first
denoted as M receptor [Gaddum and Picarelli, 1957])
being a ligand-gated ion channel. The history of
M/5-HT3 receptors is unique in two aspects. On the
one hand, there was a development of antagonists of
those receptors [Fozard, 1989] as very important an-
tiemetics [Miner and Sanger, 1986], the first one, on-
dansetron, being introduced into the clinic in 1991
[Rojas and Slusher, 2012]. On the other hand, that re-
ceptor shared with other ligand-gated ion channels the
property of being a significant site of action of ethanol
[Göthert and Thielecke, 1976; Starke, 1991] and gen-
eral anaesthetics [Göthert, 1974; Göthert et al., 1979].

The elaboration of the current 5-HT receptor classi-
fication scheme was the backbone of the historical de-
velopment of knowledge about 5-HT receptor com-
plexity. The scheme is based on the genetic, struc-
tural, transductional, operational and pharmacological
properties of the receptors – properties underlying the
most important category of 5-HT receptors. Basically,
this was already established about twenty years ago
[Hoyer et al., 1994]. Further 5-HT receptor categories
refer to their location relative to the synaptic cleft be-
tween the axon terminal and the respective innervated
postsynaptic cell body as pre- and postsynaptic 5-HT
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receptors and, according to their location on sero-
toninergic or non-serotoninergic axon terminals, as
presynaptic 5-HT auto- or heteroreceptors (Fig. 1).
The diversity of 5-HT receptors was in more recent
years further increased by, e.g., genetic and allosteric
variation.

Multiple published review articles listed as fol-
lows, are dealing with physiological, biochemical, be-
havioral, pharmacological and molecular properties of
5-HT receptors. Some of these accounts cover all
seven main families (5-HT1–5-HT7) of 5-HT recep-
tors [Hoyer et al., 1994; Barnes and Sharp, 1999;
Hoyer et al., 2002; Bockaert et al., 2006; Hannon and
Hoyer, 2008; Nichols and Nichols, 2008; Filip and
Bader, 2009; Pithadia and Jain, 2009], others are re-
stricted to the classical first three or four main classes
[Göthert 1992; Zifa and Fillion, 1992] or to just one
of them [Bockaert et al., 2008; Fone, 2008; Barnes et
al., 2009; Walstab et al., 2010; Weso³owska, 2010].
Certain aspects of presynaptic 5-HT receptors and
their function have also been reviewed [Göthert,
1982; Timmermans and Thoolen, 1987; Starke et al.,
1989; Göthert, 1990; Fuder and Muscholl, 1995; Pi-
neiro and Blier, 1999; Fink and Göthert, 2007], as
were 5-HT receptors in a single organ system (hippo-
campus: [Vizi and Kiss, 1998]; gastrointestinal tract:
[Gershon and Tack, 2007]. In addition, a handbook on
serotonin in the CNS and central serotonin receptors
[Baumgarten and Göthert, 1997] as well as books
containing selected aspects of this ample field [Fo-
zard, 1989], some of them as proceedings of influen-
tial symposia, have become available [e.g., Jacoby
and Lytle, 1978; Whitaker-Azmitia and Peroutka,
1990; Martin et al., 1998].

All of these articles less emphasized the historical
aspects of the development of 5-HT receptor com-
plexity which, however, is an important component of
this article. Discovery of serotonin was the prerequi-
site for identification of its receptors and, therefore,
had to be described first.

1.2. Discovery of serotonin

1.2.1. Discovery of serotonin in the periphery

Early hints at the function of an unknown vasocon-
strictive substance were brought up in two historical
reports. In one of them, Green [2008] pointed at
a relevant article published by Ludwig (an influential

physiologist at the University of Leipzig, Germany)
and his co-worker Schmidt as early as 1868. These
authors found that perfusion of dog muscle with defi-
brinogenated blood coincided with increased vascular
tone [Ludwig and Schmidt, 1868]. However this find-
ing was touched upon only incidentally and briefly as
a subordinate aspect of an investigation of another
subject. The possibility was not excluded by experi-
mental data that vasoconstrictors different from sero-
tonin such as adrenaline or angiotensin might have
been involved.

The other report on early work which suggested the
occurrence of serotonin is a comprehensive review by
Starke on the history of, and important papers in,
Naunyn-Schmiedeberg’s Archives of Pharmacology,
the oldest still existing pharmacological journal
[Starke, 1998]. In that paper he reported on a carefully
designed investigation by O’Connor published in
1912 [O’Connor, 1912]. His work, in turn, was based
on the observation by Trendelenburg that adrenaline
and serum (the cell-free fluid from clotted blood) ex-
erted vasoconstrictor activity, prompting him to hy-
pothesize the activity in serum to be due to its adrena-
line content [Trendelenburg, 1910]. However, the in-
testine, which was also contracted by serum, was
relaxed by adrenaline [O’Connor, 1912], suggesting
that in serum a substance or substances different from
adrenaline was/were responsible for the vasoconstric-
tion. Furthermore, blood plasma (cell-free fluid from
blood prevented from clotting by citrate or hirudin)
markedly differed from serum in that it did not share
serum’s vasoconstrictor and intestine-contracting ef-
fects, leading to the conclusion that the “adrenaline-

mimicking substances”, in O’Connor’s own words,

“enter the serum during clotting”, probably as a result
of platelet aggregation. He had obviously discovered
serotonin by careful interpretation of results obtained
in well designed experiments, but he did not try to
isolate it. Of particular importance was his conclusion
concerning the key observation that a substance
emerging from platelets acts as an “adrenaline-mi-
micking vasoconstrictor” only in blood serum but not
plasma. These opinions and conclusions were shared
by Erspamer in his review of 1954 [Erspamer, 1954].

Serotonin started to become a major scientific topic
in the 3rd and 4th decade of the 20th century. Two teams
working independently of each other on different bio-
logical systems pioneered serotonin research [out-
lined by Rapport, 1997; Whitaker-Azmitia, 1999;
Green, 2006, 2008]. The major topic of the group of
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Vittorio Erspamer, an Italian pharmacologist and
physiologist, was the gastrointestinal tract, whereas
the work of the group of Irvine H. Page, a US physi-
ologist, was devoted to the physiology, pathophysiol-
ogy and pharmacology of the cardiovascular system.

The key articles of that early research and of more
recent work underlying the discovery of serotonin,
supplemented by reports providing evidence for its
important role in the CNS, are in the focus of Table 1.
Accordingly, the latter provides a rapid synopsis of
these facts. This table enables a chronological orienta-
tion about the short time which elapsed between
serotonin discovery and the first discrimination of two
different 5-HT receptors. Furthermore the synopsis
represents a clear basis for the disclosure of the
complexity of 5-HT receptors (in papers that are
almost ready for submission). The key publications
on the discovery and function of serotonin are de-
scribed in the text in more detail and are embedded in
some biographical and other relevant data from the
literature, as honorary framework for the outstanding
scientist who generated the respective progress.

Vittorio Erspamer (1909–1999) started to work sci-
entifically already as a student, i.e., in the early thir-
ties of the 20th century. He was a pupil and co-worker
of Professor Maffu Vialli at the Institute of Compara-
tive Anatomy of the University of Pavia [Renda,
2000]. In 1933, they published a paper in which they
demonstrated that enterochromaffin cells are present
in the gastrointestinal tract of a variety of vertebrate
species [Vialli and Erspamer, 1933]. Since granules of
these cells behaved similarly in all histochemical re-
actions and in all of these species, they assumed that
they all contain the same type of unknown substance
[Vialli and Erspamer, 1933; Mutt, 1981]. In 1935,
Erspamer graduated in medicine at the University of
Pavia. Subsequently, he worked as an assistant profes-
sor at that university.

In 1937 (Tab. 1), he published together with Vialli
on the isolation of the so far unknown substance pres-
ent in an extract from the rabbit gastric mucosa, in
particular its enterochromaffin cells [Erspamer and
Vialli, 1937]. The substance induced contraction of
smooth muscle of the rat and mouse gut and of the rat
uterus. He named the substance enteramine after its
source in the gastrointestinal (Gl) tract and its amine
character with respect to its chemical structure [re-
ported by Renda, 2000]. In 1952, i.e., fifteen years
later and three years after identification of the
chemical structure of serotonin from blood as 5-hy-

droxytryptamine [Rapport, 1949], analysis of enter-
amine’s structure also revealed 5-hydroxytryptamine
[Erspamer and Asero, 1952], thus proving identity
of serotonin and enteramine. However, the name sero-
tonin is left as the only alternative of 5-hydroxytrypt-
amine, even when used in the context of the gastroin-
testinal tract [see, e.g., Gershon and Tack, 2007].

As can be witnessed by the Italian “L’Accademia
Nazionale delle Scienze detta dei XL”, Erspamer
spent some time of the year 1938 in the Institutes of
Pharmacology of the Universities of Berlin and Bonn
where he met Wolfgang Heubner and Werner Schule-
mann, respectively, who were highly esteemed phar-
macologists in those days. Erspamer sought to im-
prove his methods to prepare biological materials for
extraction of natural substances and determination of
their pharmacological actions. In fact, his research in-
terest was focussed on the isolation and functional
characterization of biologically active substances,
mainly biogenic amines and peptides, in extracts from
tissues and cells of various species of animals such as
molluscs and amphibia [Mutt, 1981; Renda, 2000;
Negri, 2006] leading to the discovery of multiple
natural substances.

Among those discoveries enteramine/serotonin cer-
tainly was his most important scientific achievement.
He investigated the properties of enteramine exten-
sively and, accordingly, an abundance of data was ac-
cumulated. He published those results in a series of
original papers in Naunyn-Schmiedebergs Archiv für
experimentelle Pathologie und Pharmakologie. The
language of those contributions was German and the
scope of the topics dealt with in the papers can be de-
rived from the scientific problems discussed in four
(I–IV) of the original papers [Erspamer, 1940a, b, c;
1942]. Each of those reports is labelled with a general
title (translated) “Pharmacological studies on en-
teramine”, followed by a subordinate, more detailed
title. Important aspects were addressed, such as (in I)
the putative occurrence of enteramine in smooth mus-
cle layers of the gastrointestinal tract, in addition to
the mucosa, (in II) the properties of vasoconstrictive
tissue products other than those of enteramine; (in III)
the properties of an “enteramine-resembling sub-
stance” extracted from the spleen and (in IV) the inac-
tivation of enteramine by animal tissues.

Erspamer worked as professor of pharmacology at
four universities, namely Pavia, Bari, Parma and
Rome. In 1984, at the age of 75, he retired from ad-
ministration and teaching duties associated with the
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Tab. 1. Author(s), publication year(s) and their article(s) which paved the road to the discovery of serotonin or, when relevant, evidence for its
involvement in multiple functions. In italics, the names of three outstanding scientists and the years of onset of their engagement and role in
a project of Irvine H Page. Serotonin was considered to be only an intermediate result and an obstacle on the way to the discovery of a hypothe-
sized hypertension-inducing substance. The final step of serotonin's discovery, the identification of its chemical structure, is highlighted in
bold. For a rapid orientation about the time which elapsed between serotonin's discovery and the first report on the discrimination between two
5-HT receptors, that report was included in the table and also accentuated in bold

Author(s)

Scientist

Year(s) of

publication(s)

Year or onset

Contents of publication(s)

Role in cooperation

O’Connor 1912 Vasoconstriction in response to adrenaline mimicked by blood serum (cell free fluid from clotted blood), but not blood plasma

(cell free fluid from blood prevented from clotting); however, contraction of intestine by serum, but relaxation by adrenaline,

excluding the identity of the serum vasoconstrictor with adrenaline. Conclusion: a vasoconstrictive substance emerging from

platelet breakdown present in serum, in other words, description of serotonin properties, but no attempt to isolate and identify it.

Erspamer

and Vialli

1937 Discovery of a smooth muscle-contracting substance named enteramine in an extract of rabbit gastric mucosa containing

enterochromaffin cells.

Erspamer 1940a, b, c; 1942 Detailed pharmacological characterization of enteramine.

Page 1945 Physiologist, appointed Research Director at Cleveland Clinic. Onset of activity (including recruitment of co-workers) in a project, finally

aiming at the identification of a hypothesized vasoconstrictive substance in blood serum, involved in the pathogenesis of essential

hypertension. An obstacle to the identification of this substance: emergence of another vasoconstrictive substance (see O'Connor) to be

identified and characterized first. References: Gifford [1987], Rapport [1997], Green (A. Richard) [2008].

Green

(Arda A.)

1945 Onset of employment in Page’s group as a protein biochemist. Important methodical contribution: the perfused isolated rabbit ear.

References: Calowick [1958] Rapport [1997], Whitaker-Azmitia [1999]

Rapport 1946 Onset of employment in Page’s group as an organic chemist who, due to his expertise, played a key role in serotonin discovery.

References: Rapport [1997], Whitaker-Azmitia [1999]

Rapport et al. 1948a Description of partial purification of the “interfering vasoconstrictive substance” isolated from blood serum.

Rapport et al. 1948b Crystallization of few milligrams of "interfering vasoconstrictive substance" from, in total, more than 900 litres of blood serum and

introduction of its name serotonin.

Rapport 1949 Elucidation of serotonin structure: 5-hydroxytryptamine (Fig. 1) as creatinine sulfate complex)

Erspamer

and Asero

1952 Identification of enteramine structure: 5-hydroxytryptamine as well. Accordingly, enteramine = serotonin

Welsh 1953 Evidence for the function of serotonin as excitatory (acetylcholine as inhibitory) neurotransmitter at the visceral ganglion of the mollusc

Mercenaria mercenaria ("hard-shell-clam"), suggesting it to be a neurotransmitter in the vertebrate brain as well.

Twarog

and Page

1953 In support of its hypothesised transmitter function in the vertebrate brain, substantial amounts of serotonin found in the brain of

dog, rat and rabbit.

Twarog 1954 Relaxation by serotonin of byssus retractor muscle of Mytilus edulis ("mussel"), involved (as a functional antagonist of

acetylcholine contracting that muscle) in keeping the shell fixed to the ground. Also in this case: anticipation of the

neurotransmitter property in vertebrates; the term anticipation correct in view of the long publication delay (submission of this

manuscript in 1952); potentially, the fate of a paper "on an unknown neurotransmitter by an unknown author" (see text).

Gaddum and

Picarelli

1957 First step towards the remarkable diversity of 5-HT receptors: two types of receptors mediating 5-HT-induced

contraction of the guinea-pig ileum, named "D" and "M" after the first letters of the antagonists dibenzyline

(=phenoxybenzamine) and morphine blocking the respective responses to 5-HT.

Falck et al. 1962 “Falck-Hillarp technique”: as a result of exposure of histological brain preparations to gaseous formaldehyde, visualization of

monoamine- containing structures as intense yellow-green fluorescence.

Dahlström

and Fuxe

1964 Identification of 5-HT cell bodies in 9 groups, B1 – B9, in the pons and midbrain, from where they project with their axons to the

forebrain, medulla and spinal cord.

Baumgarten et

al. (5,6-DHT);

Baumgarten and

Lachenmayer

(5,7-DHT)

1971, 1972c

1972

Selective degeneration of 5-HT axons and axon terminals upon icv or intracerebral injection of 5,6-DHT or 5,7-DHT. 5,7-DHT less

toxic and more stable in aqueous solution than 5,6-DHT

Björklund et al.

(5,7-DHT)

1975 Increase in selectivity of 5,7-DHT for 5-HT neurones increased by pretreatment with desipramine.

Fuller, et al.

Fuller

1975
1978a, b

Further 5-HT neurotoxins: high doses of certain amphetamine derivatives (prototype: p-chloroamphetamine). Advantage: these

neurotoxins can be administered systemically (see also review: Fuller, 1992).

Jacoby and

Lytle

1978 Book entitled “Serotonin Neurotoxins” based on a symposium of the New York Academy of Sciences. As a result of only five years

of research after introduction of these tools, evidence for multiple effects.



position of Full Professor and Chairman of the insti-
tute but he continued to work in research.

Irvine H Page (1901–1991) also graduated as MD,
in his case at Cornell University, New York, N.Y.
(USA), in 1926 [Gifford, 1987; Frohlich et al., 1991].
After graduation, he worked at the “Kaiser-Wilhelm-
Institut für Psychiatrie” in München (Germany) as
a brain chemist (1928–1931), subsequently at the
Rockefeller Institute for Medical Research, New
York, N.Y. (USA) and then as director of the Labora-
tory for Clinical Research, a branch of the Eli Lilly
Company at Indianapolis, IN (USA), his birth town.
In 1945 (Tab. 1), he was appointed Research Director
at the Cleveland Clinic (Cleveland, OH, USA) where
he established a research group that aimed at elucidat-
ing the mechanism and pathogenesis underlying es-
sential hypertension. In particular, he hypothesized
that this disorder might be due to the formation of
a blood-borne vasoconstrictive substance. Such
a molecule could be responsible for the increase in pe-
ripheral resistance leading to this disorder. An obsta-
cle to the identification of such a hypothesized com-
pound was the immediate emergence of another inter-
fering vasoconstrictor associated with blood-clotting.

Page’s group was completed in 1945 and 1946
(Tab. 1) by two researchers, the biochemist Arda A.
Green (1899–1958) and the organic chemist Maurice
M. Rapport (1919–2011), respectively, both US citi-
zens. Green graduated at Johns Hopkins University
(Baltimore, MD, USA). Her research was devoted
mainly to enzymes and other proteins [Colowick,
1958]. She contributed an important technique to the
serotonin project, i.e., the perfused isolated rabbit ear
that responded to the extracts prepared by Rapport
(see below) with a vasoconstriction [see review by
Rapport, 1997]. As already stated above, Page’s
search for the endogenous vasoconstrictive substance
involved in the pathogenesis of hypertension was dis-
turbed by the emergence of the additional vasocon-
strictive substance upon platelet breakdown. Accord-
ingly, Page decided that this substance had to be iden-
tified and removed from the blood preparations before
any progress could be made on the hypertension-
producing factor.

Rapport himself, who had completed the require-
ments for his PhD in organic chemistry at Caltech
(Pasadena, CA, USA) in 1945, wrote a thrilling report
on his inventive role in the discovery of serotonin
[Rapport, 1997]. That report and the article by
Whitaker-Azmitia [1999], in addition to my efforts

for further information, were the basis for the present
brief outline of that story. According to Rapport’s pa-
per, the discovery of a novel substance consists of
three phases: detection, isolation (including charac-
terization as a pure substance) and identification of
the chemical structure, the latter being a prerequisite
for the synthesis of the substance [Rapport, 1997].
Isolation was dependent on the availability of suffi-
cient amounts of the original material, in this case bo-
vine blood serum. Rapport developed a five-step iso-
lation procedure consisting of ethanol precipitation of
proteins, acetone precipitation of salts, chloroform ex-
traction of inactive substances, butanol extraction of
the active substance, and finally, dilituric acid precipi-
tation. This procedure led to the isolation of the inter-
fering vasoconstrictive substance at minimal amount.
The description of partial purification of the vasocon-
strictive compound was subject of the first of the key
publications on serotonin discovery [Rapport et al.,
1948 a; see Tab. 1].

Two further steps (Tab. 1) – acetone precipitation
for the removal of other solutes and methanol extrac-
tion – were necessary to obtain thin rhomboid, pale
yellow crystals. More than 900 litres of serum were
involved in the outcome of few milligrams of the
crystals. At this stage of the discovery, the name “se-
rotonin” was introduced for the crystallized sub-
stance. The latter was subject of a further publication
[Rapport et al., 1948b]. In 1948, i.e., the year of those
publications, he left Cleveland and took over a posi-
tion at Columbia University (New York, NY, USA),
where he, however, was expected to give up his sero-
tonin project. In 1949, when the university no longer
opposed against it, he finally succeeded to be the first
in identifying serotonin as 5-hydroxytryptamine (in
complex with creatinine sulfate; [Rapport, 1949], Tab.
1). Based on that publication of the structural formula
of serotonin (highlighted in Fig. 1), it could be synthe-
sized and produced in cooperation with him by two
US pharmaceutical companies, Upjohn and Abbott.

Rapport himself did not benefit of these achieve-
ments. In a letter to me he wrote:

“There is a unique aspect to the serotonin story

that stems from the long incubation period preceding

appreciation of its importance. This long period led

me to pursue my scientific career in fields remote from

serotonin and resulted in limiting my role to passive

observer rather than active contributor”.

778 Pharmacological Reports, 2013, 65, 771�786



His main field of research switched to sphingolip-
ids where, again, he was very successful. It was
a great privilege and honour for me to be offered the
occasion to give a lecture named after this ingenious
scientists and grand, kind personality.

The availability of synthetic serotonin for studies
by researchers in multiple disciplines led, after the
late appreciation of its significance, to a huge amount
of scientific data. They were the basis for the identifi-
cation of the role played by serotonin in many com-
plex physiological and pathophysiological processes.

1.2.2. Serotonin in molluscs: hint at transmitter
function in the vertebrate CNS

So far, the description of the discovery of serotonin
had been restricted to peripheral tissues and organ
systems such as the gastrointestinal tract, the cardio-
vascular system and blood. However, soon afterwards
when synthetic serotonin was available, it was also
identified in the mammalian brain. The two US physi-
ologists, John H. Welsh and Betty M. Twarog, the lat-
ter also in cooperation with Irvine H. Page, contrib-
uted to that task. Welsh worked at Harvard University
(Boston, MA, USA) from 1928 until his retirement in
1970. Twarog was his student there. Later she worked
at various places, among them she joined the group of
Page at the Cleveland Clinic (see below). The possi-
bility that serotonin might occur in the mammalian
brain gained some probability beyond pure specula-
tion if 5-HT could be proved to occur in a less com-
plex system such as an invertebrate and to exhibit
properties of a neurotransmitter there. Both Welsh
[1953] and Twarog [1954] provided such data from
investigations in Venus mercenaria (new nomencla-
ture: Mercenaria mercenaria; other names “hard-shell-
clam”, “quahog”) and from Mytilus edulis (“mussel”),
respectively (Tab. 1).

Mercenaria contains a visceral ganglion which
supplies the heart with regulatory nerves releasing
acetylcholine. This, in turn, leads to a decrease in fre-
quency and amplitude of contraction [Welsh, 1953].
“Acetylcholine antagonists”, by blocking the effects
of endogenous acetylcholine, increased the frequency
and amplitude of contraction of the heart [Welsh and
Taub, 1953]. In the isolated Mercenaria heart, sero-
tonin was highly potent in also increasing frequency
and amplitude [Welsh, 1953]; this conforms to the
positive chronotropic and inotropic effects of sero-
tonin (“enteramine”) in the hearts of other molluscs
[Erspamer and Ghiretti, 1951]. Such a cardiostimulant

effect of serotonin was mimicked by an extract of
a Mercenaria heart. In Mercenaria hearts in which an
“acetylcholine antagonist” was applied, electrical
stimulation of the visceral nerves no longer decreased
but increased cardiac frequency and amplitude. Alto-
gether these findings strongly suggest that serotonin is
a neurotransmitter in the Mercenaria heart [Welsh,
1953; see also Folk and Mora, 2003].

Similarly, it could be concluded from the results of
the experiments on Mytilus edulis (which will not be
reported in such detail as those of Mercenaria) that
serotonin is also involved as a transmitter in the regu-
lation of the contractile state of the byssus retractor
muscle. The latter fixes the mussel to the ground and
orients it relative to the waves. Typical features of the
byssus mussel were that it responded to acetylcholine
with a prolonged tonic contraction and to nanomolar
serotonin with a prompt relaxation of tonically ace-
tycholine-contracted muscle. Details of the careful
pharmacological analysis which led Twarog to con-
sider serotonin as the as yet unidentified, in that spe-
cies relaxant, neurotransmitter are given in the respec-
tive paper by Twarog [1954] and in the account by
Whitaker-Azmitia [1999]. In the latter report, it is also
mentioned that the former manuscript was already
submitted in 1952, but that the Journal of Cellular and
Comparative Physiology “had not bothered to review

a paper on an unknown neurotransmitter by an un-

known author”.
Both Welsh and Twarog were convinced that an in-

vertebrate neurotransmitter (as they had found in two
invertebrate species) should also be a neurotransmit-
ter in vertebrates. However, Page, in contrast to Twa-
rog who was his co-worker at the Cleveland Clinic at
that time (1952–1954), was sceptical in this respect.
Nevertheless, he supported Twarog when she asked
him for help. In fact, in agreement with her expecta-
tion, she found serotonin in the dog, rat and rabbit
brain (Tab. 1), using the isolated heart of Mercenaria

mercenaria as a sensitive and selective bioassay
[Twarog and Page, 1953].

1.2.3. Mapping studies of the CNS serotonin system

The next steps already bring us close to the present
time in that the bioassay in tissue extracts was replaced
by modern fluorescence technique. A crucial prerequi-
site was the development of a spectrophotofluorometer
[Bowman et al., 1955] which made it possible to ana-
lyze catecholamine and indole systems in the organ-
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ism. As emphasised by Arvid Carlsson in his fascinat-
ing Nobel Lecture of 8th December, 1999 [Carlsson,
2001], an important progress in monoamine science in
general and serotonin research in particular was the
observation that treatment with reserpine induced
a loss of serotonin in all tissues [Pletscher et al.,
1955]. For mapping studies of those monoamine sys-
tems, brain or other tissue sections are treated with
gaseous formaldehyde resulting in a condensation
reaction which, subsequent to dehydration of the
preparations, converts catecholamines and indola-
mines to intensively fluorescent isoquinolines and b-
carbolines, respectively. In 1962 (Tab. 1), that method,
named after the two principal Swedish authors, Bengt
Falck (University of Lund, Sweden) and Nils Ake Hil-
larp (Karolinska Institute, Stockholm, Sweden), was
published [Falck et al., 1962]. That paper which deals
with the reaction between catecholamines and formal-
dehyde was identified as a citation classic by the Insti-
tute of Scientific Information (cited in more than 2435
publications until 1962). Falck was invited to comment
on the development of the method in “Current Con-
tents” and he wrote:

“...Our greatest dream was to prove the transmitter

function of monoamines in visualizing them in nerve

cells... it was a fantastic day when we saw the first

neurons emitting a brilliant fluorescence due to their

content of norepinephrine. We began to dream about

all the fields that should – and did – open up in neuro-

biology...”

Analogously, the reaction between formaldehyde and
the indolamine serotonin finally led to the same phe-
nomenon, i.e. intensive fluorescence, as described above
in the citation classic for the catecholamines [for com-
parison and review, see Corrodi and Jonsson, 1967].

Based on results obtained with the Falck-Hillarp
technique, it became possible to establish which neu-
ronal cell bodies, pathways and circuits carry and re-
lease serotonin. Accordingly, only two years after
publication of that method, the first extensive map-
ping study of the CNS serotonin system was pub-
lished by two Swedish neurobiologists, Annika Dahl-
ström and Kjell Fuxe (Tab. 1), both working at the
Karolinska Institute (Stockholm, Sweden) in those
days [Dahlström and Fuxe, 1964a]. In that important
paper, the serotoninergic cell bodies were found to a
major extent in the raphe areas of the pons and mid-
brain where they occur mainly in 9 groups designated
B1 – B9. The cell bodies in the more rostrally located

groups project with their axons to the forebrain, the
axons of those in the more caudal group descend to
the medulla and spinal cord, and intermediate cells
provide both ascending and descending serotoniner-
gic fibres [for more details see also Baumgarten and
Grozdanovic, 1997]. The comprehensive study by
Dahlström and Fuxe [1964a] was supplemented by
some more specialized investigations yielding inter-
esting novel findings as well [e.g., Anden et al., 1965;
Dahlström and Fuxe 1964b].

1.2.4. Evidence by serotonin neurotoxins for
a CNS role of serotonin

From a letter of Maurice Rapport to me, I had already
quoted above that there has been an unusually long in-
cubation period preceding serotonin’s appreciation of
its importance. The main reason was that many at-
tempts to prove a physiological role of serotonin were
in vain. This also held true for a suggestion to use spe-
cific inhibitors of L-tryptophan hydroxylase for an in-
direct approach to the problem. However, in his review,
Rapport [1997] reported that even when such a sub-
stance was available in p-chlorophenylalanine [Koe
and Weissman, 1966], there was no sufficient loss of
function to allow a reliable conclusion with respect to
deprivation of the corresponding physiological role in
control animals. Although that compound at the dose
used completely suppressed biosynthesis of serotonin
the pharmacological responses were minimal.

Another approach using neurotoxins was more
successful. The development of substances that selec-
tively impair serotoninergic nerve fibres in the brain
was based on the experience with analogous neu-
rotoxins inducing an axonal degradation of catechola-
minergic neurones. 2,4,5-Trihydroxyphenylethylamine
(6-hydroxydopamine = 6-OH-DA) was such a com-
pound which, when injected at appropriate dose, led
to an axonal and terminal degeneration of catechola-
minergic neurones [Thoenen and Tranzer, 1968]. The
mechanism underlying the neurotoxic effect of 6-
hydroxydopamine was postulated to be at least partly
related to its physicochemical properties in that the
neurotoxin represents a redox system with a tendency
to undergo auto-oxydation. Based on this, Hans Georg
Baumgarten (Box 1) hypothesized that dihydroxy-
tryptamines, which are structurally isomeric to trihy-
droxyphenylethylamines and which share with the
latter the property to be redox systems, should be suit-
able for neurotoxic axotomy of serotoninergic neu-
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rones. Thus (Tab. 1), at the beginning of the seventies
of the twentieth century, 5,6-dihydroxytryptamine
(5,6-DHT) and 5,7-dihydroxytryptamine (5,7-DHT;
Box 1) became candidates for introduction as sero-
tonin neurotoxins in neuroscientific investigations.

It was early in 1971 when I – as a young postdoc at
the Institute of Pharmacology of the University of
Hamburg (Germany) – met Hans Georg Baumgarten
for the first time; he then worked as an experienced
neuroscientist at the Institute of Functional Anatomy
of that University. For Baumgarten it was a major
drawback when he began his research on neurotoxins
that no method for the determination of monoamines
in tissue was available in Hamburg. Therefore, he had
to travel with his samples to Lund (Sweden) where
the measurements were carried out. In 1971, he con-
tacted me because he had learned from somebody that
I had established the method of Bertler et al. [1958]
for determination of catecholamines and I was about
to extend the spectrum of my methodology to sero-
tonin. However, my group was very small and my ca-
pacity to help him was quite limited. In addition, my
interest was devoted more to the availability of Baum-
garten’s many hydroxylated tryptamines for the char-
acterization of 5-HT receptors than of just two of
them as neurotoxins. In fact, we used the various
mono- and dihydroxylated tryptamines to characterize
the receptor involved in the acute response of the rab-
bit heart to the compounds [Göthert and Dührsen,
1979] and the receptor involved in the pressor effect
of the substances in pithed rats [Baumgarten et al.,
1972b; Göthert et al., 1973].

Baumgarten received the substances from H.G.
Schlossberger (a chemist at the Max-Planck-Institute for
Biochemistry, Munich, Germany) who synthesized them
[Schlossberger and Kuch, 1960; Schlossberger 1978].
Accordingly, Schlossberger was an essential partner of
Baumgarten for the whole neurotoxin project.

Both 5,6-DHT [Baumgarten et al., 1972c] and 5,7-
DHT [Baumgarten and Lachenmayer, 1972] induced
terminal and axonal degeneration of serotoninergic
neurones when injected in rats intracerebroventricu-
larly (icv) or intracerebrally. It has been shown for
5,6-DHT in rats that its selectivity for serotoninergic
nerves is limited since a high dose (60 or 100 mg/kg
ip) shares with 6-OH-DA the property to induce
chemical sympathectomy although it is clearly infe-
rior to 6-OH-DA in this respect [Baumgarten et al.,
1972a]. The morphological results shown in Baum-
garten et al. [1972c] are supplemented by monoamine

determinations published separately [Baumgarten et
al., 1971]. 5,7-DHT is superior to 5,6-DHT in the sta-
bility of the molecule in solution; furthermore, it ex-
hibits a comparatively lower general toxicity and
a lower tendency to auto-oxydation. Therefore, 5,7-
DHT became the serotonin neurotoxin of choice. The
selectivity of 5,7-DHT in producing a degeneration of
serotoninergic nerve terminals can be improved by
treatment of the animals with a selective noradrena-
line uptake inhibitor such as desipramine, which pre-
vents 5,7-DHT from being accumulated in noradren-
ergic axon terminals by the noradrenaline transporter
[Björklund et al., 1975].

There is a further group of compounds, namely am-
phetamine derivatives, which at high doses can act as
serotonin neurotoxins (Tab. 1). The prototype of these
substances is p-chloroamphetamine [Fuller, 1978a,
1978b, 1992]. It preferentially damages ascending ax-
onal projections of the dorsal raphe neurones, whereas
5,7-DHT exhibits neurotoxic effects on all types of
serotoninergic neurones in mammalian brain [Baum-
garten and Grozdanovic, 1997]. An advantage of the
amphetamine derivatives is their ability to be effec-
tive when injected systemically [Fuller et al., 1975,
Fuller, 1978b, 1992]. The long-term neurotoxic ef-
fects have been hypothesized to be due to the forma-
tion of a neurotoxic metabolite; in particular, the pos-
sibility has been considered that a minor metabolite
rather than its major hepatic metabolites may be in-
volved [Steranka and Sanders-Bush, 1978].

There had been considerable doubt concerning the
functional importance of serotonin in general and its
role in the CNS in particular. However, indirect evi-
dence derived from the results obtained with the sero-
tonin neurotoxin has decisively contributed to the
clarification of the numerous and essential anatomi-
cal, physiological and pharmacological aspects of se-
rotonin’s functions in the CNS and periphery of the
organism. Evidence has been indirect since the role of
serotonin had to be derived from the loss of function
(see Box 1) induced by application of the neurotoxin.
Within 5 years after the first publication on serotonin
neurotoxins, so many data had accumulated that, in
1977, the New York Academy of Sciences accepted
a proposal to support the organisation of a conference
about practically all aspects of those compounds
(Tab. 1). The proceedings of that meeting which ap-
peared one year later [Jacoby and Lytle, 1978] com-
prised topics such as the synthesis of relevant neuro-
toxins, their mechanisms of action, their neuroana-
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tomical correlates and their pharmacodynamic,
neurochemical, physiological and behavioral effects.
Maurice Rapport was one of the session chairmen.

Application of the neurotoxins 5,7-DHT and 6-OH-
DA at doses which are known to completely destroy
the respective monoamine axon terminal played a cru-
cial role in the solution of a scientific problem brought
up by Gerhard Gross (shown as an example in Box 1).
He worked as a research fellow in the laboratory of
Hans-Joachim Schümann, who was head of the De-
partment of Pharmacology at the University of Essen.
Gross wished to join my group after my move from
Hamburg to Essen in 1978, where I became Professor
of Biochemical Neuropharmacology as successor of
Klaus Starke. However, Gross and I myself accepted

that, basically, Schümann was not prepared to loose
one of his main co-workers, but we could co-operate
in a project aiming at evidence for the presence of the
high affinity [3H]-imipramine binding sites, identified
in the rat brain [Raisman et al., 1979, 1980], on the se-
rotonin and/or noradrenaline axon terminals (Box 1).

Cerebral cortical membranes from neurotoxin-
treated rats were used for the determination of high
affinity [3H]-imipramine binding sites [Gross et al.,
1981]. Tritium accumulation in cortical slices from
neurotoxin-treated rats as an indicator of [3H]-sero-
tonin and/or [3H]-noradrenaline uptake was measured
in slices incubated in physiologically composed solu-
tion containing one of the [3H]-monoamines at tem-
peratures of 37 and 1 centigrade. The latter, corre-
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Box 1. Upper panel, left: Hans Georg Baumgarten at the age of 55 years; middle and right: chemical structures of the serotonin neurotoxins
5,6-DHT and 5,7-DHT. Lower panel, left: examples for application of 5,7-DHT as a pharmacological tool; right: neurotoxin-induced decrease
in Bmax (expressed as fmoles/mg tissue and % of control) of [3H]imipramine binding to rat cerebral cortical membranes and reduction of tritium
accumulation (expressed as % of control) in rat cerebral cortical slices incubated in physiologically composed buffer containing
[3H]5-hydroxytryptamine ([3H]5-HT, 0.1 µM) or [3H]noradrenaline ([3H]NA, 0.1 µM). Two to three weeks before, the animals had been injected
with 5,7-DHT (50 µg icv) plus desipramine (15 mg/kg) or with 6-OH-DA (250 µg icv) or with 5,7-DHT plus 6-OH-DA



sponding to unspecific binding to unknown sites in
the slices, was subtracted from the accumulation at 37
centigrade. Application of an inhibitor of the 5-HT
transporter (5-HTT) or NA transporter (NAT) at
a maximally effective concentration, which, accord-
ingly, involved the complete set of the respective
monoamine transporter, inhibited tritium accumula-
tion (instead of the expected 100%) by only about
70%. This percentage was applied as a correction fac-
tor to all decreases of tritium accumulation, in order
to obtain the real loss of accumulation (Box 1) due to
the destruction of the respective axon terminals with
their corresponding [3H]-monoamine transporter (the
persisting 30% of total uptake occurs into unknown
structures within the slices).

Three icv neurotoxin treatment schedules and cor-
responding vehicle controls were applied to the rats:
(1) 5,7-DHT alone; (2) 6-OH-DA alone; (3) 5,7-DHT
plus 6-OH-DA (Box 1).The selectivity of 5,7-DHT in
producing degeneration of the 5-HT axon terminals
was increased by blockade of the NAT by desi-
pramine prior to icv 5,7-DHT [Björklund et al., 1975].
5,7-DHT treatment led to a 96% decrease in the
number of high affinity [3H]-imipramine binding sites
(Bmax). Uptake of [3H]-5-HT and [3H]-NA into slices
from 5,7-DHT-treated animals was reduced by 90%
and only 6%, respectively. Treatment with the NA
neurotoxin 6-OH-DA in the absence of a 5-HTT in-
hibitor, produced an expected 86% decrease in
[3H]-NA uptake and in addition, a 24% decrease in
[3H]-5-HT accumulation (Box 1), which was very
similar to the 20% loss of high affinity [3H]-im-
ipramine binding sites in response to 6-OH-DA.
These findings can be plausibly explained as a result
of uptake of 6-OH-DA into, and consequently of the
about 20–24% destruction of, 5-HT axon terminals. It
is clear that this leads to a proportional loss also of
high affinity [3H]-imipramine binding sites and 5-HT
transporters which are contained in those axon termi-
nals. 5,7-DHT plus 6-OH-DA produced a virtually (at
least almost) complete reduction of Bmax for [3H]-imip-
ramine binding sites by 93% which did practically not
differ from the effect of 5,7-DHT alone (96%). It is
evident from the data compiled in Box 1 that the de-
crease in high affinity [3H]-imipramine binding paral-
leled the decrease in 5-HT accumulation correspond-
ing to the degeneration of serotoninergic fibres, but
not to the decrease of [3H]-NA accumulation.

These findings are in agreement with the results
obtained in another study by Langer and associates,

who applied a different approach to the problem [Lan-
ger et al., 1980]. In that study, which was not yet
available when we independently carried out our in-
vestigation [Gross et al., 1981], Langer’s group found
an excellent correlation between the potencies of sev-
eral drugs for the decrease of [3H]-5-HT uptake and
their inhibition of [3H]-imipramine binding. No corre-
lation, however, was found between reduction of
[3H]-imipramine binding and blockade of neuronal
[3H]-noradrenaline uptake.

Taken together, one can conclude from both studies
that [3H]-imipramine binding does not occur on nor-
adrenaline axon terminals but these binding sites are
located exclusively on serotoninergic nerve fibres,
most probably on the 5-HTT itself.

Concerning my own interest in the serotoninergic
system, there is no doubt that Baumgarten motivated me
not to give up serotonin research after my move from
Hamburg to Essen in 1978. Serotonin research, thus, be-
came my principal scientific activity since Baumgarten’s
first visit in my laboratory in Hamburg early in 1971.
Since then until 2011, i.e., the period of four decades
mentioned in the principle title, I have continuously
worked on serotonin-related problems. In particular, this
refers to problems associated with serotonin receptors
and their heterogeneity as well as further increase in
their complexity by genetic and allosteric variation.

1.2.5. Concluding summary statements

Thinking about the development of 5-HT receptor
complexity brought up automatically the question
about the discovery of serotonin. Its existence and
identification as the natural endogenous agonist was
the prerequisite for the presence and identification of
its receptors. Accordingly, my decision was to first
address the question about serotonin discovery.
Within that subject, Vittorio Erspamer’s merits as
a pioneer of serotonin research were highlighted, as
were those of Maurice Rapport, another pioneer of
this matter, who was the first to identify its chemical
structure. Their work was combined with serotonin’s
identification by Swedish groups in mapping studies
of the serotonin system in the CNS and with the deter-
mination of the role of serotonin neurotoxins in indi-
rectly providing knowledge about the functional sig-
nificance of serotonin in the CNS.
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