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Abstract

About 40% of the papers within the scientific oeuvre of Manfred Gothert (1939-2019) were dedicated to serotonin (5-hydrox-
ytryptamine, 5-HT). He was not only the witness of the gradual definition of the fourteen 5-HT receptor subtypes but also was
involved directly by identifying 5-HT,, 5-HT,, and 5-HTj; receptors. Moreover, he identified presynaptic 5-HT receptors
on central and/or peripheral serotoninergic, noradrenergic and/or cholinergic neurones. Two inhibitory (5-HT,y, 5-HT )
and two facilitatory (5-HTj;, 5-HT),) receptors were found, the 5-HT, 5 receptor representing a possible target for antidepres-
sant drugs. Ten years earlier than electrophysiologists, he identified ligand-gated receptors like the 5-HT; and the nicotinic
acetylcholine (nACh) receptor as targets of halothane. Simultaneously with, but independent of, other authors he found that
ethanol allosterically inhibits N-methyl-p-aspartate (NMDA) receptors, which are affected at an even lower concentration than
5-HT; and nACh receptors. The latter two receptors were shown to be subject to allosteric inhibition also by cannabinoids
via a mechanism unrelated to cannabinoid CB, or CB, receptors; cannabinoid inhibition of 5-HT; receptors may represent
a new target for the treatment of neuropathic pain.

Keywords 5-HT receptors - Ethanol molecular targets - Ligand-gated ion channels - Presynaptic receptor classification -
Neuropsychopharmacology

Introduction

Professor Manfred Gothert was invited to prepare an article
for Pharmacological Reports after his honorary lecture given
to the 17th International Congress of the Polish Pharmaco-
logical Society in Krynica Zdrdj in September 2010 [1]. He
was optimistic enough to plan a series of reviews about sero-
tonin (5-hydroxytryptamine, 5-HT) discovery and stepwise
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disclosure of 5-HT receptor complexity. The first part, which
covers the history of serotonin until the seventies, appeared
in 2013 [2]. The second and final part, dedicated to some
contributions of the late Manfred Gothert to 5-HT pharma-
cology, is based on his draft and has been completed by the
three coauthors. Both articles represent a special type of
review in a novel category of scientific papers, suggested to
be named “contemporary witness report”, the properties of
which have been described in detail previously [2].

Stepwise disclosure of 5-HT receptor
subtypes

No less than 50 years elapsed between the first step to clas-
sify 5-HT receptors and the final classification (Fig. 1). The
long journey, starting with Gaddum and Picarelli in 1957 [3]
and ending with Niesler et al. in 2007 [4], will be described
in 20 short paragraphs.
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1957: Based on their organ bath experiments on the
guinea-pig ileum, Gaddum and Picarelli [3] described
two receptors named D and M after the initial letters
of the discriminating antagonists dibenzyline (=phe-
noxybenzamine) and morphine, respectively.

1979: Peroutka and Snyder [5] performed binding
studies with three tritiated ligands in rat brain and
found two distinct 5-HT binding sites, namely 5-HT;
sites labelled by *H-5-HT and 5-HT, sites labelled by
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SH-spiroperidol (whereas *H-lysergic acid diethyla-
mide (*H-LSD) binds to both sites).

1983-1986: Presynaptic inhibitory 5-HT autoreceptors
in rat brain were first classified as 5-HT, [6] and then
as 5-HT ;5 [7].

1983-1986: It has been shown that 5-HT, , receptors
serve as somadendritic inhibitory 5-HT autoreceptors
and as heteroreceptors on non-serotoninergic neu-
rones; they can be labelled by *H-8-hydroxy-2-(di-
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n-propylamino)tetralin (*H-8-OH-DPAT) [8] and are
coupled inhibitorily to adenylate cyclase [9].

1986: Bradley et al. [10] reconsidered the previous
classification attempts and equated the D receptor
with the 5-HT, binding site and the M receptor with
the 5-HT; binding site. The functional counterpart of
5-HT, sites is the 5-HT-like receptors. “like” was
used since in spite of some similarities with 5-HT,
binding sites, the receptor population is not homogene-
ous. Bradley et al. [10] stressed that the availability of
selective antagonists is an important prerequisite for
further identification of 5-HT(-like) receptors.
1987-1988: The “5-HT,.” receptor was cloned by
Liibbert et al. [11] and characterised with respect to
its transduction pathway by Hoyer [12].

1987: The 5-HT,, receptor subtype has been identified,
using *H-5-HT binding to the bovine brain [13].
1988-1990: The 5-HT, receptor was characterised
pharmacologically and biochemically [14, 15].
1989-1993: Based on structure, operation and signal
transduction, the 5-HT receptor has been re-named
to become the 5-HT, receptor [16, 17].

1989-1993: The 5-HT,j receptor has been detected
by *H-5-HT binding [18] and the 5-HT receptor has
been cloned [19].

1992: The 5-HT,y receptor has been cloned and evi-
dence has been presented that this receptor mediates
the 5-HT-induced contraction of the rat stomach fun-
dus [20, 21].

1992-1993: The 5-HT,, receptor refers to the classi-
cal 5-HT,/D receptor, as agreed at the Serotonin Club
Receptor Nomenclature Committee meeting in Hou-
ston in September 1992 (published in [17]).
1992-1993: cDNAs encoding the 5-HT'5, and 5-HT 5
subtypes of the 5-HT5 receptor minifamily have been
cloned [22, 23].

1992-1996: Two human 5-HT,}, receptors, termed
5-HTp, and 5-HT g, have been cloned [24] and have
been re-termed h5-HT, and h5-HT 3, respectively.
The 5-HT, receptor has been re-termed r5-HT 5 [25].
1993: Cloning and expression of the rat 5-HT receptor
has been shown [26].

1993-1996: Cloning of the 5-HT, receptor has been
described [27] and its distribution in terms of mRNA
(in situ hybridization) and protein (autoradiography)
has been analysed [28].

1995: The human HTR3A gene has been cloned and
it has been shown that the 5-HT;, subunits can form
functional homopentameric receptors [29, 30].

1999: The human HTR3B gene has been cloned. The
5-HT;j subunits alone cannot build functional homo-
pentameric receptors, whereas the heteropentameric
complexes of 5-HT;, and 5-HT;5 subunits resemble

the native receptor in their pharmacological properties
[31].

19. 2003: The HTR3C, HTR3D and HTR3E genes have
been termed “HTR3-like” genes based on comparative
sequence analysis [32].

20. 2007: No functional homopentameric 5-HT; com-
plexes could be obtained from the putative 5-HT;,
5-HT;j, and 5-HT; subunits. However, co-expression
with 5-HT;, resulted in the formation of functional
heteropentameric complexes with different 5-HT
efficacies. The efficacy at the 5-HT;,,n and 5-HT;, 5
complex was increased, whereas that at the 5-HT; ¢
complex was decreased [4].

Presynaptic 5-HT receptors

Presynaptic 5-HT receptors are possible targets for new
therapeutic drugs against human diseases (including depres-
sive disorders [33]). In this context, an answer is sought to
the question whether the presynaptic receptor under study
belongs to the same 5-HT receptor subtype in the mam-
malian species (including humans) investigated here. If this
should not hold true, preclinical in vitro and in vivo inves-
tigations within the development of a new drug should be
carried out in a species in which the same 5-HT receptor
subtype is expressed as the presynaptic receptor in humans.
In fact, such ideas concerning species differences were rel-
evant since—as shown schematically in Fig. 2—different
5-HT receptor subtypes (5-HT,, 5-HT,, and 5-HT,) are
expressed as presynaptic 5-HT heteroreceptors in blood
vessels. In the rabbit heart, a fourth 5-HT receptor type,
i.e., facilitatory 5-HT}; receptors, has been identified on the
sympathetic nerve endings (see next section).

Classification of the presynaptic receptor also provides
an answer to the question whether, in a given species, the
presynaptic 5-HT autoreceptors in the brain and the pre-
synaptic 5-HT receptors on sympathetic nerves generally
belong to different 5-HT receptor subtypes. If so, it would
be possible to modify transmitter release by 5-HT auto- and
heteroreceptors independent of each other. This was actually
observed in the case of the human [34] and guinea-pig [34,
35] but not rat [7, 36] auto- and heteroreceptors.

The most reliable method for functional determination
of the 5-HT receptor subtype mediating a given effect is
dependent on the availability of selective antagonists of the
multiple 5-HT receptor subtypes [10]. The antagonists, by
their ability to partly or completely inhibit the modulating
effect of serotonin, disclosed the receptor subtypes involved
in the brain and in the periphery [34]. An early approach on
rat brain cortex slices [7] was based on the measurement of
the inhibitory potencies (half-maximum inhibitory effects on
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Fig.2 Schematic representation of species-dependent differences
in 5-HT receptor subtypes expressed as inhibitory presynaptic 5-HT
heteroreceptors on the unshielded axon terminal of a postganglionic
sympathetic nerve in a blood vessel. This terminal, symbolised by
a varicosity from a chain of such structures, forms a synapse with
a smooth muscle cell within the wall of arterial and venous blood
vessels. The unshielded axon terminal varicosities are the sites of
noradrenaline (NA) release upon depolarization by invading action
potentials (APs), evoked by transmural electrical stimulation. This
presynaptic 5-HT receptor belongs to subtype 1B in the rat vena
cava [36], to subtype 1D in the human saphenous vein [34], to sub-
type 1B or 1D in the rabbit pulmonary artery [74] and to an unknown

transmitter release) of multiple non-selective 5-HT receptor
agonists.

Both agonist potencies (Fig. 3a) and discriminative antag-
onists (Fig. 3b) were considered in the case of the human
atrium. The maximum effect exerted via the presynaptic
5-HT receptor was an inhibition of noradrenaline release
by 30%. Accordingly, an inhibition by 15%, i.e., the IC;
value, represented the half-maximum effect. Furthermore,
that approach comprised determination of the dissociation
constants (Kps; obtained from radioligand binding studies)
of the agonists at least at those 5-HT receptor subtypes,
hypothesised to be involved in the function under study. In
the next step, the logarithms of the dissociation constants
and of the potencies were used to calculate, by regression
analyses, the correlation coefficients of the agonists for the
various 5-HT receptors under consideration.
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(orphan) receptor type in the pig coronary artery [75]. “(-)”: inhi-
bition of NA release; “(+)”: amplification of the a-adrenoceptor-
mediated smooth muscle contraction by a 5-HT, (more precisely:
5-HT,,) receptor subtype. The inset shows the vicinity of a smooth
muscle cell in the rabbit pulmonary artery in lower magnification.
In this vessel, even two 5-HT receptors influence NA release. The
5-HT,g or 5-HT,, receptor on the sympathetic nerve directly inhibits
NA release whereas the 5-HT, receptor on the parasympathetic nerve
facilitates the release of acetylcholine (ACh) which in turn inhib-
its NA release via the muscarinic M, ACh receptor. (—), inhibitory
effect; (+), stimulatory effect

If a significant correlation for only one 5-HT receptor
subtype occurred, this result unequivocally would disclose
the 5-HT receptor involved in modulation. If there were
more than one 5-HT receptor subtypes exhibiting signifi-
cant correlation—in the example of Fig. 3a, the non-rodent
5-HTg and the 5-HT), receptor (previously termed 5-HT g
and 5-HTp,, respectively)—the highest correlation coeffi-
cient may be suggested to point to the receptor involved. In
the example of the human atrium, shown in Fig. 3a, about
the same correlation coefficient was observed for the non-
rodent 5-HT, and for the 5-HT,; receptor [36]. This might
mean that both receptors are involved in the modulation of
NA release.

To solve the dilemma, antagonists with discriminative
properties have been identified by the pharmaceutical
industry, the group of Manfred Gothert having contributed
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Human atrium

Human atrium

Fig.3 a Functional identification of the 5-HT, receptor subtype in
the human atrium by regression analyses, relating the negative loga-
rithms of the potencies of five non-selective 5-HT receptor agonists
for their inhibition of the electrically stimulated noradrenaline release
(pIC;5) to the negative logarithms of their inhibition constants (pK;),
determined in ligand binding experiments, yielding significant cor-
relation for the non-rodent (human) 5-HT,; and the 5-HT, receptor
(but not for the rodent 5-HT, receptor; not shown here). Re-drawn
from [37]. b, ¢ Functional identification of the 5-HT, receptor sub-

the evidence in favour of their selectivity of action [34,
38]. Two compounds, SB-216,641 and SB-236,057, proved
to exhibit antagonistic properties at the non-rodent 5-HT 5
receptor [34, 38] whereas BRL-15,572 was found to be a
selective 5-HT,, antagonist [34]. In addition, ketanserin
had been shown to possess some preference for the 5-HTp,
receptor [39]. Figure 3b shows that the inhibitory effect
was attenuated by BRL-15,572 and ketanserin but not
affected by SB-216,641. These data prove that the 5-HT
but not the non-rodent 5-HT, 5 receptor is involved [34,
37]. Figure 3c shows the data for the 5-HT autoreceptor
in the human cerebral cortex, for which series with ago-
nists could not be run. The inhibitory effect of the 5-HT
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type by using antagonists with discriminative properties, i.e., the
non-rodent (human) 5-HT, receptor antagonist SB-216,641 and the
5-HT,, receptor antagonists BRL-15,572 and ketanserin. The 5-HT
heteroreceptor in the human atrium (b) was compared with the 5-HT
autoreceptor in human cerebral cortex synaptosomes preincubated
with *H-5-HT (stimulation with K* 25 mM) (c). The data unequivo-
cally identify the heteroreceptor as 5-HT,, and the autoreceptor as
5-HT . ¥*P <0.05, compared to the respective value without antago-
nist. Re-drawn from [34, 37, 76]

receptor agonist 5-carboxamidotryptamine was attenuated
by SB-216,641 but not affected by BRL-15,572 or ketan-
serin. These data demonstrate that the autoreceptor is a
non-rodent 5-HT receptor. This conclusion is re-inforced
by the effectiveness of SB-236,057 to act as an antagonist
in the human (and guinea-pig) brain [38].
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Interaction of halothane with 5-HT;
and nACh receptors

When Manfred Géthert got in touch with general anaesthe-
sia for the first time of his life, he was a 5- and 6-year-old
boy who, under inhalation anaesthesia with diethyl ether,
underwent surgery for hernia in 1944 and torticollis in
1945, respectively. As usual in those days, an experienced
nurse administered the volatile anaesthetic via a mask for
both induction and maintenance of unconsciousness. Dur-
ing induction, he felt tortured by symptoms of the exci-
tation stadium such as laryngo- and bronchospasms and
intensive skeletal muscle activity in attempts to “escape”
from being physically fixed to the ground by strong human
arms. After the end of “ether” administration, he experi-
enced again an excitation stadium with painful movements
of the “surgically impaired” muscles and long-lasting nau-
sea and vomiting. Almost 12 years later, on the occasion
of appendectomy, his memories of previous anaesthesia
and surgery were still dominated by those very unpleasant
symptoms. However, he was surprised that, this time, he
did not suffer from any of those adverse effects because
anaesthesia was induced with an intravenous anaesthetic,
probably a barbiturate, and maintained with an inhalation
anaesthetic with more favourable properties than diethyl
ether, most likely halothane. At the latest from this new
experience onward his fear from anaesthesia mutated to
fascination by the phenomenon of drug-induced uncon-
sciousness. Later, as a young medical doctor, this led him
to work on general anaesthetics.

Until the fifties of the twentieth century, the Meyer—Over-
ton “theory of anaesthesia” was generally accepted. Meyer
based his ideas concerning the sites and mechanisms of
action of anaesthetics on their physicochemical properties,
in particular, the correlation of their potency as anaesthetics
with their solubility in water and lipoids, i.e., their water/
lipoid partition coefficients. The same conclusion was drawn
by Overton from his biological approach to this problem,
namely simple experimental models such as anaesthesia of
tadpoles by addition of such drugs to their water environ-
ment. According to this concept, lipid components of the
plasma membrane were believed to be the sites of action
[40]. However, doubts were raised against this concept from
the thirties of the previous century onward. Instead, lipo-
philic proteins or lipophilic domains of proteins were sug-
gested to be critically involved in their depressant effect on
neuronal systems [40]. The pre- and postsynaptic plasma
membrane is generally accepted to host the site underly-
ing the depressant effect of ethanol. In particular, functional
proteins such as neurotransmitter transporters and receptors
come into play. An important step forward in this direc-
tion was the finding by Ueda and Kamaya [41] that general
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Fig.4 Effect of halothane on evoked catecholamine release in
bovine adrenal medulla (a) and on evoked noradrenaline release in
rabbit heart (b). Only the release evoked by acetylcholine (ACh),
y-aminobutyric acid (GABA) and 5-HT, acting via ionotropic nACh,
GABA, and 5-HTj receptors, respectively, was inhibited whereas the
release evoked by pilocarpine and histamine, acting via metabotropic
mACh and H; receptors, respectively, and by K* depolarization and
electrical stimulation (ES) was not. Note that the vertical broken line
corresponds to the concentration of halothane reached in saline solu-
tion when the anaesthetic is used at the minimum alveolar concentra-
tion (MAC). SEM values and statistics are not shown. Re-drawn from
[42, 43] (a) and [44] (b)

anaesthetics are capable of inhibiting firefly luciferase by
direct interaction of the drugs with its enzymatic property.
In his studies dedicated to elucidate the molecular tar-
gets involved in the acute effect of anaesthetics, Manfred
Gothert studied catecholamine-secreting cells of the per-
fused bovine adrenal by increasing the K concentration
(leading to membrane depolarization), by activation of G
protein-coupled receptors such as histamine H; and mus-
carinic acetylcholine (mACh) receptors and by ionotropic
receptors such as nicotinic ACh (nACh) and 5-HT}; recep-
tors. Only the release evoked by nACh and 5-HT; receptor
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activation was antagonised by halothane at clinically rel-
evant concentrations (Fig. 4a [42, 43]). The degree of inhi-
bition by halothane and other anaesthetics and alcohols
correlated with their hydrophobic property, suggesting that
the neuronal mechanism underlying the acute action of
these drugs is based on their interaction with hydropho-
bic regions of the respective receptors which exhibit the
common property to be ligand-gated ion channels. Halo-
thane was also examined in the sympathetic nerve termi-
nals of the isolated rabbit heart, in which noradrenaline
release was stimulated by electrical impulses delivered to
the intact postganglionic nerves attached to the hearts, by
K™* depolarization or by a nACh receptor agonist. Only
noradrenaline release evoked by nACh receptor activation
was affected (Fig. 4b [44]).

Manfred Gothert wrote in retrospect [45]: “Thus, we
were the first to identify the nACh and the 5-HT; receptor,
two ligand-gated ion channels, as sites of action of halo-
thane. These results were obtained about one decade earlier
than the same conclusions from electrophysiological data.
My biochemical models obviously were unknown systems
used by an unknown author, who published so far unknown
results—a typical constellation for not being cited in the
relevant literature. I was very disappointed by this outcome
of my experimental investigations. However, on the other
hand, it was Klaus Starke who pointed at their importance in
an article which appeared in Trends in Pharmacological Sci-
ences [46]. He identified my publications as progress beyond
the hypothesis of Overton and Meyer, who had speculated
lipid constituents of the cell membrane to be sites of action
of general anaesthetics and alcohols. The results obtained
by my group suggested hydrophobic regions of nACh and
5-HT; receptors to be their sites of action. By inducing a
conformational change of the receptor protein structure, they
mediate a decrease in function underlying their acute depres-
sant effect on the CNS.”

Interaction of ethanol with 5-HT;, nACh
and NMDA receptors

Many of the points discussed above for halothane also hold
true for ethanol. The approach of Manfred Gothert to the
identification of relevant sites underlying the effect of mod-
erate doses of ethanol was guided by the consideration that
any neuronal function contributing to the systemic depres-
sant effect of ethanol should become manifest at such a
concentration range relevant at social drinking. His studies
dedicated to the elucidation of the mechanism(s) of etha-
nol action were performed in three steps. First, the effects
of ethanol on nACh and 5-HTj; receptors were analysed in
the model of the postganglionic sympathetic axon terminals
of the rabbit heart (already described above). Second, the
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Fig.5 Effect of ethanol on evoked noradrenaline release in the rab-
bit heart (a), in human (b) and rat cerebral cortex slices (c). Only
the release evoked by dimethylphenylpiperazinium (DMPP), 5-HT,
N-methyl-p-aspartate (NMDA) and kainate acting via ionotropic
nACh, 5-HT;, NMDA and kainate receptors, respectively, was inhib-
ited whereas the release evoked by veratridine, K* depolarization and
electrical stimulation (ES) was not affected (or at extremely high con-
centrations of ethanol only). SEM values and statistics are not shown.
Re-drawn from [47, 48] (a), [51] (b) and [49, 50] (c)
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potential involvement of ionotropic glutamate receptors (of
the N-methyl-p-aspartate (NMDA) and kainate type) was
investigated on noradrenergic axon terminals of the rat brain.
Third, the selectivity of the effect of ethanol towards 5-HT;
receptors was examined in an in vivo model.

1. In the rabbit heart, ethanol inhibited noradrenaline
release evoked by nACh and 5-HTj; receptor activation
more markedly than that evoked by high K* or electri-
cal stimulation (Fig. 5a [47, 48]). The inhibitory effect
of ethanol on the nACh receptor-evoked noradrenaline
release occurred at concentrations compatible with mod-
erate intoxication.

2. The studies on cerebral cortex slices from rat (Fig. 5¢)
and human brain (Fig. 5b) revealed that noradrenaline
release evoked by NMDA and kainate was inhibited by
ethanol at even lower ethanol concentrations compared
to the release evoked by nACh and 5-HT; receptor acti-
vation; again, the release evoked by high K*, veratridine
and/or electrical pulses was hardly affected [49-51].
Indeed the inhibitory effect of ethanol on NMDA recep-
tors was found by Géthert and Fink [49] simultaneously
with, but independent of, Lovinger et al. [52] (who used
an electrophysiological technique).

Since NMDA-evoked noradrenaline release in the brain
was a new scientific area in the end-eighties, a thorough
pharmacological and functional characterization of the
model was carried out. The effect of NMDA was competi-
tively antagonised by 2-amino-5-phosphonovaleric acid
and non-competitively by dizocilpine (MK 801) [53]. The
NMDA-evoked noradrenaline release was abolished by
tetrodotoxin suggesting dependence of release on action
potentials depolarizing the cell membrane of axon termi-
nals and also by the absence of Ca*" ions in the superfusion
fluid, involving abolishment of influx of Ca”* ions into the
terminals, probably via voltage-gated Ca®* channels; pres-
ence of the physiological Mg?* concentration of 1.2 mM
in the superfusion fluid also abolished the NMDA-evoked
noradrenaline release [53]. Several strategies proved use-
ful to overcome the inhibitory effect of Mg?*, including an
increase in the K* concentration to 20 or 25 mM or the addi-
tion of veratridine 1 uM or 3,4-diamino-pyridine 200 uM
[54].

NMDA also increases 5-HT release in the rat brain [55].
Further series of experiments provided clear-cut evidence
that the NMDA receptor undergoes desensitisation [53]—
an effect which is typical of ligand-gated ion channels. The
phenomenon of desensitisation may also explain why Man-
fred Gothert could not establish nACh and 5-HT; receptor
models in the brain. He wrote [45]: “My first attempt failed
to identify an analogous model of a central nervous system
cell system. Desensitization of nicotinic and 5-HT receptors
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Fig.6 Effect of ethanol on the Bezold—Jarisch reflex elicited by
5-HT; and V1 (TRPV1) receptor activation in the anaesthetized rat.
a shows that the Bezold—Jarisch reflex encompasses a sensory vagal
nerve projecting to the brain stem and an efferent cholinergic nerve
projecting to the heart; reflex activation leads to an extreme bradycar-
dia. b shows that the 5-HT; receptor antagonist ondansetron 10 ug/
kg i.v. abolished and ethanol 2 g/kg i.p. attenuated the bradycardia
elicited by 5-HT (doses in pg/kg i.v.) via 5-HT}; receptors but did not
affect the bradycardia elicited by capsaicin (CAP; doses in pg/kg i.v.)
via V1 receptors. Re-drawn from [56]

on noradrenaline, dopamine or serotonin nerve terminals in
superfused cerebral slices appeared to be too fast as to be
applicable for stimulation of release of radioactively labelled
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neurotransmitter in response to addition of a nicotinic or
5-HT; receptor agonist.”

3. The inhibitory effect of ethanol on a 5-HT; receptor-
related paradigm became the first subject of coopera-
tion between Manfred Gothert’s institute in Bonn and B.
Malinowska’s group in Biatystok. In detail, the Bezold—
Jarisch reflex (reflex bradycardia, see Fig. 6a) was
examined, which can be evoked via various receptors
located on the terminals of afferent cardiopulmonary C
fibres, including 5-HT; receptors and Transient Recep-
tor Potential V1 (TRPV1) receptors (former designa-
tion Vanilloid Receptors 1, VR1). The 5-HT}; receptor-
evoked Bezold—Jarisch reflex was inhibited by ethanol
at moderate doses whereas the TRPV 1 receptor-evoked
Bezold-Jarisch reflex was not affected, suggesting that
the 5-HT; receptor on the afferent vagal nerve fibres is
the site of action of ethanol (Fig. 6b [56]). In a further
common investigation carried out in both university
departments, substance P facilitated the 5-HT}; receptor-
mediated Bezold-Jarisch reflex, whereas (+)-tubocurar-
ine produced an inhibition [57].

Interaction of cannabinoids with 5-HT;
and nACh receptors

Cannabinoids act via cannabinoid CB, and CB, receptors
[58] and via a multitude of other mechanisms [59]. Although
Manfred Gothert was involved in the identification of pre-
synaptic CB, receptors (reviewed in [60]), he was mainly
interested in CB, receptor-independent effects of cannabi-
noids on 5-HT}; receptors. Both in vitro and in vivo studies
were published to this topic.

The possibility that cannabinoid receptor agonists might
directly act at 5-HT; receptors was derived from an elec-
trophysiological study on rat nodose ganglion [61]. In that
investigation on whole cells, Ag—tetrahydrocannabinol
(THC), the endocannabinoid anandamide and other can-
nabinoids including the enantiomeric pair (—)-CP-55,940
and (+)-CP-56,667 stereoselectively inhibited the 5-HT-
evoked current, the latter compound being less potent by
a factor of more than 10 compared to its enantiomer. The
anandamide-induced inhibition was noncompetitive. These
results, although compatible with an action at the 5-HT;
receptor itself, did not rule out the alternative that the nodose
ganglion cells might be endowed with CB, receptors as well.
However, experiments with a CB, receptor antagonist like
rimonabant were not carried out in that study [61].

In spite of other plausible possibilities of explanation,
the presence of an allosteric site on the 5-HT; receptor
channel was an attractive hypothesis when considering that

allosterically modulatory sites are typical features of this and
other ligand-gated ion channels such as the GABA and nico-
tinic acetylcholine receptors and of G protein-coupled recep-
tors as well [59]. To shed some light in this matter, patch-
clamp experiments were carried out on excised outside-out
patches from HEK (human embryonic kidney) 293 cells
expressing the recombinant human 5-HT;, receptor [62].
In particular, exogenous cannabinoids and anandamide have
been used to examine whether these compounds directly
influence the human 5-HT system in a cannabinoid receptor-
independent manner. This study was Manfred Goéthert’s last
scientific project; it was supported by a grant of the Deutsche
Forschungsgemeinschaft (German Research Council; DFG).
For several reasons, not all aspects addressed in that applica-
tion could be fully elaborated, but a clear-cut positive answer
to the basic question was possible.

In detail [62], the potencies of five cannabinoid receptor
agonists as inhibitors of 5-HT-induced current in HEK 293
cells were determined to compare the rank order of their
potencies with that of the K; values as inhibitors of radioli-
gand binding to human cannabinoid CB,; and CB, receptors
in membrane preparations. The rank orders of potencies and
affinities in the three paradigms were clearly different from
each other, arguing against an involvement of the cannabi-
noid receptors in the inhibition of 5-HT-induced current. For
various reasons (such as a relatively high potency), the syn-
thetic cannabinoid CB, receptor agonist, WIN-55,212-2, was
used as a representative drug in more detailed and sophis-
ticated investigations into the site(s) and mechanism(s)
underlying the inhibitory effect on 5-HT-induced current.
In support of the conclusion drawn from the experiment
with the five cannabinoid receptor agonists, the inhibition
caused by WIN-55,212-2 was not altered by the antagonist
rimonabant. WIN-55,212-3, the enantiomer of WIN-55,212-
2, did not affect the 5-HT-induced current, suggesting that
a second stereoselective cannabinoid receptor-independent
binding site is involved in the inhibition of 5-HT-induced
current by the active enantiomer. Analysis of the influence
of WIN-55,212-2 on the concentration-response curve of
5-HT revealed that the cannabinoid did not change the ECs,
value of 5-HT in stimulating current but reduced the maxi-
mum effect, suggesting noncompetitive inhibition. In fact,
these results conform to the involvement of an allosteric
mechanism in the function of the 5-HT}; receptor: binding
of an appropriate cannabinoid to the allosteric site inhibits
the current induced by activation of the orthosteric site with
a 5-HT; receptor agonist. At a given 5-HT; receptor agonist
concentration, the extent of inhibition is increasing as the
cannabinoid concentration is being raised.

Whether or not the drugs produce an open channel
block could be derived from experiments in which the
time schedule of drug application was modified and in
which the voltage dependence of the inhibitory effect of
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WIN-55,212-2 was investigated [62]. WIN-55,212-2 was
applied at three different modes: (1) exclusive co-appli-
cation of the drug with the stimulatory 5-HT pulse of 2 s
duration (no preexposure to the drug); (2) application of
the drug 3 min before, during and after stimulation with
5-HT; (3) application exclusively for 3 min prior to and
after, but not together with, 5-HT. The site involved in the
inhibition of channel function was found not to be eas-
ily accessible, since 3 min, i.e., a rather long equilibrium
period, before stimulation was necessary to establish the
effect. Furthermore, the drug failed to produce an inhi-
bition when applied exclusively during, but not before,
stimulation with 5-HT. However, location in trans-mem-
brane or cytosolic domains of the receptor protein rather
than within the open pore is compatible with the neces-
sity of the presence of the cannabinoids before stimulation
in such an equilibrium time and with the lack of voltage
dependence of the WIN-55,212-2-induced inhibition of
5-HT-evoked current.

The location in or close to the transmembrane domain or
in the cytosolic domain should make this site easily acces-
sible to the endogenous ligand anandamide. Accordingly,
the allosteric site of the 5-HT; receptor may be tonically
activated by anandamide. Thus, this compound and/or other
endocannabinoids may play a physiological role by mediat-
ing a regulatory effect on the functional state of the 5-HT
receptor. The novel alternative pathway may be assumed to
gain importance when CB, and CB, receptors are blocked.
It is an attractive hypothesis to postulate that the human
5-HT; receptor is endowed with a motif which in human
5-HTj; receptors is recognised by all CB, and CB, receptor
agonists examined in our study [62]. Simultaneously with
us other researchers studied the effect of anandamide on the
5-HT-induced current through the 5-HT;, receptor chan-
nel in Xenopus oocytes expressing the cloned mouse 5-HT;
receptor [63].

In subsequent studies of Manfred Gothert, a strategy was
developed for the identification of the binding epitope of
the cannabinoid allosteric site of the human 5-HTj; receptor.
Unfortunately, this project could only be initiated, but never-
theless will be briefly described here. Site-directed mutagen-
esis and a chimera of the 5-HT; receptor and another recep-
tor which is highly related with respect to the amino acid
sequence, such as the human o,;-nACh receptor, were the
backbone of our strategy. Prerequisites for its application
were that the affinities for cannabinoids of the two ligand-
gated ion channels are high and different enough. Candidates
in this respect were THC, WIN-55,212-2 and last but not
least anandamide.

On the basis of these considerations, the first step of our
strategy was to succeed in inducing ion flux through recom-
binant human a,-nACh receptors and to determine at which
potency the allosteric site ligands inhibit the ACh-induced
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ion flux through the receptor channel. In fact, the cDNA for
the human o;-nACh receptor has been cloned and stably
expressed in HEK 293 cells. However, for large series of
such experiments, the electrophysiological technique is too
complex and time consuming. Therefore, a luminometric
assay of Ca** influx into whole cells was developed [64].
At this stage, we had to finish the project which basically
looked very promising.

In appropriate in vivo studies, further support has been
sought for the suggestion that the orthosteric site of the
5-HT; receptor is under the inhibitory control by cannabi-
noids acting at the allosteric site. Results which are at least
compatible with this hypothesis have been obtained in three
in vivo studies, one of them involving peripheral 5-HT;
receptors, the other two models dealing with central 5-HT;
receptors.

The first of these papers deals with the cannabinoid
receptor-independent inhibitory effect of cannabinoid recep-
tor agonists on the 5-HT; receptor-mediated Bezold-Jarisch
reflex [65]. In rats pretreated with the CB, receptor antago-
nist rimonabant, the Bezold-Jarisch reflex was stimulated
by activation either of the 5-HT; receptor with 5-HT or
phenylbiguanide or of the TRPV1 receptor with capsai-
cin. The phenylbiguanide-, but not the capsaicin-, induced
Bezold-Jarisch reflex was inhibited by CP-55,940 or WIN-
55,212-2, i.e., agonists at the CB, receptor whereas, in
agreement with the in vitro results [62], WIN-55,212-3 (the
enantiomeric partner of the latter drug) was inactive.

The second report was devoted to the putative role of
5-HT; receptors in the cannabinoid receptor-independent
decrease in cocaine hyperlocomotion in rats [66]. Their basal
locomotor activity expressed as distance travelled in centi-
metre per hour was increased by cocaine. The hyperlocomo-
tion caused by cocaine was abolished by WIN 55,212-2, an
effect which was not altered by rimonabant. WIN-55,212-3,
the enantiomer of WIN-55,212-2, was ineffective (Fig. 7a).
The 5-HT; receptor antagonist ondansetron shared the inhib-
itory effect of WIN 55,212-2 on cocaine-evoked hyperloco-
motion (Fig. 7b).

In both in vivo models considered so far, the pattern of
active and inactive drugs determined in the respective mod-
els mimicked in principal that of the findings in vitro. There-
fore, the data are in agreement and, thus, add some evidence
to the suggestion that the function of the 5-HT}; receptor is
controlled by an allosteric site.

This statement could also be supported by the results
obtained in the third in vivo approach towards such a uni-
fying interpretation [67]. In that model which was based
on experiments with THC and anandamide in cannabinoid
receptor knockout mice, the antinociceptive effect (“anal-
gesia”) by these drugs was determined as latency in sec-
onds until the first sign of pain in the hot plate test. In wild-
type but not in cannabinoid CB, and CB, receptor double
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Fig.7 Effect of cannabinoid receptor ligands and ondansetron on
the cocaine (COC; 10 mg/kg i.p.)-induced hyperlocomotion in rats.
The cannabinoid receptor agonist WIN-55,212-2 (WIN-2) at 6 mg/kg
i.p. (but not the same dose of its enantiomer WIN-55,212-3; WIN-3)
abolished the effect of COC; this effect was not affected by the CB,
receptor antagonist rimonabant (RIM) 5 mg/kg i.p. (a). The 5-HT;
receptor antagonist ondansetron (OND; doses in mg/kg i.p.) attenu-
ated the effect of COC dose-dependently (b). **P <0.01, compared to
control; #P<0.05, #¥P <0.01, compared to COC. Re-drawn from [66]

knockout mice, THC caused antinociception which was
resistant to blockade by ondansetron indicating that “anal-
gesia” by the phytocannabinoid is mediated exclusively
by cannabinoid receptors, i.e., is not related to the 5-HT;
receptor. By contrast, both in wild-type and double knockout
animals, the endocannabinoid anandamide induced “analge-
sia”. When, however, 5-HT; receptors were subjected to a
“pharmacological knockout” with a high dose of ondanse-
tron, the “analgesia” did no longer occur. These data exclude
the involvement of CB, and CB, receptors in the “analgesic”
effect of anandamide and suggest a role of the 5-HT} recep-
tor system in this action.

The explanation of the ability of ondansetron to induce
“analgesia” is based on two properties: (i) 5-HT}; receptors
mediate a pronociceptive function [68]. (ii) Descending
5-HT neurones [69] target 5-HT; receptors in the spinal
cord—receptors which are involved in the expression of
pronociceptive behaviour. One may conclude that the
removal of pronociception by blockade of the orthosteric
site of the 5-HT; receptor by ondansetron may become
manifest in “analgesia”. In fact, evidence was presented
for an analgesic effect of ondansetron in neuropathic pain
[70]. Binding of anandamide at sufficiently high amount
to the allosteric site of the 5-HT; receptor to completely
eliminate the function of the receptor abolishes ion current
through the receptor channel, thus mimicking the antago-
nism of ondansetron at the orthosteric site of the receptor.

The final project within this series was dedicated to
the nACh receptor, which like the 5-HT; receptor is a
member of the Cys-loop family within the superfamily of
ligand-gated ion channels [71]. Remember that both recep-
tors behaved similarly against halothane and ethanol, as
described in the two preceding sections. Interesting enough,
Oz et al. [72] found that R-methanandamide (MAEA), the
metabolically stable analogue of anandamide, inhibited the
ACh-induced current through the chick a;,-nACh receptor
channel expressed in Xenopus oocytes and that this inhibi-
tion was noncompetitive. Although own in vitro studies were
not performed, the possibility that this mechanism may also
occur in vivo was considered in a project for which Man-
fred Gothert received an Alexander von Humboldt Polish
Honorary Research Fellowship from the Fundacja na Rzecz
Nauki Polskiej (Foundation for Polish Science; FNP) after
his retirement. Indeed, a CB, receptor-independent noncom-
petitive inhibitory effect of R-methanandamide against the
nicotine-induced tachycardia was obtained in rats in vivo
[73].

Conclusions

The late Professor Manfred Gothert contributed to 5-HT
pharmacology and beyond in several aspects. He was
involved in the stepwise classification of the 5-HT receptor
subtypes, particularly of 5-HT g, 5-HT, and 5-HT}; recep-
tors. He identified four types of presynaptic receptors on
central and/or peripheral serotoninergic, noradrenergic and/
or cholinergic neurones, i.e., inhibitory 5-HT,y and 5-HT,
and facilitatory 5-HT; and 5-HT, receptors. Ten years in
advance of other authors, he found that ionotropic receptors,
including 5-HT; and nACh receptors, are targeted by halo-
thane and other general anaesthetics. The latter two receptors
were also allosterically inhibited by ethanol but, as shown
simultaneously but independent of other authors, another
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type of ionotropic receptors, namely NMDA receptors, were
affected at even lower concentrations. Finally, he found that
5-HT; and nACh receptors were allosterically inhibited also
by cannabinoids via a CB, and CB, receptor-independent
mechanism. It has to be stressed that only part of the about
265 papers by Manfred Gothert (about 40% of which refer to
5-HT) was covered in this article. The three coauthors, who
have been working with this eminent pharmacologist over a
time period of decades, felt honoured to complete the draft
of his last manuscript.
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