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Abstract

The 5-hydroxytryptamine type-3 (5-HT3) receptor is a cation-selective ion channel of the Cys-loop
superfamily. 5-HT3 receptor activation in the central and peripheral nervous systems evokes
neuronal excitation and neurotransmitter release. Here, we review the relationship between the
structure and the function of the 5-HT3 receptor. 5-HT3A and 5-HT3B subunits are well
established components of 5-HT3 receptors but additional H7R3C, HTR3D and HTR3E genes
expand the potential for molecular diversity within the family. Studies upon the relationship
between subunit structure and the ionic selectivity and single channel conductances of 5-HT3
receptors have identified a novel domain (the intracellular MA-stretch) that contributes to ion
permeation and selectivity. Conventional and unnatural amino acid mutagenesis of the
extracellular domain of the receptor has revealed residues, within the principle (A-C) and
complementary (D-F) loops, which are crucial to ligand binding. An area requiring much further
investigation is the subunit composition of 5-HT3 receptors that are endogenous to neurones, and
their regional expression within the central nervous system. We conclude by describing recent
studies that have identified numerous H7TR3A and HTR3B gene polymorphisms that impact upon
5-HT3 receptor function, or expression, and consider their relevance to (patho)physiology.
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1. Introduction

The 5-hydroxytryptamine type-3 (5-HT3) receptor is a cation-selective ligand-gated ion
channel mediating neuronal depolarization and excitation within the central and peripheral
nervous systems. The cloning of the first 5-HT3 receptor subunit, termed 5-HT3A (note the
nomenclature employed in this article adopts the recommendations of NC-ITUPHAR,;
Collingridge et al., 2009), placed the 5-HT3 receptor within the Cys-loop superfamily of
ligand-gated ion channels (LGICs). The structural cousins of the 5-HT3 receptor in
vertebrates are the cation-selective nicotinic acetylcholine (nACh) receptors, the anion
selective gamma-aminobutyric acid-type-A (GABA,) and strychnine-sensitive glycine
receptors (Maricq et al., 1991; Peters et al., 1997, 2005; Reeves and Lummis, 2002; Lester et
al., 2004; Sine and Engel, 2006). A far less extensively studied Zn2*-activated cation-
selective channel is an additional member of the Cys-loop superfamily (Davies et al., 2003;
Houtani et al., 2005). In common with all members of the Cys-loop family, 5-HT3 receptors
are assembled as a pentamer of subunits that surround, in pseudo-symmetric manner, a
central ion channel (Boess et al., 1995; Green et al., 1995; Barrera et al., 2005). The
individual subunits comprise a large extracellular N-terminal domain (ECD), four
transmembrane domains (M1-M4) connected by intracellular (M1-M2 and M3-M4) and
extracellular (M2-M3) loops, of which the M3-M4 linker is the most extensive, and an
extracellular C-terminus (Karlin, 2002; Reeves and Lummis, 2002; Lester et al., 2004;
Peters et al., 2005; Unwin, 2005; Sine and Engel, 2006). M2 lines the intramembraneous
portion of the ion conduction pathway, surrounded by M1, M3 and M4 that partition it from
the membrane lipid (Miyazawa et al., 2003). Amino acids within an a-helical portion of the
large intracellular loop (the MA-helix) also contribute to the ion permeation pathway (Peters
et al., 2005). However, the latter is not essential to receptor function. Indeed, the large
intracellular loop of the mouse 5-HT3A subunit can be replaced by the short heptapeptide
M3-M4 linker of the Cys-loop receptor homologue Glvi (a proton-gated channel from the
cyanobacterium Gloebacter violaceus, Bocquet et al., 2007) without loss of function (Jansen
et al., 2008).

2. Molecular composition
2.1. The 5-HT3A subunit

The 5-HT3A receptor subunit (Maricq et al., 1991) was initially isolated using an expression
cloning strategy employing the NCB-20 murine hybridoma cell line that expresses
functional 5-HT3 receptors at high density (Peters and Lambert, 1989; McKernan, 1992).
Critical to the success of this approach 5-HT3A subunits assemble into functional
homopentamers upon heterologous expression in mammalian cell hosts and Xernopus laevis
oocytes. 5-HT3A subunit species orthologues have been cloned from rat superior cervical
ganglia and brain (Isenberg et al., 1993; Miyake et al., 1995; Akuzawa et al., 1996) human
hippocampus, amygdala and colon (Belelli et al., 1995; Miyake et al., 1995; Lankiewicz et
al., 1998), guinea pig small intestine (Lankiewicz et al., 1998), ferret colon (Mochizuki et
al., 2000) and dog brain (Jensen et al., 2006) (Table 1). Inclusive of a predicted signal
peptide of 23 residues, canonical 5-HT3A subunit polypeptides identified to date range
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between 478 and 490 amino acids in length and exhibit a high degree of conservation
(83-87% sequence identity, excluding the signal peptide).

The human HTR3A gene comprises 9 exons and 8 introns and is located upon chromosome
11 (Weiss et al., 1995) (Table 1). Alternative splicing of the primary RNA transcript
encoding mouse, rat and guinea pig, but not human, dog, or ferret, 5-HT3A subunits results
in ‘long’ (5-HT3A(a)) and short (5-HT3A(b)) isoforms (Hope et al., 1993; Isenberg et al.,
1993; Werner et al., 1994; Belelli et al., 1995; Lankiewicz et al., 1998; Mochizuki et al.,
2000; Jensen et al., 2006). The 5-HT3A(b) isoform lacks 6 (mouse and guinea pig), or 5
(rat) amino acid residues within the large intracellular loop linking M3 and M4. Differences
in the efficacy of certain 5-HT3 receptor agonists at the two isoforms have been noted along
with differential modulation by activators of protein kinase A (PKA) and protein kinase C
(PKC) (Downie et al., 1994; van Hooft et al., 1997; Niemeyer & Lummis, 1999; Hubbard et
al., 2000). The human isoform corresponds to the 5-HT3A(b) subunit (Belelli et al., 1995;
Miyake et al., 1995). Additional truncated and extended splice variants of the human 5-
HT3A subunit, unofficially dubbed 5-HT3AT and 5-HT3AL, respectively, are not functional
when expressed alone, however, upon co-expression with canonical 5-HT3A subunits
receptors with modified functional properties are formed (Bruss et al., 2000).

2.2. The 5-HT3B subunit

The isolation of the second member of the 5-HT5 receptor subunit family (i.e., 5-HT3B)
occurred in 1999 via the screening of human genomic sequence data (Davies et al., 1999;
Dubin et al., 1999). The human HTR3A and HTR3B gene loci are in close proximity on the
long arm of chromosome 11 (Table 1) and it is likely that these members of the family arose
from a local duplication event (Davies et al., 1999). The human 5-HT3A and 5-HT3B
subunits share 41% amino acid sequence identity. Mouse and rat orthologs of the 5-HT3B
subunit have only 73% identity to the human sequence, but their gene structure is conserved
with HTR3A. The human 5-HT3B subunit was initially reported to comprise 441 amino
acids (Davies et al., 1999; Dubin et al., 1999), but latterly amended to 436 due to a revised
prediction of the sequence at which translation is initiated (Hanna et al., 2000). Furthermore,
tissue specific alternative promoters in the H/7TR3B gene result in different transcription start
sites in the intestine (the canonical form) versusthe brain. One brain transcript (unofficially
dubbed BT-1) predicts a translation product differing from the canonical form in only the
signal peptide. However, the second (BT-2) lacks the coding sequence for a substantial
portion of the N-terminal domain (Tzvetkov et al., 2007). It remains to be shown if the
predicted proteins are present in brain tissue.

Complementary DNA encoding the 5-HT3B subunit introduced into mammalian cells, or
Xenopus occytes, does not direct the formation of functional receptors, or specific 5-HT3
binding sites (Davies et al., 1999; Dubin et al., 1999; Hanna et al., 2000; Boyd et al., 2002).
However, when co-expressed with the 5-HT3A subunit the 5-HT3B subunit assembles into
heteromeric receptors that display distinct biophysical characteristics as described in Section
5 (Davies et al., 1999; Dubin et al., 1999; Boyd et al., 2002; Reeves and Lummis, 2006).
Atomic force microscopy applied to human epitope-tagged receptor subunits heterologously
expressed in tsA-201 cells indicates the heteromeric 5-HT3AB receptor contains two 5-
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HT3A and three 5-HT3B subunits assembled with the order B-B-A-B-A (Barrera et al.,
2005). Whether the same, fixed, stoichiometry holds for 5-HT3AB receptors native to
neurones remains to be addressed.

2.3. The 5-HT3C, D and E subunits

Three additional human 5-HT3 receptor subunit genes occur as a close cluster on human
chromosome 3 at 3927 (Niesler et al., 2008). Unfortunately, two provisional gene
nomenclatures arose in parallel namely: HTR3C (aka HTR3C3), HTR3D, HTR3E (aka
HTR3C1long), HTR3C2and HTR3C4 (Karnovsky et al., 2003; Niesler et al., 2003).
However, HTR3C2and HTR3C4 are considered to be pseudo-genes in man (Karnovsky et
al., 2003) and do not require further consideration. Here, we adopt the HUGO Gene
Nomenclature Committee (HGNC) names HTR3C, HTR3D and HTR3E (Table 1). The 279
residue 5-HT3D subunit predicted by Niesler et al. (2003) lacks a signal peptide and most of
the ECD including the signature Cys-Cys loop. However, an unprocessed precursor
predicted to encode a 454 amino acid polypeptide has also been reported (Jensen et al.,
2008). The predicted products of the putative H7R3C and HTR3E genes (Table 1) share
36% and 39% amino acid identity, respectively, with the human 5-HT3A subunit
(Karnovsky et al., 2003). A splice variant of the 5-HT3E subunit, dubbed 5-HT3E(a) (aka 5-
HT3C1short), differs from the former in the N-terminal and signal peptide sequences
(Karnovsky et al., 2003; Niesler et al., 2007). The 5-HT3C, 5-HT3D, or 5-HT3E subunits do
not traffic to the cell surface, or form a ligand binding site, when singularly expressed in
HEK-293 cells (Niesler et al., 2007). However, their trafficking to the cell surface is
facilitated by the 5-HT3A subunit with which they co-immunoprecipitate. Co-expression of
the 5-HT3A subunit with any one of the 5-HT3C, 5-HT3D, or 5-HT3E subunits does not
result in receptors with substantially altered pharmacological profiles (Niesler et al., 2007,
2008). It remains to be tested whether the biophysical properties of heteromeric receptors
incorporating the 5-HT3C, 5-HT3D, or 5-HT3D subunits are distinct from those of either the
5-HT3A, or 5-HT3AB receptors.

3. Post-translational modifications, protein associations and biogenesis

It is increasingly appreciated that common mechanisms exist to promote and regulate the
functional expression of the various members of the LGIC family within the cell membrane.
These mechanisms range from post-translational modifications to chaperone proteins that
facilitate the fidelity of receptors trafficked to the cell membrane; a prerequisite for their
function.

Atypically for Cys-loop LGIC subunits, heterologous expression of the 5-HT3A subunit
efficiently generates a functional cell surface receptor. This contrasts with the 5-HT3B
subunit which when expressed alone fails to exit the endoplasmic reticulum (ER) due, at
least in part, to a retention motif (sequence CRAR) within the short first intracellular loop
between M1 and M2 (Boyd et al., 2003). The co-expression of the 5-HT3A with the 5-HT3B
subunit may shield this ER retention motif allowing export of the heteromeric 5-HT3AB
receptor to the cell membrane. Remarkably, co-expression of the 5-HT3A and 5-HT3B
subunits in tsA-201 cells fails to generate detectable homomeric 5-HT3A receptors
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indicating that, when expressed, the 5-HT3B subunit forces a preference for expression of
the heteromeric 5-HT3 receptor (Barrera et al., 2005). The underlying mechanism for the
selective expression of heteromeric receptors in this heterologous system is unknown and it
is uncertain whether this observation can be extrapolated to 5-HT3 receptors in a neuronal
environment.

N-glycosylation of at least the 5-HT3A subunit has a direct impact upon the formation of a
receptor that binds radioligand and the ability to export from the ER and hence expression at
the cell surface (Boyd et al., 2002; Monk et al., 2004; Quirk et al., 2004). Within the h5-
HT3A subunit, each of the four consensus sequence A-glycosylation sites within the N-
terminal ECD domain is A-glycosylated (Monk et al., 2004). Interestingly, the three A-
glycosylation sites conserved between various species investigated to date (i.e., N104, N170
and N186; numbering in human including the signal peptide) display a more pronounced
effect on the formation of a radioligand binding site and expression in the cell membrane
compared to the most N-terminal A~glycosylation site (human numbering N28), which is
absent in rodents (Monk et al., 2004). However, the presence of sugar residues is not
required to preserve a ligand binding site (see Section 4) once the receptor has matured
(Green et al., 1995).

5-HT3 receptors also undergo post-translational modification through phosphorylation at
kinase consensus sites primarily in the large cytoplasmic M3-M4 loop. The guinea pig 5-
HT3A subunit is phosphorylated at S409 but a functional correlate of this modification
remains to be shown (Lankiewicz et al., 2000). The function of native 5-HT3 receptors is
modulated by activators of PKA (Yakel et al., 1991) and PKC (Zhang et al., 1995) or by
kinases such as casein kinase Il introduced into the cell interior (Jones and Yakel, 2003).
However, although the large intracellular loop of the 5-HT3A subunit contains the
appropriate consensus sequences for such kinases, there is no proof that their action is direct.
Indeed, potentiation of responses mediated by the mouse 5-HT3A receptor by activators of
PKC persists when all PKC consensus sequences are mutated from the M3-M4 linker.
Instead, enhancement of macroscopic current responses evoked by 5-HT results from
increased cell surface expression of the receptor due to structural rearrangements of F-actin
with which the receptor clusters (Sun et al., 2003).

A number of ER chaperone proteins associate with the 5-HT3 receptor (e.g., BiP, calnexin,
RIC-3) and, as is typical for such proteins, they likely promote correct folding,
oligomerisation, post-translational modification and export from the ER (Boyd et al., 2002).
The actions of RIC-3, however, appear dependent upon the receptor isoform and species
origin of the transfected cells (see Castillo et al., 2005 versus Cheng et al., 2005, 2007).
Within transfected mammalian cells, a promotion of homomeric (h5-HT3A) and an
inhibition of heteromeric (h5-HT3AB) receptor expression within the cell membrane are
apparent (Cheng et al., 2007). Other proteins have also been shown to influence cell surface
5-HT3 receptor expression and their clustering. For instance, the cytoplasmic cyclophillin A,
reportedly viaan integral peptidyl prolyl isomerase activity, promotes expression in the cell
membrane (Helekar et al., 1994; Helekar and Patrick, 1997).
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Once formed in the ER and Golgi, elegant studies from Vogel’s group indicate an efficient
folding and assembly of the receptor, which is then trafficked in vesicle-like structures along
microtubules to the cell surface (Ilegems et al., 2004). Following insertion into the cell
membrane, it is evident that 5-HT3A receptors form clusters in F-actin-rich regions in
various cells including hippocampal neurones (Emerit et al., 2002; Grailhe et al., 2004;
Ilegems et al., 2004). Furthermore, F-actin depolymerisation disrupts cluster formation
supporting the anchoring of the 5-HT3A receptor to specific subcellular sites (Emerit et al.,
2002), conceptually consistent with the precise anatomical location needed by a receptor
known to mediate fast synaptic neurotransmission. Agonist interaction with the 5-HT3
receptors at the cell surface evokes their internalisation (llegems et al., 2004; Freeman et al.,
2006). Although the mechanisms have yet to be studied in detail, the process probably
involves clathrin-coated early endosomes (Freeman et al., 2006).

4. The 5-HT; receptor ligand binding site

The 5-HT3 receptor has strong structural and functional homology with the nicotinic ACh
receptor (see Reeves and Lummis, 2002; Peters et al., 2005; Thompson and Lummis, 2006,
2007 for reviews). Indeed, chimeric receptors combining the ECD of the a7 nicotinic ACh
receptor subunit and the transmembrane domains of the 5-HT3A receptor are activated by
ACh and have channel properties approximating to those of the 5-HT3A receptor (Eiselé et
al., 1993). Thus, while there are no high resolution images of these proteins, a number of
homology models have been created from the structure of the acetylcholine binding protein
(AChBP) (Brejc et al., 2001; Schapira et al., 2002; Maksay et al., 2003; Reeves et al., 2003).
Importantly, the similarity between the AChBP and the ECD of Cys-loop receptors has been
confirmed by crystallisation of a nicotinic ACh a-subunit monomer and a related
prokaryotic channel (Dellisanti et al., 2007; Hilf and Dutzler, 2008). As the accuracy of the
AChBP structures is now established, we can be reasonably confident that structural details
based on AChBP are broadly correct. Thus the ligand binding site lies at the interface of two
adjacent subunits and is formed by three loops (A-C) from the ‘principal’ subunit and three
B-strands (D-F) from the adjacent or ‘complementary’ subunit (Fig. 1). A number of studies
have identified key residues that are involved in both agonist and antagonist binding and
these are described below (see Thompson and Lummis, 2006, 2007 for comprehensive
reviews). In the following discussion, we employ the amino acid numbering of the mouse 5-
HT3A subunit, including the signal peptide.

4.1. Loops A-C

Loop A (Fig. 1) contributes only a single amino acid residue to the binding pocket, and early
models indicated this was N128 (Maksay et al., 2003; Reeves et al., 2003). However
subsequent data revealed that mutations of N128 did not significantly alter ligand binding
parameters (Sullivan et al., 2006) and a recent, more comprehensive, study using both
natural and unnatural amino acids, concluded that E129, rather than N128, or F130, faces
into the binding pocket (Price et al., 2008). The data specifically indicate a critical hydrogen
bond between the E129 and the hydroxyl group of 5-HT. Other loop A residues, such as
N128 and F130, play a role in receptor gating, but are not directly involved in binding
ligands (Price et al., 2008). Loop A may also be involved in receptor assembly because
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mutations of W121 and P123 result in receptors that do not traffic to the cell surface (Spier
and Lummis, 2000; Deane and Lummis, 2001).

Loop B (Fig. 1) contains a critical tryptophan ligand binding residue (W183) that contributes
to a cation-rt interaction between the pi electron density of tryptophan and the primary
amine of 5-HT (Spier and Lummis, 2000; Beene et al., 2002). The equivalent tryptophan
residue in the nicotinic ACh receptor a1 subunit (W149) also forms such an interaction
(Zhong et al., 1998) and molecular details from AChBP have confirmed that this tryptophan
(147 in AChBP) is a key component of both nicotine and carbamylcholine binding (Brejc et
al., 2001).

The most important aromatic residue within loop C (Fig. 1) is probably Y234 that lies
opposite to the loop B tryptophan in the ligand binding pocket. Y234 is involved in ligand
binding whilst mutation of the closely positioned Y240 does not have any significant effects
(Price and Lummis, 2004). Unnatural amino acid mutagenesis has revealed that an aromatic
residue at position 234 is essential for both binding and function and a group at the 4
position of the same size as a hydroxyl is important for efficient receptor function (Beene et
al., 2004). Of all 5-HT3A subunit binding loop residues, those of loop C are the most
divergent between species. They have thus been considered as candidates for the differing
pharmacology of rodent and human 5-HT3 receptors. However, point mutations throughout
the loop C region did not identify any single residues that were essential for binding of the
agonist m-chlorophenylbiguanide (mCPBG), or the antagonist (+)-tubocurarine (+-Tc),
suggesting multiple regions of the binding site are important (Hope et al., 1999; Mochizuki
etal., 1999).

4.2. Loops D-F

These ‘loops’ are in fact B-strands, although for historical reasons they are still often
referred to as loops. A number of residues in loop D (Fig. 1) are important for binding
and/or receptor function: W90, for example, is critical for ligand binding, whilst W95 plays
a role in cell surface expression (Spier and Lummis, 2000; Thompson et al., 2005).
Antagonists may directly contact R92, and double-mutant cycle analysis at W90 and R92
has indicated that the azabicyclic ring of the competitive antagonist granisetron is located
close to R92 and the aromatic rings lie close to W90 (Yan and White, 2005). Aromatic
contacts have also been demonstrated in AChBP between the residue that is equivalent to
W90 (W53) and the agonist nicotine (Xie and Cohen, 2001; Celie et al., 2004). The
equivalent residues in nicotinic ACh (yW55, 8W57, eW55) and GABAx (aF64) receptors
are also important in binding, indicating that this position is functionally similar among
many members of the LGIC family (Akk, 2002; Holden and Czajkowski, 2002; Celie et al.,
2004).

Sequence variability in loop E (Fig. 1) can be seen both between subunits of the same
species and the same subunit in different species, suggesting that the structure in this region
may differ according to the stoichiometry of the receptor and/or the species. Scanning
alanine mutagenesis of loop E in the mouse 5-HT3A receptor subunit has revealed that
Y143, G148, E149, V150, Q151, N152, Y153 and K154 may be important for granisetron
binding, and indeed mutation of G148 and V150 completely abolished binding
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(Venkataraman et al., 2002a). The two tyrosine residues Y143 and Y153 have been further
studied using unnatural amino acid mutagenesis which has shown that they both play roles
in function, and Y153 also has a role in ligand binding (Beene et al., 2004; Price and
Lummis, 2004).

The structure of loop F (Fig. 1) has yet to be clarified as this region was poorly resolved in
the AChBP crystal structure (Brejc et al., 2001). Thus, its current location on the homology
model on the 5-HT3A receptor is only tentative. A study of granisetron binding implicated
W195 and S206 in the mouse 5-HT3A receptor subunit as potentially important residues
(Thompson et al., 2005) and a more recent and comprehensive mutagenesis and modelling
study has shown that amino acid residues in this loop, and in particular those centered
around W195 and D204, are critical for ligand binding, and may also influence
conformational changes in or close to the binding pocket (Thompson et al., 2006a).

5. Determinants of ion conduction

Structural models of the nicotinic ACh receptor, the prototypical Cys-loop receptor, reveal
that the N-terminal extracellular residues form a wide outer vestibule that funnels into a
narrow conduit through the membrane formed by a rosette of five a-helical M2 domains
(Miyazawa et al., 1999; Unwin, 2005). The exact location of the channel gate in Cys-loop
receptors is disputed. In nicotinic ACh receptors it has been placed either midway across the
membrane (Miyazawa et al., 2003; Unwin, 2005), or deep within the channel pore which
subsequently opens into an intracellular vestibule (Wilson and Karlin, 2001). Studies in
which cysteine residues were systematically introduced into the M2 domain of the 5-HT3A
subunit and subsequently probed with sulphydryl-modifying agents, or Cd2*, in the closed
and open states of the channel are most consistent with a centrally located gate (Reeves et
al., 2001; Panicker et al., 2002, 2004, Table 2). The latter is compatible with the
‘hydrophobic girdle’ model of channel gating which places the closed gate of the 7orpedo
nicotinic ACh receptor approximately midway across the cell membrane between the 9” and
14" residues (Miyazawa et al., 2003; Unwin, 2005). Substitution of hydrophobic V13’
residues in the 5-HT3A receptor by threonine or, serine, causes an increase in agonist
potency (Dang et al., 2000), or spontaneous channel openings (Bhattacharya et al., 2004),
respectively. Substitutions of L9" by several amino acids (Yakel et al., 1993) affected
agonist potency and desensitization (Table 2). Collectively, these observations are also
consistent with the 5-HT3A receptor channel gate being located centrally within the M2
domain.

Several structure-function studies demonstrate that determinants of ion conduction (single
channel conductance and ionic selectivity) reside within the amino acid sequences of the M2
domains of Cys-loop receptors. Amino acids in M2 influence the ion conduction of Cys-
loop receptors gated by ACh, 5-HT, GABA and glycine (reviewed by Keramidas et al., 2004
and Peters et al., 2005). Rings of acidic amino acids at extracellular, intermediate and
cytoplasmic locations within M2, residues 20”, -1” and 4, respectively, act as determinants
of ion conduction in cation selective channels.

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al.

Page 9

The recently refined 4-A resolution structural model of the 7orpedo marmorata nicotinic
ACh receptor reveals cytoplasmic extensions of the conduction pathway with five lateral
openings (dubbed “portals”) formed by a-helical stretches of amino acids (termed either
helical amphipathic (HA)- or membrane associated (MA)-stretches) located within the large
M3-M4 loops of adjacent subunits (Finer-Moore and Stroud, 1984; Unwin, 2005). Recent
studies, predominantly of the 5-HT3A receptor, reveal that the intracellular portals also
contain determinants of ion conduction (Kelley et al., 2003; Hales et al., 2006; Deeb et al.,
2007; Livesey et al., 2008).

5.1. Single channel conductance

A reduction in the number of negative charges in the intermediate ring of nicotinic ACh
receptor subunits causes a corresponding reduction in single channel conductance (Imoto et
al., 1988; Konno et al., 1991). Furthermore, the presence of voluminous residues at the 2’
position of the M2 domain also reduces single channel conductance (Imoto et al., 1991;
Villarroel et al., 1991).

Homomeric 5-HT3A receptors have a single channel conductance below the resolution of
single channel recording. Estimates of single channel conductance derived by variance
analysis of macroscopic currents evoked by 5-HT range from ~0.40 to ~1 pS (Brown et al.,
1998; Gunthorpe et al., 2000; Hales et al., 2006). Incorporation of the 5-HT3B subunit into
heteromeric 5-HT3AB receptors causes at least a ~16-fold increase in single channel
conductance, in the case of human receptors, enabling direct observation of 16 pS
conductance single channels in recordings from excised outside-out patches (Davies et al.,
1999). Neither a change in residue charge (at M2 -1"), nor volume (at M2 2), can explain
this striking effect of the 5-HT3B subunit. The 5-HT3B subunit lacks the negatively charged
intermediate residue (M2 E-1") and has a larger residue at M2 2" (valine versus serine) than
is found in the 5-HT3A subunit. Furthermore, insertion of the M2 sequence of the 5-HT3B
subunit into 5-HT3A/B chimeras did not increase single channel conductance (Kelley et al.,
2003). Instead, replacement of the cytoplasmic a-helical MA-stretch within the M3-M4 loop
of the 5-HT3A subunit with that of the 5-HT3B subunit caused a large increase of
conductance. The key residues responsible for this effect are located at the MA -4”, 0" and
4’ positions (i.e., R432, R436 and R440 in the human 5-HT3A subunit sequence; Kelley et
al., 2003; Hales et al., 2006). Homology models of the 5-HT3A receptor generated using the
refined 4-A resolution nAChR model suggest that the three periodically spaced arginine
residues within the MA-stretches lie at the mouths of the cytoplasmic portals.

Within the MA-stretch, replacement of the 0 residue has the greatest impact on single
channel conductance (Kelley et al., 2003; Hales et al., 2006; Deeb et al., 2007) (Table 3). By
replacing the MA 0 arginine by cysteine and covalently modifying the latter with basic,
acidic and non-polar methanethiosulfonate (MTS) reagents the charge of the cytoplasmic
MA 0’ residue was identified as the principle determinant of the single channel conductance
of 5-HT3A receptor (Deeb et al., 2007).

Taken together, these studies of the determinants of single channel conductance of the 5-HT3
receptor support the hypothesis that cytoplasmic portals form obligate pathways through
which ions must navigate during their passage across the membrane. Furthermore,
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introduction of arginine at either the MA -4” or 0" positions of nicotinic ACh a 42
receptors halved the single channel conductance when the mutation was present in both the
a4 and B2 subunits (Hales et al., 2006). This observation suggests that portals may
participate in ion conduction through nicotinic ACh receptors also.

5.2. lonic selectivity

Like nicotinic ACh receptors, 5-HT3 receptors have a negligible permeability to anions. The
source of their cation selectivity appears to reside primarily within the M2 domain (Table 2).
A combination of mutations resulting in the neutralization of the intermediate ring, insertion
of a proline between the -1” and -2” residues, and the replacement of a 13" valine by
threonine led to the creation of an anion permeable mouse 5-HT3A receptor (Gunthorpe and
Lummis, 2001). However, subsequent studies showed that the replacement of only two
residues (E-1", S19”R) was needed to invert ion selectivity to mildly favour anions (Pc)/Pua
= 2.7), and changing 1"E alone resulted in non-selective channels indicating that the rings of
charge at either end of M2 charge make the most critical contribution (Thompson and
Lummis, 2003) (Table 2). Equivalent residues participate in the selectivity filters of other
Cys-loop receptors (Keramidas et al., 2004; Peters et al., 2005).

The permeability of human 5-HT5 receptors to Ca2* is dependent on subunit composition
(Davies et al., 1999). 5-HT3A receptors are essentially equally permeable to monovalent and
divalent cations (Pca/ Pcs = 1.0-1.4; Brown et al., 1998; Davies et al., 1999; Livesey et al.,
2008). By contrast, the incorporation of the 5-HT3B subunit causes a reduction in the
permeability of heteromeric 5-HT3AB receptors to CaZ* relative to monovalent cations
(Pcal Pos = 0.62; Davies et al., 1999). The human 5-HT3B subunit contains an M2 20’
asparagine at the outer ring position, whereas an acidic aspartate occupies this position in the
human 5-HT3A subunit. The absence of an acidic residue at the outer ring position of the p2
subunit of (a4),(B2)3 nicotinic ACh receptors has been implicated in the reduced Ca2*
conductance observed in receptors with this stoichiometry compared to (a4)3(82), nicotinic
ACh receptors that have acidic residues at three of five outer ring locations (Tapia et al.,
2007). Furthermore, replacement of the 20" aspartate of the human 5-HT3A receptor by
alanine results in a significant reduction in relative permeability to Ca2* (Pca/Pcs = 0.44;
Livesey et al., 2008) (Table 2). Therefore, it is likely that the absence of the 20" aspartate
from the 5-HT3B subunit contributes to the low relative Ca?* permeability of 5-HT3AB
receptors. Furthermore, 5-HT3B subunits lack an acidic M2 -1” residue, while 5-HT3A
receptors have a -1” glutamate. The replacement of the -1” glutamate within homomeric a7
nicotinic ACh receptors by alanine (the equivalent residue within the human 5-HT3B
subunit) abolished permeability to Ca2* (Bertrand et al., 1993; reviewed by Keramidas et al.,
2004). Therefore, the absence of an acidic residue at the -1” position in the 5-HT3B subunit
is also likely to decrease Ca2* flux through 5-HT3AB receptors.

However, the TM2 domain is not the sole determinant of ionic selectivity in 5-HT3 receptors
(Table 3). A recent study demonstrated that cytoplasmic MA-stretch residues, which line
putative intracellular portals of the 5-HT3 receptor, also contribute to ionic selectivity
(Livesey et al., 2008). Replacement of MA -4", 0" and 4" arginines by glutamine, aspartate
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and alanine, respectively, caused an approximately 3-fold increase in the permeability of
Ca?* relative to Cs*.

6. Distribution and relationship to neuronal activity

6.1. Dorsal vagal complex

A number of studies using various radioligands, oligonucleotides and antibodies have
mapped the distribution of 5-HT3 receptor expression in the CNS. A consistent finding from
the species investigated so far, including human, is that highest levels of 5-HT3 receptor
binding sites and immunoreactivity are within the dorsal vagal complex in the brainstem
(e.g., for review see Pratt et al., 1990; Doucet et al., 2000). This region comprises the
nucleus tractus solitarius (NTS), area postrema and dorsal motor nucleus of the vagus nerve,
which are key to the initiation and coordination of the vomiting reflex. Antagonism of the 5-
HT3 receptors in these nuclei is therefore likely to contribute to the anti-emetic action of 5-
HT3 receptor antagonists in the amelioration of chemotherapy- and radiation-induced nausea
and vomiting and post-operative nausea and vomiting. A comparison of 5-HT3 receptor
radioligand binding, immunohistochemical and /n situ hybridisation studies (detecting the
mRNA for the 5-HT3A and 5-HT3B subunits) highlights a notable absence of mMRNA
expression within the dorsal vagal complex. Such data are consistent with the 5-HT3
receptor being expressed on the vagal terminals within the dorsal vagal complex, with their
cell bodies within the nodose ganglion (where 5-HT3A and 5-HT3B subunit mRNA and
immunoreactivity, 5-HT3 receptor binding sites and functional responses are readily detected
(Hoyer et al., 1989; Peters et al., 1993; Morales and Wang, 2002). Consistent with this
distribution of receptor expression, removal of the nodose ganglion, and the subsequent
neurodegeneration of the vagus nerve, is associated with a loss of 5-HT3 receptor binding
sites within the dorsal vagal complex (e.g., Pratt and Bowery, 1989).

Consistent with the anatomical expression studies, /n vivo, or in vitro, electrophysiological
recordings have demonstrated that the release of glutamate onto dorsal vagal preganglionic,
nucleus tractus solitarius and area postrema neurones is facilitated by presynaptic 5-HT3
receptors (Wang et al., 1998; Funahashi et al., 2004; Jeggo et al., 2005). However, another
electrophysiological study has presented evidence for both presynaptic and post-synaptic 5-
HT3 receptors within the nucleus tractus solitarius (Glaum et al., 1992). Interestingly,
nodose ganglion neurones projecting to the NTS possess mMRNA encoding both the 5-HT3A
and 5-HT3B subunit, or only the 5-HT3A subunit, potentially giving rise to a mixture of
presynaptic 5-HT3A and 5-HT3AB receptors upon distinct terminals (Morales and Wang,
2002). This may have considerable functional significance in view of the differing
permeabilities of such receptors to Ca?* (Davies et al., 1999).

6.2. Forebrain

Relative to the dorsal vagal complex, 5-HT3 receptor expression in the forebrain is low.
There is general consistency in regional 5-HT3 receptor expression within a species between
radioligand binding, /n situ hybridisation and immunohistochemical data indicating that the
majority of receptor expression in the forebrain is by local neurones as opposed to the
terminals of projection neurones. However, it is noteworthy that there are marked
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interspecies differences in the expression of the 5-HT3 receptor at both the regional and
cellular level. For example, within the human forebrain, relatively high levels of 5-HT3
receptor recognition sites have been located within the caudate nucleus and putamen
(collectively the striatum), whereas relatively low levels are detected within cortical regions
(Abi-Dargham et al., 1993; Bufton et al., 1993; Parker et al., 1996). This relative expression
pattern is reversed in rodents, where 5-HT3 receptor binding sites are undetectable in the
striatum yet relatively high levels are associated with the superficial layers of the cerebral
cortex (e.g., Barnes et al., 1990; Laporte et al., 1992; Steward et al., 1993a,b).

The use of tissue from patients with neurodegenerative disorders involving the human basal
ganglia has indicated that the striatal 5-HT3 receptors are associated with neurones that
degenerate in Huntington’s disease (Steward et al., 1993a,b); characteristically neurones that
have their cell bodies within the striatum, which include the GABAergic projection neurones
(Sieradzan and Mann, 2001). In contrast, the striatal 5-HT3 receptors would not appear to be
expressed by dopaminergic neurone terminals since their density is not influenced by the
neurodegeneration associated with Parkinson’s disease (Steward et al., 1993a,b).

The majority of species investigated so far (e.g., mouse, rat, marmoset, man) express high
levels of 5-HT3 receptors within the amygdala and hippocampus relative to other forebrain
regions (e.g., Barnes et al., 1989, 1990; Waeber et al., 1989; Jones et al., 1992; Tecott et al.,
1993; Parker et al., 1996). Within the hippocampus, 5-HT3 receptor expression has been
studied in more detail. Thus, consistent with the presence of 5-HT3 receptor binding sites, 5-
HT3A subunit mMRNA and protein are evident within rodent hippocampi (e.g., Tecott et al.,
1993; Morales and Bloom, 1997), where expression appears to be exclusive to GABAergic
interneurones (e.g., Morales and Bloom, 1997). High resolution immunohistochemical
studies report the rodent 5-HT3A subunit within cell bodies, dendrites and varicose axons
(Spier et al., 1999; Miquel et al., 2002). In contrast to the rodent 5-HT3A subunit, the
expression of the 5-HT3B subunit in rodent hippocampus is controversial (see van Hooft and
Yakel, 2003; Jensen et al., 2008). Despite evidence that rodent hippocampal neurones
possess relatively high single channel conductance 5-HT3 receptors (Jones and Surprenant,
1994; reviewed by Fletcher and Barnes, 1998) which would be consistent with the
expression of 5-HT3AB receptors (see Section 5), 5-HT3B subunit transcripts appear absent
(van Hooft and Yakel, 2003; Dover and Barnes, unpublished observations). To add to the
inconsistency, three independent studies using different antisera have identified 5-HT3B-like
immunoreactivity in rat hippocampus that appear to be expressed by a similar pattern of
neurones to those expressing 5-HT3A subunits (Monk et al., 2001; Reeves and Lummis,
2006; Doucet et al., 2007). The above discrepancies remain to be resolved.

The human hippocampus apparently differs from that of rodents in an additional aspect. 5-
HT3A and 5-HT3B subunit mMRNA and protein are expressed in human hippocampus
(Davies et al., 1999; Dubin et al., 1999; Brady et al., 2007; Tzvetkov et al., 2007; although
see Niesler et al., 2003) by principle (excitatory glutamatergic) neurones (Brady et al.,
2007). By contrast, in rodent hippocampus 5-HT3A subunit expression is associated with
GABAergic interneurones (Tecott et al., 1993; Morales and Bloom, 1997). However, there is
one report that supports the association of 5-HT3A subunit immunoreactivity with presumed
principle neurones in the CAL field of the rat hippocampus (Miquel et al., 2002).
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In agreement with immunocytochemical and /n situ hydridization studies in rodent brain,
electrophysiological studies of single neurones in rat brain slices indicate that 5-HT3
receptors are expressed by subsets of inhibitory interneurones in the CA1 area (Ropert and
Guy, 1991; McMahon and Kauer, 1997) and dentate gyrus (Kawa, 1994) of the hippocampus
and layer | of the cerebral cortex (Zhou and Hablitz, 1999). 5-HT3 receptor activation at
such interneurones causes a large increase in the frequency of GABA receptor-mediated
spontaneous inhibitory post-synaptic currents (sIPSCs) recorded from their post-synaptic
targets (Ropert and Guy, 1991; Kawa, 1994; Zhou and Hablitz, 1999; Turner et al., 2004). A
variety of evidence indicates that the release of GABA is, at least in part, mediated by Ca2*
influx into presynaptic terminals and that 5-HT3 receptor channels at this location provide a
significant pathway for Ca2* entry (Nichols and Mollard, 1996: Rondé and Nichols, 1998:
Koyama et al., 2000; Katsurabayashi et al., 2003; Turner et al., 2004).

5-HT3 receptors also occupy a post-synaptic location on central neurones. In brain slices,
synaptically released 5-HT contributes a component to fast excitatory synaptic transmission
that is 5-HT3 receptor-mediated in the rat lateral (but not basolateral) amygdala (Sugita et
al., 1992; Koyama et al., 2000), ferret visual cortex (Roerig et al., 1997) and rat neocortical
GABAergic interneurones that contain cholecystokinin and vasoactive intestinal peptide
(Férézou et al., 2002). The rapid temporal characteristics of the rat 5-HT3 receptor-mediated
evoked excitatory post-synaptic current (eEPSC) recorded by Férézou et al. (2002) are
markedly different from the relatively slowly activating and decaying 5-HT3 receptor-
mediated eEPSCs recorded from neurones of the ferret visual cortex or rat lateral amydala.
In addition, the 5-HT3 receptor-mediated eEPSCs in rat neocortical GABAergic
interneurones activate and deactivate much more rapidly than the currents mediated by
heterologously expressed homomeric 5-HT3A receptors under conditions that closely mimic
synaptic delivery and removal of agonist (Mott et al., 2001; Solt et al., 2007). Expression of
the 5-HT3B subunit cannot explain this discrepancy, because currents mediated by
heterologously expressed heteromeric 5-HT3AB receptors also display comparatively slow
kinetics (Krzywkowski et al., 2008). Moreover, the mRNA encoding the 5-HT3B subunit
cannot be detected in rat neocortical interneurones by single cell RT-PCR (Férézou et al.,
2002). There is at present no explanation for this conundrum.

In contrast to the debate regarding central expression of the 5-HT3g subunit (van Hooft and
Yakel, 2003; Jensen et al., 2008), in situ hybridisation histochemistry indicates that rat
peripheral neurones, including dorsal root, superior cervical and nodose ganglion cells have
the potential to express both the 5-HT3A and 5-HT3B subunits, or solely, the 5-HT3A
subunit (Morales et al., 2001; Morales and Wang, 2002). Rat and mouse trigeminal ganglion
neurones also express 5-HT3A and 5-HT3B subunits on the basis of immunohistochemistry
(Doucet et al., 2007). Accordingly, rat superior cervical and rabbit nodose ganglion neurones
express 5-HT3 receptors with a single channel conductance that is compatible with that of 5-
HT3AB receptors (Yang et al., 1992; Peters et al., 1993). By contrast, electrophysiological
recordings performed on rat dorsal root ganglion neurones are suggestive of the expression
of homomeric, 5-HT3A, constructs (Robertson and Bevan, 1991). Immunohistochemical
studies support the expression of 5-HT3A and 5-HT3B subunits in human submucous plexus
neurones (Michel et al., 2005). Similarly, a subpopulation of mouse myenteric neurones in
culture is immunoreactive for the 5-HT3A subunit and expresses mRNA encoding the 5-
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HT3B subunit (Liu et al., 2002). The single channel conductance of 5-HT3 receptors
endogenous to guinea pig myenteric and submucous plexus neurones is also compatible with
the expression of 5-HT3AB receptors (Derkach et al., 1989; Zhou and Galligan, 1999).

Information concerning the regional expression of the human 5-HT3C, 5-HT3D and 5-HT3E
subunits, and hence their impact upon the potential generation of 5-HT3 receptor isoforms is
relatively sparse (Niesler et al., 2003; Karnovsky et al., 2003). No evidence has yet been
forwarded concerning the molecular stoichiometry of human native central 5-HT3 receptors,
although the expression of 5-HT3A, 5-HT3B and possibly 5-HT3C subunits, but not 5-
HT3D, or 5-HT3E subunits, suggests the potential for considerable molecular diversity.
Greater complexity may apply in the case of the intestine, where all five 5-HT3 receptor
subunits have the potential for expression (Niesler et al., 2003; Jensen et al., 2008).

7. Polymorphisms and (patho)physiology

Several polymorphisms of the HTR3A and HTR3B genes have been described and case
versus control studies suggest a role for 5-HT3 receptors in psychiatric disorders (Table 2).
Pharmacogenetic studies also implicate the 5-HT3 receptor in adverse effects of drugs, such
as paroxetine, that act as selective inhibitors of the serotonin transporter (i.e., SSRIs)
(reviewed by Krzywkowski, 2006 and Niesler et al., 2008).

Psychiatric disorders such as schizophrenia and bipolar affective disorder, segregate with
cytogenetic abnormalities involving a region on chromosome 11 that harbours the H7TR3A
gene (Weiss et al., 1995). Niesler et al. (2001b) identified, in separate schizophrenic patients,
two single nucleotide polymorphisms (SNPs) that result in missense mutations (R344H and
P391R) within the large intracellular loop of the 5-HT3A subunit. These residues are located
N-terminal to the a-helical MA-stretch (see Section 5). Although these were initially stated
to occur at an allelic frequency too low to be a significant factor in the aetiology of the
disorder (Niesler et al., 2001b), the genotyping of additional ethnic populations has shown
that the R344H variant is not uncommon and occurs with a minor allele frequency (MAF) of
0.038-0.108. The functional properties of homomeric receptors assembled from the 5-
HT3A(R344H) subunit variant are unperturbed (Thompson et al., 2006b; Krzywkowski et
al., 2007) and its total abundance and level of expression at the plasma membrane have been
reported to be unchanged (Thompson et al., 2006b), or reduced (Krzywkowski et al., 2007),
in comparison to the wild-type receptor. Similarly, the 5-HT3A(P391R) mutation confers no
striking changes in receptor properties (Kurzwelly et al., 2004; Thompson et al., 2006b), and
is in one study (Krzywkowski et al., 2007), but not another (Thompson et al., 2006b)
associated with reduced cell surface expression. Additional SNPs of the H7TR3A gene result
in the 5-HT3A(A33T) and 5-HT3A(M2571) subunit variants, both of which are associated
with reduced levels of cell surface expression in comparison to the wild-type 5-HT3A
receptor, and the 5-HT3A(S253N) variant which does not compromise plasma membrane
expression (Krzywkowski et al., 2007). The S253N and M2571 substitutions occur in M1
and cause a profound reduction in the maximal response to 5-HT in CaZ* imaging and
fluorescent membrane potential assays in comparison to the wild-type receptor. It is likely
that the S253 N and M2571 substitutions impair signal transduction (Krzywkowski et al.,
2007) but this remains to be confirmed by direct electrophysiological recordings.
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A very common SNP (386AC) of the H7R3B gene (MAF = 0.433) results in the 5-HT3B
subunit variant Y129S within the p5 strand of the ECD. This polymorphism occurs at a
reduced frequency in female patients manifesting major depression and also in patients with
bipolar affective disorder, suggesting a protective influence of the variant allele
(Krzywkowski, 2006). Unusually, the Y129S variant is a gain of function mutation. When
combined with the wild-type 5-HT3A subunit in heteromeric receptors, the 5-HT3B(Y129S)
variant confers an increased maximal response to 5-HT, decreased desensitization and
deactivation kinetics and a 7-fold increase in mean channel open time in comparison to
heteromeric receptors containing the wild-type 5-HT3B subunit (Krzywkowski et al., 2008).
An intermediate effect upon the maximal response to 5-HT in Ca2* imaging and fluorescent
membrane potential assays is evident for receptors assembled from a mixture of wild-type 5-
HT3A, wild-type 5-HT3B and 5-HT3B(Y129S) subunits. Hence, the Y129S variant has
been hypothesised to affect signaling viathe 5-HT3AB receptor in heterozygous, as well as
homozygous, individuals (Krzywkowski et al., 2008).

Polymorphisms outwith the coding region of the H7R3A and H7TR3B genes have also been
proposed to be functionally important (Niesler et al., 2008). The relatively common
polymorphism C178T (aka -42C>T) within the 5" untranslated region of the H7TR3A gene
results in increased translation of a luciferase reporter construct (Niesler et al., 2001a). This
polymorphism appears to be associated with bipolar affective disorder (in Caucasians), and
the personality trait of lower harm avoidance in women (reviewed by Krzywkowski, 2006).
Intriguingly, functional magnetic resonance imaging indicates that the less common C/T
allele, versus C/C allele, is associated with a reduced level of neuronal activation in the right
amygdala and prefrontal cortex during a face recognition task (lidaka et al., 2005). It has
been speculated that the cellular basis of this effect is enhanced 5-HT3 receptor expression
on inhibitory GABAergic interneurones and as a consequence enhanced release of GABA
(lidaka et al., 2005). Such speculation gains credence from the observation that 5-HT3
receptors are frequently expressed by GABAergic interneurones within the CNS and that
their activation (by exogenous 5-HT) increases the frequency of minature inhibitory post-
synaptic currents mediated by GABA (reviewed by Chameau and van Hooft, 2006; see
Section 6).

A -100_-102AAG deletion in the promoter region of the H7R3B gene has been associated
with an increased frequency of chemotherapy-induced nausea and vomiting in patients
receiving 5-HT3 receptor antagonists as anti-emetic therapy (Tremblay et al., 2003).
Specifically, patients homozygous for the deletion had the highest score for nausea and
vomiting of all groups studied. However, a definitive link between the -100_-102AAG
deletion and a reduced efficacy of anti-emetic therapy with 5-HT3 receptor antagonists
remains to be established (Tremblay et al., 2003) and a subsequent study found no
significant correlation between the deletion and the frequency of vomiting in a patient group
undergoing chemotherapy for breast cancer (Fasching et al., 2008). Nonetheless, it is
interesting that the same deletion also associates with an increased incidence of nausea in
response to paroxetine, a selective serotonin reuptake inhibitor (Tanaka et al., 2008). The
-100_-102AAG deletion has recently been shown to increase the promoter activity of the
HTR3B gene, in vitro (Meineke et al., 2008). Whether increased expression of the 5-HT3B
subunit occurs /n vivo as a consequence of -100_-102AAG deletion remains to be assessed,
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but it is interesting that the gain of function Y129S variant is also associated with an
increased frequency of parotexine-induced nausea (Sugai et al., 2006). Finally, the
-100_-102AAG deletion variant has been found to be underrepresented in a sample of
patients suffering from bipolar depression (Frank et al., 2004).

8. Concluding remarks

Much is now known about the structure and function of 5-HT3 receptors but there are still a
number of conundra and controversies that we have alluded to. It is, however, becoming
increasingly clear that a better knowledge could have a significant impact on our
understanding of a range of clinical conditions in which the 5-HT5 receptor is involved, in
addition to contributing to the design of more selective and potent potentially therapeutic
compounds. In this respect, determining the roles of the 5-HT3C, D and E subunits in 5-HT3
receptor function at the molecular level is a goal for the future.

Acknowledgements

Research in the Author’s laboratories is supported by the Wellcome Trust (S.C.R.L, N.M.B and J.A.P.), the National
Science Foundation (T.G.H.), Epilepsy Research (UK) (N.M.B.), the Leukaemia Research Fund (N.M.B.), the
Anonymous Trust (J.A.P.) and Tenovus Scotland (J.A.P.). We thank Dr. Andrew Thompson (Dept. of Biochemistry,
Cambridge University, UK) for preparing Fig. 1.

References

Abi-Dargham A, Laruelle M, Wong DT, Robertson DW, Weinberger DR, Kleinman JE.
Pharmacological and regional characterization of [3H]LY 278584 binding sites in human brain. J.
Neurochem. 1993; 60:730-737. [PubMed: 8419547]

Akk G. Contributions of the non-alpha subunit residues (loop D) to agonist binding and channel gating
in the muscle nicotinic acetylcholine receptor. J. Physiol. 2002; 544:695-705. [PubMed: 12411516]

Akuzawa S, Miyake A, Miyata K, Fukutomi H. Comparison of [3H]YM060 binding to native and
cloned rat 5-HT3 receptors. Eur. J. Pharmacol. 1996; 296:227-230. [PubMed: 8838461]

Barnes JM, Barnes NM, Costall B, Ironside JW, Naylor RJ. Identification and characterisation of 5-
hydroxytryptamines recognition sites in human brain tissue. J. Neurochem. 1989; 53:1787-1793.
[PubMed: 2809591]

Barnes JM, Barnes NM, Champaneria S, Costall B, Naylor RJ. Characterisation and autoradiographic
localisation of the 5-HT3 receptor recognition sites identified with [3H]-(s)-zac0pride in the
forebrain of the rat. Neuropharmacology. 1990; 29:1037-1045. [PubMed: 2087255]

Barrera NP, Herbert P, Henderson RM, Martin IL, Edwardson JM. Atomic force microscopy reveals
the stoichiometry and subunit arrangement of 5-HT3 receptors. Proc. Natl. Acad. Sci. U.S.A. 2005;
102:12595-12600. [PubMed: 16116092]

Beene DL, Brandt GS, Zhong W, Zacharias NM, Lester HA, Dougherty DA. Cation-pi Interactions in
ligand recognition by serotonergic (5-HT34) and nicotinic acetylcholine receptors: the anomalous
binding properties of nicotine. Biochemistry. 2002; 41:10262-10269. [PubMed: 12162741]

Beene DL, Price KL, Lester HA, Dougherty DA, Lummis SCR. Tyrosine residues that control binding
and gating in the 5-hydroxytryptamines receptor revealed by unnatural amino acid mutagenesis. J.
Neurosci. 2004; 24:9097-9104. [PubMed: 15483128]

Belelli D, Balcarek JM, Hope AG, Peters JA, Lambert JJ, Blackburn TP. Cloning and functional
expression of a human 5-hydroxytryptamine type 3A subunit. Mol. Pharmacol. 1995; 48:1054—
1062. [PubMed: 8848005]

Bertrand D, Galzi JL, Devillers-Thiery A, Bertrand S, Changeux J-P. Mutations at two distinct sites

within the channel domain M2 alter calcium permeability of neuronala.7 nicotinic receptor. Proc.
Natl. Acad. Sci. U.S.A. 1993; 90:6971-6975. [PubMed: 7688468]

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al.

Page 17

Bhattacharya A, Dang H, Zhu QM, Schnegelsberg B, Rozengurt N, Cain G, Prantil R, Vorp DA, Guy
N, Julius D, Ford AP, Lester HA, Cockayne DA. Uropathic observations in mice expressing a
constitutively active point mutation in the 5-HT3a receptor subunit. J. Neurosci. 2004; 24:5537—
5548. [PubMed: 15201326]

Boess FG, Beroukhim R, Martin IL. Ultrastructure of the 5-hydroxytryptamineg receptor. J.
Neurochem. 1995; 64:1401-1405. [PubMed: 7861173]

Boess FG, Steward LJ, Steele JA, Liu D, Reid J, Glencorse TA, Martin IL. Analysis of the ligand
binding site of the 5-HT3 receptor using site directed mutagenesis: importance of glutamate 106.
Neuropharmacology. 1997; 36:637-647. [PubMed: 9225289]

Bocquet N, Prado de Carvahlo L, Cartaud J, Neyton J, Le Poupon C, Taly A, Grutter T, Changeux JP,
Corringer PJ. A prokaryotic proton-gated ion channel from the nicotinic acetylcholine receptor
family. Nature. 2007; 445:116-119. [PubMed: 17167423]

Boyd GW, Low PB, Dunlop JI, Robertson LA, Vardy A, Lambert JJ, Peters JA, Connolly CN.
Assembly and cell surface expression of homomeric and heteromeric 5-HT3 receptors: the role of
oligomerization and chaperone proteins. Mol. Cell. Neurosci. 2002; 21:38-50. [PubMed:
12359150]

Boyd GW, Doward AL, Kirkness EF, Millar NS, Connolly CN. Cell surface expression of 5-
hydroxytryptamine type 3 receptors is controlled by an endoplasmic reticulum retention signal. J.
Biol. Chem. 2003; 278:27681-27687. [PubMed: 12750374]

Brady CA, Dover TJ, Massoura AN, Princivalle AP, Hope AG, Barnes NM. Identification of 5-HT3a
and 5-HT3p receptors subunits in human hippocampus. Neuropharmacology. 2007; 52:1284—
1290. [PubMed: 17327132]

Brejc K, van Dijk WJ, Klaassen RV, Schuurmans M, van Der Oost J, Smit AB, Sixma TK. Crystal
structure of an ACh-binding protein reveals the ligand-binding domain of nicotinic receptors.
Nature. 2001; 411:269-276. [PubMed: 11357122]

Brown AM, Hope AG, Lambert JJ, Peters JA. lon permeation and conduction in a human recombinant
5-HT3 receptor subunit (h5-HT3a). J. Physiol. 1998; 507:653-665. [PubMed: 9508827]

Bruss M, Barann M, Hayer-Zillgen M, Eucker T, Géthert M, Bénisch H. Modified 5-HT3a receptor
function by co-expression of alternatively spliced human 5-HT3a receptor isoforms. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 2000; 362:392-401. [PubMed: 11111833]

Bufton KE, Steward LJ, Barber PC, Barnes NM. Distribution and characterization of the
[3H]granisetron-labelled 5-HT3 receptor in the human forebrain. Neuropharmacology. 1993;
32:1325-1331. [PubMed: 8152523]

Castillo M, Mulet J, Gutierrez LM, Ortiz JA, Castelans F, Gerber S, Sala S, Sala F, Criado M. Dual
role of the RIC-3 protein in trafficking of serotonin and nicotinic acetylcholine receptors. J. Biol.
Chem. 2005; 280:27062-27068. [PubMed: 15927954]

Celie PH, van Rossum-Fikkert SE, van Dijk WJ, Brejc K, Smit AB, Sixma TK. Nicotine and
carbamylcholine binding to nicotinic acetylcholine receptors as studied in AChBP crystal
structures. Neuron. 2004; 41:907-914. [PubMed: 15046723]

Chameau P, van Hooft JA. Serotonin 5-HT3 receptors in the central nervous system. Cell Tissue Res.
2006; 326:573-581. [PubMed: 16826372]

Cheng A, McDonald NA, Connolly CN. Cell surface expression of 5-hydroxytryptamine type 3
receptors is promoted by RIC-3. J. Biol. Chem. 2005; 280:22502-22507. [PubMed: 15809299]

Cheng A, Bollan KA, Greenwood SM, Irving AJ, Connolly CN. Differential subcellular localization of
RIC-3 isoforms and their role in determining 5-HT3 receptor composition. J. Biol. Chem. 2007,
282:26158-26166. [PubMed: 17609200]

Collingridge GL, Olsen RW, Peters JA, Spedding M. A nomenclature for ligand-gated ion channels.
Neuropharmacology. 2009; 56:2-5. [PubMed: 18655795]

Dang H, England PM, Farivar SS, Dougherty DA, Lester HA. Probing the role of a conserved M1
proline residue in 5-hydroxytryptamines receptor gating. Mol. Pharmacol. 2000; 57:1114-1122.
[PubMed: 10825381]

Das P, Dillon GH. Molecular determinants of picrotoxin inhibition of 5-hydroxytryptamine type 3
receptors. J. Pharmacol. Exp. Ther. 2005; 314:320-328. [PubMed: 15814570]

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al.

Page 18

Davies PA, Pistis M, Hanna MC, Peters JA, Lambert JJ, Hales TG, Kirkness EF. The 5-HT3g subunit
is a major determinant of serotonin receptor function. Nature. 1999; 397:359-363. [PubMed:
9950429]

Davies PA, Wang W, Hales TG, Kirkness EF. A novel class of ligand-gated ion channel is activated by
Zn2* J. Biol. Chem. 2003; 278:712—717. [PubMed: 12381728]

Deane CM, Lummis SCR. The role and predicted propensity of conserved proline residues in the 5-
HT3 receptor. J. Biol. Chem. 2001; 276:37962-37966. [PubMed: 11495906]

Deeb TZ, Carland JE, Cooper MA, Livesey MR, Lambert JJ, Peters JA, Hales TG. Dynamic
modification of a mutant cytoplasmic cysteine residue modulates the conductance of the human 5-
HT3p receptor. J. Biol. Chem. 2007; 282:6172-6182. [PubMed: 17200121]

Dellisanti CD, Yao Y, Stroud JC, Wang ZZ, Chen L. Crystal structure of the extracellular domain of
nAChRa.1 bound to a-bungarotoxin at 1.94 A resolution. Nat. Neurosci. 2007; 10:953-962.
[PubMed: 17643119]

Derkach V, Surprenant A, North RA. 5-HT3 receptors are membrane ion channels. Nature. 1989;
339:706-709. [PubMed: 2472553]

Doucet E, Miquel MC, Nosjean A, Vergé D, Hamon M, Emerit MB. Immunolabeling of the rat central
nervous system with antibodies partially selective of the short form of the 5-HT3 receptor.
Neuroscience. 2000; 95:881-892. [PubMed: 10670455]

Doucet E, Latremoliere A, Darmon M, Hamon M, Emerit MB. Immunolabelling of the 5-HT3g
receptor subunit in the central and peripheral nervous system in rodents. Eur. J. Neurosci. 2007;
26:355-366. [PubMed: 17650111]

Downie DL, Hope AG, Lambert JJ, Peters JA, Blackburn TP, Jones BJ. Pharmacological
characterization of the apparent splice variants of the murine 5-HT3R-A subunit expressed in
Xenopus laevis oocytes. Neuropharmacology. 1994; 33:473-482. [PubMed: 7984286]

Dubin AE, Huvar R, D’ Andrea MR, Pyati J, Zhu JY, Joy KC, Wilson SJ, Galindo JE, Glass CA, Luo
L, Jackson MR, Lovenberg TW, Erlander MG. The pharmacological and functional characteristics
of the serotonin 5-HT3A receptor are specifically modified by a 5-HT3B receptor subunit. J. Biol.
Chem. 1999; 274:30799-30810. [PubMed: 10521471]

Eiselé JL, Bertrand S, Galzi JL, Devillers-Thiéry A, Changeux J-P, Bertrand D. Chimaeric nicotinic-
serotonergic receptor combines distinct ligand binding and channel specificities. Nature. 1993;
366:479-483. [PubMed: 8247158]

Emerit MB, Doucet E, Darmon M, Hamon M. Native and cloned 5-HT34(S) Receptors are anchored
to F-actin in clonal cells and neurons. Mol. Cell. Neurosci. 2002; 20:110-124. [PubMed:
12056843]

Fasching PA, Kollmannsberger B, Strissel PL, Niesler B, Engel J, Kreis H, Lux MP, Weihbrecht S,
Lausen B, Bani MR, Beckmann MW, Strick R. Polymorphisms in the novel serotonin receptor
subunit gene HTR3C show different risks for acute chemotherapy-induced vomiting after
anthracycline chemotherapy. J. Cancer Res. Clin. Oncol. Apr 4.2008 134:1079-1086. [PubMed:
18389280]

Férézou I, Cauli B, Hill EL, Rossier J, Hamel E, Lambolez B. 5-HT3 receptors mediate serotonergic
fast synaptic excitation of neocortical vasoactive interstinal peptide/cholecystokinin interneurons.
J. Neurosci. 2002; 22:7389-7397. [PubMed: 12196560]

Finer-Moore J, Stroud RM. Amphipathic analysis and possible formation of the ion channel in an
acetylcholine receptor. Proc. Natl. Acad. Sci. U.S.A. 1984; 81:155-159. [PubMed: 6320162]

Fletcher S, Barnes NM. Desperately seeking subunits: are native 5-HT3 receptors really homomeric
complexes? Trends Pharmacol. Sci. 1998; 19:212-215. [PubMed: 9666711]

Frank B, Niesler B, Nothen MM, Neidt H, Propping P, Bondy B, Rietschel M, Maier W, Albus M,
Rappold G. Investigation of the human serotonin receptor gene H/7R3B in bipolar affective and
schizophrenic patients. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2004; 131:1-5.

Freeman SL, Glatzle J, Robin CS, Valdellon M, Sternini C, Sharp JW, Raybould HE. Ligand-induced
5-HT3 receptor internalization in enteric neurons in rat ileum. Gastroenterology. 2006; 131:97—
107. [PubMed: 16831594]

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al.

Page 19

Funahashi M, Mitoh Y, Matsuo R. Activation of presynaptic 5-HT3 receptors facilitates glutamatergic
synaptic inputs to area postrema neurons in rat brain slices. Methods Find. Exp. Clin. Pharmacol.
2004; 26:615-622. [PubMed: 15605121]

Glaum SR, Brookes PA, Spyer KM, Miller RJ. 5-Hydroxytryptamine-3 receptors modulate synaptic
activity in the rat nucleus tractus solitarius /n7 vitro. Brain Res. 1992; 589:62-68. [PubMed:
1422823]

Grailhe R, de Carvalho LP, Paas Y, Le Poupon C, Soudant M, Bregestovski P, Changeux J-P, Corringer
P-J. Distinct subcellular targeting of fluorescent nicotinic alpha 3 beta 4 and serotoninergic 5-
HT3p receptors in hippocampal neurons. Eur. J. Neurosci. 2004; 19:855-862. [PubMed:
15009132]

Green T, Stauffer KA, Lummis SCR. Expression of recombinant homo-oligomeric 5-
hydroxytryptamines receptors provides new insights into their maturation and structure. J. Biol.
Chem. 1995; 270:6056—6061. [PubMed: 7890738]

Gunthorpe MJ, Lummis SCR. Conversion of the ion selectivity of the 5-HT3a, receptor from cationic
to anionic reveals a conserved feature of the ligand-gated ion channel superfamily. J. Biol. Chem.
2001; 276:10977-10983.

Gunthorpe MJ, Peters JA, Gill CH, Lambert JJ, Lummis SCR. The 4’lysine in the putative channel
lining domain affects desensitization but not the single-channel conductance of recombinant
homomeric 5-HT3p receptors. J. Physiol. 2000; 522:187-198. [PubMed: 10639097]

Hales TG, Dunlop JI, Deeb TZ, Carland JE, Kelley SP, Lambert JJ, Peters JA. Common determinants
of single channel conductance within the large cytoplasmic loop of 5-hydroxytryptamine type 3
and a4p2 nicotinic acetylcholine receptors. J. Biol. Chem. 2006; 281:8062-8071. [PubMed:
16407231]

Hanna MC, Davies PA, Hales TG, Kirkness EF. Evidence for expression of heteromeric serotonin 5-
HT3 receptors in rodents. J. Neurochem. 2000; 75:240-247. [PubMed: 10854267]

Helekar SA, Patrick J. Peptidyl prolyl cis-trans isomerase activity of cyclophilin A in functional homo-
oligomeric receptor expression. Proc. Natl. Acad. Sci. U.S.A. 1997; 94:5432-5437. [PubMed:
9144255]

Helekar SA, Char D, Neff S, Patrick J. Prolyl isomerase requirement for the expression of functional
homo-oligomeric ligand-gated ion channels. Neuron. 1994; 12:179-189. [PubMed: 7507339]

Hilf RJ, Dutzler R. X-ray structure of a prokaryotic pentameric ligand-gated ion channel. Nature.
2008; 452:375-379. [PubMed: 18322461]

Holden JH, Czajkowski C. Different residues in the GABAA receptor-a1T60-a1K70 region mediate
GABA and SR-95531 actions. J. Biol. Chem. 2002; 277:18785-18792. [PubMed: 11896052]

van Hooft JA, Yakel JL. 5-HT3 receptors in the CNS: 3B or not 3B? Trends Pharmacol. Sci. 2003;
24:157-160. [PubMed: 12707000]

van Hooft JA, Kreinkamp AP, Vijverberg HPM. Native serotonin 5-HT3 receptors expressed in
Xenopus laevis oocytes differ from homopentameric receptors. J. Neurochem. 1997; 69:1316—
1321.

Hope AG, Downie DL, Sutherland L, Lambert JJ, Peters JA, Burchell B. Cloning and functional
expression of an apparent splice variant of the murine 5-HT3 receptor A subunit. Eur. J.
Pharmacol. 1993; 245:187-192. [PubMed: 7683998]

Hope AG, Belelli D, Mair ID, Lambert JJ, Peters JA. Molecular determinants of (+)-tubocurarine
binding at recombinant 5-hydroxytryptaminesa receptor subunits. Mol. Pharmacol. 1999;
55:1037-1043. [PubMed: 10347245]

Hoyer D, Waeber C, Karpf A, Neijt H, Palacios JM. [3H]ICS 205-930 labels 5-HT3 recognition sites in
membranes of cat and rabbit vagus nerve and superior cervical ganglion. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 1989; 340:396-402. [PubMed: 2586633]

Houtani T, Munemoto Y, Kase M, Sakuma S, Tsutsumi T, Sugimoto T. Cloning and expression of
ligand-gated ion-channel receptor L2 in central nervous system. Biochem. Biophys. Res.
Commun. 2005; 335:277-285. [PubMed: 16083862]

Hu XQ, Lovinger DM. Role of aspartate 298 in mouse 5-HT3a receptor gating and modulation by
extracellular Ca%* J. Physiol. 2005; 568:381-396. [PubMed: 16096341]

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al.

Page 20

Hu XQ, Sun H, Peoples RW, Hong R, Zhang L. An interaction involving an arginine residue in the
cytoplasmic domain of the 5-HT3, receptor contributes to receptor desensitization mechanism. J.
Biol. Chem. 2006; 281:21781-21788. [PubMed: 16754678]

Hubbard PC, Thompson AJ, Lummis SCR. Functional differences between splice variants of the
murine 5-HT3A receptor: possible role for phosphorylation. Brain Res. Mol. Brain Res. 2000;
81:101-108. [PubMed: 11000482]

lidaka T, Ozaki N, Matsumoto A, Nogawa J, Kinoshita Y, Suzuki T, Iwata N, Yamamoto Y, Okada T,
Sadato N. A variant C178T in the regulatory region of the serotonin receptor gene H7R3A
modulates neural activation in the human amygdala. J. Neurosci. 2005; 25:6460-6466. [PubMed:
16000636]

llegems E, Pick HM, Deluz C, Kellenberger S, Vogel H. Noninvasive imaging of 5-HT3 receptor
trafficking in live cells. J. Biol. Chem. 2004; 279:53346-53352. [PubMed: 15452106]

Imoto K, Busch C, Sakmann B, Mishina M, Konno T, Nakai J, Bujo H, Mori Y, Fukuda K, Numa S.
Rings of negatively charged amino acids determine the acetylcholine receptor channel
conductance. Nature. 1988; 335:645-648. [PubMed: 2459620]

Imoto K, Konno T, Nakai J, Wang F, Mishina M, Numa S. A ring of uncharged polar amino acids as a
component of channel constriction in the nicotinic acetylcholine receptor. FEBS Lett. 1991;
289:193-200. [PubMed: 1717313]

Isenberg KE, Ukhun SG, Holstad S, Jafri S, Uchida U, Zorumski CF, Yang J. Partial cDNA cloning
and NGF regulation of a rat 5-HT3 receptor subunit. NeuroReport. 1993; 5:121-124. [PubMed:
7509203]

Jansen M, Bali M, Akabas MH. Modular design of Cys-loop ligand-gated ion channels: functional 5-
HT3 and GABAp1 receptors lacking the large cytoplasmic M3M4 loop. J. Gen. Physiol. 2008;
131:137-146. [PubMed: 18227272]

Jeggo RD, Kellett DO, Wang Y, Ramage AG, Jordan D. The role of central 5-HT3 receptors in vagal
reflex inputs to neurones in the nucleus tractus solitarius of anaesthetized rats. J. Physiol. 2005;
566:939-953. [PubMed: 15905216]

Jensen TN, Nielsen J, Frederiksen K, Ebert B. Molecular cloning and pharmacological characterization
of serotonin 5-HT3a, receptor subtype in dog. Eur. J. Pharmacol. 2006; 538:23-31. [PubMed:
16647053]

Jensen AA, Davies PA, Braiiner-Oshorne H, Krzywkowski K. 3B but which 3B? And that’s just one of
the questions: the heterogeneity of human 5-HT3 receptors. Trends Pharmacol. Sci. 2008

Jones KA, Surprenant AM. Single channel properties of the 5-HT3 subtype of serotonin receptor in
primary cultures of rodent hippocampus. Neurosci. Lett. 1994; 174:133-136. [PubMed: 7526284]

Jones S, Yakel JL. Casein kinase 11 (protein kinase ck2) regulates serotonin 5-HT3 receptor channel
function in NG108-15 cells. Neuroscience. 2003; 119:629-634. [PubMed: 12809683]

Jones DN, Barnes NM, Costall B, Domeney AM, Kilpatrick GJ, Naylor RJ, Tyers MB. The
distribution of 5-HT3 recognition sites in the marmoset brain. Eur. J. Pharmacol. 1992; 215:63-67.
[PubMed: 1516650]

Joshi PR, Suryanarayanan A, Hazai E, Schulte MK, Maksay G, Bikadi Z. Interactions of granisetron
with an agonist-free 5-HT3a receptor model. Biochemistry. 2006; 45:1099-1105. [PubMed:
16430206]

Karlin A. Emerging structure of the nicotinic acetylcholine receptors. Nat. Rev. Neurosci. 2002;
3:102-114. [PubMed: 11836518]

Karnovsky AM, Gotow LF, McKinley DD, Piechan JL, Ruble CL, Mills CJ, Schellin KA, Slightom
JL, Fitzgerald LR, Benjamin CW, Roberds SL. A cluster of novel serotonin receptor 3-like genes
on human chromosome 3. Gene. 2003; 319:137-148. [PubMed: 14597179]

Katsurabayashi S, Kubota H, Tokutomi N, Akaike N. A distinct distribution of functional presynaptic
5-HT receptor subtypes on GABAergic nerve terminals projecting to single hippocampal CA1
pyramidal neurons. Neuropharmacology. 2003; 44:1022-1030. [PubMed: 12763095]

Kawa K. Distribution and functional properties of 5-HT4g receptors in the rat hippocampal dentate
gyrus: a patch-clamp study. J. Neurophysiol. 1994; 71:1935-1947. [PubMed: 7520482]

Kelley SP, Dunlop JI, Kirkness EF, Lambert JJ, Peters JA. A cytoplasmic region determines single-
channel conductance in 5-HT3 receptors. Nature. 2003; 424:321-324. [PubMed: 12867984]

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al.

Page 21

Keramidas A, Moorhouse AJ, Schofield PR, Barry PH. Ligand-gated ion channels: mechanisms
underlying ion selectivity. Prog. Biophys. Mol. Biol. 2004; 86:161-204. [PubMed: 15288758]
Konno T, Busch C, Von Kitzing E, Imoto K, Wang F, Nakai J, Mishina M, Numa S, Sakmann B. Rings
of anionic amino acids as structural determinants of ion selectivity in the acetylcholine receptor

channel. Proc. R. Soc. Lond. B Biol. Sci. 1991; 244:69-79.

Koyama S, Matsumoto N, Kubo C, Akaike N. Presynaptic 5-HT3 receptor-mediated modulation of
synaptic GABA release in the mechanically dissociated rat amygdala neurons. J. Physiol. 2000;
529:373-383. [PubMed: 11101647]

Krzywkowski K. Do polymorphisms in human 5-HT3 genes contribute to pathological phenotypes?
Biochem. Soc. Trans. 2006; 34:872-876. [PubMed: 17052218]

Krzywkowski K, Jensen AA, Connolly CN, Braiiner-Oshorne H. Naturally occurring variations in the
human 5-HT34 gene profoundly impact 5-HT43 receptor function and expression. Pharmacogenet.
Genom. 2007; 17:255-266.

Krzywkowski K, Davies PA, Feinberg-Zadek PL, Braliner-Oshorne H, Jensen AA. High-frequency
HTR3B variant associated with major depression dramatically augments the signaling of the
human 5-HT3ap receptor. Proc. Natl. Acad. Sci. U.S.A. 2008; 105:722-727. [PubMed: 18184810]

Kurzwelly D, Barann M, Kostanian A, Combrink S, Bonisch H, Géthert M, Briiss M. Pharmacological
and electrophysiological properties of the naturally occurring Pro391Arg variant of the human 5-
HT3a receptor. Pharmacogenetics. 2004; 14:165-172. [PubMed: 15167704]

Lankiewicz S, Lobitz N, Wetzel CHR, Rupprecht R, Gisselmann G, Hatt H. Molecular cloning,
functional expression, and pharmacological characterization of 5-hydroxytryptamines receptor
cDNA and its splice variants from the guinea pig. Mol. Pharmacol. 1998; 53:202-212. [PubMed:
9463477]

Lankiewicz S, Huser MB, Heumann R, Hatt H, Gisselmann G. Phosphorylation of the 5-
hydroxytryptamines (5-HT3) receptor expressed in HEK293 cells. Receptors Channels. 2000; 7:9—
15. [PubMed: 10800772]

Laporte AM, Koscielniak T, Ponchant M, Verge D, Hamon M, Gozlan H. Quantitative
autoradiographic mapping of 5-HT3 receptors in the rat CNS using [125I]iodo-zacopride and
[3H]zacopride as radioligands. Synapse. 1992; 10:271-281. [PubMed: 1585260]

Lester HA, Dibas MI, Dahan DS, Leite JF, Dougherty DA. Cys-loop receptors: new twists and turns.
Trends Neurosci. 2004; 27:329-336. [PubMed: 15165737]

Liu MT, Rayport S, Jiang Y, Murphy DL, Gershon MD. Expression and function of 5-HT3 receptors in
the enteric neurons of mice lacking the serotonin transporter. Am. J. Physiol. Gastrointest. Liver
Physiol. 2002; 283:G1398-G1411. [PubMed: 12388212]

Livesey MR, Cooper MA, Deeb TZ, Carland JE, Kozuska J, Hales TG, Lambert JJ, Peters JA.
Structural determinants of Ca2* permeability and conduction in the human 5-HT3A receptor. J.
Biol. Chem. 2008; 282:6172-6182.

Lopreato GF, Banerjee P, Mihic SJ. Amino acids in transmembrane domain two influence anesthetic
enhancement of serotonin-3A receptor function. Mol. Brain Res. 2003; 118:45-51. [PubMed:
14559353]

Maksay G, Bikadi Z, Simonyi M. Binding interactions of antagonists with 5-hydroxytryptaminesa
receptor models. J. Recept. Signal Transduct. Res. 2003; 23:255-270. [PubMed: 14626451]

Maricq AV, Peterson AS, Brake AJ, Myers RM, Julius D. Primary structure and functional expression
of the 5-HT3 receptor, a serotonin-gated ion channel. Science. 1991; 254:432-437. [PubMed:
1718042]

McKernan, RM. Biochemical properties of the 5-HT3 receptor. In: Hamon, M, editor. Central and
Peripheral 5-HT3 Receptors. Academic Press; London, UK: 1992. 89-102.

McMahon LL, Kauer JA. Hippocampal interneurones are excited via serotonin-gated ion channels. J.
Neurophysiol. 1997; 78:2493-2502. [PubMed: 9356400]

Meineke C, Tzvetkov MV, Bokelmann K, Oetjen E, Hirsch-Ernst K, Kaiser R, Brockméller J.
Functional characterization of a -100_-102delAAG deletion-insertion polymorphism in the
promoter region of the H7R3B gene. Pharmacogenet. Genom. 2008; 18:219-230.

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al.

Page 22

Michel K, Zeller F, Langer R, Nekarda H, Kruger D, Dover TJ, Brady CA, Barnes NM, Schemann M.
Serotonin excites neurons in the human submucous plexus via 5-HT3 receptors.
Gastroenterology. 2005; 128:1317-1326. [PubMed: 15887114]

Miller C. Genetic manipulation of ion channels: a new approach to structure and mechanism. Neuron.
1989; 1:1195-1205.

Miquel M-C, Emerit MB, Nosjean A, Simon A, Rumajogee P, Brisorgueil MJ, Doucet E, Hamon M,
Vergeé D. Differential subcellular localization of the 5-HT3-As receptor subunit in the rat central
nervous system. Eur. J. Neurosci. 2002; 15:449-457. [PubMed: 11876772]

Miyake A, Mochizuki S, Takemoto Y, Akusawa S. Molecular cloning of human 5-hydroxytryptamines
receptor: heterogeneity in distribution and function among species. Mol. Pharmacol. 1995;
48:407-416. [PubMed: 7565620]

Miyazawa A, Fujiyoshi Y, Stowell M, Unwin N. Nicotinic acetylcholine receptor at 4.6 A resolution:
transverse tunnels in the channel wall. J. Mol. Biol. 1999; 288:765-786. [PubMed: 10329178]

Miyazawa A, Fujiyoshi Y, Unwin N. Structure and gating mechanism of the acetylcholine receptor
pore. Nature. 2003; 423:949-955. [PubMed: 12827192]

Mochizuki S, Miyake A, Furuichi K. Identification of a domain affecting agonist potency of meta-
chlorophenylbiguanide in 5-HTg receptors. Eur. J. Pharmacol. 1999; 369:125-132. [PubMed:
10204690]

Mochizuki S, Watanabe T, Miyake A, Saito M, Furuichi K. Cloning, expression, and characterization
of ferret 5-HT3 receptor subunit. Eur. J. Pharmacol. 2000; 399:97-106. [PubMed: 10884508]

Monk SA, Desai K, Brady CA, Williams JM, Lin L, Princivalle A, Hope AG, Barnes NM. Generation
of a selective 5-HT3g subunit-recognising polyclonal antibody; identification of immunoreactive
cells in rat hippocampus. Neuropharmacology. 2001; 41:1013-1016. [PubMed: 11747906]

Monk SA, Williams JM, Hope AG, Barnes NM. Identification and importance of N-glycosylation of
the human 5-hydroxytryptaminesa receptor subunit. Biochem. Pharmacol. 2004; 68:1787-1796.
[PubMed: 15450944]

Morales M, Bloom FE. The 5-HT3 receptor is present in different subpopulations of GABAergic
neurons in the rat telencephalon. J. Neurosci. 1997; 17:3157-3167. [PubMed: 9096150]

Morales M, Wang S-D. Differential composition of 5-hydroxytryptamines receptors synthesized in the
rat CNS and peripheral nervous system. J. Neurosci. 2002; 22:6732-6741. [PubMed: 12151552]

Morales M, McCollum N, Kirkness EF. 5-HT3-receptor subunits A and B are co-expressed in neurons
of the dorsal root ganglion. J. Comp. Neurol. 2001; 438:163-172. [PubMed: 11536186]

Mott DD, Erreger K, Banke TG, Traynelis SF. Open probability of homomeric murine 5-HT3a
serotonin receptors depends on subunit occupancy. J. Physiol. 2001; 535:427-443. [PubMed:
11533135]

Nichols RA, Mollard P. Direct observation of serotonin 5-HT3 receptor-induced increases in calcium
levels in individual brain nerve terminals. J. Neurochem. 1996; 67:581-592. [PubMed: 8764583]

Niemeyer M-I, Lummis SCR. Different efficacy of specific agonists at 5-HT3 receptor splice variants:
the role of the extra six amino acid segment. Br. J. Pharmacol. 1999; 123:661-666.

Niesler B, Flohr T, N6then MM, Fischer C, Rietschel M, Franzek E, Albus M, Propping P, Rappold
GA. Association between the 5" UTR variant C178T of the serotonin receptor gene /7R3A and
bipolar affective disorder. Pharmacogenetics. 2001a; 11:471-475. [PubMed: 11505217]

Niesler B, Weiss B, Fischer C, Nothen MM, Propping P, Bondy B, Rietschel M, Maier W, Albus M,
Franzek E, Rappold GA. Serotonin receptor gene H7R3A variants in schizophrenic and bipolar
affective patients. Pharmacogenetics. 2001b; 11:21-27. [PubMed: 11207027]

Niesler B, Frank B, Kapeller J, Rappold GA. Cloning, physical mapping and expression analysis of the
human 5-HT3 serotonin receptor-like genes HTR3C, HTR3D and HTR3E. Gene. 2003; 310:101—
111. [PubMed: 12801637]

Niesler B, Walstab J, Combrink S, Moeller D, Kapeller J, Rietdorf J, Bénisch H, Géthert M, Rappold
G, Briiss M. Characterization of the novel human serotonin receptor subunits 5-HT3c, 5-HT3p
and 5-HT3g. Mol. Pharmacol. 2007; 72:8-17. [PubMed: 17392525]

Niesler B, Kapeller J, Hammer C, Rappold G. Serotonin type 3 receptor genes: HTR3A, B, C, D, E.
Pharmacogenomics. 2008; 9:501-504. [PubMed: 18466097]

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al.

Page 23

Panicker S, Cruz H, Arrabit C, Slesinger PA. Evidence for a centrally located gate in the pore of a
serotonin-gated ion channel. J. Neurosci. 2002; 22:1629-1639. [PubMed: 11880493]

Panicker S, Cruz H, Arrabit C, Suen KF, Slesinger PA. Minimal structural rearrangement of the
cytoplasmic pore during activation of the 5-HT3a receptor. J. Biol. Chem. 2004; 279:28149—
28158. [PubMed: 15131114]

Parker RM, Barnes JM, Ge J, Barber PC, Barnes NM. Autoradiographic distribution of [3H]-(S)-
zacopride-labelled 5-HT3 receptors in human brain. J. Neurol. Sci. 1996; 144:119-127.
[PubMed: 8994113]

Peters JA, Lambert JJ. Electrophysiology of 5-HT3 receptors in neuronal cell lines. Trends Pharmacol.
Sci. 1989; 10:172-175. [PubMed: 2667222]

Peters JA, Malone HM, Lambert JJ. An electrophysiological investigation of the properties of 5-HT3
receptors of rabbit nodose ganglion neurones in culture. Br. J. Pharmacol. 1993; 110:665-676.
[PubMed: 7694755]

Peters, JA, Hope, AG, Sutherland, L, Lambert, JJ. Recombinant 5-hydroxytryptamine3 receptors. In:
Browne, MJ, editor. Recombinant Cell Surface Receptors - Targets for Therapeutic Intervention.
CRC Press; Boca Raton, USA: 1997. 119-154.

Peters JA, Hales TG, Lambert JJ. Molecular determinants of single-channel conductance and ion
selectivity in the Cys-loop family: insights from the 5-HT3 receptor. Trends Pharmacol. Sci.
2005; 26:587-594. [PubMed: 16194573]

Pratt GD, Bowery NG. The 5-HT3 receptor ligand, [3H]BRL 43694, binds to presynaptic sites in the
nucleus tractus solitarius of the rat. Neuropharmacology. 1989; 28:1367-1376. [PubMed:
2559349]

Pratt GD, Bowery NG, Kilpatrick GJ, Leslie RA, Barnes NM, Naylor RJ, Jones BJ, Nelson DR,
Palacios JM, Slater P, Reynolds DJM. Consensus meeting agrees distribution of 5-HT3 receptors
in mammalian hindbrain. Trends Pharmacol. Sci. 1990; 11:135-137. [PubMed: 2333665]

Price KL, Lummis SCR. The role of tyrosine residues in the extracellular domain of the 5-
hydroxytryptamines receptor. J. Biol. Chem. 2004; 279:23294-23301. [PubMed: 14998995]

Price KL, Bower KS, Thompson AJ, Lester HA, Dougherty DA, Lummis SCR. A hydrogen bond in
loop A is critical for the binding and function of the 5-HT3 receptor. Biochemistry. 2008;
47:6370-6377. [PubMed: 18498149]

Quirk PL, Rao S, Roth BL, Siegel RE. Three putative N-glycosylation sites within the murine 5-HT3p
receptor sequence affect plasma membrane targeting, ligand binding, and calcium influx in
heterologous mammalian cells. J. Neurosci. Res. 2004; 77:498-506. [PubMed: 15264219]

Reeves DC, Lummis SCR. The molecular basis of the structure and function of the 5-HT3 receptor: a
model ligand-gated ion channel. Mol. Membr. Biol. 2002; 9:11-26.

Reeves DC, Lummis SCR. Detection of human and rodent 5-HT3pg receptor subunits by anti-peptide
polyclonal antibodies. BMC Neurosci. 2006; 7:27. [PubMed: 16571125]

Reeves DC, Goren EN, Akabas MH, Lummis SCR. Structural and electrostatic properties of the 5-HT3
receptor pore revealed by substituted cysteine accessibility mutagenesis. J. Biol. Chem. 2001;
276:42035-42042. [PubMed: 11557761]

Reeves DC, Sayed MF, Chau PL, Price KL, Lummis SCR. Prediction of 5-HT3 receptor agonist-
binding residues using homology modeling. Biophys. J. 2003; 84:2338-2344. [PubMed:
12668442]

Robertson B, Bevan S. Properties of 5-hydroxytryptamines receptor-gated currents in adult rat dorsal
root ganglion neurones. Br. J. Pharmacol. 1991; 102:272-276. [PubMed: 2043929]

Roerig B, Nelson DA, Katz LC. Fast signaling by nicotinic acetylcholine and serotonin 5-HT3
receptors in developing visual cortex. J. Neurosci. 1997; 17:8353-8362. [PubMed: 9334409]

Rondé P, Nichols RA. High calcium permeability of serotonin 5-HT3 receptors on presynaptic nerve
terminals from rat striatum. J. Neurochem. 1998; 70:1094-1103. [PubMed: 9489730]

Ropert D, Guy N. Serotonin facilitates GABAergic transmission in the CA1 region of the rat
hippocampus /n vitro. J. Physiol. 1991; 441:121-136. [PubMed: 1687746]

Schapira M, Abagyan R, Totrov M. Structural model of nicotinic acetylcholine receptor isotypes
bound to acetylcholine and nicotine. BMC Struct. Biol. 2002; 2:1. [PubMed: 11860617]

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al.

Page 24

Schreiter C, Hovius R, Costioli M, Pick H, kellenberger S, Schild L, Vogel H. Characterization of the
ligand binding site of the serotonin 5-HT3 receptor: the role of glutamate residues 97, 224 and
235. J. Biol. Chem. 2003; 278:22709-22716. [PubMed: 12660235]

Sessoms-Sikes JS, Hamilton ME, Liu LX, Lovinger DM, Machu TK. A mutation in transmembrane
domain Il of the 5-hydroxytryptaminega receptor stabilizes channel opening and alters alcohol
modulatory actions. J Pharmacol. Exp. Ther. 2003; 306:595-604. [PubMed: 12730353]

Sieradzan KA, Mann DM. The selective vulnerability of nerve cells in Huntington’s disease.
Neuropathol. Appl. Neurobiol. 2001; 27:1-21. [PubMed: 11298997]

Sine SM, Engel AG. Recent advances in Cys-loop receptor structure and function. Nature. 2006;
440:448-455. [PubMed: 16554804]

Solt K, Ruesch D, Forman SA, Davies PA, Raines DE. Differential effects of serotonin and dopamine
on human 5-HT3p receptor kinetics: interpretation within an allosteric kinetic model. J.
Neurosci. 2007; 27:13151-13160. [PubMed: 18045909]

Spier AD, Lummis SCR. The role of tryptophan residues in the 5-hydroxytryptamines receptor ligand
binding domain. J. Biol. Chem. 2000; 275:5620-5625. [PubMed: 10681544]

Spier AD, Wotherspoon G, Nayak SV, Nichols RA, Priestley JV, Lummis SCR. Antibodies against the
extracellular domain of the 5-HT3 receptor label both native and recombinant receptors. Mol.
Brain Res. 1999; 67:221-230. [PubMed: 10216220]

Steward LJ, Bufton KE, Hopkins PC, Davies WE, Barnes NM. Reduced levels of 5-HT3 receptor
recognition sites in the putamen of patients with Huntington’s disease. Eur. J. Pharmacol. 19933;
242:137-143. [PubMed: 8253110]

Steward LJ, West KE, Kilpatrick GJ, Barnes NM. Labelling of 5-HT3 receptor recognition sites in the
rat brain using the agonist radioligand [3H]meta—chIorophenylbiguanide. Eur. J. Pharmacol.
1993b; 243:13-18. [PubMed: 8253120]

Sugai T, Suzuki Y, Sawamura K, Fukui N, Inoue Y, Someya T. The effect of 5-hydroxytryptamine 3A
and 3B receptor genes on nausea induced by paroxetine. Pharmacogenomics J. 2006; 6:351-356.
[PubMed: 16534507]

Sugita S, Shen K-Z, North RA. 5-Hydroxytryptamine is a fast excitatory transmitter at 5-HT3 receptors
in rat lateral amygdala. Neuron. 1992; 8:199-203. [PubMed: 1346089]

Sullivan NL, Thompson AJ, Price KL, Lummis SCR. Defining the roles of Asn-128, Glu-129 and
Phe-130 in loop A of the 5-HT3 receptor. Mol. Membr. Biol. 2006; 23:442—-451. [PubMed:
17060161]

Sun H, Hu XQ, Moradel EM, Weight FF, Zhang L. Modulation of 5-HT3 receptor-mediated response
and trafficking by activation of protein kinase. C. J. Biol. Chem. 2003; 278:34150-34157.
[PubMed: 12791692]

Tanaka M, Kobayashi D, Murakami Y, Ozaki N, Suzuki T, lwata N, Haraguchi K, leiri I, Kinukawa N,
Hosoi M, Ohtani H, Sawada Y, Mine K. Genetic polymorphisms in the 5-hydroxytryptamine type
3B receptor gene and paroxetine-induced nausea. Int. J. Neuropsychopharmacol. 2008; 11:261—
267. [PubMed: 17697394]

Tapia L, Kuryatov A, Lindstrom J. Ca* permeability of the (a4)3(B2), stoichiometry greatly exceeds
that of (a4)2(B2)3 human acetylcholine receptors. Mol. Pharmacol. 2007; 71:769-776. [PubMed:
17132685]

Tecott LH, Maricg AV, Julius D. Nervous system distribution of the serotonin 5-HT3 receptor mRNA.
Proc. Natl. Acad. Sci. U.S.A. 1993; 90:1430-1434. [PubMed: 8434003]

Thompson AJ, Lummis SCR. A single ring of charged amino acids at one end of the pore can control
ion selectivity in the 5-HT3 receptor. Br. J. Pharmacol. 2003; 140:359-365. [PubMed: 12970096]

Thompson AJ, Lummis SCR. 5-HT3 receptors. Curr. Pharm. Des. 2006; 12:3615-3630. [PubMed:
17073663]

Thompson AJ, Lummis SCR. The 5-HT3 receptor as a therapeutic target. Expert Opin. Ther. Targets.
2007; 11:527-540. [PubMed: 17373882]

Thompson AJ, Price KL, Reeves DC, Chan SL, Chau PL, Lummis SCR. Locating an antagonist in the
5-HT3 receptor binding site using modeling and radioligand binding. J. Biol. Chem. 2005;
280:20476-20482. [PubMed: 15781467]

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al.

Page 25

Thompson AJ, Sullivan NL, Lummis SCR. Characterization of 5-HTg receptor mutations identified in
schizophrenic patients. J. Mol. Neurosci. 2006b; 30:273-281. [PubMed: 17401153]

Thompson AJ, Padgett CL, Lummis SCR. Mutagenesis and molecular modeling reveal the importance
of the 5-HT3 receptor F-loop. J. Biol. Chem. 2006a; 281:16576-16582. [PubMed: 16595668]

Tremblay PB, Kaiser R, Sezer O, Rosler N, Schelenz C, Possinger K, Roots I, Brockmoller J.
Variations in the 5-hydroxytryptamine type 3B receptor gene as predictors of the efficacy of
antiemetic treatment in cancer patients. J. Clin. Oncol. 2003; 21:2147-2155. [PubMed:
12775740]

Turner TJ, Mokler DJ, Luebke JI. Calcium influx through presynaptic 5-HT3 receptors facilitates
GABA release in the hippocampus: /n vitro slice and synaptosome studies. Neuroscience. 2004;
129:703-718. [PubMed: 15541891]

Tzvetkov MV, Meineke C, Oetjen E, Hirsch-Ernst K, Brockmoller J. Tissue-specific alternative
promoters of the serotonin receptor gene A/7R38 in human brain and intestine. Gene. 2007;
386:52-62. [PubMed: 17010535]

Unwin N. Refined structure of the nicotinic acetylcholine receptor at 4 A resolution. J. Mol. Biol.
2005; 346:967-989. [PubMed: 15701510]

Venkataraman P, Venkatachalan SP, Joshi PR, Muthalagi M, Schulte MK. Identification of critical
residues in loop E in the 5-HT3agR binding site. BMC Biochem. 2002a; 3:15. [PubMed:
12079500]

Venkataraman P, Joshi P, Venkatachalan SP, Muthalagi M, Parihar HS, Kirschbaum KS, Schulte MK.
Functional group interactions of a 5-HT3R antagonist. BMC Biochem. 2002b; 3:16. [PubMed:
12079499]

Villarroel A, Herlitze S, Koenen M, Sakmann B. Location of a threonine residue in the a.-subunit M2
transmembrane segment that determines the ion flow through the acetylcholine receptor channel.
Proc. R. Soc. Lond. B Biol. Sci. 1991; 243:69-74.

Waeber C, Hoyer D, Palacios JM. 5-hydroxytryptamines receptors in the human brain:
autoradiographic visulization using [3H]ICS 205-930. Neuroscience. 1989; 31:393-400.
[PubMed: 2797443]

Wang Y, Ramage AG, Jordan D. Presynaptic 5-HT3 receptors evoke an excitatory response in dorsal
vagal preganglionic neurones in anaesthetized rats. J. Physiol. 1998; 509:683-694. [PubMed:
9596791]

Weiss B, Mertz A, Schrock E, Koenen M, Rappold G. Assignment of a human homolog of the mouse
Hir3receptor gene to chromosome 11¢23.1-g23.2. Genomics. 1995; 29:304-305. [PubMed:
8530095]

Werner P, Kawashima E, Reid J, Hussy N, Lundstrém K, Buell G, Humbert Y, Jones KA. Organization
of the mouse 5-HT3 receptor gene and functional expression of two splice variants. Brain Res.
Mol. Brain Res. 1994; 26:233-241. [PubMed: 7854052]

Wilson G, Karlin A. Acetylcholine receptor channel structure in the resting, open, and desensitized
states probed with the substituted-cysteine-accessibility method. Proc. Natl. Acad. Sci. U.S.A.
2001; 98:1241-1248. [PubMed: 11158624]

Xie Y, Cohen JB. Contributions of 7orpedo nicotinic acetylcholine receptor yTrp-55 and §Trp-57 to
agonist and competitive antagonist function. J. Biol. Chem. 2001; 276:2417-2426. [PubMed:
11056174]

Yakel JL, Shao XM, Jackson MB. Activation and desensitization of the 5-HT3 receptor in a rat glioma
x mouse neuroblastoma hybrid cell. J. Physiol. 1991; 436:293-308. [PubMed: 1648131]

Yakel JL, Lagrutta A, Adelman JP, North RA. Single amino acid substitution affects desensitization of
the 5-hydroxytryptamine type 3 receptor expressed in Xenopus oocytes. Proc. Natl. Acad. Sci.
U.S.A. 1993; 90:5030-5033. [PubMed: 8506347]

Yan D, White MM. Spatial orientation of the antagonist granisetron in the ligand-binding site of the 5-
HT3 receptor. Mol. Pharmacol. 2005; 68:365-371. [PubMed: 15914697]

Yang J, Mathie A, Hille B. 5-HT3 receptor channels in dissociated rat superior cervical ganglion
neurones. J. Physiol. 1992; 448:237-256. [PubMed: 1375636]

Yan D, Schulte MK, Bloom KE, White MM. Structural features of the ligand-binding domain of the
serotonin 5-HT3 receptor. J. Biol. Chem. 1999; 274:5537-5541. [PubMed: 10026168]

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al.

Page 26

Zhang L, Oz M, Weight FF. Potentiation of 5-HT3 receptor-mediated responses by protein kinase C
activation. Neuroreport. 1995; 6:1464-1468. [PubMed: 7488749]

Zhong WG, Gallivan JP, Zhang YO, Li LT, Lester HA, Dougherty DA. From ab initio quantum
mechanics to molecular neurobiology: A cation-pi binding site in the nicotinic receptor. Proc.
Nat. Acad. Sci. U.S.A. 1998; 95:12088-12093.

Zhou F-M, Hablitz JJ. Activation of serotonin receptors modulates synaptic transmission in rat cerebral
cortex. J. Neurophysiol. 1999; 82:2989-2999. [PubMed: 10601434]

Zhou X, Galligan JJ. Synaptic activation and properties of 5-hydroxytryptamines receptors in
myenteric neurons of guinea pig intestine. J. Pharmacol. Exp. Ther. 1999; 290:803-810.
[PubMed: 10411595]

Neuropharmacology. Author manuscript; available in PMC 2019 April 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Barnes et al. Page 27

Loop B Loop E

4

Loop A

Fig. 1.

A%omology model of the 5-HT3A receptor binding domain, showing 2 of the 5 subunits.
The binding site is located at the interface of the two subunits that provide principal (loop A-
C) and complementary (loops D-F) components to binding. Binding site substitutions that
cause significant changes in the binding affinity of granisetron at the 5-HT3A receptor are
shown. The data were taken from Beene et al. (2004), Boess et al. (1997), Joshi et al. (2006),
Schreiter et al. (2003), Spier and Lummis (2000), Sullivan et al. (2006), Thompson et al.
(2006a), Venkataraman et al. (2002a,b), Yan et al. (1999) and Yan and White (2005).
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