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ABSTRACT The serotonin type 3 receptor (5-HT3) is a ligand-gated ion channel that converts the binding of the neurotrans-
mitter serotonin (5-HT) into a transient cation current that mediates fast excitatory responses in peripheral and central nervous
systems. Information regarding the activation and modulation of the human 5-HT3 type A receptor has been based only on
macroscopic current measurements because of its low ion conductance. By constructing a high-conductance human 5-HT3A
receptor, we here revealed mechanistic information regarding the orthosteric activation by 5-HT and by the partial agonist trypt-
amine, and the allosteric activation by the terpenoids, carvacrol, and thymol. Terpenoids potentiated macroscopic currents
elicited by the orthosteric agonist and directly elicited currents with slow-rising phases and submaximal amplitudes. At the
single-channel level, activation by orthosteric and allosteric agonists appeared as openings in quick succession (bursts) that
showed no ligand concentration dependence. Bursts were grouped into long-duration clusters in the presence of 5-HT and
even longer in the presence of terpenoids, whereas they remained isolated in the presence of tryptamine. Kinetic analysis
revealed that allosteric and orthosteric activation mechanisms can be described by the same scheme that includes transitions
of the agonist-bound receptor to closed intermediate states before opening (priming). Reduced priming explained the partial
agonism of tryptamine; however, equilibrium constants for gating and priming were similar for 5-HT and terpenoid activation.
Thus, our kinetic analysis revealed that terpenoids are efficacious agonists for 5-HT3A receptors. These findings not only extend
our knowledge about the human 5-HT3A molecular function but also provide novel insights into the mechanisms of action of
allosteric ligands, which are of increasing interest as therapeutic drugs in all the superfamily.

SIGNIFICANCE The serotonin type 3 receptor (5-HT5) is a ligand-gated ion channel that converts the binding of
serotonin into a cationic current, thus mediating fast excitatory responses in peripheral and central nervous systems.
Natural compounds, such as terpenoids, modulate receptor activity by binding to different (allosteric) sites. The
mechanism of allosteric activation remains unknown, despite the therapeutic importance of allosteric ligands. By
combining expression of human 5-HT3A receptors with single-channel recordings and kinetic modeling we revealed new
mechanistic information regarding allosteric activation by two terpenoid natural compounds, carvacrol and thymol, and
determined how this mechanism relates to that elicited by serotonin. The understanding of how drugs and natural
compounds acting from different sites modify receptor molecular function contributes to drug design.

INTRODUCTION mopentameric or heteropentameric receptors that contain
an extracellular domain, which carries the agonist binding
sites at subunit interfaces; a transmembrane domain, which
comprises the pore and it is formed by four a-helices of each
subunit (TM1-TM4), with TM2 segments forming the walls
of the ion channel; and an intracellular domain, which is

Serotonin type 3 receptor (5-HT3) is a ligand-gated ion
channel that belongs to the Cys-loop receptor family along
with nicotinic, glycine, and GABA receptors. They are ho-
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in peristalsis, gut motility, and in several sympathetic, para-
sympathetic, and sensory functions. They are also found in
many areas of the central nervous system, with roles in a vari-
ety of functions including emesis, cognition, and anxiety (4).

Five human 5-HT; subunits (SHT3A-E) have been iden-
tified to date (5-7). The SHT3A subunit is the only one
that can form homomeric receptors (5-HT3A) (8,9), whereas
5SHT3B-E subunits form heteromeric receptors by assem-
bling with the SHT3A subunit (5,6,10-12). The subunit
composition and stoichiometry of native receptors remain
mostly unknown.

Native homomeric 5-HT3A receptors have a very low ion
channel conductance that has prevented the detection of
single-channel openings (1,8). The combined mutations of
three residues in the intracellular domain increase the ion
channel conductance, allowing single-channel events to be
detected under the cell-attached patch-clamp configuration
(1,13,14). Thus, this high-conductance receptor model
(5-HT3Ayc) is a valuable tool to study in detail mechanisms
of receptor activation and modulation. Taking advantage of
the high-conductance receptor, we have previously generated
models that describe the kinetics of activation by full and
partial orthosteric agonists (14,15), and of inhibition by
negative allosteric modulators of the mouse 5-HT;A
receptor (16). The kinetic analysis of the mouse 5-HT;A
receptor showed that two or three agonist binding sites
have to be occupied for maximal response and proposed
the existence of intermediate preactivated closed states
(14,17). Intermediate preactivated closed states have been
first described in glycine and nicotinic receptors. It has
been proposed that the efficacy of an agonist is mainly deter-
mined by its ability to change the receptor conformation
from a closed state to these preactivated states (14,15,18-20).

In human health, 5-HT; competitive antagonists, like gra-
nisetron, alosetron, ondansetron, and palanosetron, are used
to alleviate gastrointestinal symptoms associated with
chemotherapy, anesthesia, and irritable bowel syndrome
(4,21). They are also considered as promising therapy for
the treatment of other disorders like schizophrenia, depres-
sion, anxiety, addictions, cognitive disfunction, and eating
disorders (4,22).

In addition to the orthosteric ligands, several compounds
have been reported to allosterically modulate 5S-HT3A func-
tion. They can act as negative allosteric modulators of
5-HTj; receptors, such as alkaloids (23), steroids (24), can-
nabinoids (25), and terpenes (26,27); as positive allosteric
modulators (PAMs), like alcohol (28), 5-hydroxyindole
(29), and 5-chloroindole (30); and as ago-PAMs, which
are capable of activating in the absence of an orthosteric
agonist and potentiating in its presence, like the terpenoids
carvacrol and thymol (31,32).

Terpenoids act as allosteric modulators of 5-HT;A recep-
tors by binding probably to a transmembrane site. Whereas
some of them act as negative modulators, like menthol,
citronellol, and boldine (26,27,32,33), others, like carvacrol
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and thymol, act as ago-PAMs (31,32). This information
shows how drugs with high structural similarities can exert
divergent effects on the same receptor, reinforcing the idea
that subtle structural modifications can result in multiple
different pharmacological effects.

Allosteric ligands have attracted high attention as prom-
ising therapeutic and research tools because they show higher
specificity and cover a wider range of effects compared to or-
thosteric ligands, and, in the case of allosteric modulators
lacking agonist activities, their effects follow the temporal
activity exerted by the natural endogenous neurotransmitter
(34). Thus, the elucidation of sites and mechanisms of action
of allosteric compounds is of intense research interest.

During the last years, important efforts have been made
toward the elucidation of the structural and mechanistic ba-
ses of activation of Cys-loop receptors, which have provided
insights into the processes involved in neurotransmitter acti-
vation via the orthosteric sites (19,35-37). In contrast, the
molecular mechanism underlying the allosteric activation
remains an enigma.

Information of the molecular function of human 5-HT3A
receptor has lagged behind because of its low conductance.
To overcome this gap, we here constructed the high-conduc-
tance form of the human 5-HT3A receptor and explored by
macroscopic current and single-channel recordings the acti-
vation kinetics by orthosteric agonists, full (5-HT) and par-
tial (tryptamine), as well as the kinetics of activation and
modulation by the allosteric ligands carvacrol and thymol.

Our results show the first microscopic description of the
allosteric activation and modulation of the human 5-HT;A
receptor and remark the differences and similarities with
the activation through the neurotransmitter binding sites.
This study enhances the importance of single-channel re-
cordings for a deep understanding of drug action in ligand-
gated ion channels. Overall, we here provide novel, to our
knowledge, insights into the molecular function of human
5-HT3A and, in particular, into the mechanisms of activation
and modulation by allosteric ligands, which are of interest as
potential therapeutic drugs in all the superfamily.

MATERIALS AND METHODS
Materials

All compounds were obtained from Sigma-Aldrich (St Louis, MO). Carva-
crol (5-isopropyl-2-methylphenol) and thymol (2-isopropyl-5-methylphe-
nol) were prepared as stock solutions in DMSO (300 mM) and stored at
—20°C, followed by dilution in buffer at the concentration required for
the experiment. Final DMSO concentration was <1% in all cases. Seroto-
nin (3-(2-aminoethyl)-5-hydroxyindole hydrochloride) and tryptamine
(3-(2-aminoethyl)indole hydrochloride) solutions were prepared in buffer.

Expression of high-conductance 5-HT;A receptors

The high-conductance form of the human serotonin type 3A receptor
(5-HT3Anc) was obtained by mutating three arginine residues (R432,
R436, and R440) responsible for the low conductance to glutamine, aspartic
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acid, and alanine as described before for the mouse 5-HT3A receptor
(14,38). Point mutations were carried out using the Quik Change Kit (Stra-
tagene, La Jolla, CA) and were confirmed by sequencing. BOSC23 cells,
derived from HEK 293 cells, were transfected with the high-conductance
form of 5SHT3A subunit cDNA (5HT3Apc) and a plasmid-encoding green
fluorescent protein to allow identification of transfected cells (14,38).

Patch-clamp recordings

Single-channel currents were recorded in the cell-attached configuration at
20°C. The bath and pipette solutions contained 142 mM KCI, 5.4 mM
NaCl, 0.2 mM CaCl,, and 10 mM HEPES (pH 7.4). Agonists were added
to the pipette solution. Single-channel currents were recorded using an Ax-
opatch 200B patch-clamp amplifier (Molecular Devices, San Jose, CA),
digitized at 200 kHz and low-pass filtered at a cutoff frequency of 10
kHz using a computer interface Instrutech ITC-18 (HEKA Instruments,
Holliston, MA). Single-channel events were idealized by the half amplitude
threshold criterion using the program QuB 2.0.0.28 (QuB suite, www.qub.
buffalo.edu; State University of New York, Buffalo, NY) with digital low-
pass filter at 9 kHz. The open and closed durations were estimated from the
idealized recordings by the maximal interval likelihood (MIL) function in
QuB with a dead time of 0.03 ms, which is the interval duration below
which events cannot be resolved (39,40). Therefore, only events longer
than the dead time were used to construct the duration histograms. This
analysis was performed on the basis of a kinetic model whose probability
density function curves properly described the corresponding histograms
after the maximal likelihood criteria. Bursts and clusters of channel open-
ings were identified as a series of closely separated openings (more than
five) preceded and followed by closings longer than a critical duration.
Clusters corresponded to the longest-duration stretches of successive open-
ings originated from the same receptor molecule. They were composed by
shorter episodes of successive openings called bursts. The critical duration
was obtained by the point at which the exponential component that
described the longer closings within bursts (or clusters) intersected the
following component, thus minimizing the fraction of misclassified closed
events (41). For defining clusters, the critical duration was taken as the point
of intersection between the third and fourth closed component and its value
was ~10-20 ms. For bursts, the critical closed duration was defined be-
tween the second and third component and was ~0.5-1.0 ms. A 10-20
time increase in the critical time for defining clusters did not affect the
mean cluster duration, indicating that clusters were well defined. For trypt-
amine, only isolated bursts were clearly defined. A 10-20 time increase in
the critical time for burst resolution did not affect the mean burst duration,
indicating that bursts were separated by longer closed periods and that clus-
ters could not be distinguished.

The corresponding critical closed duration was used as a terminator in
QuB to chop the recording and create a list of bursts or clusters. Cluster
duration, burst duration, and open probability within clusters and within
bursts were plotted and clustered using the K-Means algorithm to define
the corresponding mean values.

Macroscopic currents were recorded in the whole-cell configuration. The
pipette solution contained 134 mM KCl, 5 mM EGTA, 1 mM MgCl,, and
10 mM HEPES (pH 7.3). The extracellular solution (ECS) contained
150 mM NacCl, 0.5 mM CaCl,, 10 mM HEPES (pH 7.4). For generating se-
rotonin and tryptamine dose-response curves, 1.4-s pulses of ECS contain-
ing different concentrations of each agonist were applied. For carvacrol and
thymol, the agonist pulse was extended up to 8 s because of their slower ris-
ing phase. The solution exchange time was estimated by the open pipette
method as described before (42). This method consists in applying a pulse
of 50% diluted ECS to an open patch pipette, which produces a sudden
change in the current measured by the patch-clamp amplifier. After proper
adjustment of the electrode position, the current jump in our system varied
between 0.1 and 1 ms.

Macroscopic currents were acquired by WinWCP V5.3.7 (Strathclyde
Institute of Pharmacy & Biomedical Sciences, Glasgow, UK), filtered at
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5 kHz, digitized at 20 kHz, and analyzed using Clampfit 10.4 (Molecular
Devices, San Jose, CA). Each current represents the average from three
to five individual traces obtained from the same seal. The rise time corre-
sponds to the time taken by the current to increase from 10 to 90% of its
maximal value (t;o_go%). For 5-HT-activated currents, decays were fitted
by a double exponential function according to the equation:

I(l) = [fast [exp(_t / Tfast)] + [slow [exp(_t / Tslow)] + [oc

in which I and /. are peak and the steady-state current values, respectively,
and 7 are the decay time constants.

ECsq values were obtained by fitting dose-response curves with the Hill
equation.

Single-channel kinetic analysis

For kinetic modeling, clusters or bursts were selected on the basis of their
distribution of mean duration and open probability (14,15). The resulting
open and closed intervals, from single patches at different ligand concentra-
tions, were analyzed according to a kinetic scheme using the MIL algorithm
from the QuB Software (39,40) (QuB suite, www.qub.buffalo.edu; State
University of New York, Buffalo, NY) as described before (14,15). The
model and the estimated rates were accepted if the resulting probability
density functions correctly described the experimental open- and closed-
duration histograms.

Statistical analysis

Data were presented as mean * SD. Statistical comparisons were per-
formed with the Student’s #-test. Statistically significant differences were
established at p-values <0.05.

RESULTS

Activation of the human 5-HT3;Ayc receptor by
orthosteric and allosteric ligands at the
macroscopic level

The human 5-HT3A receptor channel has a very low ion
conductance that impairs the detection of single-channel
openings from cell-attached patches (1). To overcome this
limitation, we mutated three residues at the intracellular
domain to yield the high-conductance form of the human
5-HT;A receptor (5-HT3Ayc), as previously described for
the mouse 5-HT3A receptor (14-16). To characterize the
macroscopic activation properties, whole-cell currents
were recorded from BOSC23 cells transfected with the hu-
man SHT3A g subunit cDNA. Rapid application to the cells
of a saturating 5-HT concentration (100 uM) elicited macro-
scopic currents that decayed during the pulse of agonist
application (Fig. 1, A and C). The rise time measured
from the t;g_99%, was 10 = 4 ms and decays were fitted
by two exponential components, with time constants of
92 + 20 and 1100 £ 900 ms (n = 5). These values were
similar to those of wild-type 5-HT3A receptor currents
elicited by 100 uM 5-HT (t19_9p¢ of 16 = 6 ms and decay
time constants of 120 = 50 and 700 £ 400 ms (n = 5)).
The concentration-response curve for the high-conductance
5-HT3A resulted in an ECsyp-value of 2.6 = 0.1 uM
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FIGURE 1 Macroscopic currents from human 5-HT3;Apc receptors eli-

cited by orthosteric and allosteric agonists. (A) Typical macroscopic cur-
rents elicited by 5-HT (black currents), and compared to those elicited by
tryptamine, carvacrol, or thymol (gray currents) in the same cell at the
indicated concentrations. The holding potential is —50 mV. (B) Dose-
response curves for the 5-HT3Apc receptor. Current amplitudes were
normalized to those of 100 uM 5-HT-elicited currents. Data points are
the mean values = SD from three cells for each condition. (C) Typical
whole-cell currents obtained at the different agonist concentrations.

(R*=0.99, Fig. 1 B), similar to that previously reported for
the wild-type human 5-HT3A receptor (EC5g = 1-2 uM)
(12,31).

We also explored macroscopic activation of human 5-
HT;3Ayc receptor by tryptamine, which is a partial agonist
of mouse and human 5-HT3A receptor (15,43). Compared
to 5-HT, tryptamine-elicited currents showed a slower activa-
tion phase (Fig. 1, A and C) and did not decay during the time
of agonist application (1.4 s). The rise time obtained at a satu-
rating concentration of tryptamine (1 mM), measured from the
t10-90%, was 200 = 100 ms (Fig. 1 A). The dose-response
curve showed an ECsy of 197 = 50 uM and a maximal
response of 27 *+ 3% compared to that elicited by 100 uM
5-HT (R* = 0.98), indicating that tryptamine is a very weak
agonist for the human 5-HT3Ayc receptor (Fig. | B). These
values were in line with those reported for the wild-type
human 5-HT3A receptor (ECsq of 100-200 uM and ~27%
of maximal response (43)). Thus, our macroscopic character-
ization indicates that the high-conductance receptor behaves
similarly to the wild-type 5-HTzA receptor.

Carvacrol and thymol are two phenolic monoterpenes that
have been macroscopically characterized as allosteric par-
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tial agonists and positive allosteric modulators of the human
5-HT3A receptor (ago-PAMs) (31,32). We recorded macro-
scopic currents elicited by these ligands at a concentration
range from 1 uM to 1 mM (Fig. 1, B and C). Terpenoid
concentrations higher than 1 mM produced membrane insta-
bility and could not be evaluated. The profiles of macro-
scopic responses were similar for both agonists but
different to those elicited by 5-HT. At all carvacrol and
thymol concentrations, including at saturating concentra-
tions, currents decayed slower than in the presence of
5-HT (Fig. 1 A), and full desensitization was not achieved
during the time of agonist application (12 s) (Fig. 1 O).
Currents elicited by saturating concentrations of carvacrol
or thymol showed significantly slower activation phases
with respect to that observed with 5-HT, with rise times
(t10_90%) of 2280 *= 810 ms for 1 mM carvacrol (n = 4)
and 4850 = 750 ms for I mM thymol (n = 5) (Fig. 1 A).
Concentration-response curves obtained for carvacrol and
thymol showed higher ECsy-values (62 = 2 and 117 =+
30 uM, respectively; R? = 0.98) and smaller maximal
responses (84 *= 1 and 84 * 8%, respectively) than those
obtained by 5-HT (Fig. 1 B). These results were in
close agreement with reports for the human wild-type
5-HT;A receptor, showing ECso and maximal responses of
~20 uM and ~70%, and ~50 uM and ~80% for carvacrol
and thymol, respectively (31).

These results revealed that the allosteric and orthosteric
macroscopic activation of 5-HT;Ayc is indistinguishable
from that of the wild-type receptor and that the high-
conductance receptor is, therefore, a good model for study-
ing activation at the single-channel level.

Potentiation of the human 5-HT;A, ¢ receptor by
carvacrol and thymol at the macroscopic level

To investigate the action of carvacrol and thymol as positive
allosteric modulators of the human 5-HT5Agc, we recorded
whole-cell currents activated by 50 uM tryptamine, a
concentration close to the EC,y-value, with and without
10 uM carvacrol or 20 uM thymol, which correspond to con-
centrations close to their EC;g-values (Figs. 1 and 2). When
50 uM tryptamine was applied alone, typical responses
showing slow activation and slow decay phases were detected,
whereas application of thymol or carvacrol at these low con-
centrations elicited very small or negligible currents
(Fig. 2 A). However, application of 50 uM tryptamine together
with carvacrol (10 uM) or thymol (20 uM) produced marked
potentiation of the macroscopic currents. For both com-
pounds, peak currents increased ~3-fold with respect to those
elicited by tryptamine alone from the same cell (Fig. 2 B).
These results confirm that, in addition to their function as
agonists, carvacrol and thymol act as positive allosteric
modulators for the high-conductance form of human
5-HT3A receptor and that the potentiating effect is evi-
denced at lower concentrations than the agonistic effect.
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FIGURE 2 Potentiation of tryptamine-elicited currents by carvacrol and
thymol. (A) Typical whole-cell currents elicited by rapid application of 50
uM tryptamine (white), 10 uM carvacrol (black), 20 uM thymol (gray),
tryptamine + carvacrol, and tryptamine + thymol. The holding potential
is —50 mV. (B) Increase of the peak of tryptamine-elicited currents by
carvacrol (10 uM) or thymol (20 uM). Currents were elicited under the con-
ditions shown in (A). Peak currents were normalized to those obtained with
tryptamine in the same cell. The values correspond to the mean + SD of 24
recordings for tryptamine, 4 for carvacrol, 3 for thymol, 12 for
tryptamine + carvacrol, and 5 for tryptamine + thymol. *p < 0.001 with
respect to tryptamine.

Single-channel activation of human 5-HT3A; ¢
receptor by orthosteric agonists

Taking advantage of the high-conductance form of the hu-
man 5-HT3A receptor, we explored the activation profile
at the single-channel level.

At all 5-HT concentrations (1-30 uM), activation ap-
peared as opening events of 4.5 = 0.4 pA (=70 mV of
membrane potential) in quick succession, forming bursts
of high-open probability that, in turn, appeared grouped
in well-defined long activation episodes named as clusters
(Fig. 3; Fig. S1). Each cluster corresponds to the activa-
tion episode of a single receptor molecule that recovers
from long-lived desensitization (See Materials and
Methods for burst and cluster definitions). At 1 uM
5-HT, single-channel activity was observed as clusters
of ~290 ms with high-open probability (Popen ~0.94)
(Fig. 3; Table 1). Clusters were composed by shorter
stretches, called bursts, with mean durations of
~130 ms, which were defined as opening events in
quick succession separated by closings briefer than 1 ms
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(See Materials and Methods, Fig. 3; Table 1). Open-time
histograms were described by three distinct components
whose durations were ~0.05, 0.40, and 23 ms (Fig. 3;
Table 1).

At high 5-HT concentrations, a reduction in the duration
of the slowest open component was observed (Table 1),
probably because of the open-channel blockade (14). To
describe this effect, we used the linear open-channel
blockade scheme (44) and plotted the inverse of the open
durations against agonist concentrations to obtain the cor-
responding forward blocking constant (k) (Fig. S2).
The obtained k_,-value was 5.5 x 10° M~' s7! (R* =
0.98), similar to that observed for the mouse 5-HT3Ayc
receptor (14).

Closed-time distributions were described by five to six
components, the three briefest corresponding to closings
within clusters (Fig. 3; Table 1). The mean duration values
of the intracluster closings were constant from 1 to 30 uM
5-HT concentration range (Fig. S3; Table 1), indicating no
agonist concentration dependence in the single-channel
activation profile as reported before for the mouse
5-HT3Ayc receptor (14,15).

Compared to 5-HT, activation by tryptamine (10—
100 uM) appeared mainly as short bursts that did not coa-
lesce into long-duration clusters (Fig. 3). Visual inspection
of the long recordings showed very few clusters. From 10
to 100 uM tryptamine, single-channel events appeared
mainly as openings in quick succession grouped in
high-Pypen bursts of ~30-60 ms (Table 1). The open-
time histograms were described by only two components,
the duration of the slowest open component being of
~6 ms at concentrations below 20 uM tryptamine (Table
1). Bursts were defined by a critical closed time of
0.8 ms, resulting in the mean durations described in Table
1, and they showed no significant agonist concentration
dependence. To discard that bursts did not coalesce into
longer clusters as in 5-HT activation, we also chopped
the recordings with a 10- to 20-fold increased critical
time (8—18 ms), similar to that used for calculating the
mean cluster duration of 5-HT activated channels. Com-
parison of the mean cluster durations thus determined
for all tryptamine concentrations (40 =+ 28, 85 =+ 23,
42 + 14, and 42 = 11 ms for 10, 20, 50, and 100 uM
tryptamine, respectively) showed no statistically signifi-
cant differences with the mean burst durations shown in
Table 1 (p > 0.05 for all tryptamine concentrations),
thus confirming that bursts appeared mostly isolated and
discarding the presence of long clusters.

As for 5-HT, a reduction in the duration of the longest
open component was observed with the increase in
tryptamine concentration, which could be because of the
open-channel blockade. The k.,-value obtained as
described above was 4.9 x 10° M™' s7' (R* = 0.98),
similar to that observed for 5-HT (Fig. S2). Closed-time
histograms were described by four to five components
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FIGURE 3 Single-channel currents evoked by 5-HT, tryptamine, carva-
crol,or thymol. Shown is the typical single-channel traces obtained in the
cell-attached configuration at —70 mV membrane potential. The filter is
9 kHz. Channel openings are shown as upward deflections. The stretch of
openings that form a cluster, and the bursts within the cluster are indicated
for 5-HT. In all channel traces, one cluster (for 5-HT, carvacrol and thymol)
and one burst (for tryptamine) are marked in a box and shown below at a
higher time resolution. At the right, representative open- and closed-dura-
tion histograms obtained from the analysis of the whole recording are
shown for each condition.

(Fig. 3), and the mean durations of the two briefest closed
components are shown in Table 1. Thus, the main differ-
ences of the single-channel pattern in the presence of
tryptamine with respect to that in the presence of 5-HT
are reduced open durations and lack of long-duration
clusters.

Single-channel activation by allosteric ligands

In the presence of different concentrations of carvacrol
(5-50 uM) or thymol (5-100 uM) and in the absence of
5-HT, single-channel activity appeared as opening events
with amplitudes similar to those of 5-HT elicited openings,
which were grouped into long clusters as in the 5-HT activa-
tion pattern (Fig. 3).

Open-time histograms were fitted by three components
that showed no agonist concentration dependence (Fig. 3;
Table 1). At 5 uM, the mean durations of the open compo-
nents were ~0.02, ~0.9, and ~25 ms for carvacrol, and
~0.07, ~1.6, and ~34 ms for thymol, which are in the
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same order as those of 5-HT activation (Table 1). Closed-
time histograms were described by five to six components
in which the three briefest components correspond to clos-
ings within clusters (Fig. 3; Table 1). Cluster durations
and P, within clusters were constant at all tested concen-
trations. Interestingly, clusters elicited by the allosteric
agonists were ~6- to 10-fold longer than those observed
with 5-HT (~2500 and ~1500 ms at 5 uM carvacrol and
thymol, respectively) (Fig. 3; Table 1).

Thus, although the macroscopic profiles show that thymol
and carvacrol behave as partial agonists of the human
5-HT;A receptor, the single-channel pattern of the allosteric
activation is more similar to that of 5-HT than to that of a
genuine orthosteric partial agonist as tryptamine. In the
presence of the allosteric agonists, S-HT3Ayc receptors
activate in high-Pgp, long-duration clusters, which were
markedly different to those elicited by tryptamine. More-
over, the mean durations of the activation episodes were
significantly more prolonged for the allosteric ligands than
for 5-HT.

Single-channel potentiation of the human
5-HT3;Ayc receptor by carvacrol and thymol

To evaluate potentiation by carvacrol and thymol, we re-
corded single-channel events elicited by tryptamine in the
presence or absence of the terpenoids (Fig. 4). We used
tryptamine as the agonist because we hypothesized that an
increase in duration due to potentiation would be more
clearly detected in tryptamine-elicited bursts than in 5-HT-
elicited clusters, thus allowing a better distinction between
activation and modulation processes.

We activated receptors by 50 uM of tryptamine in the
presence of 10 uM of carvacrol or 10 uM of thymol. The re-
cordings showed that channel activity appeared as long clus-
ters of high Py, Wwhose values were similar to those in the
presence of each allosteric agonist alone (Fig. 4; Table 1).
However, for both conditions (tryptamine + carvacrol and
tryptamine + thymol), open-time histograms were
described by the same number of components and similar
mean durations to those obtained in the presence of trypt-
amine alone (Fig. 4; Table 1). The appearance of longer
clusters in the presence of terpenoids may be due to reduced
desensitization due to their PAM action, a mechanism of
action that has been described for PAMs of other Cys-loop
receptors (34).

The reason why this mixed pattern occurs, showing brief
openings as those elicited by tryptamine and long clusters
as those elicited by carvacrol or thymol, remains unclear.
One interesting and plausible explanation is that the open
duration is mainly governed by the orthosteric agonist
(tryptamine), whereas the cluster duration is mainly gov-
erned by the allosteric modulator (carvacrol or thymol).
Alternatively, tryptamine may mainly act as an open-chan-
nel blocker when combined with terpenoids, thus inducing
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TABLE 1 Single-Channel Parameters of Human 5-HT;A,;c Receptors

ToL, (ms) Tor (ms) Top (mMs) Tcp (mMs) Tcy (ms) TcL (ms) Burst (ms) Cluster (ms)
Ligand [uM]  (Rel. Area) (Rel. Area) (Rel. Area) (Rel. Area) (Rel. Area) (Rel. Area) (Popen) (Popen) n
5-HT
1 23 £ 6 0.40 = 0.14 0.05 £ 0.01 0.02 £ 0.01 0.18 = 0.10 2.6 = 1.0 136 + 54 287 = 123 13
(0.49 = 0.19) (0.20 = 0.06) (0.40 = 0.20) (0.46 = 0.19) (0.24 %= 0.12) (0.30 = 0.16) (0.99 = 0.01) (0.94 = 0.05)
5 13+ 4 0.20 = 0.05 0.05 = 0.01 0.03 = 0.01 0.17 = 0.04 1.7 £ 03 90 + 34 221 + 83 5
(0.57 = 0.08) (0.14 = 0.11) (0.28 = 0.06) (0.42 = 0.06) (0.24 = 0.07) (0.22 = 0.04) (0.99 = 0.01) (0.91 = 0.04)
10 8.8 =24 0.17 £ 0.06 0.05 = 0.01 0.03 £ 0.01 0.22 = 0.13 22 +09 94 + 53 246 *+ 131 4
(0.58 = 0.09) (0.11 = 0.07) (0.32 = 0.10) (0.43 = 0.15) (0.27 = 0.11) (0.21 = 0.05) (0.98 = 0.01) (0.89 %= 0.04)
30 48 = 0.6 024 = 0.19 0.05 =0.02 0.03 =0.01 026 = 0.16 22+ 15 38 = 10 98 = 50 10
(0.51 = 0.10) (0.17 = 0.14) (0.39 = 0.10) (0.37 = 0.12) (0.32 = 0.08) (0.27 = 0.13) (0.97 = 0.01) (0.78 = 0.07)
Tryptamine
10 69 = 1.0 0.06 = 0.03 — 0.03 = 0.01 0.09 = 0.01 — 29 = 17 — 3
(0.67 = 0.28) (0.33 = 0.28) — (041 = 0.26) (0.12 = 0.03) — (0.99 = 0.01) —
20 55 21 0.05 = 0.02 — 0.03 = 0.01 0.11 = 0.06 — 62 *+ 33 — 4
(0.80 = 0.23) (0.09 £ 0.04) — (0.69 = 0.22) (0.10 = 0.08) — (0.99 = 0.01) —
50 32 12 0.08 = 0.03 — 0.03 = 0.01 0.23 = 0.10 — 26 = 10 — 10
(0.75 = 0.12) (0.21 £+ 0.07) — (0.70 = 0.13) (0.21 £+ 0.09) — (0.99 = 0.01) —
100 1.7 £ 0.1 0.07 = 0.01 — 0.04 = 0.01 0.26 = 0.07 — 30+ 9 — 5
(0.82 = 0.17) (0.18 = 0.17) — (0.73 = 0.16) (0.05 = 0.01) — (0.98 = 0.01) —
Carvacrol
5 25 =5 090 = 050 0.02 £ 0.01 0.02 £0.01 0.16 = 0.08 1.2 =+ 04 437 + 133 2542 + 998 3
(0.59 = 0.27) (0.29 = 0.30) (0.10 = 0.09) (0.69 = 0.16) (0.21 = 0.10) (0.09 = 0.07) (0.99 = 0.01) (0.94 = 0.02)
10 38 + 11 22 + 1.8 0.09 = 0.05 0.02 = 0.01 0.12 = 0.09 14 =09 472 + 163 1734 = 910 8
(0.47 = 0.20) (0.26 = 0.13) (0.27 = 0.17) (0.54 = 0.11) (0.34 = 0.10) (0.09 = 0.05) (0.99 = 0.01) (0.98 = 0.02)
20 31 = 17 1.2 + 1.1 0.05 £ 0.02 0.02 = 0.01 0.19 = 0.12 1.2 03 397 + 16 3615 = 1563 4
(0.66 = 0.09) (0.19 = 0.11) (0.20 = 0.04) (0.51 = 0.10) (0.24 = 0.08) (0.23 = 0.04) (0.99 = 0.01) (0.96 = 0.02)
50 31 =+ 12 30 £ 1.6 0.12 = 0.04 0.03 £ 0.01 0.08 = 0.03 1.0 = 0.7 477 + 57 1013 + 367 4
(0.44 = 0.16) (0.29 = 0.18) (0.28 = 0.05) (0.44 = 0.22) (0.49 %= 0.25) (0.06 = 0.04) (0.99 = 0.01) (0.99 = 0.01)
Thymol
5 34 + 8 1.6 = 1.1 0.07 = 0.06 0.02 = 0.01 0.14 = 0.03 1.9 £ 0.7 392 + 200 1539 = 771 4
(0.58 = 0.22) (0.32 = 0.16) (0.09 = 0.03) (0.70 = 0.12) (0.14 = 0.07) (0.14 = 0.07) (0.99 = 0.01) (0.99 += 0.01)
10 17 £ 2 22 + 0.8 0.12 = 0.07 0.03 = 0.01 0.19 = 0.14 09 = 0.3 110 = 80 1226 + 459 3
(0.27 = 0.19) (047 = 0.03) (0.27 = 13) (0.60 = 0.27) (0.27 = 0.14) (0.15 = 0.10) (0.99 = 0.01) (0.97 %= 0.02)
20 34 + 14 0.60 = 040 0.05 = 0.02 0.04 = 0.01 0.25 = 0.11 2.1 £ 1.6 313 + 51 1761 = 495 5
(0.32 = 0.14) (0.30 = 0.16) (0.43 += 0.18) (0.43 = 0.23) (0.46 = 0.07) (0.08 = 0.03) (0.99 = 0.01) (0.98 = 0.01)
50 45 + 12 1.3 £ 0.7 0.06 = 0.02 0.02 = 0.01 0.13 = 0.06 22 + 1.5 546 + 247 1215 + 184 3
(0.32 = 0.12) (0.23 = 0.09) (0.44 = 0.19) (0.39 = 0.12) (0.43 = 0.06) (0.13 = 0.06) (0.98 = 0.01) (0.97 = 0.01)
100 39 + 15 19 £ 1.5 0.11 = 0.02 0.02 = 0.01 0.13 = 0.03 19 £ 13 531 + 139 1581 = 803 6
(0.54 = 0.13) (0.32 = 0.13) (0.14 = 0.03) (0.66 = 0.22) (0.28 = 0.17) (0.08 = 0.06) (0.99 = 0.01) (0.98 = 0.01)
Tryptamine 50
Carvacrol 10
44 = 1.1%°  0.07 £ 0.02 0.03 = 0.01 0.18 = 0.08 14 =09 232 = 151 1861 + 890° 6
(0.83 = 0.11) (0.16 = 0.11) — (0.77 = 0.17) (0.18 = 0.14) (0.04 = 0.02) (0.97 = 0.01) (0.96 = 0.02)
Tryptamine 50
Thymol 10
27 £ 0.1  0.20 = 0.16 — 0.04 = 0.01 031 = 0.11 1.7 £ 0.7 120 = 100 560 + 4457 3
(0.72 = 0.04) (0.28 = 0.03) — (0.79 = 0.11) (0.13 = 0.06) (0.06 = 0.05) (0.96 = 0.01) (0.94 = 0.02)

Single-channel currents were recorded at —70 mV in the presence of the ligands at the indicated concentrations. Tog, Tor, and Tor, and 7cp, Tcy, and 7,
correspond to the mean durations of the brief, intermediate, and long components of open- and closed-time distributions, respectively. Burst duration,
cluster duration, and P, were obtained by the K-Means algorithm in QuB after chopping the recording on the base of the corresponding critical
time as described in Materials and Methods. Pypen corresponds to the open probability within a cluster. n is the number of recordings for each condition.

rel, relative.

p > 0.05 with respect to tryptamine.

®p < 0.01 with respect to carvacrol.

°p < 0.01 with respect to tryptamine.

dp > 0.05 with respect to carvacrol.

°p < 0.01 with respect to thymol.
p > 0.05 with respect to thymol. The data correspond to the mean + SD.
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FIGURE 4 Single-channel activity of tryptamine-elicited channels in the
presence of carvacrol or thymol. The typical single-channel traces obtained
in the cell-attached configuration at —70 mV membrane potential in the
presence of tryptamine alone or together with carvacrol or thymol at the
indicated concentrations are shown. Typical open- and closed-time histo-
grams are shown. The filter is 9 kHz. Channel openings are shown as up-
ward deflections.

a reduction of the open duration of terpenoid-elicited
events.

Kinetic modeling for activation by orthosteric and
allosteric ligands

To generate a kinetic model that describes allosteric activa-
tion of the human 5-HT;A receptor, we performed single-
channel kinetic analysis. The study was carried out with
bursts (for tryptamine) and clusters (for 5-HT and terpe-
noids) because they provide information of dwell times in
open and closed states of a single receptor molecule (see
Materials and Methods).

As described above, single-channel activity elicited by
5-HT or allosteric ligands occurred as long-duration clusters
composed by bursts separated by interburst/intracluster
closings, which correspond to the third component of the
closed-time histogram. In contrast, in the presence of trypt-
amine mainly isolated bursts were detected.

Considering the fact that the single-channel pattern of
human 5-HT3A is qualitatively similar to that of the mouse
receptor (15), we took advantage of our previous kinetic
model generated for the orthosteric activation of the mouse
5-HT;A receptor to describe the human 5-HT3A receptor
activation (scheme I in Fig. 5).

Because of the lack of 5-HT concentration dependence of
clusters, it was possible to infer that they correspond to acti-

Allosteric Activation of 5-HTzA

vation episodes of receptors that have reached the most
favorable occupation state (C), which was previously pro-
posed to be three binding sites (14,15,45). Therefore,
scheme 1 is a subset of a complete activation scheme
because it does not contain the agonist association and
dissociation steps (15). Scheme 1 involves three open states,
which were well detected from single-channel recordings,
and includes three preopen-closed states (C;, C,, and C3),
from which channel opening is allowed. The ability to
make the transition to these states (priming) has been asso-
ciated to the efficacy of the agonists on nicotinic and glycine
receptors (19,46).

We first fitted the scheme 1 to clusters obtained from
single-channel recordings in the presence of a range of
5-HT concentrations using the MIL algorithm from the
QuB Software (see Materials and Methods). Because a
reduction in open-time duration was observed with the in-
crease in 5-HT concentration due to open-channel
blockade, we connected a block state to the longest-dura-
tion open state (B, Fig. 5) and fitted the scheme to a set of
single-channel recordings obtained at different agonist
concentrations. Although the model includes four
closed states, only three intracluster closings were distin-
guished from the closed-time histograms probably
because of the overlap of their durations. Also, we have
previously shown for the mouse 5-HT3;A receptor that
four closed states were required to adequately describe
the combined single-channel and macroscopic data (15).
The theoretical curves, resulting from fitting the kinetic
scheme to the global data set by the maximal likelihood
method, well described the experimental open-time and
closed-time histograms (Fig. 5 C). The estimated rates
and constants, shown in Table 2, indicated that: 1) the
closed state C (in scheme I) can be associated to dwell
times in closed states between bursts and within clusters
(Table 2; (15)), 2) the opening rate from the three-primed
receptor is the fastest (85, Table 2), and 3) the gating equi-
librium constant increases with priming (65 > 6, > 6,)
(Table 2).

Scheme 1 could not describe tryptamine activation
because only two open states were detected, and activation
occurred as isolated bursts. Because the interburst/intra-
cluster closings (C in scheme 1) were associated to the
first priming step, we used a subset version of scheme 1
lacking this transition (scheme 2 in Fig. 5 B) and contain-
ing only two open states. The scheme also considered that
the longest-duration open state is the most likely to be
blocked by the agonist, similar to that observed for
5-HT. This scheme well described the experimental open
and closed-duration histograms (Fig. 5 D). In line with
our previous observations for the mouse 5-HT3A receptor
(15), the main difference of tryptamine activation respect
to 5-HT activation was the lack of information about the
first priming step. This difference may arise from the
fact that the longer closings corresponding to this state
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FIGURE 5 Kinetic analysis for 5-HT3Apc receptor activated by the
different agonists. Schemes used for kinetic analysis of clusters (scheme
1, A) or bursts (scheme 2, B). Kinetic analysis was restricted to clusters
for 5-HT (C), carvacrol (E), or thymol (F), or to bursts for tryptamine
(D). Scheme 1 shows an interburst/intracluster closed state (state C), three
preopen closed states (C;, C, and C), three open states (O;, O, and O3) and
a blocked state B. Scheme 2 is a subset of scheme 1 restricted to bursts. The
experimental open- and closed-duration histograms from selected clusters
or bursts at different agonist concentrations are shown with the theoretical
curves superimposed (resulting from fitting the corresponding scheme to
the data).

(Cin scheme 1, Fig. 5 A) cannot be distinguished from our
single-channel recordings because they overlap with
closed times corresponding to independent activation epi-
sodes. The results also showed slightly reduced stability of
the longest-duration open state compared to 5-HT (a3,
Table 2). Thus, reduced priming and, to a lesser extent,
decreased open stability explains the weak agonist activity
of tryptamine.

We finally determined the kinetics of 5-HT3Ayc channels
activated by the allosteric agonists. Because the activation
profile was very similar to that of 5-HT, we used scheme
1 to perform kinetic analysis, but we did not include the
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blockade because this was not evidenced at the range of con-
centrations used (Fig. S2; Table 1). For allosteric activation,
scheme 1 well described the experimental open and closed-
time histograms for both compounds (Fig. 5, E and F). The
kinetic analysis revealed similar priming equilibrium
constants (P) and increased gating equilibrium constants
(64, 6, and 65) with respect to 5-HT activation (Table 2),
indicating higher efficacy.

Thus, the kinetic analysis suggests that the mechanism of
activation by both orthosteric and allosteric binding sites re-
quires preopen-closed states from which the receptor can
open. Compared to 5-HT activation, the main difference is
the slightly greater gating equilibrium constant (¢) for
both allosteric agonists and reduced priming for tryptamine,
which is in line with our previous report (15). Among
ligands, the analysis revealed that 1) the equilibrium
constants for the second and third priming transitions
were similar among the different agonists (P, and Pj3 in
Table 2), 2) the gating equilibrium constant increased with
priming for all ligands (6; > 6, > 6;), and 3) the gating
equilibrium constant for the most stable open state (3) is
slightly different for the different agonists (tryptamine <
5-HT < carv=thy).

DISCUSSION

We here defined the mechanistic bases underlying differ-
ences between orthosteric and allosteric activation and
potentiation in the least explored Cys-loop receptor, the hu-
man 5-HT3A receptor.

The fact that Cys-loop receptors are important drug
targets for a great number of disorders has prompted atten-
tion to deciphering the mechanisms of drug modulation.
Pharmacological modulation can be achieved through both
orthosteric and allosteric sites, resulting in a great spectrum
of chemical structures, sites, and mechanisms. Several ago-
PAMs of Cys-loop receptors are established therapeutic
drugs, such as the anesthetic pentobarbital acting at
GABA receptors (47), and the anthelmintic ivermectin
acting at the invertebrate glutamate-activated chloride chan-
nels (48). The discovery of allosteric ligands of 5-HT3A re-
ceptors for clinical applications has lagged behind
compared to that of other Cys-loop receptors. However,
compounds acting as negative allosteric modulators have
been proposed as drugs or lead structures for reducing
chemotherapy-induced nausea and vomiting (26,49). Also,
compounds acting as allosteric agonists have been shown
to induce antinociception (50). Thus, our study provides
novel, to our knowledge, useful information to advance in
this relatively unexplored area.

Electrophysiological and structural studies have provided
information regarding mechanisms of activation through
orthosteric sites, identified structures, and proposed path-
ways involved (36,45,51,52). However, mechanisms of
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TABLE 2 Kinetic Parameters of Allosteric and Orthosteric 5-HT3Ayc Activation

5-HT Tryptamine Carvacrol Thymol
v s 352 + 17 — 1120 + 45 343 + 20
0, s 419 * 35 — 2362 * 159 759 + 63
Y2 s 920 + 45 6035 + 262 2092 + 96 1708 + 73
6, s 5430 + 304 6484 * 519 5160 + 255 4565 + 222
v3 s 4230 + 300 10,100 * 639 15,700 + 786 13,800 = 655
05 s 6244 + 245 6161 = 533 11,000 + 794 13,900 = 1,260
B8, [s™" 1601 + 83 — 7126 + 321 5191 + 215
o s 30,000 = 1056 — 21,100 + 650 23,300 + 969
B> [s™" 8070 = 340 28,300 = 2490 17,300 = 760 28,700 = 1292
o s 9291 =+ 341 9541 = 741 1416 = 86 1397 + 96
B3 s 38,400 = 1080 45,100 + 1887 53,800 + 2260 71,100 = 4280
o s 165 £ 5 379 + 21 99 + 4 145 + 11
P, 0.84 + 0.08 — 0.47 + 0.04 0.45 + 0.05
P, 0.17 = 0.01 0.93 + 0.08 041 = 0.03 0.37 = 0.02
P 0.68 + 0.05 1.6 = 0.2 14 0.1 1.0 £ 0.1
0, 0.05 = 0.01 — 0.34 = 0.02 0.22 * 0.01
0, 0.87 + 0.05 29 £ 04 12 £ 1 21 =2
05 233 + 10 119 =8 543 + 32 490 + 47
Kip M~ 's! x 10° 6.8 =03 82 + 02 — —
K. p s 27,800 + 1078 26,900 + 438 — —

Rates are expressed in s~ '. Kinetics parameters were obtained from clusters using scheme 1 (5-HT, carvacrol, and thymol) or from bursts using scheme 2
(tryptamine). The rates are expressed as mean * SE for three different patches for each condition. The equilibrium constants are P (y/6) for priming and 6

(B/a) for gating.

allosteric activation remain less understood and have not
been addressed at all in 5-HTj3 receptors.

For 5-HT3A, activation at the single-channel level can
only be studied using the high-conductance, triple-mutant
receptor because its low-channel amplitude does not allow
detection of opening events from cell-attached patches.
We here showed that the macroscopic activation properties
of the human high-conductance receptor are similar to those
of the wild-type receptor. Moreover, single-channel studies
of the chimeric receptor containing «7 sequence in the
extracellular domain and 5-HT;A in the transmembrane
domain («7-5HT3A) (53), and the «7 nicotinic receptor
(54) have demonstrated that the mutations of the three resi-
dues change conductance but do not affect single-channel
kinetics of the receptors. Thus, our high-conductance form
of the human 5-HT3A receptor is a valid model for defining
kinetics.

The single-channel activity of the high-conductance form
of the human 5-HT3;A receptor has not been described
before. We found that channel amplitude is similar to that
of the high-conductance mouse 5-HT3A receptor and its sin-
gle-channel activation pattern also maintains the main fea-
tures of that of the mouse receptor: long clusters, high
Popen Within clusters and no agonist concentration depen-
dence (14). A main feature of 5-HT3A receptor activation
is that the increase in 5-HT concentration from 1 to
10 uM increases the macroscopic response from ~25 to
~85%, whereas it does not affect the single-channel pattern,
which, in turn, shows the same clusters of ~300 ms and
Pgpen 0f ~0.9 at the 10-fold concentration range. These find-
ings indicate that clusters do not include agonist association
and dissociation steps. Thus, the observed agonist concen-

tration dependence of the macroscopic responses may be
due to the increase in the frequency of individual clusters
with agonist concentration. A similar behavior has been re-
ported for other Cys-loop receptors (55-57).

We found that the same model proposed for the mouse
5-HT;A (15) well described the experimental data of the hu-
man type receptor elicited by the full agonist 5-HT and the
partial agonist tryptamine as well as for allosteric ligands.

As we used clusters to define kinetics, our model does not
include binding steps. This model includes preactivated
states (primed states); the ability to make the transition to
these states (priming) has been associated to the efficacy
of other Cys-loop receptors (18,19). Interestingly, a preac-
tive state was suggested by cryo-electron microscopy of
the full length 5-HT3A (35).

The kinetic analysis for 5-HT activation revealed similar
priming equilibrium constants between mouse and human
receptors (P, P,, and P3 were ~0.5, ~0.6, and ~0.5 for
mouse, and 0.8, 0.2, and 0.7 for human) (Table 2; (15)).
However, with respect to the mouse receptor, the human re-
ceptor showed smaller gating equilibrium constants, which
were about one order of magnitude lower (64, 0>, and 05
were ~0.05, ~0.9, and ~230 for human, and ~0.2, ~3,
and ~1800 for mouse, respectively) (Table 2; (15)).

As allosteric agonists, we used terpenoids that are mono-
cyclic phenolic compounds present in essential oils from ar-
omatic plants widely used in traditional medicine (58). At
the molecular level, they exert multiple effects throughout
the Cys-loop receptor family in both vertebrates and inver-
tebrates, including activation, potentiation, and inhibition
(59,60). In 5-HT5A receptors, terpenoids have been shown
to act as either ago-PAMs or allosteric inhibitors. In
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particular, by macroscopic current recordings it was shown
that carvacrol and thymol act as partial agonists and poten-
tiators of 5-HT3A receptors (31). Docking and functional
studies have proposed that the binding site of thymol is
located in an intersubunit cavity in the transmembrane re-
gion (31).

Our results confirmed that carvacrol and thymol macro-
scopically behave as agonists with lower efficacy than
5-HT because currents show submaximal amplitudes and
significantly slower rising phases. However, macroscopic
current recordings for ligand-gated ion channels cannot
separate binding from gating steps and do not consider other
mechanisms, such as open-channel block, that can result in
reduced maximal responses (61). In contrast, at the micro-
scopic level, we found that terpenoids activate 5-HT;A re-
ceptors even more efficaciously than 5-HT, which is
evidenced by similar equilibrium constants for priming
(P;, P,, and P3) and higher for gating (6;, 6, and 63).
Also, single-channel kinetic analysis revealed that activa-
tion can be described by a similar mechanism as that of
orthosteric activation. Moreover, the kinetic scheme is
different to that in the presence of tryptamine, which is a
genuine partial agonist, for which it was not possible to es-
timate the value of P; and 6. Thus, this study enhances the
importance of single-channel kinetic studies for understand-
ing drug action on ligand-gated ion channels.

We analyzed possible explanations for the apparent
discrepancy of terpenoid activity between the macro-
scopic level (submaximal and slower responses) and the
single-channel level (long-duration and high-Ppe, clus-
ters). It is known that open-channel blockade elicited by
the agonist at high concentrations may reduce the
maximal macroscopic responses (61). This mechanism
has explained the low efficacy of 2-methyl-5-hydroxy-
tryptamine for mouse 5-HT3A receptors (15). However,
we did not detect a clear reduction in open duration, clus-
ter duration, and Py, within clusters at high carvacrol or
thymol concentrations, indicating no channel blockade
and, therefore, we can discard blockade as mediating sub-
maximal macroscopic responses.

Also, the formation of primed, intermediate states from
which channel opening rapidly occurs was similar for
5-HT and terpenoids, but was different for the orthosteric
partial agonist, tryptamine. Thus, slow priming can explain
the reduced efficacy observed at the macroscopic level for
tryptamine but not for terpenoids (15,18,19).

The possibility of describing the activation by allosteric
agonists by the same mechanism as that for orthosteric
agonists led us to inquire if allosteric ligands also elicit struc-
tural changes at the binding site. Structural and computa-
tional studies in Cys-loop receptors suggested that the
C-loop, which is one of the three loops that form the principal
face of the binding site, adopts an opened-up, uncapped
conformation in the absence of agonist and it closes to cap
the agonist, an event associated with priming and channel
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opening. Orthosteric partial agonists produce incomplete
closure in line with their reduced priming (19,56,62-67).
There is no experimental information regarding closing of
the C-loop by allosteric agonists. However, computational
studies using a homology model of the a7 nicotinic receptor
showed that an allosteric agonist affected the conformational
freedom of C-loop and produced channel activation by a
cross-talk between the allosteric and the orthosteric sites
(68). Moreover, a study using a Gaussian method model in
23 proteins demonstrated that the motions of allosteric sites
are highly correlated with the motions of orthosteric sites
(69). Thus, it may be possible that despite binding to the
transmembrane site, terpenoids allosterically induce the
closing of the C-loop located at the extracellular domain.

Another possible explanation for the discrepancy be-
tween macroscopic and microscopic observations is the
accessibility of terpenoids to the allosteric binding sites
through the membrane, which probably leads to the
slow-rising phase of macroscopic currents, as determined
for the allosteric activation by ivermectin of glutamate-
activated chloride channels (70). Experimental and
computational studies have shown that thymol and carva-
crol incorporate into the lipid membrane in a saturable
manner and that thymol in water solution tends to self-
aggregate when the concentration increases over a critical
value (31,71-74). In addition, the number of allosteric
sites required for activation may differ from that of or-
thosteric sites, as previously determined for allosteric
agonists of GABA receptors (75). Thus, maximal satura-
tion of the allosteric sites may not occur under the condi-
tions used for whole-cell recordings, but it may occur
during the longer, steady-state, single-channel current
measurements.

Overall, our findings showed the first single-channel char-
acterization of the activation of the human 5-HT3A receptor
by allosteric ligands, which are of increasing interest as
research and therapeutic tools for all the Cys-loop receptor
family.
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