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A Novel Mechanism of Modulation of 5-HT3A Receptors by Hydrocortisone
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ABSTRACT Modulation of Cys-loop receptors by steroids is of physiological and therapeutical relevance. Nonetheless, its
molecular mechanism has not been elucidated for serotonin (5-HT) type 3 receptors. We deciphered the mechanism of action
of hydrocortisone (HC) at 5-HT type 3A receptors. Single-channel currents from the high-conductance form (~4.7 pA, �70 mV)
appear as a series of long opening events forming bursts, which group into long clusters. Although they are very infrequent, sub-
conductance events (~2.4 pA) are detected within clusters. HC produces a significant concentration-dependent reduction in
open and burst durations, demonstrating open-channel block. In addition, it increases the appearance of subconductance levels
in a concentration- and slightly voltage-dependent manner. The amplitude of the subconductance level does not change with
HC concentration and its open duration is briefer than that of full amplitude events, indicating lower open-channel stability.
Dual effects are distinguished from macroscopic responses: HC reduces amplitude by acting from either open or closed
states, and it increases decay rates from the open state. Thus, HC acts as a negative modulator of 5-HT type 3A receptors
by different mechanisms: It acts as an open-channel blocker and it favors opening to a preexisting subconductance level.
The latter constitutes a novel, to our knowledge, mechanism of channel modulation, which might be applicable to other steroids
and channels.
INTRODUCTION
Serotonin type 3 receptors (5-HT3Rs) aremembers of theCys-
loop receptor family of neurotransmitter-gated ion channels,
which also includesGABAA, glycine, andnicotinic acetylcho-
line (ACh) receptors (1). 5-HT3Rs are located predominantly
in central nervous system regions that are involved in the inte-
gration of the vomiting reflex, pain processing, and anxiety
control. The preferential localization on nerve endings is
consistent with a physiological role of 5-HT3Rs in the control
of neurotransmitter release (2). They are implicated in several
human disorders, such as anxiety, depression, and vomiting,
and are important drug targets for nausea and emesis during
pregnancy or provoked by drugs used in cancer therapy (3).

Steroids modulate function of Cys-loop receptors (4–9).
They can act as negative (6,8–10) or positive allosteric modu-
lators (11,12), depending on both the steroid and receptor
types. Single-channel recordings have allowed researchers
to describe themechanisms of action of several steroids acting
on AChRs and GABAA receptors (6,12). For 5-HT3Rs, these
studies have been restricted to themacroscopic level, andhave
shown that several steroids, such as 17-b-estradiol (9,10),
progesterone, estradiol,mestranol, testosterone, and allopreg-
nanolone (9), and dexamethasone and methylprednisolone
(8), inhibit macroscopic serotonin type 3A (5-HT3A) currents
by acting as noncompetitive inhibitors. No detailed informa-
tion about molecular effects of steroids at 5-HT3ARs is
available, because the low conductance of this receptor does
not allow the detection of single-channel events.

The low single-channel conductance of the 5-HT3AR has
been shown to be due to the unique presence of three argi-
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nine residues (R432, R436, and R440) at the M3-M4 region
(13–17). Elegant studies have shown that the replacement of
these arginine residues by those found at equivalent posi-
tions in the 5-HT3B subunit (glutamine, aspartic acid, and
alanine (QDA)) increases the single-channel conductance
by ~40-fold, thus resulting in the high-conductance or
QDA form of 5-HT3AR (13,14,17).

We recently described the mechanism of activation and
desensitization of the high-conductance form of the mouse
5-HT3AR (18). We here took advantage of this high-conduc-
tance form to analyze the effects of hydrocortisone at the
single-channel level. By detecting conformational states
that cannot be resolved at the macroscopic level, we demon-
strate that this steroid acts as a negative modulator of
5-HT3ARs by two different mechanisms: it acts as an
open-channel blocker and it simultaneously favors opening
to a subconductance level.
METHODS

Expression of high-conductance 5-HT3A
receptors

The high-conductance form of mouse serotonin type 3A receptor (5-HT3A)

was obtained by mutating three arginine residues to QDA (13–19). Point

mutations were introduced using the QuikChange kit (Stratagene, La Jolla,

CA) and were confirmed by sequencing. BOSC 23 cells were transfected

with 5-HT3A cDNA and a plasmid encoding green fluorescent protein to

allow identification of transfected cells.
Patch-clamp recordings

Single-channel currents were recorded in the cell-attached configuration at

20�C. The bath and pipette solutions contained 142 mM KCl, 5.4 mM

NaCl, 0.2 mM CaCl2, and 10 mM HEPES (pH 7.4) (18,19). 5-HT and
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hydrocortisone (HC) were added to the pipette solution. Patch pipettes were

pulled from 7052 capillary tubes (Garner Glass, Claremont, CA) and coated

with Sylgard (DowCorning,Midland,MI). Single-channel currents were re-

corded and low-pass filtered to 10 kHz using anAxopatch 200Bpatch-clamp

amplifier (Molecular Devices, Union City, CA), digitized at 5-ms intervals,

and detected by the half-amplitude threshold criterion using the TAC

4.0.10 program (Bruxton, Seattle, WA) (19). Under the present conditions,

the inward conductance of the QDA 5-HT3A mouse receptor, determined

from single-channel amplitudes at different potentials, is ~67 pS (18).

The analysis of single-channel recordings was performed by tracking

events without any amplitude restriction. This procedure involved the

detection of all events in the whole recording in only one step and was

the one used to determine the amplitude classes and their relative areas.

Amplitude histograms were then constructed after selecting events with

open duration>90 ms to assure that all events were fully resolved. However,

no changes were observed in the mean amplitude of each class if the dead

time was set between 30 and 500 ms. Open- and closed-time histograms

were plotted using a logarithmic abscissa and a square-root ordinate, and

fitted to the sum of exponential functions by maximum likelihood using

the program TACFit 4.0.10 (Bruxton) with the dead time set at 30 ms.

To determine the mean duration of each amplitude class, open-time histo-

grams were constructed for a given amplitude class by selecting only

openings with amplitudes within51 pA of the mean of the amplitude class.

Another analysis method was used to increase the number of subconduc-

tance opening events. This was performed by setting the detection bar to

a fixed amplitude (2.4 pA) and then detecting channel events by the half-

amplitude threshold criterion (20). The duration histogram was then

constructed from the accepted events. No significant difference in the

mean open duration was observed between the two types of analysis (20).

Bursts and clusters of channel openings were identified as a series of

closely separated openings (more than five) preceded and followed by

closings longer than a critical duration. For the control condition, the

critical time was taken as the point of intersection of the second and third

components in the closed-time histogram for bursts (tc
b), and of the third

closed component and the succeeding one for clusters (tc
c) (18). In the pres-

ence of HC, tc
c was determined to be between the fourth and fifth closed

components. For different recordings, tc
c values were 10 5 3 ms for

control, 18 5 5 ms for 100 mM HC:, 40 5 10 ms for 200 mM HC, and

50 5 10 ms for 400 mM HC.

Open probability within clusters (Popen) was determined by calculating

the mean fraction of time that the channel is open within a cluster (18,19).

All-point amplitude histograms were constructed with data obtained from

clusters. Clusters were first identified by visual inspection and then selected

using the TAC program. All-point histograms were then constructed with

data from 10–20 selected clusters of each recording using TAC.

Macroscopic currents were recorded in the outside-out patch configura-

tion. The pipette solution contained 134 mM KCl, 5 mM EGTA, 1 mM

MgCl2, and 10 mM HEPES (pH 7.3). The extracellular solution (ECS)

contained 150 mM NaCl, 0.5 mM CaCl2, and 10 mM HEPES (pH 7.4).

We applied a 1.5-s pulse of ECS containing 100 mM 5-HT. The solution

exchange time was estimated by the open pipette and varied between

0.1 and 1 ms. Macroscopic currents were filtered at 5 kHz, digitized at

20 kHz, and analyzed using the IgorPro software (WaveMetrics, Lake

Oswego, OR). Each current represents the average from three to five indi-

vidual traces obtained from the same seal that were aligned with each other

at the point where they reached 50% of maximum. Currents were fitted by

a double-exponential function:

IðtÞ ¼ I1ðexpð�t= t1ÞÞ þ I2ðexpð�t= t2ÞÞ þ IN;

(1)

where I1 and I2 are peak current values, and IN is the steady-state current,

respectively, and t1 and t2 are the decay time constants.

We recorded responses according to the different protocols for HC appli-

cation: the þ/� protocol, where the patch was exposed for 2 min to a bath
solution containing the steroid before application of agonist; the �/þ
protocol, consisting of exposure to a pulse of the agonist solution containing

the steroid without preincubation; and theþ/þ protocol, consisting of 2 min

exposure to bath solution containing a specified concentration of steroid

followed by a pulse of agonist solution also containing the steroid. All

currents were analyzed with reference to those recorded in the same patch

in the absence of HC (the �/� protocol). The stability of the patch and the

absence of rundown were determined by verifying that the peak current

remained constant after at least five pulses of agonist under each protocol.

Patches showing rundown (>10–15% reduction of the peak current) were

discarded.

Simulations of single-channel and macroscopic currents were performed

using QuB software (QuB suite, www.qub.buffalo.edu, State University of

New York, Buffalo, NY). For the simulations, we used the kinetic model

that describes transitions within clusters and the estimated rate constants

(18).

Statistical comparisons were performed with Student’s t-test.
Docking of hydrocortisone in 5-HT3A models

A homology model of two adjacent 5-HT3A subunits was created based on

the structure of the Torpedo AChR (Protein Data Bank code 2BG9, A-E).

The amino acid sequences were aligned using ClustalW and modeling

was performed using MODELER 9v8 (21). Ten models were generated,

of which the one with the lowest energy and the smallest percentage of

amino acids in the disallowed region of the Ramachandran plot (calculated

using PROCHECK) was selected for docking studies. The protonated form

of HC was docked into the whole model or into the selected transmembrane

region using AUTODOCK 4.2 (22). One hundred genetic algorithm runs

were performed for each docking study.
RESULTS

Single-channel currents of 5-HT3A receptors
in the presence of hydrocortisone

In the presence of 5-HT (>0.1 mM), single-channel currents
of ~4.7 pA at �70 mV membrane potential are readily
detected in cell-attached patches from cells expressing the
high-conductance form of mouse 5-HT3A receptor (18,19)
(Fig. 1). As reported previously (18), a minor population
(<6%) of low-amplitude openings from the same receptor
is also detected (~2.4 pA at �70 mV).

At 1 mM 5-HT, 5-HT3A channel activity appears mainly
as openings in quick succession forming bursts, which in
turn coalesce into long clusters (18) (Fig. 1). A cluster
results from the activity of a single receptor, which recovers
from long-lived desensitization and begins a series of tran-
sitions through open and closed states. At the end of the
cluster, the receptor reenters the desensitized state. Isolated
brief openings or brief bursts are also detected along the
recording (18) (Fig. 1 b).

Open-time histograms for the entire recording show three
components, whose mean durations are ~115 ms, 2.5 ms, and
110 ms (18) (Fig.1 and Table S1 in the Supporting Material).
All three classes of open state are found within clusters, in
which prolonged openings are the predominant ones
(relative area 0.57 5 0.07). The mean durations remain
constant between 0.1 and 3 mM 5-HT. At concentrations
Biophysical Journal 100(1) 42–51
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FIGURE 1 Effect of HC on 5-HT3ARs evaluated at the single-channel level. (a) Left: Channels activated at 1 mM of 5-HT in the absence or presence of

increasing HC concentrations in the pipette solution. A single cluster is shown at two different time resolutions for each condition. Right: Representative

open-, closed-, and cluster-duration histograms obtained from the entire recording at each condition. The arrow shows the 8-ms closed-time component asso-

ciated with the block. (b) Continuous single-channel traces of control and 400-mM-HC-treated channels activated by 1 mM 5-HT. Membrane

potential, �70 mV; filter, 10 kHz.
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>3 mM, the duration of the slowest open component
decreases due to open-channel block produced by 5-HT
(18). To avoid blockade, single-channel recordings were
performed at 1 mM 5-HT. Closed-time histograms of the
entire control recording can be fitted by five to six compo-
nents (Fig. 1 a). Comparison of these histograms with those
constructed using only selected clusters show that the two
briefest components (~50 ms and ~300 ms) correspond to
closings within bursts, and the succeeding one (~2.5 ms)
corresponds to interburst closings within clusters (18)
(Table S1). The additional slow components observed in
histograms constructed with data of the entire recording
correspond to closed periods between clusters.

In the presence of HC, significant kinetic changes are
observed (Fig. 1). Channel activity at 1 mM 5-HT and
400 mM HC also appears in clusters but these show reduced
open probability (Popen) (Fig. 1 b). This decrease is due to an
increase in the duration of dwell times in the closed state and
a decrease in the duration of long openings within clusters
(Fig. 1). The mean cluster duration shows an approximately
twofold reduction at 400 mM HC, from 1.55 0.5 s at 0 mM
HC to 0.7 5 0.2 s at 400 mM HC (Fig. 1 a and Table S1).
Clusters in the presence of HC are composed of briefer
bursts, which in turn are composed of briefer openings.
Biophysical Journal 100(1) 42–51
The burst duration is reduced from 850 5 200 ms (control)
to 255 4 ms (400 mMHC), but the number of bursts/cluster
is higher than in the control (~30 bursts/cluster for 400 mM
HC and ~2–3 bursts/cluster for the control). However, it is
not possible to determine whether the bursts in the presence
of HC correspond mechanistically to the same bursts as
those of the control, which represent transitions through
open and closed states (18), or if they arise from a single
opening with flickering closings due to open-channel block.
The duration of channel openings, particularly that corre-
sponding to the slowest open component, is significantly
reduced (~30-fold at 400 mM HC). Closed-time histograms
also show several components, but a new closed component
with a mean duration of ~8 ms is systematically detected
(Fig. 1 a and Table S1). Overall, the analysis shows that
the cluster is composed of briefer openings separated by
brief closings, and by an increased number of bursts that
are briefer than the control bursts (Fig. 1).
Open-channel block induced by HC

We analyzed whether the changes in the open, burst, and
closed durations can be explained by open-channel block.
To this end, we first measured the mean duration of the



FIGURE 2 HC increases the frequency of the subconductance state. (a)

A typical cluster of 5-HT3AR activated by 1 mM 5-HT in the absence

(upper) and presence of 400 mM HC (lower), with a segment shown at
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slowest open component at different HC concentrations
(Fig.1). The mean open duration decreases from 115 5
20 ms (control) to 11 5 3 ms, 8 5 1 ms, and 3.2 5
0.7 ms at 100, 200, and 400 mM HC, respectively
(Table S1). By expressing these results as the inverse of
the mean open time versus drug concentration, a linear
representation is observed (Fig. S1). This data can be fitted
by the classical linear blocking scheme (23) (Scheme 1),

kþ b½HC�

C4 O4 OB; (Scheme 1)

where C indicates closed time, O open time (corresponding
to the mean duration of the slowest open component), and B
the block state. The rate constant for the blocking reaction
(kþb), given by the slope of the curve, is 6.5 �
105 M�1 s�1. Thus, the reduction in open duration may be
explained by HC acting as an open-channel blocker.

Given the complexity of the closed-time histograms, it is
not possible to clearly distinguish the closed component
corresponding to blocked states. One problem is that the
duration of the brief intraburst closings observed at
400 mM HC, which may cause the flickering behavior,
superimposed with that of brief closings observed in the
control, which arise from closings during activation and
correspond to the predominant closed component (relative
area ~0.6 (Table S1)). In addition, a new closed component
is detected (~8 ms), which corresponds to interburst closings
and whose area increases with HC concentration. This
component could arise from slow channel block (Fig. 1
and Fig. S2).

To gain more insight into the possible mechanism of
channel block, we simulated single-channel and macro-
scopic currents in the presence of 400 mM HC on the basis
of the kinetic model that describes activation and desensiti-
zation (18) (Fig. S2 a). The simulations show that the block-
ing mechanism is complex and involves at least two blocked
states (Fig. S2).
higher resolution. Membrane potential, �70 mV; filter, 10 kHz. (b) Typical

amplitude histograms for 0, 100, 200, and 400 mM HC. To determine mean

amplitudes, histograms were constructed only with events whose durations

were >90 ms. (c and d) Mean amplitudes (c) and relative areas (d) resulting

from the histograms in b for the high- (black) and low-conductance events

(gray) (mean 5 SD for at least n ¼ 3 for each condition).
HC favors transitions to the subconductance
state

The detailed observation of single-channel recordings from
5-HT3ARs activated by 1 mM 5-HT revealed a minor popu-
lation of low-amplitude (~2.4 pA) events within clusters
(Fig. S3). Subconductance levels occur either isolated or
as transitions between full-conductance events. When the
analysis is performed by tracking events without any ampli-
tude restriction, the subconductance population is detected
in the amplitude histograms as a minor component of
~2.4 pA (Fig. 2 b).

In the presence of 400 mM HC, a remarkable increase in
the frequency of subconductance levels is observed
(Fig. 2 a, lower). The amplitude histogram clearly reveals
an increase in the relative area of the low-amplitude compo-
nent of ~2.4 pA, this area being of 0.4 at 400 mM HC.

We examined whether the amplitude of the subconduc-
tance events is dependent on HC concentration. To this
end, we constructed amplitude histograms from single-
channel recordings activated by 1 mM 5-HT in the presence
of increasingHCconcentrations. Fig. 2 b shows that themean
amplitudes of both high- and low-amplitude components
remain constant in the range 0–400 mM HC. However, the
Biophysical Journal 100(1) 42–51
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relative area of the low-amplitude component increases as
a function of HC concentration, whereas that of the high-
amplitude component decreases (Fig. 2, c and d).

The absence of amplitude dependence on drug concentra-
tion for the low-conductance events eliminates fast open-
channel block as the mechanism mediating the reduction
in channel amplitude. Therefore, the results reveal that the
5-HT3AR opens rarely to a subconductance state and HC
increases the probability of adopting this state.

To illustrate changes in the presence of HC, we con-
structed all-point amplitude histograms. To this end, we
analyzed 10–20 clusters from several recordings at each
condition. Fig. 3 shows representative histograms for
different HC concentrations. In these histograms, 0 corre-
sponds to points in the closed state. The all-point histogram
for control clusters shows that most points are concentrated
at ~4.7 pA, which corresponds to the main amplitude class.
Since these histograms have been constructed only with
selected clusters, for which the Popen is >0.90, only a minor
proportion of points are concentrated at ~0 pA. The increase
in resolution shows that there is also a minor population of
points at ~2.4 pA, which correspond to subconductance
events (Fig. 3, inset). The area of this population increases
as a function of HC concentration. These histograms also
reveal how the Popen within clusters decreases as a function
of HC. Moreover, because these histograms are constructed
only with data from selected clusters, they also demonstrate
that subconductance openings occur within a cluster, which
in turn reflects the activity of a single receptor channel, and
appear in the absence of the drug.

To gain more information about the properties of the sub-
conductance level, we also evaluated how its amplitude and
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FIGURE 3 All-point amplitude histograms from clusters in the presence

of HC concentrations of 0, 100, 200, and 400 mM. About 20 clusters from

three different recordings for each condition were selected and analyzed.

In these histograms, points at 0 pA correspond to points in the closed state.

Points corresponding to low-amplitude events (~2.4 pA) appear in some

recordings even in the absence of HC, though at a very low frequency.

(Inset) A higher-resolution histogram showing the appearance of these

low amplitude events even in the control. The relative areas for the

0- and 2.4-pA components increase as a function of HC concentration.
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relative area change as a function of membrane potential
and HC concentration. The amplitudes of both full conduc-
tance (~4.7 pA) and subconductance openings (~2.4 pA)
remain constant for 0–400 mM HC at a fixed membrane
potential, and they similarly increase when the membrane
potential decreases from �70 to �120 mV (Fig. 4, a
and b). Fig. 4, c and d, shows that the relative area of the
low-conductance events tends to increase at �120 mV
with respect to �70 mV. The difference is statistically
significant only at 400 mM HC and between �70 mV and
�120 mV (p < 0.05). At 400 mM HC and negative
membrane potentials, the relative area of subconductance
events increases e-fold/165 mV, whereas in the absence of
HC, it increases e-fold/550 mV. Thus, the increase in the
frequency of subconductance events due to HC seems to
be slightly dependent on potential.

Because the analysis of single channels at positive
membrane potentials is very complex and less accurate,
these experiments could be performed only for a restricted
negative membrane potential range.

To determine the duration of the subconductance state,
we analyzed recordings at a fixed amplitude of 2.4 pA. In the
absence of HC, open-time histograms can be fitted by two
components, whose duration and relative areas are 500 5
10 ms (0.20 5 0.07) and 2.3 5 0.2 ms (n ¼ 3). In the pres-
ence of 400 mMHC, the duration of the open components is
reduced to 805 10 ms and 2405 70 ms (n¼ 3). It is impor-
tant to note that the measured durations are prolonged
enough to be fully resolved (see Methods), giving
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confidence that these current levels are a result of a different
channel conformation and not an artifact produced by
limited bandwidth (Fig. S3).
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FIGURE 5 Effect of HC on macroscopic 5-HT3A currents. (a) Represen-

tative 100 mM 5-HT response (filter, 5 kHz) recorded from a single outside-

out patch, showing that the current remains stable for 14 min. (b) Exposure

to HC (2 min) before application of 5-HT (þ/� protocol, gray trace). (c)

Simultaneous application of HC and 5-HT without preincubation with the

drug (�/þ protocol, gray trace). (d) Preexposure with HC followed by

application of HC and 5-HT (þ/þ protocol). For all protocols (b–d),

currents were compared with those recorded from the same patch before

any drug application (�/� protocol, black traces). Also, currents recorded

after washing the drug are shown for all protocols (�/�(w), black traces).

For each experiment, the peak current (e) and the decay time constants of

both components (tfast and tslow) (f) were related to those of the control.

The description washed corresponds to currents recorded after a 5-min

wash of the drug in the þ/þ protocol. The bars correspond to the

mean 5 SD of at least three different experiments for each condition.

Pipette potential, �50 mV. The bars above the currents in b, c, and d corre-

spond to the application of 100 mM 5-HT. Please note that because of space

limitation, the whole pulse (1.5 s) is not represented by the bar.
Dual effect of HC on 5-HT3Amacroscopic currents

To study the overall consequences of HC on 5-HT3A activa-
tion, we recorded macroscopic currents from outside-out
patches perfused with 100 mM 5-HT in the absence and
presence of 400 mM HC. 5-HT-activated currents decay
during the pulse of agonist with a double exponential func-
tion (18,24). We verified that the currents remained stable
for several 5-HT pulses, indicating the absence of rundown
(Fig. 5 a).

To determine the conformational state at which the drug
acts, we recorded currents applying 5-HT and HC under
different protocols (pipette potential �50 mV). To deter-
mine whether the drug affects the resting state, we first
activated receptors by 100 mM 5-HT in the absence of HC
as a control pulse (�/� protocol). Then we exposed the
patch for 2 min to ECS containing 400 mM HC and finally
elicited currents with ECS containing 5-HT (þ/� protocol)
(test pulse). Comparison of currents obtained from the test
pulse to those obtained from the control pulse shows an
~40% reduction in the peak current (Fig. 5, b and e). No
statistically significant changes in the decay time constants
are observed (tfast of 170 5 50 ms and tslow of 1100 5
650 ms for the �/� protocol (n ¼ 4); and tfast of 110 5
40 ms and tslow of 650 5 400 ms for the þ/� protocol
(n ¼ 4) (Fig. 5, b and f)). Activation of receptors in the
presence of HC (ECS containing 400 mM HC þ 100 mM
5-HT) without preincubation with the steroid (�/þ
protocol) reduces current amplitude by ~45% with respect
to the control (Fig. 5, c and e). It is interesting to note that
under this protocol, the decay time constants decrease
significantly (tfast of 20 5 10 ms and tslow of 270 5
100 ms (n ¼ 4)) (Fig. 5 f). The currents decrease to a similar
extent if 5-HT concentration is 3, 100, or 500 mM, thus
discarding the possibility that HC acts as a competitive
antagonist (Fig. S5). Moreover, similar changes occur in
the low-conductance wild-type 5-HT3A receptor, thus indi-
cating that the mutations that alter conductance do not affect
significantly HC action (Fig. S5).

After a 5-min wash with ECS, the original peak current
could not be recovered in 70% of the patches under
the þ/� protocol and in 100% under the �/þ protocol. It
was verified that the HC-mediated decrease in peak currents
was not due to rundown (Fig. S6). In contrast, recovery of
control decay time constants always occurred after
a 2-min wash.

When the patch is continuously exposed to HC (þ/þ
protocol), currents show the greatest amplitude inhibition
(~50%) and the control peak currents are not recovered
after a 5-min wash (Fig. 5, d and e). The percentage of
reduction obtained with this protocol is not completely
additive with respect to that observed when the drug acts
only at the closed (þ/� protocol) or open (�/þ protocol)
states (Fig. 5 e). Similar to what is observed under
the �/þ protocol, the decay time constants decrease with
respect to control (tfast of 16 5 6 ms and tslow of 180 5
60 ms (n ¼ 4)) and are rapidly recovered after the wash
(Fig. 5 f).

We conclude that once the receptors have been exposed to
HC, the reduction in the peak current is slowly reversible.
More precisely, it is irreversible for at least 5 min, which
is the maximal time that systematically ensures stability of
outside-out patches for the entire experiment. In contrast,
the decrease in the decay time constants is rapidly reversible
after the wash. Also, whereas the decrease in peak current
occurs independently of the state at which HC acts (closed
Biophysical Journal 100(1) 42–51
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or open), the HC-mediated increase in the decay rates occurs
mainly from the open state (�/þ protocol).

Taken together, our results reveal that HC exerts its inhib-
itory action by at least two different mechanisms. One
mechanism is channel block, which is evidenced at the
single-channel level mainly as a dramatic decrease in
open duration, burst duration, and Popen within clusters.
The other mechanism is an increase in the frequency at
which the receptor opens to a subconductance state. The
combination of both effects is evidenced at the macroscopic
level by a reduction in current amplitude, which occurs
when HC acts from either open or closed states, and an
increase in the decay rates, which occurs when HC acts
from the open state.
DISCUSSION

Single-channel recordings have allowed the description of
mechanisms of action of steroids at AChRs (6,25,26) and
GABAA receptors (12,27). In contrast, for 5-HT3ARs, the
effects of steroids have been studied only at the macroscopic
current level because of its low conductance. However, the
high-conductance form is a valid model for understanding
activation and modulation mechanisms of wild-type recep-
tors, since the triple mutation does not affect profoundly
the activation parameters (18,28). In human 5-HT3AR, the
EC50 has been shown to change slightly from 3 mM to
1.1 mM due to the QDA mutation (16). Moreover, deletion
of the entire M3-M4 loop mainly affects channel conduc-
tance (29). However, as it is not possible to discard the
possibility that the triple mutation introduces slight kinetic
changes that can be detected mainly at the single-channel
level, the high-conductance receptor should be considered
a model. Nevertheless, we here show that the overall
changes produced by HC are similar for wild-type and
high-conductance 5-HT3ARs.

The concentration of HC attainable in blood after a single
intravenous 100-mg dose is ~3 mM (30). HC may be admin-
istrated more frequently, and it may be accumulated in
biological membranes, which may significantly increase
its effective concentration and may therefore affect
5-HT3A function. Significant inhibition of the 5-HT3AR
function by different steroids has been observed at concen-
trations varying between 2 mM and 1 mM (8–10). Given that
the potency may govern the physiological relevance of
steroid inhibition, it would be interesting to determine, at
the single-channel level, whether such a wide spectrum is
due to different mechanisms of action.

Striking features of single-channel activity of QDA
5-HT3ARs is that openings appear grouped in bursts, which
in turn coalesce into long clusters of ~1.5 s. The Popen and
mean duration of intracluster closings do not depend on
agonist concentration (18). We here show that HC produces
dramatic changes in this pattern activity. Activity appears in
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clusters of reduced Popen and composed of increased
numbers of briefer bursts and openings.

A noticeable effect of HC is the dose-dependent reduction
in the duration of openings (~30-fold at 400 mM HC). The
relationship between the inverse of the duration of the
slowest open component, which is the main one within clus-
ters in control recordings, and HC concentration is compat-
ible with the steroid acting as an open-channel blocker (23).
On the basis of Scheme 1, if HC dissociates quite rapidly,
openings would be expected to occur in bursts as the
channel blocks and unblocks several times before entering
a closed period. Therefore, it is possible that the bursts
observed in the presence of HC correspond to a single
opening event interrupted by flickering closings due to rapid
blocking and unblocking. Given the complexity of the
closed time histograms, it is not possible to identify closings
corresponding to these blocked periods as their duration
overlap with that of brief closings that separate openings
within bursts in the absence of the drug and that result
from receptor activation process and not from blocking
(18). However, on the basis of the typical open-channel
block (Scheme 1), the burst duration should increase with
blocker concentration (31), in contrast to our observations.
Moreover, simulation of single channels on the basis of
a linear open-channel block model does not well describe
the experimental data, revealing that the blocking mecha-
nism deviates from that of classical open-channel blockers.
Deviations from the linear open-channel block mechanism
have been described for many noncompetitive antagonists,
including HC in AChRs (5,6,25,31). They can take place,
for example, if open-channel block is combined with
closing of the blocked receptor (31–33), or if there are
two or more blocking sites in the pore (34,35). Our simula-
tion studies show that models with two blocked states, open
or closed, can explain more closely the observed changes in
cluster properties, but the relative areas of the open compo-
nents of the simulated data differ from the corresponding
experimental data. One explanation could be that subcon-
ductance levels within clusters were not considered during
simulation. Also, it could be possible that HC produces
direct changes in activation kinetics, in addition to acting
as an open channel blocker.

The increase in the fast decay rate may reflect fast open-
channel block, which is clearly detected at the single-
channel level by the decrease in mean open time, and the
increase in the slow decay rate may correspond to slow
block. It also could be possible that the slight decrease in
the cluster duration and in the slow decay rate is mediated
by a slight increase in the desensitization rate. Unfortu-
nately, distinguishing between channel block with a slow
unblocking rate and increased desensitization is not possible
from this type of experiment (36,37). Nevertheless, the high
channel activity observed in the presence of HC suggests
that the drug does not produce significant stabilization of
desensitized states.
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Interestingly our experiments reveal that in addition to its
action as a complex open-channel blocker, HC acts by what
we believe to be a novel mechanism: it increases the
frequency of the subconductance state. In 5-HT3ARs, as
well as in other Cys-loop receptors, a very infrequent popu-
lation of low-conductance openings is detected (18). Since
these events occur within clusters, which correspond to acti-
vation periods of the same receptor molecule, we can infer
that they reflect a subconductance state of the same receptor.
The apparent mean open time of the subconductance state is
briefer than that of the full amplitude state at the same HC
concentration, although it is long enough to be well
resolved. Thus, the stability at this open conformation is
lower than the normal open conformation.

Although fast blockers can induce closures so brief that
single-channel amplitude appears to be attenuated (35),
we can discard fast open-channel block as the explanation
for the increased frequency of subconductance events,
because a concentration-dependent decrease of channel
amplitude should have been observed instead. Also, the
amplitude of the subconductance level is similar in the
absence and presence of HC, thus suggesting that the
drug only increases the frequency at which the channel
adopts the subconductance level. An alternative explanation
is that HC produces a stable and partial sterical occlusion
of the pore by acting at the vestibule in the conduction
pathway (38).

During a pulse of 100 mM 5-HT, current decays are fitted
by two components (18,28). When outside-out patches are
continuously exposed to HC, the amplitude of currents is
reduced and currents decay more rapidly. The application
of HC under different protocols provided information about
the conformational state at which HC is acting. The reduc-
tion in the peak current occurs for all protocols, i.e., if HC is
applied before (þ/�) or during (�/þ) channel opening.
Under fast perfusion, the peak current is the result of the
number of channels in the patch, the probability of channel
opening, and the single-channel amplitude. Therefore, such
reduction may originate from both the decrease in the Popen
and the increase in the frequency of opening to the subcon-
ductance level. This reduction is independent of the confor-
mational state (closed or open), and it cannot be recovered
rapidly after washing the drug, indicating that dissociation
of the drug from this site is slow. The current decay rate
for macroscopic currents increases only when HC is applied
together with 5-HT (�/þ protocol), thus supporting open-
channel block. This effect, in contrast to the reduction of
the peak current, is rapidly reversible. Although it is not
possible to determine whether subconductance events also
occur in wild-type 5-HT3ARs, the similar decrease in the
peak current observed between QDA and wild-type recep-
tors suggests that HC acts similarly in both receptors.

Thus, results at both the single-channel and macroscopic
current level indicate that HC acts by at least two different
mechanisms, and probably at different sites. 5-HT3ARs
may have a site for HC at the pore, from where the drug
mediates open-channel block that is rapidly reversed after
the wash and is evidenced by the reduction of channel life-
time. HC may also act at a second site, from where it
increases the frequency of the subconductance state. This
site can be reached if the channel is open or closed, indi-
cating that it may be located in the vestibule of the ion
conduction pathway (from where it may produce partial
occlusion) or outside the pore. The slight dependency on
membrane potential suggests that it may be within the
membrane region. We cannot discard the possibility that
HC occupies only one site, from which it produces two
different effects. However, under this hypothesis, it is diffi-
cult to explain the distinct reversibility behavior of both
effects. The sites of action of steroids on Cys-loop receptors
have not been elucidated. Several lines of experimental
evidence in both AChRs (6,39) and GABAA receptors
(7,40) suggest that steroids may interact with membrane-
exposed regions of the receptors and that partitioning into
the plasma membrane is an important step for effective
modulation. To verify whether HC might occupy a region
outside the ion pore, we docked HC into a homology model
containing two adjacent 5-HT3A subunits (Fig. 6). The most
favorable positions (77%) were found within the transmem-
brane domain, at the extracellular third level of the helices
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(Fig. 6 a). Docking revealed two different sites that could be
reached through a membrane pathway. In one site (38% of
the docking runs), HC is located at the interface between
adjacent subunits, and in the other site (39%), it is located
at a hydrophobic cavity between the transmembrane helices
of a subunit (Fig. 6 b). In both cases, HC interacts with
hydrophobic residues and is stabilized by hydrogen bonds
(Fig. 6 c). It is interesting to note that the intrasubunit site
is close to a phenylalanine of the Cys-loop, whose crucial
role in channel gating has been demonstrated for all family
members (41). The pore of Cys-loop receptors is lined by
the M2 domains of the five subunits (42,43). Although
various authors have proposed different molecular rear-
rangements underlying channel opening, the fundamental
motion of M2 that opens the pore remains unknown
(41–46). Until the mechanisms of channel opening and
conduction are deciphered, we can only speculate about
the origin of the subconductance level. It could be that sub-
conductance levels arise from movements of fewer than five
M2 segments. This interpretation could be similar to that
derived from single-channel analysis of drk1 K channels
(47). An alternative mechanism is that subconductance
levels may be produced by quantitative or qualitative
changes in the normal M2 movements elicited after agonist
binding. Thus, HC may bind to the intrasubunit, the intersu-
bunit, or to both sites, leading to a distortion of the M2
movements during gating.

In addition to describing what we believe to be a novel
mechanism of steroid modulation of 5-HT3ARs, this study
opens the door to examining the intriguing origin of subcon-
ductance levels, which have been shown to occur in all
members of the Cys-loop receptor family (48,49).
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