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ABSTRACT The 5-HT3A receptor is a member of the Cys-loop family of ligand-gated ion channels. To perform kinetic analysis,
we mutated the 5-HT3A subunit to obtain a high-conductance form so that single-channel currents can be detected. At all 5-HT
concentrations (>0.1 mM), channel activity appears as openings in quick succession that form bursts, which coalesce into
clusters. By combining single-channel and macroscopic data, we generated a kinetic model that perfectly describes activation,
deactivation, and desensitization. The model shows that full activation arises from receptors with three molecules of agonist
bound. It reveals an earlier conformational change of the fully liganded receptor that occurs while the channel is still closed.
From this pre-open closed state, the receptor enters into an open-closed cycle involving three open states, which form the cluster
whose duration parallels the time constant of desensitization. A similar model lacking the pre-open closed state can describe the
data only if the opening rates are fixed to account for the slow activation rate. The application of the model to M4 mutant receptors
shows that position 100 contributes to channel opening and closing rates. Thus, our kinetic model provides a foundation for under-
standing structural bases of activation and drug action.
INTRODUCTION

Cys-loop receptors are pentameric neurotransmitter-activated

ion channels that mediate fast synaptic transmission

throughout the nervous system. They include excitatory

receptors, nicotinic acetylcholine (ACh) and serotonin type

3 receptors (5-HT3), and inhibitory receptors activated by

GABA or glycine (1,2).

The 5-HT3 receptor modulates behavioral functions,

including cognition, anxiety, and depression, and plays

a role in alcohol addiction and inflammatory pain (3,4). It

is also an important target for antiemetic drugs. Despite its

potential therapeutic value, molecular characterization of

this receptor has lagged behind.

To date, five different 5-HT3 subunits (A–E) are known

in humans, and all subunits show splice variants (5–9).

Only 5-HT3A subunits are able to form functional homo-

meric channels in heterologous expression systems and

probably in native cells (7,10,11). Cotransfection studies

have shown that the B subunit changes the properties of

the macroscopic currents, the C and E subunits change the

amplitude, and the D subunit does not affect the responses

with respect to homomeric receptors (7).

Cys-loop receptor subunits contain an extracellular

domain and a transmembrane region composed of four trans-

membrane segments (M1–M4). The intracellular loop

between M3 and M4 contains three arginine residues that

are responsible for the low conductance of 5-HT3A receptors

(12). The replacement of these residues by the equivalent

ones in the human 5-HT3B subunit (glutamine, aspartic
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acid, and alanine) gives rise to the high-conductance form

of the homomeric 5-HT3A receptor, in which single-channel

currents can be detected (12,13). Removal of the entire M3-

M4 loop affects single-channel conductance but does not

have a significant effect on gating kinetics (14).

Few studies have reported models that describe activation

and desensitization of 5-HT3A receptors (15–17). Due to its

low conductance, these studies have been restricted to the

macroscopic level. We performed, for the first time that

we know of, single-channel kinetic analysis of the high-

conductance form of the 5-HT3A receptor that allowed us

to generate a model that describes binding, gating, and

desensitization. Our results are, in general, in agreement

with those obtained from the analysis of macroscopic

responses (17), but reveal conformational states that cannot

be resolved at the macroscopic level and provide a detailed

mechanism of channel activation. The kinetic model that

better describes the experimental data includes a conforma-

tional change of the fully liganded receptor to an activatable

state while the channel is still shut. This priming step has

been recently proposed for activation of glycine and nico-

tinic ACh receptors (18–20). A similar model that lacks

the pre-open closed state can describe the data only if the

opening rates are constrained to account for the slow activa-

tion rate.

The application of the model to determine kinetic

changes in M4 mutant receptors shows that a highly

conserved residue at position 100 of M4 contributes to the

opening and closing rates. Thus, our kinetic model provides

a foundation for studying structure-function relationships, as

well as molecular mechanisms of drug action, in 5-HT3

receptors.
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METHODS

Site-directed mutagenesis and expression
of high-conductance 5-HT3A receptors

The high-conductance form (HC) of mouse 5-HT3A was obtained by

mutating three arginine residues responsible for low conductance (12). Point

mutations were carried out using the Quik Change kit (Stratagene, La Jolla,

CA) and were confirmed by sequencing. BOSC 23 cells (CRL-11270,

ATCC, Manassas, VA) were transfected with high-conductance forms of

control and mutant 5-HT3A cDNAs. A plasmid encoding green fluorescent

protein was also included to allow identification of transfected cells.

Patch-clamp recordings

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

20�C as described before (21). The bath and pipette solutions contained

142 mM KCl, 5.4 mM NaCl, 0.2 mM CaCl2, and 10 mM HEPES (pH 7.4).

Open- and closed-time histograms were plotted using the program TACFit

(Bruxton, Seattle, WA). Bursts and clusters of channel openings were iden-

tified as a series of closely separated openings (more than five) preceded and

followed by closings longer than a critical duration. 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) (21). Open probability within clus-

ters (Popen) was determined by calculating the mean fraction of time that the

channel is open within a cluster.

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

tion (22,23). 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). The solution exchange time was estimated by the open pipette and

varied between 0.1 and 1 ms (13,22). Macroscopic currents were filtered

at 5 kHz and analyzed using the IgorPro software (WaveMetrics, Lake

Oswego, OR) (13,21,22).

EC50 and the Hill coefficient were obtained from the Hill equation,

I=Imax ¼ 1=
�
1 þ ðEC50=LÞnH

�
; (1)

where I is the peak current at a given 5-HT concentration (L), and nH is the

Hill coefficient.

Currents were fitted by the exponential function

IðtÞ ¼ I0ðexpð�t=tdÞÞ þ IN; (2)

where I0 and IN are the peak and steady-state current values, respectively,

and td is the decay time constant. At concentrations >5 mM, decays were

fitted by two exponential components (16).

To measure recovery from desensitization, pulses of 5-HT 1.5 s in dura-

tion were first applied to outside-out patches. After removal of the agonist,

a second pulse was applied at delays from 0.6 to 16 s. The fractional

recovery of the current elicited by the second 5-HT pulse was plotted against

the interpulse interval. The sigmoid curve was fitted to the van Hooft equa-

tion (24),

IrðtÞ ¼ 1� expð�t=trÞn; (3)

where tr is the recovery time constant, and n approximates the number of

agonist concentration-dependent steps from the desensitized to the resting

state. Each constant value is expressed as the mean 5 SE.

Kinetic analysis

For kinetic modeling, clusters were selected on the basis of their distribution

of mean open duration and open probability (21). Typically, >80% of the

clusters were selected. The resulting open and closed intervals, from single

patches at several 5-HT concentrations, were analyzed according to a kinetic
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scheme using the QuB software (25) (QuB suite, www.qub.buffalo.edu,

State University of New York, Buffalo, NY), as described previously

(26). The dead time was 25–30 ms. The model and the estimated rates

were accepted only if the resulting probability density functions correctly

fitted the experimental open- and closed-duration histograms. Estimation

of rate constants from macroscopic currents was performed with QuB soft-

ware. Agonist association and dissociation rate constants were estimated by

using the MAC program included in the QuB package. To determine the

number of agonist binding steps, we changed the number of binding steps

in the scheme from one to five. The program varies the free parameters to

fit the experimental current until it reaches the minimum sum of square error

(SSE).

Simulations of single-channel and macroscopic currents were performed

using QuB software based on the proposed model and using the rate

constants for desensitization and recovery from desensitization determined

experimentally.

Statistical comparisons were performed with the Student’s t-test.

RESULTS

Kinetics of 5-HT3A receptors activated
by serotonin

Single-channel currents of the high-conductance
form of 5-HT3A receptors

The 5-HT3A subunit forms homopentameric receptors, but

the single-channel conductance is too low to be detected.

To overcome this, we introduced point mutations and ob-

tained the HC form of the 5-HT3A receptor, which allows

analysis at the single-channel level (12,13).

In the presence of 5-HT concentrations >0.1 mM, single-

channel currents of 4.7 5 0.4 pA at �70 mV are readily de-

tected in cell-attached patches from cells transfected with the

5-HT3A(HC) subunit (Fig. 1 a). As reported previously (27),

we also observed a minor proportion of lower-conductance

events (~2.4 pA at �70 mV), but these were discarded for

the analysis.

At all agonist concentrations, channel activity appears

mainly as opening events in quick succession forming bursts,

which in turn coalesce into long clusters (Fig. 1 and Fig. S1

in the Supporting Material, and Bouzat et al. (13)).

We could not detect spontaneous single-channel activity

(10 patches from cells showing activity in the presence of

5-HT), indicating that the frequency of spontaneous opening

is extremely low (28). We then increased 5-HT concentrations

to 50 nM, 80 nM, and 100 nM. Only in the latter condition

were we able to detect reliable channel activity. However,

only 25% of patches from transfected cells showed significant

channel activity during the course of the recording.

Open-time histograms from the entire recording show

three components at all 5-HT concentrations, whose dura-

tions are ~100 ms (OL), ~2.5 ms (OI), and ~150 ms (OB)

(Fig. 1 and Table S1). The duration of the slowest compo-

nent (OL) is constant at concentrations <5 mM, but it shows

a concentration-dependent decrease at higher concentrations

(Fig. 1 a and Table S1). Such a decrease can be explained by

open-channel block produced by the agonist (see below and

Fig. S2).

http://www.qub.buffalo.edu
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a

FIGURE 1 Single-channel currents through 5-

HT3A(HC) receptors. (a) Single channels from cell-attached

patches. Open- and closed-duration histograms were con-

structed with data from the entire recording, before cluster

selection. (b) A representative cluster and a burst (higher

time resolution for the burst) are shown. Experimental

open- and closed-time histograms with the fit by Scheme 1 b

superimposed (solid lines). Histograms were constructed

with the selected clusters. Ordinates correspond to the

square root of the fraction of events per bin. Currents are dis-

played at 9 kHz bandwidth, with channel openings shown as

upward deflections. Membrane potential, �70 mV.
Closed-time histograms show five to six components

(Fig. 1 and Table S1). The duration and relative areas of

the three briefest components are constant at 0.1–10 mM

5-HT and correspond to closings within clusters (CL ~ 3 ms,

CI ~ 0.3 ms, and CB ~ 50 ms) (Fig. 1 a and Table S1). The

other closed components are variable among different

recordings at the same agonist concentration and depend

on the number of channels in the patch. No clear dependence

on 5-HT concentration could be determined for closings

within clusters, similar to the findings for a7 (13), and for

the chimeric a7-5HT3A receptor (21).

Because 5-HT3A(HC) receptors activate in clear clusters,

we studied open- and closed-time distributions within clus-

ters. To this end, we selected kinetically homogeneous

clusters and analyzed their open and closed dwell times.

Open-time histograms obtained from the analysis of the

selected clusters show the same three components as de-

scribed from the analysis of the entire recording (Table S1),

but the relative area of the briefest open component is

smaller. This observation suggests that long openings mainly

occur within clusters, given that isolated brief openings were

excluded during the selection. Closed-time histograms are

fitted by three exponentials whose mean values are similar
to those described in the analysis of the whole recording

(Table S1). Again, the durations of these components remain

constant at all agonist concentrations. The probability of

channel opening within the selected clusters (Popen) does

not change with agonist concentration and it is >0.90 even

at the minimum concentration that allows channel detection.

Popen values are: 0.996 5 0.002, 0.995 5 0.002, 0.997 5

0.001, and 0.973 5 0.012 for 0.1, 1, 3, and 10 mM 5-HT,

respectively.

The mean cluster duration is ~1.5 s for 0.1–5 mM 5-HT. It

decreases at concentrations >5 mM, probably due to channel

block (Table S1).

Channel block by serotonin

The duration of the slowest open component remains

constant at 5-HT concentrations <5 mM, but at higher

concentrations it decreases linearly as a function of concen-

tration (Table S1 and Fig. S2). On the basis of the linear

blocking scheme (29) (Fig. S2), the value determined for the

forward blocking rate (kþb) is 1.3 5 0.07 � 106 M�1 s�1.

Channel block of the 5-HT3 pore by 5-HT was confirmed

by evaluating the effect of 5-HT on a chimeric receptor

composed of a7 in the extracellular domain and 5-HT3A
Biophysical Journal 97(5) 1335–1345
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in the transmembrane region (13). The mean duration of the

slowest component of channels activated by 500 mM ACh

decreases eightfold in the presence of 100 mM 5-HT (13).

The value for kþb is ~1.2 � 106 M�1 s�1, similar to that

calculated for block of the 5-HT3A receptor. Closed-time

histograms of the a7-5HT3A chimera in the presence of

5-HT show a component of ~15 ms, whose area increases

with the increase of 5-HT (from 0.30 at 10 mM 5-HT to

0.84 at 100 mM 5-HT). Therefore, the inverse of the mean

time of this closed component was used as an estimation

of the unblocking rate in the full scheme (k�bf¼ 60,000 s�1).

A decrease in the cluster duration is observed at 5-HT

concentrations R5 mM (Table S1). This observation

suggests that in addition to fast open-channel block, slow

channel block takes place at 5-HT concentrations >5 mM.

Alternatively, concentration-dependent desensitization may

take place. Because distinguishing between these two mech-

anisms is not possible, we restricted the kinetic analysis of

single channels to 5-HT concentrations <5 mM.

Macroscopic currents elicited by 5-HT

Macroscopic currents are elicited when 5-HT is applied to

outside-out patches from cells expressing the HC form of

5-HT3A receptors (Fig. 2 a). Expressing the peak current

as a function of serotonin concentration results in an EC50

of 2.7 5 0.5 mM (nH ¼ 1.8 5 0.3) (Fig. S3 a). Decays

are well fitted by a single component at low concentrations

(1–5 mM) and by two exponential components at higher

5-HT concentrations (Fig. 2 a and (13,30)). At saturating

agonist concentrations the inverse of the rise time of macro-

scopic currents should approach the activation rate. At

100 mM 5-HT, the rise time (tr 20–80%) is 3.9 5 1.3 ms,

which corresponds to an activation rate of ~300 s�1.

After a long-duration 5-HT pulse (1.5 s), which allows the

current to decay by desensitization, the decay time constants

are 1136 5 576 ms (n ¼ 15) for currents activated by 3 mM

5-HT, and tslow ¼ 940 5 400 ms (~30%) and tfast ¼ 150 5

30 ms (~70%) (n ¼ 35) for 10 mM 5-HT. To avoid channel

block, we determined the desensitization rate at concentra-

tions higher than the EC50 but below saturation. Thus, the

estimated rate may represent a lower bound. However,

current decays at a high 5-HT concentration (>50 mM)

show two exponential components, the slowest of which is

only twofold faster than that at 3 mM 5-HT.

If 5-HT is applied to outside-out patches during a pulse

briefer than that used for measuring desensitization (300 ms

for 3 mM and 80 ms for 10 mM 5-HT), the current decays

after the agonist removal due to deactivation (Fig. 2 b). At

3 mM 5-HT the deactivation phase is best fitted by

a single-exponential, and the decay time constant is slightly

briefer than that obtained after a desensitizing pulse (310 5

110 ms). At 10 mM 5-HT, the time course of the decay was

best fitted by a double exponential with time constants

similar to those of desensitization (tslow ¼ 460 5 150 and

tfast ¼ 130 5 80 ms) (Fig. 2 b). These results show that

Biophysical Journal 97(5) 1335–1345
desensitization is a principal pathway for response termina-

tion, in agreement with previous reports (13,17).

Single-channel kinetic analysis of 5-HT3A clusters

To analyze the kinetics of channel activation, closed and

open intervals of the selected clusters were fitted to kinetic

schemes. Cluster duration, as well as open and closed dura-

tions within clusters, are independent of 5-HT concentrations

below the blocking concentrations (Table S1).

Each cluster is typically composed of two to four bursts

separated by closings, which correspond to the third-briefest

closed component of the closed-time histogram (Fig. 1 b).

We selected bursts, determined the open- and closed-time

distributions for the selected bursts, and then compared these

values to those of clusters (Table S1). The distribution of

open durations of the selected bursts remains unchanged

with respect to that of clusters, showing that the same three

components are found within bursts and clusters. The distri-

butions of closed times within bursts are fitted by two

components, which correspond to the two briefest closed

components (CB and CI) described for clusters (Table S1).

500 ms

50 pA

5-HT (µM)

3 

10

100

a

b

3 µM 10 µM

FIGURE 2 Macroscopic currents from 5-HT3A(HC) receptors. (a)

Outside-out currents evoked by the indicated 5-HT concentration (1.5-s

pulse). (b) Outside-out currents elicited by a brief pulse of agonist that shows

decay by deactivation (gray) and a longer pulse that shows decay by desen-

sitization (black) at 3 and 10 mM 5-HT.
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SCHEME 1 Kinetic schemes for activation of 5-HT3A

receptors.
A detailed inspection of channel traces shows that the

three classes of openings and the two classes of closings

occur in any sequence within a burst. Among possible

kinetic schemes, those that depict a linear sequence of alter-
nating closed and open states do not account for this obser-

vation. We therefore considered a cyclic scheme to describe

dwell times within bursts, in which the three openings are

connected with the two closings (Scheme 1 a). This scheme

Biophysical Journal 97(5) 1335–1345
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is similar to that reported previously for the activation of the

a7-5HT3A receptor (21).

We thoroughly inspected single-channel recordings to

determine in which proportion events corresponding to

each of the three duration classes appear at the beginning

and the end of bursts. From the inspection of 38 bursts, we

observed that ~60% of bursts start and finish with a long

opening (OL), ~30% with an intermediate opening (OI),

and ~10% with a brief opening (OB).

Since bursts are included in long clusters, which represent

activation episodes, and since dwell-time distributions

within bursts and clusters differ only in the third closed

component, we next added the interburst intracluster closed

state, C, to Scheme 1 a (Scheme 1 b). ‘‘C’’ corresponds to

the closed, fully-liganded receptor (A3R) and should be

therefore connected to the binding steps.

Scheme 1 b explains the observation that openings corre-

sponding to every duration class can appear at the beginning

and end of a burst. The dwell time in C corresponds to the

observed intracluster interburst ~3-ms closed time. The tran-

sition between C and C1 can also explain the relatively slow

rise time of 5-HT3A currents (~330 s�1).

Therefore, Scheme 1 b postulates that once the receptor is

fully occupied (C in Scheme 1 b), it changes its conformation

to a closed pre-open state (C1), from which channel opening

is allowed (19). This scheme explains the observations of the

concentration-independent clusters, the presence of brief

closings within bursts, the coalescence of bursts into long

clusters, and the slow activation rate.

By fitting the data from the selected clusters with Scheme

1 b, we obtained the rate constants shown in Scheme 1 b and

Table S2. The curves resulting from the kinetic analysis

superimposed on the experimental open- and closed-duration

histograms (Fig. 1 b).

The estimated rate for C-to-C1 transition (kþ) is similar to

the activation rate obtained from macroscopic currents.

Therefore, our analysis suggests that once fully occupied by

the agonist, the receptor changes its conformation to a closed,

but activatable, state. This is the limiting step for activation,

which leads to the typical slow-activating 5-HT3A currents.

Once this activatable state is reached, the opening rate

(~25,500 s�1) is fast and the channel can oscillate between

different open and closed states, forming a burst. The transi-

tions between the C1 and C states allow the bursts to coalesce

into clusters.

The opening rates obtained on the basis of Scheme 1 b
show that once the receptor reaches C1 it will open mainly

to the OL state (~60%), and in a minor proportion to the OI

(~30%) and OB states (~10%). This agrees well with the

proportion in which events corresponding to each open class

appear at the beginning of a burst.

Models that assume that each open state corresponds to

a different sate of ligation, such as those described for the

glycine receptor (31), cannot describe the experimental dwell

times within clusters. In addition, if we consider that the

Biophysical Journal 97(5) 1335–1345
three classes of openings arise from the activity of fully-

liganded receptors, but we include binding steps preceding

the cyclic scheme, either the association rates have to be

very fast or the dissociation rates very slow to allow the

fit. Such rates would indicate a 5-HT affinity in the nanomo-

lar order, whereas the reported values are in the order of tens

of micromolar (16,17,32). Thus, these analyses support the

idea that the open-closed cycle arises from the activity of

fully liganded receptors and that binding steps are not

included in the selected clusters.

Kinetic model for binding, activation, and desensitization
of 5-HT3A receptors

To describe the full activation mechanism of 5-HT3A recep-

tors, we included binding and desensitization steps in

Scheme 1 b (Scheme 1 c).

The homopentameric receptor contains five identical

subunits and each receptor can therefore, in principle, bind

as many as five agonist molecules. We assumed that all

binding sites are independent (there is no cooperativity),

and rate constants for agonist association (k1) or dissociation

(k2) are equal for each state (17).

The rising phase of macroscopic currents is clearly

sigmoidal at all agonist concentrations, suggesting that

channel opening requires more than one agonist molecule

(33,34). We tested models with one to five agonist-depen-

dent activation steps using MAC from QuB software, and

compared the quality of the fitting by its SSE (33). The

best fit is typically obtained with models containing two or

three agonist binding steps. For example, for one patch,

the SSE values, normalized to that obtained for a scheme

with five binding steps, were 0.41, 0.16, 0.18, 0.96, and 1

for one, two, three, four, and five binding steps, respectively.

The difference between three and two binding steps was not

statistically significant, but we initially chose three binding

steps to be consistent with previous studies (17,35).

Values for k1 and k2 were therefore estimated by fitting the

rising phase of the macroscopic currents to a model with

three agonist binding steps connected to a pre-open closed

state (Scheme 1 c and Fig. 3 a). The values k1 ¼ 1 � 107

M�1 s�1 and k2 ¼ 150 s�1 are very similar to those reported

previously (17). Since closings within clusters do not show

concentration dependence, we assume that the receptor rea-

ches the pre-open closed state once it has achieved the

maximal occupation (A3R), and we do not consider in this

analysis openings from intermediate states of ligation.

We next incorporated desensitization from the open state

to allow termination of clusters (13,17). Although desensiti-

zation may occur from any open state, we connected the de-

sensitized state (A3D) only from the longest-duration open

state (OL), for which the probability of desensitization onset

will be higher (Scheme 1 c).

Macroscopic currents show that at all agonist concentra-

tions, the current reaches a steady state after a long desensi-

tizing pulse (Fig. 2 a). The relationship between the
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FIGURE 3 Activation and recovery from desensitization. (a) Experi-

mental currents elicited by 3 mM 5-HT, with the fit from Scheme 1 c super-

imposed (gray line). (Inset) Rising phase at a different timescale. (b)

Recovery from desensitization in the absence of 5-HT. Currents were acti-

vated by a 1.5-s pulse of 3 or 10 mM 5-HT. The fractional recovery of the

current elicited by a second pulse was plotted against the interpulse interval

and fitted by Eq. 3. (Inset) Initial phase of the curve. (c) Macroscopic

currents simulated at different 5-HT concentrations (mM) on the basis of

Scheme 1 c. (Inset) Simulated current at 3 mM 5-HT (gray line) superim-

posed on the experimental current (black line).
amplitude of the steady-state current and the peak at high

concentration of 5-HT is <1%. Therefore, the value for the

rate of recovery from the desensitized state (A3D) in the pres-

ence of agonist (k-d) is ~0.01 s�1. Given that k-d is close to

zero and the Popen within clusters is close to 1, kþd can be

calculated as the inverse of the current decay time constant

(kþd ¼ 1/td) and therefore its estimated value is 1.2 5

0.9 s�1.

The recovery of peak currents during washout of agonist

shows a sigmoidal behavior (Fig. 3 b), thus suggesting

a multistep mechanism by which the receptor returns from

the desensitized to the resting state (AnD/[.]n�1/R)

(24). Fitting the experimental points using Eq. 3 gives a

recovery time (tr) of 3.7 5 0.9 s in the absence of agonist,

and an n factor of ~3 (2.7 5 0.8) (mean 5 SE, r2 ¼ 0.99).

This factor is an estimation of the number of agonist-depen-

dent pathways to restore the receptor to the resting state. This

result is in agreement with the three agonist molecules

required to enter the activation cycle. Therefore, the three

agonist-dependent steps from the desensitized state to the

resting state were interpreted as the agonist unbinding

pathway (A3D/A2D/AD/D/R), and the resensitiza-

tion rate (k3 in Scheme 1 c) approximates the inverse of

the recovery time constant (17). The estimated value for k3

is 0.27 5 0.04 s�1.

Scheme 1 c shows the complete kinetic model for the

5-HT3A receptor, with the rate constants for each transition

(s�1) resulting from the combined analysis of single-channel

and macroscopic currents.

Simulation of macroscopic and single-channel currents
on the basis of complete kinetic schemes

To corroborate Scheme 1 c, we simulated macroscopic

currents with the rates shown in the scheme. The simulated

currents (Fig. 3 c) mimicked the experimental responses

(Fig. 2 a). However, the decays of the simulated currents

are fitted by a single component at all agonist concentrations,

whereas experimental curves show a double exponential

decay at concentrations >5 mM. This difference arises

from the fact that Scheme 1 c does not include block by

agonist. The EC50 and the Hill coefficient, calculated from

the peak of the simulated currents at a range of 5-HT concen-

tration, are 2.3 5 0.1 mM and 2.1 5 0.2, respectively,

similar to the experimental values (Fig. S3). Simulation of

recovery from desensitization on the basis of Scheme 1 c
shows a sigmoidal curve that perfectly fits the experimental

points (Fig. S3). The values obtained from the simulated

curve for the recovery time (tr) and the number of steps

(n) 3.7 5 0.5 s�1 and 2.8 5 0.6, respectively, using Eq. 3

are identical to those obtained experimentally. Simulated

currents elicited by both brief and long pulses of agonist

are similar to those observed experimentally (Fig. S3).

Moreover, single-channel currents at 1 mM 5-HT simu-

lated on the basis of Scheme 1 c are indistinguishable from

experimental currents (Fig. 4). The three open and the three
Biophysical Journal 97(5) 1335–1345
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briefest closed components of channels simulated at a range

of concentrations (0.1, 1, 3, and 10 mM 5-HT) are identical to

those of the selected clusters. However, the simulation of

channels at a range of concentration shows an additional

concentration-dependent closed component. This compo-

nent varies between tens of seconds at 0.1 mM and 50 ms

at 5 mM; these times are more prolonged than the critical

time used to select clusters (5–10 ms). This closed compo-

nent is therefore not included in the selected clusters. Given

its long duration and low frequency (relative area <0.02), it

cannot be experimentally distinguished.

In conclusion, simulation of macroscopic and single-

channel currents confirms the proposed mechanism for

5-HT3A activation.

We also tested other schemes lacking the pre-open closed

state. First, we rearranged the connections between Scheme

1 b (with its resulting rates) and the binding steps. One possi-

bility is that C1 in Scheme 1 c is not sequentially connected

to the binding steps and that it is a fast desensitized state

arising from A3R (Fig. S4, Scheme 2, CD, in the Supporting

Material). In an alternative scheme, A3R is connected to the

open states, and a fast desensitized state (Fig. S4, Scheme 3,

CD, in the Supporting Material) is connected to C2 of Scheme

1 c. Macroscopic currents simulated on the basis of these

schemes cannot mimic those observed in experiments mainly

FIGURE 4 Simulation of single-channel currents at 1 mM 5-HT, with open-

(O) and closed-duration histograms (C) for experimental and simulated chan-

nels. (Upper) Single-channel traces from cell-attached patches. (Lower)
Single-channel currents simulated using the rate constants shown in Scheme 1 c.
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because activation rates are much faster in simulations than

in experiments (Fig. S4).

Because the above models lack the pre-open closed state

and therefore cannot describe the slow activation, we next

fitted data from the selected clusters to a cyclic model but

with the opening rates fixed to account for the slow activa-

tion of macroscopic currents. Under these conditions, the

data from the selected clusters can be well described. We

then added to the cyclic scheme the binding and desensitiza-

tion steps, thus resulting in a full model that lacks the pre-

open closed state (Scheme 1 d). Simulations show that this

model can well reproduce the experimental currents and

the dose-response curves (Fig. S5). Moreover, simulated

channels occur in long clusters and distributions of open-

and closed-time histograms are similar to those observed in

experiments (Fig. S5).

Application of the scheme to identify kinetic
changes produced by mutations

To corroborate that Scheme 1 b can be applied to explain

kinetic changes associated with mutations, we analyzed

mutant 5-HT3A receptors. Although M4 is the most external

transmembrane domain, several findings have shown that it

is important for activation of the nicotinic ACh receptor

(26,36,37). Position 100 has been shown to affect gating

kinetics (36,38). Given that there is a highly conserved

valine at this position of 5-HT3A, we mutated V100 to

alanine (V100A) and to cysteine (V100C) and performed

single-channel kinetic analysis on the basis of Scheme 1 b.

At the single-channel level, activation of the mutant recep-

tors occurs in clusters, similar to activation of the control.

Open-time histograms also show three open components.

However, there is a significant decrease of the duration of

the slowest open component (two- to threefold) with respect

to that of the control (Fig. 5). At 1 mM 5-HT, the mean dura-

tion of this component is 49 5 19 ms and 41 5 14 ms for

V100A and V100C, respectively.

To quantify the kinetic changes originated by the M4

mutations we performed single-channel kinetic analysis

with the data from selected clusters obtained from recordings

at 0.5–3 mM 5-HT. The analysis shows changes in the

opening (b1
L) and closing rates (a1

L) corresponding to the

transitions from C1 to OL in Scheme 1 b (Table S2). The

opening rate decreases from 25,500 s�1 to 16,300 s�1

(V100A) and 6900 s�1 (V100C) and the closing rate slightly

increases in both mutants. It is interesting that there is a

3.5-fold decrease in kþ, which corresponds to the rate from

the fully liganded closed state to the pre-open closed state,

indicating impaired opening. Thus, the scheme is useful in

demonstrating how mutations affect gating kinetics.

DISCUSSION

The high-conductance form of the 5-HT3A receptor is a valid

model for understanding the kinetics of wild-type receptors,
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FIGURE 5 Effects of 100M4 mutations on single-channel

properties. Single channels from 5-HT3A(HC) (upper),

V100A (middle), and V100C (lower) mutant receptors acti-

vated by 1 mM 5-HT. Membrane potential, �70 mV.

Open- (O) and closed-duration histograms (C) correspond-

ing to each condition are shown. Channel openings are

shown as upward deflections.
since the triple mutation does not affect significantly channel

activation parameters. Support for this lies in the fact that

the EC50, the decay rate, and the rise time of macroscopic

currents are similar to those determined previously for

wild-type 5-HT3A receptors (10,11,16,17). Moreover, a

recent study shows that deletion of the entire M3-M4 loop

mainly affects channel conductance of 5-HT3A receptors

(14). Nevertheless, there might be slight kinetic changes

produced by the triple mutation that can be detected only

at the single-channel level.

Under the recording conditions described in this article, the

inward conductance of 5-HT3A(HC) channels, determined by

the single-channel amplitude at different membrane poten-

tials, is ~67 pS. Different values for the conductance of the

triple mutant receptor have been reported, thus indicating

that it may be sensitive to the concentration of Ca2þ, Mg2þ,

or other factors not yet identified (39,40).

Striking features of channel activity are that openings

appear in clusters even at the lowest 5-HT concentration

that elicits single-channel openings, and that the Popen and

closed intervals within clusters do not depend on agonist

concentration (at concentrations below the blocking concen-

trations). A similar activity pattern has been described for
a7-5HT3A (21). The absence of concentration dependence

suggests that the cluster arises from the activity of the fully

liganded receptor (13). This activity pattern shows signifi-

cant differences with respect to other Cys-loop receptors

(26,31).

To derive rate constants underlying activation by 5-HT,

we first analyzed open and closed intervals within clusters

according to a scheme containing three open and three closed

states. Inspection of bursts shows that all classes of openings

can appear in any sequence within the burst, and therefore

a cyclic scheme allows the best description (Scheme 1 b).

A kinetic model that includes an earlier conformational

change of the fully liganded receptor that occurs while the

channel is still closed allows an adequate description of the

experimental data. A pre-open closed state, called a ‘‘flipped

state’’, was first suggested for glycine receptors (18). It has

also been reported that the differential responses between

partial and full agonists on nicotinic ACh and glycine recep-

tors can be explained by the different kinetics of entry and

exit into this flipped state (19). More recently, pre-open

closed states have been identified for activation of muscle

ACh receptors (20). Our study reveals that the conforma-

tional change to a closed but activatable state may also

Biophysical Journal 97(5) 1335–1345
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take place in 5-HT3A, and this may be responsible for its

relatively slow activation rate. Models lacking this state

can reproduce the experimental data only if the opening rates

are constrained to values that account for the slow activation.

We combined results from single-channel kinetic analysis

and macroscopic currents to generate a complete kinetic

mechanism that describes binding, activation, and desensiti-

zation. To incorporate binding steps into the model, we need

to know how many binding sites are required for channel

activation. Homopentameric Cys-loop receptors contain

five identical subunits and therefore each receptor can, in

principle, bind as many as five agonist molecules. Studies

of dose-response relationships and modeling in homomeric

Cys-loop receptors suggest that two to five sites may be

required (16,17,31,41,42). Direct experimental evidence

shows that occupancy of three sites is required for maximal

activation of a7-5HT3A receptors (35). In agreement with

this, analysis of the rising phase and recovery from desensi-

tization suggests that three binding steps are required for

activation of 5-HT3A receptors.

The estimated rates for agonist association and dissocia-

tion are similar to those reported previously (17). Our study

does not eliminate the possibility that binding of the agonist

to one or two sites can induce channel opening, since activa-

tion episodes corresponding to receptors that are not fully

liganded, which may show different kinetic properties, could

have been excluded during cluster selection. The study

suggests that the binding steps are not included in the

selected clusters. The concentration dependence arising

from association and dissociation steps is demonstrated, in

recordings from simulations based on the complete model,

by the presence of prolonged closings sensitive to concentra-

tion. These closings are not included in the selected clusters

and cannot be distinguished experimentally. Thus, by

combining the rates calculated from the concentration-inde-

pendent clusters arising from the activity of fully liganded

receptors with the macroscopic results that contain informa-

tion about the concentration-dependent steps at a wide range

of concentrations, we were able to generate a full activation

scheme.

Although desensitization may occur from open or closed

states, it has been proposed for 5-HT3 (16,17) and for nico-

tinic ACh receptors (13,43) that it mainly occurs from the

open state. Therefore, we initially assumed that desensitiza-

tion takes place from the longest-duration open state. We

then simulated macroscopic and single-channel currents

and corroborated that desensitization is less likely to occur

from the closed state (Fig. S6, Scheme 4 in the Supporting

Material).

After a short pulse of agonist, currents decay due to deac-

tivation. The decay time constant for deactivation is similar

to that for desensitization at 10 mM 5-HT, though it is

slightly faster at 3 mM. This indicates that in the absence

of agonist, the receptors return to the resting state mainly

by the same pathway as in the continuous presence of

Biophysical Journal 97(5) 1335–1345
agonist, thus supporting the theory that desensitization is

the main process that finishes the response (13,17). We

have suggested that desensitization also governs the duration

of openings of a7 receptors (13). Thus, desensitization may

be important for governing the duration of the response of

homomeric excitatory Cys-loop receptors.

Simulations performed on the basis of Scheme 1 c
perfectly reproduce the experimental single-channel and

macroscopic data, showing that this scheme adequately

represents activation, deactivation, and desensitization. Our

model is in general agreement with others generated on the

basis of macroscopic data (16,17), and it further contributes

to the understanding of the mechanism of activation of

5-HT3A(HC) receptors by revealing additional information

that can be obtained only at the single-channel level.

We observed that 5-HT3A(HC) channels are blocked by

5-HT at concentrations>5 mM. Open-channel block is distin-

guished at the single-channel level by concentration-depen-

dent decrease of the mean open time. However, since the

cluster duration decreases, it is possible that slow block also

occurs. We cannot distinguish slow channel block from

concentration-dependent desensitization. Since Scheme 1 c
does not incorporate block by the agonist, it does not repro-

duce the biphasic decay of macroscopic currents at high

concentrations during the simulation. However, by perform-

ing the simulation with the incorporation of two blocked states

in Scheme 1 c connected to the longest-duration open state

(Fig. S6, Scheme 5 in the Supporting Material), experimental

macroscopic and single-channel currents are perfectly

mimicked. Therefore, fast open-channel block can explain

the reduction in the open duration determined at the single-

channel level, and slow block or concentration-dependent

desensitization can explain the biphasic decay of currents,

as well as the reduction in cluster duration at high 5-HT

concentrations.

A conserved valine is found at position 100 of M4 in all

5-HT3A subunits. We determine that mutations at this posi-

tion decrease the opening rate, increase the closing rate, and

decrease the transition to the pre-open closed state. These

results validate the use of our kinetic model to understand

the functional role of residues. In addition, they reveal

a highly conserved role for the outermost transmembrane

segment of members of the Cys-loop receptor superfamily.
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