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Abstract. Cooperative gating between ion channels, i.e. the gating of one channel directly coupled to
the gating of neighboring channels, has been observed in diverse channel types at the single-channel
level. Positively coupled gating could enhance channel-mediated signaling while negative coupling
may effectively reduce channel gating noise. Indeed, the physiological significance of cooperative
channel gating in signal transduction has been recognized in several in vivo studies. Moreover, coupled
gating of ion channels was reported to be associated with some human disease states.

In this review, physiological roles for channel cooperativity and channel clustering observed in
vitro and in vivo are introduced, and stimulation-induced channel clustering and direct channel
cross linking are suggested as the physical mechanisms of channel assembly. Along with physical
clustering, several molecular mechanisms proposed as the molecular basis for functional coupling
of neighboring channels are covered: permeant ions as a channel coupling mediator, concerted
channel activation through the membrane, and allosteric mechanisms. Also, single-channel
analysis methods for cooperative gating such as the binomial analysis, the variance analysis, the
conditional dwell time density analysis, and the maximum likelihood fitting analysis are reviewed
and discussed.
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Introduction

Channel cooperativity has been observed in patch-clamp
studies of diverse types of ion channels (Fig. 1). Positively
coupled gating has been reported in many types of ligand-
gated channels: nicotinic acetylcholine receptors (nAChRs)
(Schindler et al. 1984; Yeramian et al. 1986; Keleshian et al.
2000), AMPA (a-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate) receptors (Vaithianathan et al. 2005; Suppirama-
niam et al. 2006), ryanodine receptors (RyRs) (Marx et al.
1998,2001; Laver et al. 2004), 1,4-dihydropyridine receptors
(DHPRs) (Hymel et al. 1988), P2X, receptors (Ding and
Sachs 2002), and hyperpolarization-activated cyclic nucle-
otide-gated (HCN) channels (Dekker and Yellen 2006). In
addition, L-type Ca?* channels (Navedo et al. 2010), bacterial
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voltage-gated K* channels (KcsA) (Molina et al. 2006), and
gap junction channels (Chen and DeHaan 1992; Manivan-
nan et al. 1992; Veenstra et al. 1994) are other examples of
positively coupled gating. In contrast to positive coupling,
negative coupling has been rarely observed in electrophysi-
ological studies. Negative cooperativity was observed in
toxin-modified Na™ channels (Iwasa et al. 1986) and Na*
channels in nerve fibers (Neumcke and Stampfli 1983).

Physiological roles of cooperativity

Positive cooperativity

Positively coupled gating, in which one channel is more likely
to be open when the other channel is open than when it is
closed, could serve as a strategy to enhance channel-medi-
ated signaling in response to cellular signals. In particular,
positive cooperativity of AMPA and NMDA (N-methyl-D-
aspartate) receptors in the hippocampus has been proposed
as the underlying mechanism for long-term potentiation,
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a cellular mechanism of synaptic strengthening for learning
and memory (Malenka 2003a, 2003b). Cooperativity be-
tween N-type Ca®* channels in the presynaptic terminal was
shown to regulate synaptic vesicle fusion, thereby control-
ling neurotransmitter release at the neuromuscular junction
(Shahrezaei et al. 2006; Matveev et al. 2009).

Cooperative gating of RyRs in rat cardiac myocytes al-
tered dynamic patterns of intracellular Ca®* such as Ca**
spark duration, amplitude, and frequency, consequently
influencing Ca?" signaling (McCall et al. 1996; Xiao et al.
1997). Positively coupled gating between RyRs in cardiac
muscle was proposed as the mechanism for termination
of Ca?* release (Marx et al. 2001). In this mechanism,
synchronous channel closing reduces stochastic channel
reactivation that otherwise would occur due to Ca®* pass-
ing through neighboring channels. Interestingly, positively
coupled gating of L-type Ca>* channels in cardiac and arte-
rial myocytes was suggested to be associated with cardiac
diseases such as hypertension and arrhythmias (Navedo et
al. 2010). Coupled gating of L-type Ca** channels was en-
hanced in hypertensive smooth muscle, and mutant L-type
Ca?* channels that cause arrhythmias exhibited increased
gating cooperativity.

Cooperativity of voltage-gated Na* channels was sug-
gested to account for a rapid initiation of action potentials
observed in cortical neurons (Naundorf et al. 2006). This
abrupt initial rising phase was not described by the Hodg-
kin-Huxley model that assumes independent channel gating
(Hille 2001), but described by positive cooperativity among
Na* channels. Effects of positive coupling between Na*
channels on action potentials were confirmed by computa-
tional modeling as well as in vitro experiments where the
action potential initiation observed in vivo was reproduced
by reducing the density of available Na* channels by ap-
plying a Na* channel specific toxin. However, alternative
mechanisms are not excluded; an abrupt initiation of the
action potential was well-described also by the modified
Hodgkin-Huxley model that includes variability in sub-
threshold potentials but not cooperativity between Na*
channels (McCormick et al. 2007).

Negative cooperativity

Negative coupling, i.e. an open state of one channel disfavors
opening of the other channel, may effectively reduce chan-
nel gating noise produced by stochastic transitions between
channel open and closed states. Random fluctuations in the
number of open channels have been shown to be a dominant
electrical noise source in excitable cells, affecting the mem-
brane potential (Schneidman et al. 1998; Diba et al. 2004;
Jacobson et al. 2005). Effects of gating noise from voltage-
gated Na* and K* channels on action potentials have been
extensively studied theoretically and experimentally (Chow

and White 1996; Schneidman et al. 1998; White et al. 1998;
Kretzberg et al. 2001; van Rossum et al. 2003; Diba et al.
2004; Jacobson et al. 2005). Membrane potential fluctuations
generated by stochastic channel gating limit the reliability of
neuronal response to stimuli by altering dynamics in neurons
such as firing frequency and timing (Chow and White 1996;
Schneidman et al. 1998; White et al. 1998; Kretzberg et al.
2001; van Rossum et al. 2003).

Stochastic gating of hyperpolarization-activated cation
(Iy) channels in pyramidal neurons was shown to contribute
to fluctuations in membrane potential, thus damaging action
potential fidelity; a 100-fold decrease in the ability to detect
a signal and the temporal precision of firing (Kole et al. 2006).
The small single-channel conductance of I}, channels (~0.7
pS) may play a role in reducing stochastic gating noise for
reliable neuronal functions. However, minimizing gating
noise through negative cooperativity between neighboring
channels would be a more general and efficient way for reli-
able signal transduction in noisy cellular environments.

Channel clustering

Co-localization of channels is prerequisite for functional
channel coupling (Fig. 2). Indeed, channel clustering has been
observed in most of ion channels exhibiting cooperative gat-
ing. Channel clustering is often associated with alteration in
channel activity and/or channel kinetics. However, the physical
mechanisms of channel assembly mostly remain unclear.

Channel assembly in vitro

To detect physically assembled channels, analytical ultra-
centrifugation sedimentation velocity studies and native
SDS-PAGE/Western blots are used. Species with higher re-
tention on native SDS-PAGE gels and higher sedimentation
coeflicients than the functional channel unit are expected
when channels are clustered. These biochemical assays
were carried out with purified KesA channels, revealing the
existence of KcsA supra-molecular assemblies (Molina et
al. 2006). Physically associated pairs of RyRs from skeletal
and cardiac muscle were also observed in sucrose gradient
centrifugation and immune-blotting experiments (Marx
et al. 1998, 2001). As another example, Torpedo nAChRs
were purified as a mixture of monomers and dimers, which
was evident in sucrose gradient experiments (Schindler et
al. 1984). However, in vitro biochemical assays are limited
to channel proteins whose purification is possible in large
quantity and whose physical interaction is strong enough
even under detergent-solubilized conditions. Also, if other
endogenous cellular molecules are involved in channel clus-
tering, channel assembly will not be detected with purified
channel proteins alone.
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Figure 1. Electrophysiological evidence for cooperative gating. Using single-channel recordings, coupled gating can be detected at the
single-molecule level. Channels in green are in their closed states and yellow channels are in their open states. A. For independent chan-
nels, the state of one channel does not affect gating of neighboring channels. Two channels exhibit independent gating in a simulated
single-channel record. B. Positively coupled channels undergo synchronous channel opening and closing as shown in a simulated single-
channel record of two positively cooperative channels. C. Negative coupling between adjacent channels leads to a heterogeneous channel
population (a mixture of open and closed channels at most of time). A single-channel record simulated for two negatively coupled chan-
nels shows lower fluctuations in the number of open channels than independent channels shown in A. All simulations were performed
using QuB software (www.qub.buffalo.edu) (Qin et al. 2000).

Sub-cellular channel localization disruption of caveolae impaired HCN4 localization, affecting

HCN4 channel kinetics. Freeze/fracture electron microscopy
Localization of HCN4 channels in caveolae, a membrane  studies revealed that gap junction channels aggregate into
sub-domain, was detected in rabbit sinoatrial cells (Barbutiet  clusters (Goodenough 1976; Kensler et al. 1979). RyR clusters
al. 2004). Western blotting of isolated caveolae provided evi-  in skeletal and cardiac muscle have been also observed in situ
dence of HCN4 channel localization. Furthermore, chemical by electron microscopy (Block et al. 1988; Saito et al. 1988;
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Figure 2. Channel clustering. For functional coupling between adjacent channels, transient and/or permanent co-localization of chan-
nels is prerequisite. A. Sub-cellular localization is frequently observed in cooperative channels. Clustered channels in the cell surface
are presented as yellow balls. B. Channel assembly is often induced by cellular stimuli. For example, some ligand-gated ion channels are
clustered transiently and spontaneously upon ligand (pink hexagons) binding. C. Direct and physical channel-channel interactions are
another way to cluster channels. Some ion channels are found to physically interact with neighboring channels through their C-terminal
or N-terminal tails. In some cases, scaffold proteins mediate and/or assist channel assembly. Cytoskeletal or extracellular proteins directly
cross link channels through intracellular domains or extracellular parts of channels, respectively. Ion channels (yellow) are linked by
intracellular scaffold proteins (green).



Choi

Flucher and Franzini-Armstrong 1996; Franzini- Armstrong
et al. 1999). In addition, electron microscopic (Geng et al.
2003) and pharmacological (Hehl and Neumcke 1993) data
on ATP-sensitive K™ channels suggested their clustering.

Stimulation-induced channel clustering

Dimerization of Torpedo nAChRs in the postsynaptic
membrane is transiently induced during synaptic stimu-
lation (Dunant et al. 1989). Changes in the population of
monomeric and dimeric nAChRs by electrical stimuli were
observed in situ using rapid freeze-fracture techniques.
Intact electric organ tissues from Torpedo were rapidly
frozen in the absence and presence of electrical stimuli,
fractured, and then observed using electron microscopy.
Monomeric nAChRs (globular form, 9 nm in diameter)
were a primary form found in the freeze-fracture replicas
of un-stimulated membranes. Following a single nerve
impulse, however, nAChR dimers (elongated form, 18 nm
in diameter) were momentarily formed. The decrease in
the number of monomers was twice the increase in the
number of dimers. The time course of abrupt change in
nAChR ultra-structures was comparable with that of the
fast transient postsynaptic current evoked by electric sig-
nals, implying that channel assembly might be associated
with channel activation.

The inositol 1,4,5-triphosphate receptor (IP3R), a ligand-
gated Ca®* channel is another example of stimulation-in-
duced channel clustering (Tateishi et al. 2005). IP3Rs in the
endoplasmic reticulum (ER) membrane release Ca* from
ER to cytosol upon IP3 binding. Green fluorescence protein-
fused IP3Rs were assembled into clusters following applica-
tion of IP3-generating agents, which implies that IP3-stimu-
lation induces a channel conformational change to the open
state, thereby initiating channel clustering. This hypothesis
was further tested using IP;R mutants that impair either IP5
binding or channel activity without affecting ligand binding
ability. Both IP;R mutants failed to form clusters, supporting
the hypothesis that ligand-induced conformational changes
are required for channel clustering.

Direct channel cross linking

The physical linkage between ion channels has been observed
in several systems where coupled gating was found: RyRs
(Marx et al. 1998, 2001), AMPA receptors (Suppiramaniam
et al. 2006), L-type Ca2* channels (Navedo et al. 2010),
and cystic fibrosis transmembrane conductance regulators
(CFTRs) (Wang et al. 2000). Purified RyRs reconstituted
in lipid bilayers exhibited coupled gating, which required
FK506 binding proteins, FKBP12 and FKBP12.6 for skel-
eton and cardiac muscle type RyRs, respectively (Marx et al.
1998,2001). AMPA receptors isolated from rat brain showed

positive cooperativity induced by dextran sulfate, a mimic
of sulfated polysaccharides in synapses (Suppiramaniam et
al. 2006). Heparin, a synaptic polysaccharide, modulates
AMPA receptor activity by linking them physically (Hall et
al. 1996). Addition of dextran sulfate promoted synchronous
openings and closings of AMPA receptors, whose positive
coupling was confirmed by a binomial analysis. In addition,
coupled gating of L-type Ca>* channels was found to be asso-
ciated with spontaneous and transient interactions between
neighboring channels through their C-termini (Navedo et
al. 2010). AKAP150, a kinase anchoring protein appeared to
enhance L-type Ca®* channel cooperativity, presumably by
facilitating the physical interaction between the C-terminal
tails of channels.

Lastly, interactions between CFTRs were facilitated by
CAP70, a multivalent CFTR binding protein (Wang et al.
2000). CAP70 bound to the C-termini of CFTRs linked
them through its PDZ domains, stimulating CFTR activity.
Correlated physical and functional coupling between CFTRs
was further tested using a bivalent monoclonal antibody that
specifically recognizes the C-terminal residues of CFTR. Two
CFTRs linked by a bivalent antibody exhibited increased
CFTR activity. Current amplitude histograms of CFTRs
showed a positive deviation from a binomial distribution
upon antibody addition, indicating that positive coupling
was induced by linking neighboring channels. However, it
is not clear whether CFTR activation induced by CAP70 is
resulted from coupled gating because no test for channel
cooperativity was carried out. Na*/H* exchanger regula-
tory factor (NHE-RF) also mediates CFTR interactions by
cross linking the CFTR C-termini, increasing CFTR activity
(Raghuram et al. 2001). In this case, however, CFTRs did
not show cooperative gating based on a binomial analysis
even though multiple CFTRs were simultaneously activated
by NHE-RE

Molecular basis of channel coupling

Although functional coupling is often observed with physi-
cal clustering for some ion channels (Marx et al. 1998, 2001;
Wang et al. 2000; Suppiramaniam et al. 2006), a physical
linkage between channels does not necessarily affect channel
gating. Additional steps are required to link channel cluster-
ing to functional coupling that affects channel gating. Several
molecular mechanisms have been proposed to account for
coupled gating of multiple channels (Fig. 3).

Permeant ions as a channel coupling mediator

One possible mechanism is that channels sense local concen-
tration of their permeant ions (Fig. 3A). Indeed, clustered
DHPRs are regulated by Ca?", its permeant ion (Imredy
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and Yue 1992). Inactivation of DHPRs by prior Ca?* influx
was thought to be an intrinsic negative feedback that does
not require cooperative channel interactions. However, the
DHPR inactivation rate observed in two-channel patches
from guinea pig myocytes was faster than that in one-channel
patches while two-channel patches with one active and one
inactive channel showed a reduced inactivation rate. These
results indicate that Ca?* influx from both channels are re-
quired for inhibitory channel coupling rather than physical
association of adjacent channels. When BAPTA (1,2-bis-(2-
aminophenoxy)ethane-N,N,N’,N-tetraacetic acid), a Ca**
chelator was applied into the cytosol, the inactivation rate
in two-channel patches slowed down more than that in one-
channel patches, suggesting that Ca®* mediates interactions
among DHPRs. The two cytosolic Ca?* inhibition sites were
proposed: one near the pore and the other more distant from
it. The site near the pore mediates Ca**-sensitive inactivation
by Ca* flow through its own pore, accounting for channel
inactivation even when bulk cytosolic Ca®* is chelated. In
contrast, the site distant from the pore is involved in coupled
inhibition through local Ca?* influx within overlapping
domains of neighboring channels, which can be diminished
by Ca®* chelators. Therefore, inhibitory coupling between
DHPRSs arises from shared and localized Ca** diffusion from
adjacent channels.

Concerted channel activation through the membrane

Interactions mediated by the membrane in which channels
are embedded provide another possible physical mechanism
for coupled gating (Fig. 3B). In case of mechano-sensitive
(MS) channels, channel activities are regulated by relative
movements of the channel and/or the membrane at the chan-
nel-membrane interface (Martinac 2004; Sukharev and Corey
2004; Kung 2005; Ursell et al. 2007). Conformational changes
of MS channels can be induced by membrane deformation
(the bilayer model) or deformation of cytoskeletal or extra-
cellular proteins directly connected to channels (the tethered
model). In any case, channel displacement with respect to the
membrane could produce hydrophobic mismatch between
the lipid bilayer and the channel, triggering channel confor-
mational changes. To the extent that channel conformation
changes produce local changes in bilayer thickness, mechano-
sensitivity in channel gating will also lead to coupled gating.

The bilayer model where membrane movement (stretch-
ing or bending) promotes conformational changes of ion
channels through changes in membrane geometry is the
dominant mechanism for cooperative gating of prokaryotic
MS channels (Martinac 2004). Purified and reconstituted
bacterial MS channels still exhibit mechano-sensitivity,
indicating that they can directly sense membrane deforma-
tion. Activation of E. coli MS channels was observed when
lysophospholipids or amphipaths were inserted into the

membrane, perturbing the local membrane curvature (Mar-
tinac et al. 1990; Perozo et al. 2002) although it cannot be
ruled out that lysophospholipids and/or amphipaths activate
MS channels by direct interactions with channels rather than
through perturbation of the membrane curvature.

In the tether mechanism, MS channels are directly linked
to cytoskeletal or extracellular proteins that can transmit
force to the channels and thus activate them (Sukharev and
Corey 2004). The tether model was proposed to describe MS
channels in eukaryotic cells with an extensive cytoskeletal
network adjacent to the membrane. Direct evidence for the
tether model was observed in two types of transient receptor
potential (TRP) channels: zebrafish TRPN1 and Drosophila
TRPA1 channels (Corey et al. 2004; Siemens et al. 2004;
Sollner et al. 2004). Cadherin23 protein and the N-terminal
ankyrin domain of TRPA1 were identified as a tether for
TRPNI and TRPA1 channels, respectively. Cadherin23 links
TRPNI to the extracellular matrix while the ankyrin domain
of TRPAL1 is attached to the cytoskeleton. Cytoskeletal/ex-
tracellular matrix deformation could displace the channels
with respect to the lipid bilayer.

Mechano-sensitivity has been also observed in other types
of channels including voltage-gated Na* channels (Lundbaek
et al. 2004), L-type and N-type Ca®* channels (Calabrese
et al. 2002; Lyford et al. 2002), Shaker-IR K* channels (Gu
et al. 2001), large conductance Ca**-activated K channels
(Tang et al. 2003), ATP-sensitive K™ channels (Van Wagoner
1993), cardiac muscarinic K™ channels (Pleumsamran and
Kim 1995), and NMDA receptors (Paoletti and Ascher
1994). The observation of mechano-sensitivity in diverse
types of ion channels that are not classified as MS channels
suggests that they will be also sensitive to perturbations in
the membrane including conformational changes of other
membrane proteins. Further studies will be necessary to
determine whether mechano-sensitivity actually causes
coupled gating in these systems.

Allosteric mechanism

Neighboring channels might act as an allosteric modulator.
The conformational state of one channel in clusters can
influence conformational changes in neighboring channels,
possibly by changing binding affinity of ligand in case of lig-
and-gated channels (Fig. 3C). Although direct visualization
of allosteric conformational changes is limited by spatial and
temporal resolution of current techniques, indirect evidence
such as a Hill coefficient can be obtained. Bacterial chemo-
receptors are the best-studied model system for allostery in
membrane proteins (Sourjik 2004; Parkinson et al. 2005;
Kentner and Sourjik 2006). Allosteric interactions between
neighboring chemo-receptors were proposed to account for
remarkable sensitivity of bacterial cells to their chemo-effec-
tors. The signal amplification in E. coli cells was quantified
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Figure 3. Molecular basis of functional coupling of neighboring channels. Once channels are physically clustered, the next step is neces-
sary for coupled gating. A. Permeant ions can act as a channel coupling mediator. Some Ca?" channels gate cooperatively through their
permeant Ca>* ions. Ca>" ions (purple balls) passing into the cell through open channels (yellow) bind to the intracellular Ca?* binding
sites of adjacent channels, inhibiting neighboring channel activity. Ca?* bound channels are in their closed states (green). B. Ion channels
can undergo concerted conformational changes through the membrane. Conformational changes of one channel could induce changes
in membrane tension. The distorted membrane (grey) consequently triggers conformational changes of neighboring channels. C. Linked
channels can act as a positive or negative allosteric modulator of other channels in cluster. When acting as a positive modulator, one open
channel will favor the opening of its adjacent channels. Two positively coupled channels are shown in their open states (yellow).
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graph was generated from the records used in (Choi and Licht 2012), but unpublished before.
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using a fluorescence resonance energy transfer assay in vivo,
providing evidence for allosteric interactions among chemo-
receptors (Sourjik and Berg 2002, 2004). Chemo-receptors
amplified chemotactic signals (changes in chemo-effector
concentrations) 35-fold in a highly cooperative fashion
(a Hill coefficient of ~10), well-described by the classical
Monod-Wyman-Changeux model. Allosteric channel in-
teractions in clusters could thus be one of the mechanisms
for coupled gating of clustered channels.

Single-channel analysis methods for cooperative gating

Binomial analysis

Once synchronous open and closed transitions are observed,
which is highly suggestive of cooperativity, a binomial
analysis on current amplitude histograms (distribution of
the current levels) is the appropriate first step to test gat-
ing cooperativity (Fig. 4A). The observed distributions of
current amplitudes are compared with those predicted for
independent channels, i.e. binomial distributions. Deviations
from a binomial distribution are indicative of cooperative
gating; positive deviations (more simultaneous openings
than expected from independent gating) are consistent with
positive coupling while negative deviations are consistent
with negative cooperativity.

Positive deviations from a binomial distribution have
been observed in P2X, receptors (Ding and Sachs 2002),
native RyRs from skeletal and cardiac muscle (Marx et al.
1998,2001), RyRs reconstituted in lipid bilayers (Laver et al.
2004), purified DHPRs in lipid bilayers (Hymel et al. 1988),
reconstituted AMPA receptors from rat brain (Vaithianathan
etal. 2005; Suppiramaniam et al. 2006), nAChRs from chick
myocytes (Keleshian et al. 2000), Torpedo nAChRs recon-
stituted in planar membranes (Schindler et al. 1984), native
gap junction channels (Chen and DeHaan 1992; Manivannan
etal. 1992), recombinant connexin45 gap junction channels
(Veenstra et al. 1994), and purified KcsA in giant liposomes
(Molina et al. 2006). Negative deviations have been found in
toxin-modified Na* channels in neuroblastoma cells (Iwasa
et al. 1986).

Three assumptions must be made to interpret a binomial
analysis for cooperative interactions: the channel record
is stationary (no global changes in channel activity within
a given record length), the number of channels is correctly
estimated, and the channels are identical (Kenyon and
Bauer 2000). The necessity of these assumptions often leads
to complication in interpreting results from a binomial
analysis. First, reliable estimate of the number of channels
in patch is not always straightforward. It is likely the case
when the number of channels is estimated by the maxi-
mum number of simultaneous openings with a low open

probability. In this case, the number of channels is likely to
be underestimated, resulting in overestimation of positive
deviations from a binomial distribution. In addition, inde-
pendent but non-identical channels (independent channels
with different open probabilities) show apparent nega-
tive deviations from a binomial distribution, and are not
distinguishable from negatively coupled channels. Thus,
a binomial analysis is often suggestive but not conclusive
in case of both positive and negative cooperativity.

Variance analysis

A variance analysis is another way to detect cooperative
gating (Traynelis and Jaramillo 1998). A mean-variance
plot can be generated by calculating the variance of the
macroscopic current as a function of the mean current
(Fig. 4B). The unitary current of one channel (single-
channel current) can be estimated from an initial slope
of the mean-variance plot based on a binomial theorem
(Traynelis and Jaramillo 1998). If channels gate independ-
ently, the unitary current calculated from a mean-vari-
ance plot will be the same as the single-channel current.
However, if channels are positively coupled, synchronous
open and closed events will generate higher fluctuations
in the mean macroscopic current than that expected from
independent channels. For negatively coupled channels,
synchronous opening and closing transitions will be sup-
pressed, generating lower fluctuations. Thus, the estimated
unitary current from coupled channels will deviate from
the single-channel current; positive cooperativity will
increase the estimated unitary current whereas negative
cooperativity will decrease it (Liu and Dilger 1993). HCN2
channels showed the larger unitary current than the single-
channel current, suggesting positive cooperativity (Dekker
and Yellen 2006). Negative coupling between Na* channels
in nerve fibers was also suggested by a variance analysis
(Neumcke and Stampfli 1983).

However, a variance analysis has the same complica-
tion as a binomial analysis because it is also a binomial
theorem-based method. First, if channels do not have
identical open probabilities, the observed variance will be
less than that predicted for identical channels (Nedelman
and Wallenius 1986). A similar problem arises if channels
are non-stationary and varying on a timescale slower than
a record length because they will also appear non-identi-
cal. Finally, incorrect estimate of the number of channels
will lead to incorrect prediction of the variance since the
variance is linearly proportional to the number of chan-
nels (Sakmann and Neher 1995). Incorrect estimate of the
number of channels can be further exaggerated by lack of
stationarity. Thus, stationarity of the channel records must
be tested to distinguish stationary data from non-stationary
data (Choi and Licht 2012).
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Moreover, the direct comparison of the single-channel
current to the unitary current derived from a mean-vari-
ance plot should be done with cautions because two dif-
ferent recording environments (single-channel recording
versus whole-cell recording) will result in differences in
bandwidth and noise sources, leading to variability in cur-
rents. Comparison of the variance calculated from multiple
channels to that from one channel in the same patch would
be helpful to see any effects from the different recording
environments. Simulation of multiple-channel data and
one-channel data is another way to test reliability of this
analysis.

Overall, a steady-state (equilibrium) method like bino-
mial and variance analyses does not use kinetic information
of channel gating. Collective behaviors of coupled channels
can be revealed by a kinetic analysis, which could provide
evidence for or against channel cooperativity. Therefore,
a further analysis with channel gating kinetics is often neces-
sary to confirm coupled gating.

Conditional dwell time density analysis

Several methods to analyze gating kinetics to detect chan-
nel cooperativity share a common basis (Iwasa et al. 1986;
Keleshian etal. 1994; Blunck et al. 1998; Keleshian et al. 2000;
Dingand Sachs 2002; Laver et al. 2004): determining whether
the dwell time density of one channel is conditional on the
other channel open or closed (Fig. 4C) (Yeo et al. 1989).
Independent channels will have identical conditional dwell
time densities. For coupled channels, however, two condi-
tional dwell time densities will not be the same. When two
interacting channels are present, closed and/or open time
densities of one channel will depend on whether the other
channel is open or closed. If channels are positively coupled,
the opening rate will increase and/or the closing rate will
decrease when neighboring channels are open. For negatively
coupled channels, neighboring open channels will decrease
the opening rate and/or increase the closing rate. Similarly,
the channel opening and/or closing rates can be influenced
by the closed state of neighboring channels.

nAChR records showed that open time densities are
identical whether a neighboring channel is open or closed
(Keleshian et al. 2000). However, the mean closed time of
one channel is longer when the other channel is closed than
when it is open, suggesting that positive interactions affect
channel opening but not closing. Similar results were also
observed in RyRs (Laver et al. 2004). The opening rates
were faster in the presence of open channels, suggesting
that channel opening depends on other open channels
(positive coupling). Cooperative gating of P2X, receptors
was studied also using a kinetic analysis (Ding and Sachs
2002). The mean open time of single-channel patches is
shorter than that of multiple-channel patches, suggesting

that the closing rate is influenced by positive coupling.
A conditional dwell time density analysis was also used to
detect negative interactions between two toxin-modified
Na® channels (Iwasa et al. 1986). However, the opening
rates could not be determined due to the multiple closed
states, and the closing rates were identical, failing to detect
negative cooperativity.

In general, coupled gating can be detected by altera-
tion in conditional open/closed time densities. However,
a conditional dwell time analysis is not easy to implement. If
more than two channels are present, more combinations of
conditional dwell time densities will be generated, making
it more complicated. A finite length of records also limits
the power of this analysis because the number of dwells
may not be sufficient to generate statistically reliable dwell
time densities. This problem becomes more serious when
multiple channels with a low open probability are present
because there will be a small number of multiple events.
Finally, this method compares the mean open and closed
times, i.e. the mean closing and opening rates. Since more
than one type of open/closed transitions are likely to be
present in the real gating mechanisms, if specific opening
or closing transitions influenced by coupled gating are
buried in all-point dwell time densities, they might not
be detectable.

Maximum likelihood fitting analysis

Coupled gating can be also detected by a maximum likeli-
hood fitting analysis with the independent and cooperative
models (Fig. 4D) (Ding and Sachs 2002). When channels
are independent, the channel opening and closing rates
are not affected by whether the neighboring channels are
open or closed. In a two-independent-channel system, the
opening rate from the two-channel closed state to the one-
channel open state (kco1) is simply twice as fast as that from
the one-channel open state to the two-channel open state
(k0102) (kco1 = 2ko102)- The closing rate from the two-
channel open state to the one-channel open state (koy01)
is also twice as fast as that from the one-channel open state
to the two-channel closed state (ko1c) (ko201 = 2ko10)-
Single-channel data can be fitted with rate constraints
(kcor = 2ko102> k0201 = 2ko1c; independent model) or
without them (cooperative model). Using a maximum likeli-
hood ratio test, a kinetic model that describes experimental
data better can be determined. This analysis was applied to
single-channel records of P2X, receptors (Ding and Sachs
2002). The cooperative model fitted P2X; data better than
the independent model, suggesting channel cooperativity.
However, a maximum likelihood fitting analysis is model-
dependent. Thus, it could suffer from ambiguous data fitting
when channel gating has the complex underlying kinetic
mechanisms.
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Concluding remarks

Coupled gating has been observed in diverse ion channel
types at the single-channel level. Although cooperative
gating could possibly play a physiologically important role
in various systems, it is challenging to investigate in vivo
effects of channel coupling because various proteins are
involved in regulation of channel activity in cells. Thus, the
molecular mechanisms of cooperative channel gating are
still mostly unknown. In addition, existing single-channel
analysis methods to detect coupled gating are limited, neces-
sitating the development of more explicit and unambiguous
methods.
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