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SYMPOSIUM REVIEW

Modes of glutamate receptor gating

Gabriela K. Popescu

Department of Biochemistry, School of Medicine and Biomedical Sciences, University at Buffalo, SUNY, 140 Farber Hall, 3435 Main Street, Buffalo,
NY 14214, USA

Abstract The time course of excitatory synaptic currents, the major means of fast communication
between neurons of the central nervous system, is encoded in the dynamic behaviour of
post-synaptic glutamate-activated channels. First-pass attempts to explain the glutamate-elicited
currents with mathematical models produced reaction mechanisms that included only the
most basic functionally defined states: resting vs. liganded, closed vs. open, responsive vs.
desensitized. In contrast, single-molecule observations afforded by the patch-clamp technique
revealed an unanticipated kinetic multiplicity of transitions: from microseconds-lasting flickers
to minutes-long modes. How these kinetically defined events impact the shape of the synaptic
response, how they relate to rearrangements in receptor structure, and whether and how they
are physiologically controlled represent currently active research directions. Modal gating, which
refers to the slowest, least frequently observed ion-channel transitions, has been demonstrated for
representatives of all ion channel families. However, reaction schemes have been largely confined
to the short- and medium-range time scales. For glutamate receptors as well, modal gating has
only recently come under rigorous scrutiny. This article reviews the evidence for modal gating of
glutamate receptors and the still developing hypotheses about the mechanism(s) by which modal
shifts occur and the ways in which they may impact the time course of synaptic transmission.
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Introduction The information-bearing temporal signature of the ionic
current is a direct expression of the free-energy space
occupied by the protein channel after it absorbs the
energizing signal. Detailed quantitative knowledge of the
quasi-stable conformations that make up this landscape,
their relative occupancies and the rates at which they inter-
convert is of particular relevance to understanding how
information circulates, is processed, and is integrated in
the nervous system.

All life forms rely on oligomeric ion-channel proteins for
fast communication across biological membranes. The
signals detected and transduced span a broad range of
physical and chemical inputs, including mechanical and
electrical forces, temperature and concentration gradients.
In all cases, though, the biologically relevant output is
the passive flux of ions across the cellular membrane.
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Gabriela K. Popescu(Associate Professor, University at Buffalo, School of Medicine and Biomedical Sciences) is curious and
passionate about how brains work! A native of Bucharest, Romania, she moved with her family to Buffalo in 1992, earned a
PhD in Biochemistry in 1999, and established her independent research laboratory in 2006. Her scientific programme focuses
on mechanisms for fast synaptic transmission and plasticity in the central nervous system, with particular emphasis on the
molecular physiology of NMDA receptors. In 2003, she re-discovered and characterized modal gating of NMDA receptors,
which helped her to develop direct quantitative correlations between microscopic and macroscopic channel behaviours and
to ascertain a new form of short-term frequency-dependent facilitation. Current projects in the Popescu laboratory aim to
match kinetically identified functional states with structurally defined NMDA conformers and to delineate mutual relationships
between receptor-mediated fluxes and the function or dysfunction of excitatory synapses in brain and spinal cord.

This report was presented at the 26th GEPROM Symposium on Ligand-gated ion channels: from genes to behaviour, which took place at the University
of Montreal, Canada on 14—15 June 2011.
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Communication between nerve cells occurs primarily
across chemical synapses and relies on the activation of
chemically activated ion channels. Present understanding
of how chemical transmission occurs has deep roots in
the receptor theory born from classical pharmacological
studies as well as the initial breakthrough insights
into the cellular architecture of nervous tissue. Cajal’s
observations that neurons are physically separated by
synaptic clefts argued against the competing hypothesis
of direct electrical communication and instead, strongly
favoured a chemical process, where diffusion could
be invoked (Albright et al. 2000). Earlier studies had
already invoked the existence of ‘cellular side chains),
or receptive substances, on the surface of sensitive
cells as mediators of drug actions, thus laying the
conceptual framework for how extracellular chemicals
could interact with cellular membranes (Maehle, 2004).
Together, these fundamentally novel insights led to the
hypothesis that direct binding of transmitter molecules
to membrane-embedded receptors represents an essential
component of the signal transduction process. The
binding postulate provided the basis for applying the law of
mass action to the observable effects of drugs on cells and
resulted in the first occupancy-based numerical models
of chemical transmission (Kenakin & Christopoulos,
2011). However, to fill in the ‘black box’ of signal
transduction with insight into how agonist binding
produces an electrical signal required experiments with a
temporal resolution afforded only later by modern electro-
physiology.

Quantitative examination of the changes in the
membrane potential of muscle fibres elicited by the
simultaneous application of various drugs provided
the first conclusive evidence that the observed response
is controlled not only by the nature and concentration
of the applied drug but also by a response function
characteristic of every drug-receptor ensemble (Del
Castillo & Katz, 1957). Thus, chemical transmission
began to be described with state models comprising
discrete binding and isomerisation equilibria, akin to those
used to describe enzyme-catalysed chemical reactions
(Michaelis & Menten, 1913). The direct observation of
single-molecule signals and their intrinsic complexity
provided unequivocal evidence that models comprising
merely functionally defined states, such as resting, open
or desensitized, represent theoretical simplifications of
a much larger range of conformations accessible to
agonist-receptor complexes and are thus intrinsically
limited in the mechanistic insight they can provide. Since
then, the goal has been to achieve an as complete as
possible description of the microscopic signal, one that
explains the biologically relevant characteristics of the
macroscopic signal and informs about the structural
changes responsible for function.
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The ability to watch in real time (and to record
for extended periods) currents produced by individual
channels brought profoundly satisfying validation for
the existence of discrete membrane-embedded pores.
Indeed, as had been expected, single-channel traces
consisted of randomly spaced square pulses of constant
amplitudes, providing definitive proof that membrane
ionic currents result from the opening and closing of
discrete pores (Neher & Sakmann, 1976). However, the
multiplicity of kinetic behaviours revealed by these traces
was unexpected and perplexing (Neher & Steinbach,
1978; Conti & Neher, 1980; Sakmann et al. 1980). As
a rule, single-channel records showed openings and
closures whose durations had complex distributions. In
addition, many of the observed traces displayed kinetic
heterogeneity in time that was indicative of spontaneous
but lasting shifts in opening pattern referred to as modal
gating (Fig. 1A-D) (Patlak et al. 1979; Hess et al. 1984;
Auerbach & Lingle, 1986; Patlak & Ortiz, 1986; Silberberg
et al. 1996). The routine observation of complex event
durations and sometimes of modes provided definitive
evidence that channel-forming proteins populate multiple
ion-conducting (open) and non-conducting (closed)
conformations and that these conformations differed
widely in their stabilities. Thus it was immediately under-
stood that realistic reaction mechanisms must include
transition that span a much wider range of time scales,
with the fastest events limited by the response frequency
of the electronic amplifier and the slowest events limited
by the observation period.

Even in advance of tight-seal recordings, which were
perfected just 2 years later (Sigworth & Neher, 1980; Hamill
et al. 1981), Neher and Steinbach illustrated both the
unprecedented power and the frustrating limitations that
kinetic analyses of single-channel currents would bring.
In their first paper reporting single-molecule recordings,
the authors displayed the current traces on a storage
oscilloscope, marked events manually and, directly from
the display screen, measured the length of all openings
and closures observed and the frequencies with which
these occurred. (Neher & Steinbach, 1978). Frequency
histograms revealed exponentially distributed open and
closed durations as expected for a stochastic process.
Given a reaction mechanism, this analysis provided
rate constants for each elementary step postulated, an
extraordinary opportunity for mechanistic insight. On the
other hand, limited time resolution, unknown number
of proteins contributing to the observed signal, and
the kinetic complexity of the recorded trace brought
to the fore a new set of challenges and stimulated
additional theoretical and technological developments.
Statistical approaches became necessary to describe
the random nature of single-molecule transitions, and
because statistics demand by definition large data sets,
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automation and computational methods were called upon
as well (Colquhoun & Hawkes, 1981, 1982; Qin et al. 1996,
1997, 2000; Qin, 2004; Shelley & Magleby, 2008). Together
these and other advances permitted state models to be
fitted directly to single-channel data and made it feasible
to develop and test reaction mechanisms of increasing
complexity.

In addition to bringing the recording resolution to
single molecule levels, the development of patch clamp
techniques also eliminated the need for separate intra-
cellular current and voltage electrodes, thus greatly
expanding the range of biological samples amenable to
electrophysiological investigations. Thus the three classic
preparations, the frog neuromuscular junction used by
Galvani as early as the 1700s, the electric organ of the
Torpedo fish introduced by Matteucci in 1838, and the
giant axon from the stellar nerve of the squid discovered
by Young in 1937, could now be joined by the much
smaller cells of the mammalian central nervous system
(Marco, 1998; Albright et al. 2000). Importantly, the ability
to record currents across minuscule bits of membrane
sealed onto the tip of a glass pipette revealed that ion
channels are not restricted to excitable membranes, but
rather represent a ubiquitous fixture of transmembrane
signalling mechanisms and are present in all cell types,
including unicellular organisms, and even in intracellular
membranes.

Successful efforts to prepare and maintain tissue slices
and dissociated cells from brain and spinal cord paved
the way for a new wave of single channel investigations,
which revealed the microscopic behaviours of channels
native to central nervous tissue (Crain & Bornstein,
1964; McKhann et al. 1969; Scott et al. 1969; Godfrey
et al. 1975; Prochiantz et al. 1979). It was immediately
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apparent that in central neurons, the principal excitatory
neurotransmitter glutamate gated several conductances
and each conductance produced events with composite
time distributions (Nowak et al. 1984; Cull-Candy &
Ogden, 1985; Cull-Candy & Usowicz, 1987a,b; Jahr &
Stevens, 1987; Cull-Candy et al. 1988; Howe et al.
1988). Initial efforts focused on organizing and explaining
the faster, more abundant transitions. In recent years,
attempts to delineate kinetic and structural models of
channel activation have begun to also incorporate slower,
less frequent transitions such as desensitization and
modal gating. Here, I review the current evidence for
modal gating in glutamate receptor-channels aiming to
delineate similarities and differences between NMDA- and
AMPA-sensitive receptors and to raise awareness about
roles that slow transitions in synaptic receptors may play
in fast neurotransmission and thus in brain function.

Glutamate receptor activation is incompletely
understood

In the central nervous system most excitatory synaptic
transmission is mediated by ionotropic glutamate
receptors (iGluRs). iGluRs are critical to normal
formation, maintenance and plasticity of central
excitatory synapses and mediate higher brain functions
including cognition, memory and learning processes,
and certain behaviours. Their inappropriate activation,
either insufficient or excessive, has been implicated
in the aetiology of pernicious brain and spinal cord
disorders such as intellectual disabilities, epilepsy,
addiction, chronic pain and neurodegenerative conditions
(Kemp & McKernan, 2002; Papadia & Hardingham,
2007; Bowie, 2008; Mellor, 2010). Three classes of
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Figure 1. Single-channel current recordings reveal B C
modal gating
A, glutamate-activated chloride-channel activity WW a0 e a1 it R R
recorded from denervated locust muscle (extracellular —— .
patch clamp). From Patlak et al. (1979); reprinted by W R L UL ILALLIL 0§ ML AL B |

permission from Macmillan Publishers Ltd: Nature,
©1979. B, voltage-activated calcium-channel sweeps
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recorded from dissociated guinea pig ventricle cells (cell
attached voltage-clamp). From Hess et al. (1984);
reprinted by permission from Macmillan Publishers Ltd:
Nature, ©1984. C, voltage-activated sodium-channel
current sweeps from Rana sartorius muscle fragments
(from Patlak & Ortiz 1986). D, acetylcholine-activated D
channels in cultured Xenopus myocytes (cell-attached
voltage-clamp) (from Auerbach & Lingle, 1986). Arrows

mark sudden changes in channel kinetics that occur

during a cluster of openings.
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glutamate-activated channels can be distinguished by their
sequence homology, pharmacology and kinetics: AMPA-,
KA- and NMDA-sensitive channels (Lodge, 2009). Despite
wide interest, the activation mechanism of iGluRs is only
beginning to be described in molecular detail and is clearly
still behind the level of understanding reached for the
receptors mediating excitatory transmission at the neuro-
muscular junction (Auerbach, 2010). The development
of realistic mathematical models for central excitatory
currents has been held up by challenges that fall into at
least three categories: the excitatory postsynaptic current
reflects the simultaneous activation of several iGluR iso-
forms; synaptic receptors are practically inaccessible at the
single-molecule level; and iGluRs have complex activation
mechanisms.

At a canonical central excitatory synapse, AMPA and
NMDA receptors are often co-localized and generate
a dual-component response to synaptically released
glutamate (Fagg & Matus, 1984; Dale & Roberts,
1985; Bekkers & Stevens, 1989; Keller et al. 1991).
Native channels are hetero-tetramers of the homo-
logous subunits GluAl-4 and GluN1-3, respectively
(see Traynelis et al. 2010 for comprehensive review).
They are firmly anchored in the postsynaptic membrane
where they represent the cores of large and dynamic
protein complexes (Kennedy, 2000; Sheng & Lee, 2000;
Nicoll et al. 2006). Although rarely explicitly stated,
and despite decades of intense multidisciplinary scrutiny,
the exact molecular composition of synaptic channels,
their kinetic behavioural repertoire, and how their
responses are controlled by extracellular, intracellular
and intra-membrane forces are largely unknown. In
addition, the architecture of excitatory synapses denies
direct access to individual channels in native synaptic
environments, with only occasional exceptions (Silver
et al. 1992). Instead, the strategy has been to observe
and characterize the single-molecule activities of either
neuronal receptors residing in somatic membranes or
recombinant receptors expressed in heterologous cells.
Each of these two approaches has advantages and
drawbacks. Most importantly, in neuronal preparations
the molecular composition of the receptor observed
is uncertain, whereas in heterologous cells, protein
partners and chemical modulators critical to native
behaviours may be absent. The ultimate goal is to reach an
as accurate as possible description of synaptic receptors,
and in this respect, observations in both systems have
proved valuable.

For both native and recombinant preparations the
single channel signal is complex. In all cases, the
distributions of open and closed intervals have multiple
components and their exact number and individual life-
times often depend on experimental conditions and
analytical methodology. For these reasons the early
literature on single glutamate-activated channels was
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largely descriptive, was difficult to reconcile across
laboratories, and often served only the most specialized
audience. It proved far from trivial to address immediate
questions such as: How many kinetic states can be
resolved? In what order are the kinetically defined states
accessed during synaptic transmission? How do states
differ structurally from one another? What functions do
each serve? To various degrees these questions are still
awaiting definitive answers.

Within single-channel current traces, modal shifts
separate periods during which channels gate with distinct
kinetics and are by definition the least frequent and the
most elusive to statistical approaches. Nevertheless, modal
transitions have been demonstrated for most ion channels
investigated in detail at the single-channel level. Modal
shifts have been demonstrated for several AMPA and
NMDA receptor isoforms and current evidence points to a
potentially prominent role of modes in shaping excitatory
transmission. Evidence for modal gating in KA receptors
is at present lacking. This is not surprising given the
limited number of single channel studies reported for
KA receptors, but it may emerge as such investigations
continue to accumulate (Cull-Candy & Usowicz, 1989;
Swanson et al. 1996; Zhang et al. 2009; Contractor et al.
2011). Itisimportant to keep in mind that although modal
gating may turn out to be a common characteristic of
all ion channel proteins, it need not arise by the same
mechanism, nor serve the same function. Rather modal
shifts may simply reflect the wide dynamic range of
these multimeric, often modular proteins. Therefore, to
establish the mechanism, structural correlates and physio-
logical significance of modal gating, these aspects must be
examined separately for each ion-channel.

Slow transitions in glutamate receptors

Evidence for modal shifts in iGluRs emerged
very early, almost simultaneously with single-channel
recordings from central neurons. Jahr & Stevens (1987)
obtained current traces that clearly illustrated that
the largest glutamate-activated conductance in cultured
hippocampal neurons has (at least) two modes of
gating (Fig.2A). In retrospect, this observation was
quite remarkable given that at the time the existence of
separate classes of glutamate-gated channels was still a
matter of debate with definitive evidence just emerging
(Cull-Candy & Ogden, 1985; Cull-Candy & Usowicz,
1987b; Usowicz et al. 1989). Coincidentally, these current
traces were published in the same issue of Nature as
the discovery that glycine potentiates NMDA receptor
currents (Johnson & Ascher, 1987). In fact, glycine is
required for NMDA receptor activation and thus the
NMDA receptor recordings predating this report must
have relied on the trace levels of glycine that commonly

© 2012 The Author. The Journal of Physiology © 2012 The Physiological Society
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contaminate laboratory solutions and glassware and
on glycine released from adjacent cells (Kleckner &
Dingledine, 1988; Johnson & Ascher, 1987).

Despite early observations of modes in iGluRs,
the phenomenon of modal gating did not become
the focus of quantitative investigations for another
decade. Instead accumulating reports of the complex
and heterogeneous kinetics of native iGluRs led to
the realization that comprehensive mechanistic under-
standing of their single-channel behaviours may be a
formidable task (Fig.2B) (Cull-Candy & Ogden, 1985;
Cull-Candy & Usowicz, 1987a; Ascher et al. 1988;
Cull-Candy et al. 1988; Gibb & Colquhoun, 1991,
1992; Howe et al. 1991; Edmonds & Colquhoun,
1992). In central neurons, glutamate produces several
conductances with mixed pharmacology. Even for a given
conductance level, frequency distributions have multiple
components which may vary with time (Howe et al.
1988). Goals for deducing the activation mechanism
from microscopic observations had to be scaled down,
aiming first to establish which conductance belonged to
which channel-type and then to determine how many
kinetic components could be reliably discerned for each
conductance (Howe et al. 1988, 1991; Gibb & Colquhoun,
1992). Rigorous attribution of observed conductances and
kinetic components to a particular receptor had to await
the availability of cloned receptors such that recordings

A

Probability of opening

Figure 2. Neuronal glutamate receptor-channels
have several gating modes B
A, glutamate-elicited currents in dissociated rat
hippocampal neurons (>2 weeks in culture; outside-out
patch-clamp). From Jahr & Stevens, (1987); reprinted by
permission from Macmillan Publishers Ltd: Nature,

©1987. The large conductance (50 pS) produced bursts 30 nM
with short (~2 ms) or long (~13 ms) openings indicative
of two modes of gating. B, glutamate-elicited currents 50 nM

in cultured rat hippocampal cells (outside-out
patch-clamp). Left, traces recorded at several applied
glutamate concentrations, as labelled; the lowest trace
shows an example of ‘high P," periods that occurred at
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could be made from channels of defined molecular
composition.

The preferred heterologous expression systems for
electrophysiological investigations of recombinant
channels are the human epithelial cell line HEK 293 and
the frog oocyte (Miledi et al. 2002; Thomas & Smart, 2005).
When seeking to record whole-cell currents, the smaller
HEK 293 cells are favoured for kinetic studies whereas
the much larger oocytes are chosen for pharmacological
characterization and chemical modifications. When
aiming for single-channel currents, HEK 293 cells are
the preparation of choice because they lack endogenous
glutamate receptor subunits and also have the ability to
produce mammalian proteins that are properly processed,
folded and glycosylated (Thomas & Smart, 2005). Frog
oocytes express endogenous iGluR subunits and while
quantitatively limited, this uncontrolled expression raises
the risk that some of the few channels recorded and
laboriously analysed may contain amphibian subunits
(Schmidt & Hollmann, 2009; Schmidt et al. 2009).
Studies of recombinant receptors expressed in HEK
293 cells exposed class- and isoform-specific properties
that are far from being fully characterized. This is
principally because in most cases, even when recording

from receptors of defined subunit composition,
the single-channel trace displays considerable
complexity.
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Two successful approaches to simplify the recorded
signal and thus render microscopic data more amenable
to mechanistic interpretation have been to manipulate
agonist concentrations and to use allosteric modulators.
One popular strategy has been to record stationary
currents at subsaturating concentrations of agonists. By
limiting the frequency with which glutamate binds to a
receptor, two channels will rarely open simultaneously
regardless of how many channels reside in the clamped
membrane patch. In these conditions, a burst of closely
spaced openings can be reasonably assumed to originate
from the same receptor. The opposite approach has been
to maximally increase the channel activity by using high
agonist concentrations and/or allosteric modulators. By
increasing the frequency with which glutamate binds
to the receptor, the lifetimes of unliganded or partially
liganded species become shorter than the experimental
detection limit. As a consequence, the corresponding
closed events are imperceptible and the detected inter-
vals confidently reflect only liganded conformations.
Additionally, when channel activity is high, long records
in which no double openings occur originate most likely
from a patch containing exactly one channel. These
one-channel records are of particular value because all
the events recorded, including the long gaps that separate
bursts of openings, represent transitions experienced by
the same receptor and are documented in the recorded
trace in the exact order in which they occurred.

Such strategies to control and to simplify the recorded
trace coupled with growing computational power and with
increasingly faster signal detection and kinetic analyses
have been instrumental in establishing that modal trans-
itions represent an integral component of the activation
repertoire of glutamate-activated ion channels. Such
transitions have been characterized in detail for the two
principal NMDA receptor isoforms, 2A and 2B, and have
been reported recently for homo-tetramers of all AMPA
receptor subtypes, GluA1-4.

Modes in NMDA receptors

Relative to other neurotransmitter-gated channels, NMDA
receptors have large uniform unitary conductances and
gate slowly, features that render this receptor type
attractive to single-channel studies (McBain & Mayer,
1994). Further, the availability of selective agonists and
antagonists allowed these channels to be identified and
studied even in native preparations where additional
glutamate-gated conductances are usually co-expressed.
Thus, as soon as neurons of the central nervous system
became amenable to single-channel recordings, the largest
glutamate-activated conductance (~50 pS) was found to
be NMDA sensitive (Nowak et al. 1984; Cull-Candy
& Usowicz, 1987a,b; Ascher et al. 1988; Kleckner
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& Pallotta, 1995). Single-channel traces produced by
NMDA receptor revealed multiple closed and open time
components for which neither function nor mechanism
was obvious (Jahr & Stevens, 1987; Howe et al. 1988, 1991;
Cull-Candy & Usowicz, 1989; Gibb & Colquhoun, 1991,
1992). The observed channel open probability (P,) was
heterogeneous along a recorded trace, with sporadic ‘high
P, periods even when recordings were obtained at very
low (nanomolar) glutamate concentrations (Howe et al.
1988; Gibb & Colquhoun, 1991). In contrast to the ‘high
P,’ gating mode reported previously by Jahr and Stevens,
where high P, originated primarily from markedly longer
openings, these sporadic changes in gating seemed to
correlate better with shorter closed durations (Fig. 2B).
However, these periods of increased activity were relatively
infrequent and were typically excluded from additional
kinetic analyses.

Recordings from recombinant receptors validated
knowledge obtained earlier from native preparations and
demonstrated considerable kinetic differences between
the four (A-D) NMDA receptor isoforms (Stern ef al.
1994; Wyllie et al. 1996, 1998; Cheffings & Colquhoun,
2000; Cull-Candy et al. 2001). Still, periods with ‘atypical’
kinetics continued to pepper traces of otherwise uniform
appearance, evidence that such behaviours, even if
sporadic, represent intrinsic aspects of these receptors’
activation mechanism. The initial thrust has been to
characterize the most prevalent mode of activity: to
establish the number, durations and frequencies of its
closed and open components. Even so, within periods
with stable kinetics, the multiplicity of event distributions
signalled the presence of at least two open and up to five
closed states (Wyllie ef al. 1996, 1998; Anson et al. 1998,
2000). How to arrange these states into a gating sequence
was not immediately apparent.

The first success at representing NMDA receptor
single-channel activity with state models came from
focusing on a specific region of the activation landscape.
Banke and Traynelis expressed 2B-type NMDA receptors
in HEK 293 cells and recorded currents from one-channel
patches exposed only briefly (1-4ms) to maximally
effective concentrations of glutamate (in the presence
of saturating concentrations of glycine) (Banke &
Traynelis, 2003). In this experimental set-up, by precluding
glutamate re-binding during a sweep, and by largely pre-
cluding desensitization, each sweep reflected primarily
the sequence of openings and closures that occurred
immediately after binding glutamate. Experiments with
low-efficacy agonists indicated that two closed states are
briefly populated after glutamate binds but before the
channel opens. With this approach the most likely route
between freshly liganded closed and open conformations
was distilled to the sequential occupancy of two principal
pre-open states and an open state, which could flicker
(Banke & Traynelis, 2003). A significant advance in

© 2012 The Author. The Journal of Physiology © 2012 The Physiological Society
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understanding the operation of NMDA receptors, the
resulting model described quantitatively the opening
pathway and simultaneously accounted for substantial
aspects of the microscopic and macroscopic signals.
Independently, Popescu and Auerbach expressed
2A-type NMDA receptors in HEK 293 cells and recorded
tens of minutes of continuous activity from on-cell
one-channel patches exposed to high concentrations of
glutamate and glycine. Two relatively stable pre-open states
were prominent in these recordings as well. In addition,
when contamination by ambient channel blockers such as
Zn**, Mg*t and other divalent cations was eliminated
(by EDTA chelation), shifts in opening pattern were
immediately apparent. Consistent with modal gating,
these shifts were abrupt, spontaneous and reversible
(Popescu & Auerbach, 2003, 2004) (Fig.3A). Kinetic
analyses of activity separated by open durations revealed
that regardless of kinetic mode, NMDA receptors gate with
the same mechanism in which some rates are different:
two pre-open states lead initially into a flickering open
state, followed by transitions into a more stable open state
whose lifetime varied spontaneously in time (Popescu
& Auerbach, 2003). Although a kinetic model for 2D
receptors has not been developed yet, subsequent work
established that a similar reaction mechanism was likely
to be valid for all NMDA receptor isoforms (Popescu &
Auerbach, 2003, 2004; Auerbach & Zhou, 2005; Erreger
et al. 2005; Dravid et al. 2008; Amico-Ruvio & Popescu,
2010; Vance et al. 2010). More recently, modal gating
was characterized in detail for 2B-type NMDA receptors

A
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and also for NMDA receptors native to cortical neurons
(Zhang et al. 2008). These studies established that modal
shifts, which may be difficult to detect unequivocally under
physiological concentrations of Ca’>*, Mg?* and Zn*",
represent the basis for the multiple kinetic components
and patch-to-patch variability that had hindered the
quantitative modelling of NMDA receptor single-channel
traces.

The most prevalent NMDA receptor isoform in adult
brain, the 2A type, generates traces in which three modes
(high, H, medium, M, and low, L) can be identified
and separated by their characteristic mean open times
(MOT: ~30,~10and ~4 ms) (Popescu & Auerbach, 2003,
2004) (Fig. 3B). When desensitized periods are excluded
from analyses, the remaining active periods contain
closures of similar mean duration regardless of gating
mode (MCT = ~5ms) and differ in open probabilities
by <2.5-fold (P,: 0.97, 0.83 and 0.4). These kinetic
features inferred from single channel analyses predict that
macroscopic responses generated by 2A receptors in H,
M and L mode will differ substantially in amplitude, time
course and total charge transferred (Fig.3C). Similarly,
the 2B type of NMDA receptors, which is prevalent during
development and at nascent synapses, produces three
modes of activity that differ in their mean open times
for H, M and L modes (MOT: ~10 ms, ~5 and ~2 ms).
However, for these receptors modes also differ in mean
closed times (MCT: 7, 14 and 83 ms), resulting in open
probabilities that vary by >6-fold (~0.67, 0.51 and 0.11)
across modes (when desensitized periods are omitted).
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Figure 3. NMDA receptors have three

gating modes

A, four consecutive (non-contiguous) single-channel
current traces (10 s each, GIuUN1/GIuN2A receptors,
cell-attached) illustrate shifts in opening pattern
(arrows); openings are downward. B, segments (1 s
each) of active time (desensitization gaps removed)
sorted into three categories mirror the four switches in
current pattern illustrated in A. Numbers indicate the
mean for each population in the patch illustrated. C,
predicted macroscopic responses for channels in each
mode, elicited by a 1 ms pulse of 1 mm glutamate. For
channels in each mode, peak Py is about half the
equilibrium P,. Numbers indicate time constants of
single exponential fits to the decay phase of the
currents. Red, high (H); blue, medium (M); green, low
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This mechanism provides a simple explanation for the
much wider kinetic repertoire previously reported for
recombinant 2B receptors and for neuronal preparations
expressing this NMDA receptor type (Vicini et al. 1998;
Banke et al. 2005; Erreger et al. 2005; Zhang et al. 2008;
Amico-Ruvio & Popescu, 2010).

The recognition that modal transitions are intrinsic
components of the NMDA receptor gating repertoire led
to the development of tiered reaction mechanisms, with
each arm representing gating transitions in one mode
(Popescu & Auerbach, 2004; Zhang er al. 2008). Sub-
sequent studies measured microscopic rate constants for
glutamate binding and dissociation and demonstrated that
for a given receptor type, these are similar for all modes
(Popescu et al. 2004; Amico-Ruvio & Popescu, 2010).
Finally, desensitization transitions were incorporated in
the model resulting in comprehensive mathematical
description of all transitions observed in single channel
traces and providing means to account mechanistically
for macroscopic behaviours such as response time course,
peak open probability, dose-response relationships, etc.
(Kussius et al. 2009; Kussius & Popescu, 2009, 2010).
Although still an approximation of the myriad different
conformations that a receptor visits during gating, the
tiered activation model has already proved instrumental
in generating new knowledge regarding the structures
responsible for the kinetic transitions discerned, for
identifying transitions sensitive to allosteric ligands, and
for testing how these transitions are physiologically
important (Kussius et al. 2010; Popescu et al. 2010;
Amico-Ruvio et al. 2011; Borschel et al. 2011; Talukder
& Wollmuth, 2011).

Modes in AMPA receptors

The activation mechanism of AMPA receptors has
been even more difficult to pin down. Even in
heterologous expression systems, AMPA receptors can
assemble as homo- or hetero-tetramers of four related
subunits, GluA1—4, resulting in isoforms with distinct
biophysical properties (Traynelis et al. 2010). Moreover,
native receptors are most likely hetero-tetramers whose
exact molecular composition is uncertain. To further
complicate matters, synaptic AMPA receptors are often
associated with auxiliary subunits and the resulting
protein complexes, which can have variable stoichiometry,
also have distinct kinetics (Tomita et al. 2005; Nicoll et al.
2006; Cho et al. 2007; Shi et al. 2009, 2010; Jackson
et al. 2011). Despite these challenges, single-channel
studies of native AMPA receptors have been successful in
establishing that each receptor can generate several current
levels (Cull-Candy & Ogden, 1985; Jahr & Stevens, 1987;
Traynelis et al. 1993; Wyllie et al. 1993; Jin et al. 2003).
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For recombinant AMPA receptors, the majority
of single-channel studies have been done on
homo-tetrameric channels. These, too, generate
multi-level single-channel currents. Transitions between
levels represent the stochastic and independent gating
of a receptor subunit, with each subunit contributing
an equal increment to the observed current amplitude
(Rosenmund et al. 1998; Smith & Howe, 2000; Smith
et al. 2000; Jin et al. 2003). As an additional experimental
difficulty, AMPA receptors are fast to open and desensitize,
with the equilibrium current accounting for less than
2% of the initial brief peak. Together these features have
rendered single-channel records exceedingly challenging
to obtain and to interpret, such that the bulk of the
kinetic information available has been derived from
macroscopic current recordings. Since modal behaviour
can be identified only in single-channel traces, evidence
for modal gating in AMPA type receptors has just begun
to emerge. Two groups have demonstrated recently that
AMPA receptors display modal gating (Poon et al. 2010,
2011; Prieto & Wollmuth, 2010). To render the recorded
signal amenable to statistical analyses, both groups
increased channel activity by pharmacologically reducing
desensitization with cyclothiazide (CTZ) treatment but
each group used different recording protocols, excised or
attached patches, with short or long agonist exposure,
and different receptor isoforms. Regardless, both groups
observed sporadic changes in channel open probabilities
indicative of modal behaviour.

Prieto & Wollmuth (2010) focused on a portion of
the activation landscape of AMPA receptors (GluAl,
2 or 4) by recording current sweeps that follow
brief applications of glutamate (200ms, with 30 uMm
CTZ). They exposed excised patches repeatedly to high
(5mm) or low (60nm) concentrations of glutamate,
at positive or negative membrane potentials. In these
conditions the recorded activity was relatively high (>1000
events per 200ms sweep). In 5mM glutamate, four
conductance levels were apparent and these occurred
in accordance to a state model where each sub-
unit binds glutamate and opens independently of the
others. The calculated open probability for each sub-
unit was high (P, =0.58). In contrast, in ~100-fold
lower glutamate concentration (60nM), two opening
patterns were apparent: a normal mode with the expected
low subunit probability (P, = 0.007); and a high mode,
when occasionally the subunit open probability was
much higher than expected for the low glutamate used
(P, =0.53), and very similar to that observed in 5mm
glutamate (Prieto & Wollmuth, 2010) (Fig. 4A).

These initial observations of AMPA receptor modal
gating were made in patches clamped at —80 mV, but
held true regardless of membrane polarity. At +80 mV,
the percentage of high mode activity was enhanced from
8% to 22% and subunit open probabilities were slighter
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higher (subunit P,, 0.78 for 5 mm glutamate and 0.002 or
0.71 for 60 nM glutamate). Examining activity at positive
potentials, where the high mode was more abundant,
the authors were able to assign the increased subunit
open probability that marks the high mode to longer
openings (Fig. 4B). In 60 nm glutamate, open distributions
had two discernible components with each component
originating from a separate type of activity. The fast
component (0.15ms, 72%) represented mostly openings
to the lowest conductance level (O1), as expected for
this low glutamate concentration. The slow component
(1.99 ms) resembled the single-component distribution
observed in 5mMm glutamate and reflected openings to
the highest conductance level (O4) (Prieto & Wollmuth,
2010).
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Poon and her colleagues studied the single-molecule
behaviour of homomeric GluA3-type AMPA receptors
(Poon et al. 2010, 2011). They recorded stationary
single-channel activity in several concentrations of
either the physiological agonist glutamate (50 uM—5 mMm)
or a series of partial agonists (FW, NO,W, CIW,
5-500 uM) (Patneau et al. 1992). They reduced channel
desensitization with CTZ (100-150 uM) and selected for
analyses only records that originated from one-channel
patches. In all records, which ranged in duration from 2
to 10 min, the authors observed only three current levels:
14, 26 and 35 pS, as if the opening of a single subunit
was too low to be detected. These data were well fit by a
linear model where three closed states preceded three open
states of increasing conductances. Although all agonists

A
+80 mV, 60 nM glutamate 4 .
w
& £ L
(o)) = = 3
2,
o2m- x &
cw l&c ad N g —
O —
O3» o1 02 03 04
M Highest Conductance Level
C b—q: -
Q I_ +80 mV, 5 mM glutamate

S T

~2ms
B +80 mV, 60 mM glutamate
1200 —
T (ms) a (%) 2.0 — — 80
1000 — 014 72
. 800 128 28 2.0 — | 60
S F 15 3
® £ — 40
v 10— s
0.5 — 20
0 / 0

log open period (ms)

Figure 4. High mode of gating in AMPA receptors
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Currents from one GluA2(Q) channel (outside-out patches) were elicited by 200 ms applications of glutamate.
Desensitization and polyamine block were reduced with CTZ (30 um external) and ATP (internal), respectively. A,
traces obtained in 60 nv glutamate illustrate openings to the four open levels (O1-4). Openings to the highest
conductance level 04 were substantially longer (note different time scale); occurred at higher frequencies (bar
graph) than predicted by binomial distribution; and were similar in appearance with the openings produced by
5 mwm glutamate. B, left, histogram of all open durations in one patch (open bins) illustrates two exponential
components (inset: time constants and areas); the fast component overlaps with the distribution of openings to
the lowest conductance level, O1 (filled bins). Right, summary of time constants and areas of the fast and slow
open components obtained from five patches. From Prieto & Wollmuth (2010).
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produced the same conductance levels, glutamate more
prevalently produced openings to the largest conductance
level even when all agonists were used at maximally
effective concentrations. In most records, occupancies of
the three open levels followed binomial distributions, as
expected from a mechanism of independently gating sub-
units. In a minority of records, only one conductance
level (O3 in glutamate or O1 in FW) was prevalent,
as if subunits were highly coupled or constrained in
some way. Given the many differences in experimental
conditions and analytical approaches, it is difficult to
ascertain whether this non-binomial mode of gating
resulted from the type of slow transitions documented by
Prieto & Wollmuth, (2010). Clearly, the transitions that
affect subunit coupling, if this is what they represent, were
quite infrequent in both studies. Instead, Poon and her
colleagues selected for in-depth kinetic analyses the more
prevalentrecords, those with binomial distributions (Poon
et al. 2010; Poon et al. 2011).

The analyses were initiated by first selecting active peri-
ods within each record (the longest closures representing
desensitized intervals were removed). Further, since the
P, for each conductance level was variable and agonist
dependent, the authors measured the probability of the
channel was closed, P. = 1— P,. According to P, the active
periods segregated into five modes, with open probabilities
(to either conductance level) ranging from 0.95 for the
very high (VH) mode to less than 0.02 for the very low
(VL) mode (Fig.5A). Most records had more than one
mode and several records had all five modes. Successive
segments were more likely to reflect activity in the same
mode than to change gating mode (Fig. 5B), an indication
that modal shifts are less frequent than the long closures
that flank active periods (i.e. desensitized intervals). These
same five modes were also observed in the files where
channels appeared to gate with a mechanism of highly
coupled subunits (all openings were at same conductance
level). This observation may indicate that the transitions
that cause ‘coupled-gating’ are even less frequent than
those that change segment P, (Poon et al. 2010).

Clearly, comprehensive reaction mechanisms for AMPA
receptors remain elusive. Still, given the complexity of
the recorded signal, we should applaud and encourage
efforts to further sort out the different types of behaviours,
to describe them with quantitative models, and to
re-assemble these, ideally, into a unified understanding
of AMPA receptor activation. Although admittedly
challenging, such analyses are essential if we are to under-
stand how the experimentally observed single-channel
patterns come together in a macroscopic signal and which,
when and how modes contribute to the synaptic signal.
These studies will also be indispensable to discovering
the structures responsible for modal behaviour in AMPA
receptors. However, for iGluRs modal gating is still an
emerging theme and efforts to identify intramolecular
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interactions that control these sporadic shifts in receptor
opening pattern are in their infancy.

Structural correlates of modal gating

Atomic resolution models emerging over the past decade
have been immensely valuable in formulating structural
hypotheses for channel function. However, for all ion
channels investigated to date, the spectrum of kinetic
behaviours observed in single channel records far
outweighs the number of structural conformations for
which knowledge is available. Thus, even though most
of the kinetic models presently in use explain only select
regions of the free energy landscape populated by any
ion channel protein, the set of resolved structures is even
more severely limited. Identifying structural correlates
of kinetically defined conformations represents a matter
of intense current investigation. The goal is to unify
emerging mathematical models of channel activation,
which should account quantitatively for and predict
macroscopic function, with the dynamic fluctuations in
receptor structure, which represent the physical basis for
changes in function. To date, two of the structurally
identified fluctuations may account for modal transitions
in iGluRs. The first involves interactions in the ligand
binding domain (LBD) that may physically trap the agonist
on the receptor to cause extended activations. The second
involves rearrangements in the pore that may serve to lock
the channel in open conformations and cause longer than
usual openings.

The first structural arrangement for a functional
tetrameric iGluR has been revealed only recently
(Sobolevsky et al. 2009) (Fig.6A). It illustrates an
AMPA-type receptor in complex with the antagonist
CNQX, and thus it most likely represents an
inactive conformation. However, the modular nature of
iGluR has allowed N-terminal domains (NTDs) and
ligand-binding domains (LBDs) to be expressed separately
as soluble globular proteins and to be investigated
with crystallographic approaches. The results informed
about the atomic arrangements within soluble modules,
about possible inter-domain interactions, and about
conformational changes produced by ligands (for a recent
review see Mayer, 2011). The first such structure solved
for iGluRs, the LBD of the GluA2 subunit, revealed two
lobes connected with a flexible hinge, helped delineate
agonist-dependent changes, and suggested the current
model of agonist-dependent iGluR gating (Armstrong
et al. 1998; Armstrong & Gouaux, 2000). This model
postulates that receptor activation involves the physical
association of an agonist molecule first with residues
located on the upper lobe (domain 1) of the LBD,
followed by interactions with residues located on the
lower, membrane-proximal lobe (domain 2). In some
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cases, ligand-receptor interactions are accompanied by  (activation gating) or by pulling on LBD modules to
cross-cleft interactions between domain 1 and 2 residues.  separate them from functional dimers (desensitization
Plausibly, in the full-length receptor, these movements  gating) (Gouaux, 2004; Mayer, 2006). Consistent with
would induce mechanical strain, which could be released ~ this model the more efficacious agonists produce larger
either by pulling on membrane helices to open the pore =~ domain movement than weaker or partial agonists,
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Figure 5. Five gating modes in GIuA3 receptors

Currents from one GIUA3(G) channel (on-cell patches) were recorded with the indicated agonists, and 100 um
CTZ in the pipette. Regardless of agonist and its concentration, channels opened to three conductance levels
(downward). During active periods (longest closed intervals removed), using a P, criterion segments fell into five
categories: VH, H, M, L and VL. A, examples of single channel traces in VH, H, M and L modes. B, for one
patch obtained with 50 um FW, segments are represented in the order in which they occurred in the record and
are plotted as a horizontal line according to segment Py, (upper panel) or assigned gating mode (lower panel).
Inset, transition matrix between modes shows that consecutive segments are more likely to have the same mode
of gating than to switch mode, an indication that modal transitions occur on a much slower time scale than
transitions associated with channel activation. From Poon et al. (2010), reprinted with permission from Elsevier/the
Biophysical Society.
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Figure 6. Structural hypotheses for iGIUR modes

A, structure of a homo-tetrameric AMPA-type receptor in complex with antagonist (CNQX) molecules. Each subunit
(blue, red, green and yellow) forms two extracellular globular domains (NTD and LBD) and a transmembrane
domain (TMD). From Sobolevsky et al. (2009); reprinted by permission from Macmillan Publishers Ltd: Nature,
©2009. B, isolated GluA2 LBDs organize as two hinged lobes that can adopt slightly different positions relative
to one another. Relative to the apo form (magenta), in the KA-bound form (orange) domain 2 is closer to
domain 1 by 12 deg whereas in the AMPA-bound form (purple), domain 2 is closer to domain 1 by 20 deg
(right panel). Also, in the AMPA-bound form two additional H-bonds form across the cleft between domains
1 and 2 due to an alternative conformation of the protein backbone around the tripeptide G653-5652-D651
(adapted from Armstrong & Gouaux, 2000 with permission from Elsevier). C, Two subunits of the KcsA channel
(grey) superimposed with the membrane domain (M1-M4) of two GIuA2 subunits; in the GIUA2 structure the
selectivity filter appears disordered (from Sobolevsky et al. 2009). D, atomic arrangements in the selectivity filter
of KcsA. In the wild-type channel (left panel) a network of hydrogen bonds stabilizes the filter in a conformation
that can quickly fluctuate between closed (C2) and open (O) conformations, with occasional sojourns in the
C-type inactivated state (I); in the E71A KcsA mutant (right panel), increased conformational dynamics of Asp80
prevents its interaction with Trp67 and by averting filter collapse stabilizes the open state. The single channel
trace illustrates fluctuations between actively gating and inactivated modes. From Cordero-Morales et al. 2006a;
reprinted by permission from Macmillan Publishers Ltd: Nature Structural and Molecular Biology, ©2006.
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whereas antagonists produce no movement at all. This
hypothesis is beautifully conveyed by superimposing the
GluA2-LBD structures obtained in the absence of ligand
(apo) or in the presence of either partial (KA) or full
agonist (AMPA) (Armstrong & Gouaux, 2000) (Fig. 6B).
Relative to the apo structure, in the KA-bound structure,
domain 2 rotates 12 deg toward domain 1 to narrow
the cleft. In the AMPA-bound structure the cleft is even
narrower due to a more robust 20 deg rotation and this
compact conformation is further stabilized by additional
cross-cleft interactions. Whether such cross-cleft inter-
actions can form or not depends on the position of the
protein backbone along the G653-S652-D651 tripeptide,
which can be flipped as in the AMPA-bound structure
or un-flipped as in the KA-bound structure (Fig. 6B). To
date, several structures have been described for LBDs of all
four GluA2 isoforms. These include apo conformations as
well as well as modules bound with ligands of efficacies
covering a broad pharmacologic spectrum.

Using the LBDs of GluA3, Poon and colleagues
observed that for a given LBD-agonist complex, the
corresponding G-S-D tripeptide can adopt either the
flipped or the unflipped conformations (Poon et al. 2011).
They proposed that the added stability that the flipped
conformation confers to a narrow, compact cleft may
represent a high open probability state for that subunit,
whereas the unflipped conformation may represent a low
open probability state. Given that each of the subunits
can adopt either the flipped (high) or the unflipped (low)
conformation, this model predicts that a receptor with
four independently gating units would produce up to five
patterns of activity, as observed by these authors in their
single channel data: with the highest mode represented by
receptors with all four subunits flipped and the lowest
mode represented by receptors with all four subunits
unflipped; the intermediate modes would be generated
by receptors with three, two or only one subunit flipped
(Poon et al. 2010). This hypothesis is consistent with the
observation that in all AMPA channels modes are stimulus
sensitive: the type of mode observed depends on the type
and concentration of agonist used to activate the channel.
Alternatively, Prieto and Wollmuth favour a hypothesis
where modal transitions change the receptors’ affinity
for glutamate and speculate that changes in inter-subunit
interactions at the level of LBDs may be the structural basis
for the modal gating they observe (Prieto & Wollmuth,
2010). Both mechanisms are plausible and rigorous
experimentation will be needed to gather evidence for
or against either of these models of AMPA receptor modal
gating.

However, a mechanism involving rearrangements in
the LBD cleft is unlikely to explain the modal shifts
of NMDA receptors. First, a peptide flip has not been
described for any of the LBD structures solved to date
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for NMDA receptor subunits (Furukawa & Gouaux, 2003;
Furukawa et al. 2005). Further, NMDA receptors whose
LBDs are locked shut, by engineering cysteine residues
across clefts, continue to display modal shifts similar to
their wild-type counterparts (Kussius & Popescu, 2009).
In addition, given that during gating NMDA receptor
subunits are highly coupled, a subunit-based mechanism
is unlikely to generate three distinct opening patterns
(Talukder & Wollmuth, 2011). A plausible hypothesis may
involve alternative arrangements in the channel pore as
recently demonstrated for the closely related pore of a
bacterial potassium-selective channel.

The best characterized mechanism for modal gating
so far is that of the bacterial KcsA channel (Chakrapani
etal. 2011). This small homotetrameric protein represents
the prototypical model for the pore-forming domains of
all potassium-selective channels and closely resembles the
core transmembrane domains of iGluRs (Wo & Oswald,
1995). A KcsA subunit consists of two transmembrane
helices that flank a membrane re-entrant helix/P-loop
segment, which are highly homologous to the M1-M3
segments of iGluRs (Fig.6C). Residues in the P-loop
form a highly selective filter for potassium ions and are
strictly conserved in K, channels (Doyle ef al. 1998). This
region is disordered in the tetrameric iGluR structure
solved by the Gouaux group. In contrast, for KcsA
several conformations of the selectivity filter have been
described with high resolution. Perozo and his colleagues
traced modal gating to specific interactions between
residues located in this pore domain (Cordero-Morales
et al. 2006b). The reaction mechanism of KcsA
channels consists of fast activation gating and slower
C-type inactivation (Armstrong, 2003). These functional
changes correspond to separate structural domains:
stimulus-dependent rearrangements at the intersection
of transmembrane helices and rearrangements within
the re-entrant pore loop, respectively. Single channel
traces recorded from KcsA channels display three gating
modes characterized by high, intermediate and low P,
(Chakrapani et al. 2007a,b). More recently, Chakrapani
and her colleagues were successful in identifying sub-
stitutions in the pore region of KcsA that trap channels
in high or low P, modes (Chakrapani et al. 2011). These
experiments add to the accumulating evidence that strong
interactions between an aspartate residue situated at the
top of the selectivity filter (D80) and a glutamate residue
located on the adjacent short helix (E71) promote a
structural filter collapse, which functionally represents
low P, single channel activity and the C-type inactivation
defined in macroscopic currents. Further, structural and
functional characterization of a series of mutations in this
region revealed that a highly conserved tryptophan residue
(W67) promotes a tripartite hydrogen-bond network
between D80, E71 and W67 side-chains (Fig. 6D). This
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network controls the structural stability of the conducting
filter and determines the gating modes observed in single
KcsA recordings (Cordero-Morales et al. 2011).

Several features of modal gating are similar between
KcsA and NMDA receptor. Published data illustrate
that both channels have three gating modes, each with
characteristic open durations. Notably in KcsA modes
are insensitive to the nature of the stimulus and so
are NMDA receptor modes (Kussius & Popescu, 2009;
Kussius & Popescu, 2010). The observation that a
number of allosteric modulators that influence NMDA
receptor gating have little or no effect on modes is
also consistent with separate structural determinants for
activation gating and modal gating (Kussius et al. 2009;
Amico-Ruvio et al. 2011). In addition, truncation of
the NTDs of NMDA receptors does not abolish modal
gating (Amico-Ruvio, personal communication) nor does
truncation of C-terminal domains (Maki & Popescu,
2011). Although these observations do not preclude the
possibility that perturbations within these distal domains
can substantially modulate the kinetics with which modes
happen, the structural substrates of modal shifts are likely
to reside within the core receptor structure, perhaps as
observed for KcsA. Whether dynamic fluctuations in the
structure of the selectivity filter underlie the mechanism
of modal gating in NMDA receptors or other iGluRs is
difficult to predict. The three residues involved in the
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modal gating of KcsA are largely conserved across many
K* channels and are likely to mediate modal gating of
the KT channel family members. However, these residues
are less well conserved in iGluR channels. The residues
corresponding to W67 of KcsA are strictly conserved in
both AMPA and NMDA receptors, but the conservation
of residues corresponding to E71 and D80 is weaker.

The examples discussed above illustrate two types of
structural changes that may lead to changes in the observed
gating pattern of iGluRs. Rules to connect particular types
of kinetic transitions to types of protein motions or to
the perturbations that cause these motions have not yet
emerged. Thus, to extrapolate from one channel family
to another and even within the same channel family is
unwarranted. In the absence of a unifying principle, facts
will have to be established the hard way, by examining
one molecule and one channel type at a time. As difficult
a task as this may be, evidence that modes may have a
prominent role in determining the time course of synaptic
transmission make a compelling case for taking on this
challenge.

Physiologic relevance of slow gating transitions

If modal transitions are too slow to occur with substantial
probability during a synaptic episode, the question arises
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Figure 7. Modal gating controls NMDA
receptor macroscopic time course
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from one channel (GIUN1/GIuN2A receptor,
outside-out patch) following brief pulses
(arrow, 1 ms) of 1 mm glutamate applied at 0.2

Hz, in the presence of glycine (0.1 mm). Sweeps
with similar kinetics (MOT and burst length)
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clustered together. Upper panels illustrate two
runs of 10 consecutive sweeps, recorded within
the same one-channel patch at ~10 min
interval (sweep number and MOT are indicated
for each run). Below each run, is the sum trace
for L- and M-sweeps, and at bottom the sum
trace for all sweeps. Grey lines superimposed
over summed current traces represent fits to
declining exponential functions. The
characteristic bi-exponential decay of an NMDA
receptor macroscopic response reflects the
merging of two distinct behaviours each
declining with mono-exponential time course
and interconverting on a min time scale. From
Zhang et al. (2008).
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whether modes are of any relevance to the time course
of the synaptic response and thus to brain function.
They may well be just peculiarities of single-molecule
dynamics, inconsequential remnants of aeons of protein
evolution. Strong evidence for how modal gating can
affect the amplitude and time course of excitatory post-
synaptic currents came from experiments where an
NMDA receptor of the 2A type was exposed repeatedly to
brief synaptic-like pulses of glutamate, for several minutes
in a row (Fig. 7) (Zhang et al. 2008).

These experiments were prompted by the puzzling
observation that NMDA receptor reaction mechanisms
that did not explicitly include modal transitions failed
to predict the well documented bi-phasic decay of this
receptor’s macroscopic response (Lester ef al. 1990; Keller
etal. 1991; Vicini et al. 1998; Wyllie et al. 1998). In addition,
the experimental currents decayed with more variable
kinetics than predicted for a populations of channels
that gated with homogeneous kinetics (Wyllie et al. 1998;
Banke & Traynelis, 2003; Popescu & Auerbach, 2003;
Popescu et al. 2004; Auerbach & Zhou, 2005; Schorge
etal.2005). Inspection of series of activations elicited from
the same one-channel patch for a period long enough to
include at least one modal shift (>5 min) showed that,
indeed, the summed activations in each patch decayed
with biphasic kinetics (Fig. 7). This time course matched
well with values measured in multi-channel patches
under similar experimental conditions, an indication that
taken together the single-channel sweeps, even though
recorded one at a time, represent well the unison response
observed in a macro-patch. Importantly, when individual
activations were selected by open time, a kinetic marker
for modes in 2A and 2B channels, they also had similar
open probabilities and activation lengths. Sweeps with
similar kinetics also tended to occur in runs as would
be expected if the change in kinetics was on a longer
time scale than activation and desensitization gating
(Fig. 7).

These features were well captured with a tiered model
where each arm represented the linear model derived
from activations grouped by kinetic mode. The tiered
model posits that the biphasic deactivation of NMDA
receptors reflects short and long activations of kinetically
distinct receptor populations, and these can interconvert
on a minute time scale through modal transitions.
Thus, although too slow to occur with measurable
probability during a synaptic response, modal trans-
itions may influence the shape of the synaptic response
by controlling how resting receptors are pre-distributed
across distinct kinetic modes. Neuronal NMDA receptors
have modal gating as well, and together these result
support the view that the biphasic decay of the NMDA
receptor-mediate synaptic response is controlled by modal
gating.
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Conclusion

In summary, modal gating designates low probability
rearrangements in protein structure that produce a sub-
stantial change in the overall pattern of channel opening.
Modal switches can be directly observed only in single
channel traces and contribute substantial complexity to
a signal that is already difficult to interpret. However,
the effort required to identify, sort and characterize
single molecule behaviours is well worth investing.
Such efforts have already generated new knowledge and
are likely to provide additional clarity into how each
microscopic transition shapes the excitatory synaptic
response; which transitions are modulated by physio-
logical and pharmacological agents; and which structures
are responsible for these observed transitions. Without
doubt, since the first observation of an electrical signal
passing from one cell to another, we have come
a long way in understanding how the postsynaptic
currents arise and are controlled. However, the unknowns
remain formidable. For the excitatory glutamate-activated
channels of the mammalian central nervous system,
we know the primary sequence of the building units
but not which ones come together to make functional
receptors at real synapses; we know atomic architectures
for some structural modules but not how all atoms
organize in intact receptors; and as outlined in this review,
we have only begun to chart their gating mechanisms,
including their ability to change modes. Although in
iGluRs, the kinetics and mechanism(s) of modal gating
have just begun to be investigated systematically, emerging
evidence that modal shifts may control key features of the
excitatory current, such as peak amplitude, time course
and charge transferred, make the case that modes deserve
the same attention and curiosity that the activation and
desensitization of iGluRs have attracted all along.
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