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Abstract

The functional properties of AMPA receptors shape many of the essential features of
excitatory synaptic signalling in the brain, including high-fidelity point-to-point transmission
and long-term plasticity. Understanding the behaviour and regulation of single AMPAR
channels is fundamental in unravelling how central synapses carry, process and store
information. There is now an abundance of data on the importance of alternative splicing,
RNA editing, and phosphorylation of AMPAR subunits in determining central synaptic
diversity. Furthermore, auxiliary subunits have emerged as pivotal players that regulate
AMPAR channel properties and add further diversity. Single-channel studies have helped
reveal a fascinating picture of the unique behaviour of AMPAR channels — their
concentration-dependent single-channel conductance, the basis of their multiple-
conductance states, and the influence of auxiliary proteins in controlling many of their gating
and conductance properties. Here we summarize basic hallmarks of AMPAR single-
channels, in relation to function, diversity and plasticity. We also present data that reveal an

unexpected feature of AMPAR sublevel behaviour.

Keywords: AMPA receptors; single-channels; GluA2; TARPs; AMPA receptor function;

receptor diversity; synaptic plasticity.

Introduction

AMPA receptors (AMPARS) are tetrameric ion channels gated by the central excitatory
neurotransmitter glutamate (Traynelis et al., 2010). Unlike NMDA receptors (NMDARS), the
AMPARSs display rapid kinetics and are thus the primary transduction elements responsible
for fast excitatory transmission in the brain. They are also critical in the expression of
synaptic plasticity. AMPARSs occur in a wide variety of assemblies that differ in their subunit
(GluA1-4) composition. Each subunit endows the AMPAR with distinct biophysical,

pharmacological and functional properties.

Most native AMPARSs are associated with auxiliary transmembrane proteins that increase
molecular diversity still further by acting as ‘intrusive chaperones’ that regulate receptor
trafficking (Bats et al., 2007; Tomita et al., 2005b), biogenesis (Schwenk et al., 2019), and
channel function. All three ‘core’ auxiliary subunits, namely transmembrane AMPAR
regulatory proteins (TARPs y2, -3, -4, -5, -7, and -8) (Jackson and Nicoll, 2011; Tomita et al.,
2003), cornichons (CNIH2 and -3) (Nakagawa, 2019; Schwenk et al., 2009) and GSG1L
(Schwenk et al., 2012; Shanks et al., 2012) influence basic AMPAR single-channel

properties.



While functional work on AMPAR channels commenced several decades before information
on the receptor’s structure was available, molecular and structural studies have cast crucial
light on the operation of AMPARSs (Chen and Gouaux, 2019; Greger et al., 2017; Hollmann
and Heinemann, 1994; Seeburg and Hartner, 2003). To allow us to consider some of the
unique functional properties of AMPAR single-channels in a structural context we will
therefore first summarize the structural operation of the channel, before focusing on unique

functional features revealed by single-channel studies.

1. A brief synopsis of AMPAR operation

AMPARSs function as tetrameric assemblies with each subunit consisting of an extracellular
N-terminal- and ligand binding domain (NTD and LBD), a transmembrane pore-forming
domain (TMD), and an intracellular C-tail (Sobolevsky et al., 2009; Traynelis et al., 2010)
(Fig 1a). LBDs fold independent of each other forming four freestanding clamshell-like
structures, allowing each receptor to bind up to four agonist molecules at any time. The LBD
of each subunit connects to the subunit’s transmembrane (M1, M3 and M4) domains via
three linkers (TM linkers), and it is through these linkers that LBDs control the channel gate.
Opening of the gate allows cations to access the conductance pathway and pass through

the selectivity filter formed by the M2 re-entrant loop.

Glutamate binds within the angle of the lobes of the LBD, docking via its amino and carboxyl
groups to the upper D1 lobe (Armstrong and Gouaux, 2000). Once docked, the acidic
sidechain group interacts with the lower D2 lobe triggering a large movement of D2 as it
encloses the agonist. The LBDs of the four subunits are organized in pairs, interacting with
each other through their back-to-back dimer interface (Armstrong and Gouaux, 2000) (Fig
la-d). This rigid arrangement means that LBD closure results in movement of only the D2
lobes, applying tension to their associated TM-linkers which pull the channel open (Chen et
al., 2017; Twomey et al., 2017a) (Fig 1c,e). Subsequent channel closure occurs either by
deactivation (when glutamate unbinds) or via desensitization (when glutamate remains
bound). During desensitization, the back-to-back interface fractures, the closed LBDs no
longer apply tension to the pore linkers, and the pore reverts to its resting (closed) state
(Armstrong et al., 2006; Chen et al., 2017; Sun et al., 2002; Twomey et al., 2017b) (Fig
1d,e).
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Fig 1. The AMPAR gating cycle and single-channel recording. a) AMPAR subunit topology and

modular structure (Left) and the quaternary arrangement and spatial orientation of the LBD and TM

4



layers around the central axis of the channel (Right). b) Upper row: Closed channel structure of
GluA2(Q)_GSG1L with competitive antagonist ZK200775 bound (GluA2-GSG1Lzk-1, (Twomey et al.,
2017a)). Each AMPAR subunit is in a different color, the antagonist is shown in green and the
auxiliary subunits are shown in transparent gray. Middle row: The LBD dimer of subunits ‘A’ (gold)
and ‘D’ (blue) is shown — upper D1 lobes in pale color, lower D2 lobes in dark color. The LBD
junctions of the S1-M1, M3-S2 and S2-M4 linkers are shown as turquoise dots. Lower row: Cartoon
shows the LBDs, with antagonist ZK200775 (red spheres), TM linkers (turquoise) and the M3 helices.
c) Same depiction as in b) but for the glutamate and cyclothiazide-bound GIuA2(Q)_y2 open channel
structure (GIuA2-STZciu+c1z (Twomey et al., 2017a)). Glutamate and cyclothiazide are shown in the
structures in green and pink respectively. Glutamate is shown as green spheres in the cartoon. d) as
in b), but for the closed channel desensitized structure of quisqualate (agonist)-bound
GluA2(Q)_GSG1L (GluA2-2xGSG1Lquis (Twomey et al., 2017b)). Quisqualate is shown as green in
the structures and cartoon. e) Outside-out patch recording of a single GluA2(Q)/y8 receptor activated
by a fast application of 10 mM glutamate. The closed, open and desensitized phases of the response
are aligned below their structural correlates. Previously unpublished data, for methods see Coombs et
al. (2019).

The closed channel gate is formed by a crossing of the M3 helices towards the extracellular
side of the membrane, a structure stabilized by a ‘cuff’ formed from the short pre-M1 helices
(Sobolevsky et al., 2009). Following LBD closure and gate opening, the M3 helix bundle
unravels resulting in a large dilation of the central axis, allowing ions access to the channel
(Chen et al., 2017; Twomey et al., 2017a). The selectivity filter, located towards the
intracellular end of the conductance pathway, is crucial to AMPAR function as it dictates
whether the channel has permeability to Ca?* along with Na* and K*. Unlike the other
AMPAR subunits, GIUA2 is subject to RNA editing which results in the incorporation of a
positively changed arginine residue at the tip of the selectivity filter, replacing the genetically
encoded neutral glutamine (Sommer et al., 1991). The inclusion of edited GIuA2 subunits
into the tetramer renders the heteromeric channels Ca?*-impermeable (Hollmann et al.,
1991) and abolishes their sensitivity to block by endogenous intracellular polyamines (Bowie
and Mayer, 1995; Kamboj et al., 1995; Koh et al., 1995).

2. AMPARs open to multiple-conductance levels

AMPARSs possess a panoply of intriguing, and in some cases unique, single-channel
properties. The activation of AMPARSs gives rise to channel openings characterized by the
presence of multiple sub-conductance levels. These events have been described in a wide
variety of mammalian neurons and glia (Cull-Candy and Usowicz, 1987, 1989; Howe et al.,
1991; Jahr and Stevens, 1987; Smith et al., 2000; Wyllie and Cull-Candy, 1994). The

presence of resolvable steps between the various sublevels provided compelling evidence



that the different levels can arise from the same receptor channel (Cull-Candy and Usowicz,
1987, 1989; Howe et al., 1991; Jahr and Stevens, 1987).

It was clear from early studies that individual native AMPA receptor subtypes displayed
characteristic ‘single-channel signatures’. Thus, two distinct types of multiple conductance
AMPAR channel openings were identified in cultured cerebellar granule cells — namely, a
channel that opens to 10, 20 or 30 pS, and one that opens to 5 or 10 pS (Wyllie et al., 1993).
In addition, a separate population of femtosiemens channels’ was identified in these cells
from noise analysis (~140-360 fS) (Cull-Candy et al., 1988; Smith et al., 2000). By contrast,
cerebellar Purkinje cell patches exhibit a different population of multiple conductance
AMPAR openings (with discrete sub-conductances of between ~2 -10 pS) (Momiyama et al.,
2003). The presence of a variety of distinct multiple conductance AMPAR channels provided
early evidence for the idea that a variety of native AMPARSs existed within central neurons
and glia. This was confirmed by subsequent molecular studies that identified the four
homologous AMPAR subunits (GluAl-4), occurring in multiple splice isoforms and able to
function as homo- or heteromeric assemblies (Hollmann and Heinemann, 1994; Keinanen et
al., 1990).

3. Inclusion of GIuA2 affects single-channel conductance

Cloning of the glutamate receptor genes allowed examination of single-channel currents
generated by recombinant AMPARSs of known subunit composition (summarized in Table 1).
It is apparent from these studies that AMPAR channel properties depend on subunit
composition, RNA editing and splice isoform (Swanson et al., 1997). In particular, AMPAR
channel conductance is markedly altered by the presence of GIuA2 subunits. Receptors
lacking GIuA2 are not only calcium permeable but also exhibit a high channel conductance
compared with their calcium impermeable counterparts. By contrast, homomeric AMPARS
composed entirely of edited GluA2 subunits were found to produce a noise increase rather
than resolvable single-channel openings. Fluctuation analysis has revealed the presence of
channels with an unusually low (<300fS) conductance. This led to the suggestion that the
‘femtosiemens channels’ previously detected in cerebellar granule cells could be ascribed to

native homomeric GIuA2 receptors (Swanson et al., 1997) (see below).

In the majority of single-channel studies on recombinant Ca?*-permeable (CP)-AMPARS,
three predominant conductance states of roughly 8, 16 and 24 pS have been resolved
(Table 1). By contrast, the GIuA2 containing Ca?*-impermeable (CI)-AMPARs display
openings of predominantly ~10 pS or less. These studies have replicated many of the

properties seen with native receptors. Thus, GluA2/4 heteromers display two predominant
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conductance states of approximately 4 and 9 pS (Swanson et al., 1997), matching
reasonably well the ‘low conductance’ AMPAR channels thought to arise from GIuA2 and
GluA4 expressing cerebellar granule neurons (Wyllie et al., 1993). Furthermore, homomeric
GluA4 receptors display three conductance states of approximately 8, 16 and 23 pS when
activated by the full-agonists glutamate or AMPA, resembling the ‘high conductance’

AMPAR in cultured cerebellar granule cells (Wyllie et al., 1993).

Interestingly, in the study of Swanson et al. (1997), no subunit combination precisely
matched the behavior of the native ‘high-conductance’ cerebellar granule cell channels. For
example, while the native channels displayed similar conductance levels in response to both
AMPA and kainate (Howe et al., 1991; Wyllie et al., 1993), the recombinant CP-AMPARSs
(homomeric GluA4) displayed a much lower channel-conductance when activated by kainate
rather than AMPA (Swanson et al., 1997). In addition, several studies of cerebellar neurons
have identified a population of 40-50 pS channels activated by quisqualate and kainate
((Cull-Candy and Usowicz, 1987; Howe et al., 1991; Smith et al., 2000; Usowicz et al., 1989;
Wyllie and Cull-Candy, 1994; Wyllie et al., 1993). Openings to this conductance appear
extremely rare or absent in reports from recombinant receptors composed solely of GIuAl-4
(Table 1).

These apparent discrepancies were largely resolved with the discovery that auxiliary
AMPAR subunits such as the TARPs are associated with the majority of native AMPAR
complexes (Chen et al., 2000; Schwenk et al., 2014; Schwenk et al., 2012; Tomita et al.,
2003). The TARPs increase the efficacy of the partial agonist kainate at AMPARs (Tomita et
al., 2005a) helping to explain the occurrence of full conductance openings of native AMPARS
elicited by kainate. Furthermore, compared to GluA assemblies in isolation, TARPed
AMPARSs give rise to a greater proportion of high-conductance openings (Shelley et al.,
2012; Tomita et al., 2005a) which can account for the large 40-50 pS openings in native
preparations. The presence of TARP y2 (stargazin) in cerebellar AMPARS can therefore
account for the functional mismatch between recombinant GluA4 and native CP-AMPAR

channels.



Conductance [pS] (Prevalence [%])
Receptor Agonist Reference

Level 1 Level 2 Level 3 Level 4
Ca?*-permeable receptors
GluAl Glutamate 7.6 (35) 12.9 (73) 24.8 (34) (Shelley et al., 2012)
GluAl Glutamate (2 mM) 5 9 15 24 (Kristensen et al., 2011)
GluA1l AMPA (1 uM) + ctz 10.9 15.2 21.6 (Fucile et al., 2006)
GluAl AMPA (10 pM) 9.4 13.6 20.5 28.3 (Derkach et al., 1999)
GIuAl + AMPA (10 pM) 7.6 (45%) | 12.4 (45%) | 19.3 (558 | 29.5 (55%) | (Derkachetal., 1999)
CamKll
GluAl + PKA Glutamate (10 uM) 5(86) 14(12) 20(2) (Banke et al., 2000)
GIuAl + Glutamate (10 pM) 4(66) 11(27) 25(7) (Banke et al., 2000)
Calcineurin
GIuA2Q Glutamate 6.1(27) | 11.4(53) 18(20) (Jin et al., 2003)
GluA2Q Glutamate 6.5(46.7) | 14.8(32.4) | 23.7(19.1) | 36.2(2) (Zhang et al., 2008)
GluA2Q Quisqualate (1 mM) 7.5(35.6) | 15.4(33.8) | 24.2(27.3) | 36.8(4) (Zhang et al., 2008)
GluA2Q Glutamate (5 mM) +ctz | 7.6(19) 15.4(35) 22.8(38) 30.8(7) (Prieto and Wollmuth, 2010)
GluA2Q Glutamate (60 uM) + ctz | 7.6(43) 15.4(32) 22.8(21) 30.8(4) (Prieto and Wollmuth, 2010)
GIuA2Q Glutamate 7(71) 14(21) 22(3.5) (Carrillo et al., 2020)
GluA2Q Glutamate +ctz 7(4.5) 14(12.5) 22(19) 37(72) (Carrillo et al., 2020)
GIuA3 Glutamate (5 mM) +ctz | 10 23 33 47 (Shi et al., 2019)
GIuA3 Glutamate (5 mM) +ctz | 14 26 39 (Poon et al., 2010)
GluA4 Glutamate (100 uM) 8 15 24 (Swanson et al., 1997)
GluA4d AMPA (10 uM) 7 16 27 (Swanson et al., 1997)
GluA4 Glutamate 8.7(62) 19.5(25) 31(11) 44.8(1) (Tomita et al., 2005a)
GluA4 Glutamate 8.5(79.4) | 18.9(16.4) | 29.3(3.2) | 40.1(1.0) | (zhang etal., 2017)
GluA4 Glutamate + ctz 9.6(34.6) | 18.0(37.5) | 25.6(21.7) | 36.3(8.4) (Zhang et al., 2017)
GluA2Q/4 Glutamate (100 uM) 8 17 26 (Swanson et al., 1997)
GluA2Q/4 | AMPA (10 pM) 7 15 24 (Swanson et al., 1997)
With TARPs
GluA1/y2 Glutamate 11.5(32) | 22.3(38) 38.8(42) (Shelley et al., 2012)
GluA1/iv4 Glutamate 12.3 (47) | 22.9(33) 42.3(37) 57.2(9) (Shelley et al., 2012)
GIuA1/Y5 Glutamate 9.4(32) 21.7(61) 38.1(20) (Shelley et al., 2012)
GIuA2Q/y8 | Glutamate 7(3.5) 14(10.5) 22(16) 37(75) (Carrillo et al., 2020)
GluA2Q/y2 | Glutamate + ctz 3.7 16.1 30.6 38.6 (Coombs et al., 2017)
GluAd/y2 Glutamate 9.3(42) 21.7(25) 36(24) 49.6(9) (Tomita et al., 2005a)
GluA4_y2 Glutamate 9.2 20.3 32 42.8 (Zhang et al., 2014)
Ca*"-impermeable receptors
GluA2/4 Glutamate (100 uM) 4 10 (Swanson et al., 1997)
GluA2/4 AMPA (20 pM) 4 9 (Swanson et al., 1997)
GluA2R/y2 | Glutamate 3.5 6.9 10.3 14.1 (Coombs et al., 2019)

@ Derkach et al., 2000 reported combined proportions of openings 01/02 and O3/04.

Table 1. AMPARs subunit composition governs single-channel signature.
Multiple conductance levels identified from single-channel recordings of wild-type AMPAR subunits
expressed in HEK293 cells activated by full agonists. Where published, the percentage of openings to

each state are displayed in brackets.



4. Auxiliary subunits control single-channel properties

Three families of ‘core’ transmembrane auxiliary AMPAR subunits appear pivotal in
controlling AMPAR behavior. All of the TARPs (y2, -3, -4, -5, -7, and -8) and two widely
occurring members of the cornichon family (CNIH2 and -3) markedly increase single-channel
conductance (Coombs et al., 2012; Shelley et al., 2012; Tomita et al., 2005a). Furthermore,
by slowing desensitization and deactivation (Cho et al., 2007; Schwenk et al., 2009) they
lengthen the duration of single-channel openings (Coombs et al., 2012; Tomita et al.,
2005a). In marked contrast, the third type of core auxiliary subunit, GSG1L, decreases the
mean single-channel conductance of CP-AMPARSs by ~50% (McGee et al., 2015) and
reduces excitatory post-synaptic current (EPSC) amplitude in hippocampal neurons (Gu et
al., 2016; McGee et al., 2015). Other important families of auxiliary subunits have also been
identified, notably the single TM CKAMP/Shisa family (Schwenk et al., 2012; von Engelhardt
et al., 2010). These appear to be more peripherally arranged within the AMPAR complex,
and their functional effects on single-channel properties seem somewhat less marked. Noise
analysis revealed a slight decrease in the single-channel conductance of dentate gyrus
granule cell AMPARSs from CKAMP44’ mice (Jacobi and von Engelhardt, 2021;
Khodosevich et al., 2014; Klaassen et al., 2016).

As well as dictating the AMPAR current (and thus EPSC) waveform, the auxiliary subunits
markedly alter the receptor’s pharmacology, and for CP-AMPAR subtypes their susceptibility
to block by endogenous and exogenous polyamines (Jackson et al., 2011; Soto et al., 2007).
In addition, the auxiliary subunits have a pronounced effect on the receptor’s response to
low concentrations of glutamate (Coombs et al., 2017; Morimoto-Tomita et al., 2009), and to
high frequency activation (Carbone and Plested, 2016). Thus, the discovery that auxiliary
subunits are crucial in AMPAR functioning has radically altered our understanding of
AMPAR single-channel behavior. Nonetheless, while in total there are at least 15
transmembrane AMPAR auxiliary proteins that could assemble with, and potentially modify
the functional properties of, AMPAR complexes, many of these AMPAR auxiliary subunit

combinations are yet to be examined at the single-channel level (Table 1).

5. What has the analysis of sublevels revealed about AMPAR function?
The presence of sub-conductance states is a feature that is particularly striking in AMPARS
and the analysis of these has revealed surprising and unique features of the binding-gating

mechanism associated with channel activation.

Sublevels reflect the level of agonist occupancy of LBDs: The binding of glutamate and the

subsequent channel gating occur on a fast timescale — typically with current rise times of
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200-400 ps. However, the unbinding of competitive antagonists such as NBQX (2,3-dioxo-6-
nitro-1,2,3,4-tetrahydrobenzo[flquinoxaline-7-sulfonamide) is several orders of magnitude
slower (MacLean et al., 2014; Rosenmund et al., 1998). Thus, by saturating receptors with
NBQX before fast application of an agonist, the time course and process of single-channel
activation can be directly resolved over a period of hundreds of milliseconds as the NBQX
molecule bound to each LBD is replaced by glutamate (Coombs et al., 2017; Rosenmund et
al., 1998) (Fig 2a).

Using this elegant approach, Rosenmund et al. (1998) found that when occupied by a single
agonist molecule (plus 3 NBQX molecules) homomeric GIuA3 or chimeric AMPA-/kainate
(GIuA3/GIluK?2) receptors did not generate a detectable conductance. By contrast, the
binding of two agonist molecules produced a small current that increased in a stepwise
fashion as the third and fourth agonist molecules bound (Rosenmund et al., 1998). This
picture is consistent with the view that channel conductance increases as more LBDs
become occupied by the agonist. Hence, the maximum conductance arises only from a fully
saturated AMPAR. These experiments provided the first mechanistic insight into the origin of
sublevel behavior of AMPARS, and suggested that sublevels reflected a novel graded

response to increased agonist occupancy.

Single-channel conductance depends on agonist concentration: If AMPAR sublevel behavior
does indeed reflect the level of agonist occupancy, one would predict that single-channel
conductance would display agonist concentration-dependence. While the steady-state
application of different glutamate concentrations does not allow sublevels of known
occupancy to be examined, it provided a direct test of the idea that low glutamate
concentrations, and hence less occupied receptors, generate a skew towards lower
conductance states. Indeed, single AMPAR channels from cerebellar granule cells (Smith
and Howe, 2000) and hippocampal CA1 pyramidal cells (Gebhardt and Cull-Candy, 2006)
displayed an increased prevalence of low conductance openings in micromolar and
submicromolar glutamate (when compared with mM levels). Furthermore, as expected, the
amplitude of the individual sub-conductance levels was concentration independent (Fig 2b).
Additionally, at low glutamate concentrations the openings displayed short open periods
(Gebhardt and Cull-Candy, 2006) and a low Pggen (Smith and Howe, 2000). A similar trend
was also apparent in recombinant GluA2(Q) receptors recorded with 60 uM or 5 mM

(saturating) glutamate (Prieto and Wollmuth, 2010) (see Table 1).
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Fig 2. AMPAR sublevels represent agonist occupancy of four LBDs.

a) Cartoon showing how glutamate occupancy and channel gating is slowed by prior application of the
competitive antagonist NBQX. Lower panels show recordings from individual TARPed AMPARs. As
glutamate replaces NBQX, the channel opens in a stepwise manner, revealing four occupancy-dependent
conductance levels in these TARPed AMPARs. Adapted from Coombs et al. (2017). b) Cartoon depicting
increasing LBD occupancy with glutamate concentration. Unoccupied subunits are shown as gray,
occupied subunits are blue. Lower panel shows single-channel currents recorded in an outside-out patch
from a hippocampal CA1 neuron exposed to the three different concentrations of glutamate (200nM,
10uM, 10mM). Note that the proportion of high-conductance openings increases with glutamate
concentration. Adapted from Gebhardt and Cull-Candy (2006).
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Together with the observation that the conductance of single-channels is concentration-
dependent, the stepwise time-course of single-channel openings during NBQX unbinding
provides compelling support for the view that the AMPAR’s LBDs contribute to channel
opening in a cumulative fashion. Mechanistically, the closure of each LBD is believed to pull
on the linkers connected to the pore. Therefore, it seems that individual LBD closures
influence the pore in a concerted manner, to progressively ratchet the pore to its fully open
state. It has been proposed that variable sidechain orientation at the Q/R site may also play
a key role in giving rise to different conductance sublevels (Twomey et al., 2017a). This latter
idea is difficult to test directly, but may be amenable to molecular dynamics simulations.

Despite the broad structural similarities among iGluRs (Traynelis et al., 2010), the
occupancy-dependent gating behavior of the AMPARS appears quite distinct. Kainate
receptors display sublevels that depend weakly, or not at all, on agonist concentration,
suggesting a strong degree of cooperation between subunits (Smith and Howe, 2000).
Meanwhile NMDARs require both GIuN1 subunits to be occupied by glycine, and both GIuN2
subunits to be occupied by glutamate for concerted channel opening (Patneau and Mayer,
1990). Thus, the ratcheting type arrangement that prevails at AMPARS appears unique
amongst the iGIuR superfamily. Indeed, no other ligand gated ion channel has so far been

described with a channel conductance that is concentration dependent.

6. TARPs modify sub-conductance gating and channel operation

Binding of a single agonist molecule is sufficient to partially open the channel: We recently
examined NBQX unbinding from TARPed AMPARSs (GIuAl and GIuA2(Q) with y2). In
contrast with TARPIless receptors, four sequential conductance states could be resolved in
the presence of y2, suggesting that in this case the binding of a single agonist molecule
allows partial opening of the AMPAR pore (Coombs et al., 2017). This finding is in keeping
with earlier observations that y2 increases agonist efficacy. Thus, macroscopic data has
shown an increase in efficacy of the partial agonist kainate (Tomita et al., 2005a), and
conversion of CNQX from an antagonist to a partial agonist (Menuz et al., 2007). Singly-
liganded gating can also help explain the bell-shaped steady-state dose response
relationships displayed by AMPAR/TARP complexes in certain conditions (Morimoto-Tomita
et al., 2009), as singly-liganded receptors are gated, but are subject only to limited
desensitization when TARPed (Coombs et al., 2017).
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TARPed AMPARSs exhibit increased mean single-channel conductance: The amplitude of the
full- and sub-conductance levels measured during NBQX unbinding appear larger with y2-
associated AMPARSs than receptors in the absence of a TARP. We measured values of 4,
16, 31 and 39 pS for receptors associated with y2 (Coombs et al., 2017), whereas GIUA3
and GIuA3/GIluK2 chimeras in the absence of a TARP gave values of 0, 5, 15 and 23 pS
(Rosenmund et al., 1998). This is consistent with the identification of unique high
conductance states of certain AMPAR/TARP combinations (Shelley et al., 2012), but, at face
value, is at odds with the idea that the sub-conductance levels of TARPed and TARPless
receptors are identical, and that TARPs act simply to increase the relative proportion of
higher conductance openings (Tomita et al., 2005a). However, one caveat is that the single-
channel behavior of partially glutamate-occupied receptors (where the remaining LBDs are
either unoccupied or NBQX-bound), is not necessarily equivalent. For example, the relative
mobility of LBD conformations is more restricted when bound by an antagonist (Plested and
Mayer, 2009) — a feature that could result in Apo and NBQX-bound LBDs influencing the
pore in subtly different ways. Further, in the absence of TARPs certain AMPARSs can display
single-channel openings of >30 pS (Table 1) (Carrillo et al., 2020; Poon et al., 2010; Prieto
and Wollmuth, 2010; Shi et al., 2019; Tomita et al., 2005a; Zhang et al., 2017). Hence, it
seems that higher conducting states are not exclusive to TARPed receptors. The exact
nature of the influence of TARPs on AMPAR single-channel conductance sublevels

therefore remains an open question.

7. Do channel gating properties depend on position of occupied subunits?

Open channel structures of homomeric TARPed GluA2 AMPARs have been determined
from either a tandem construct for GIuA2(Q) and y2 (GIuA2Q-STG) (Twomey et al., 2017a),
or separately expressed GluA2(R) and y2 (GIuA2-TARP y2) (Chen et al., 2017). As
expected, in both open channel structures the narrowest point of the pore is no longer the
activation gate formed by the M3 helixes, rather it is at the level of the selectivity filter and
pore loop. As GIuA2 was fully occupied with agonist in both these studies, the structures
seem likely to correspond well to the channel’s maximum conductance state (O4). Of note,
the structures are asymmetrically open. In other words, LBD closure within the distal B/D
subunits (see Fig 1) produces greater separation of the channel regions than seen for LBD

closure within the proximal A/C subunits.

The structures of the open AMPAR channels raise an important question regarding the
nature of sub-conductance states. For partially occupied channels, given that the B/D
subunits produce more separation than the A/C subunits (with the Ca separation of B/D

Thr625 being approximately double that of A/C Thr625 in all structures), does the

13



proximal/distal positioning of the closed LBDs influence the single-channel conductance of
the open channel? Evidence from NMDARs suggests that the distal GIuUN2 subunits
transmit more energy at an earlier stage of gating than the proximal GIuN1 subunit (Kazi et
al., 2014). Therefore, it seems feasible that glutamate binding to the proximal rather than the
distal AMPAR subunits can produce different functional outcomes. Indeed, a recent structure
of an activated GluA1/2/y8/CNIH2 assembly showed that the A/C GIuA1l subunits and B/D
GIuA2 subunits have disparity in their separation virtually throughout the entire pore,
including the selectivity filter (Zhang et al., 2021).

One possible outcome of the dependence of gating on the position of the occupied subunits
is that receptors with the same numerical occupancy could display different functional
properties, including distinct sublevel conductances. In Fig 3a we display the aligned pore-
forming regions of cryo-EM structures of GIuA2Q in agonist-bound activated and antagonist-
bound closed conformations, visualized as partially gated ‘structural chimeras’. Given the
relatively increased separation of the distal B/D subunits compared with the proximal A/C
subunits, the bi-liganded structural chimeras clearly show different degrees of pore dilation,
which may influence channel conductance. Interestingly, our NBQX-unbinding data for single
AMPAR/y2 combinations (Coombs et al., 2017) contains some support for the idea that
gating of proximal vs distal subunits differs functionally. By counting back from O4 to O1 in
the ‘staircase’ of open states, we can unambiguously pinpoint the O2 state in a majority of
sweeps (see Fig 3b). Identified in this way, the O2 openings showed a mean conductance of
16.1 pS. However, the amplitude distribution displayed a standard deviation of fitted
conductances that was visibly greater than that seen for other open levels (Fig 3b,c). Our
analysis indicates that openings to O2 are better approximated by a two-component fit
containing a 7.4 pS component (30% of total) and a 19.4 pS component (70%) (Fig 3c).
Given the relative proportions of these O2 openings, we posit that the smaller component
arises from receptors gated by the two proximal (A/C) subunits. Structurally these are
predicted to have reduced dilation of the gate, and hence, potentially, a lower conductance
(Fig 3a). They are expected to give rise to ~25% of all O2 openings — strikingly similar to the
proportion we have observed. This unexpected feature of AMPAR single-channel behavior

ties in neatly with the structural findings.
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Fig 3. Structural modelling and single-channel recordings reveal that O2 openings may contain
more than one conductance level.

a) Left. The aligned M2, M3 and M3-S2 linker regions of closed (blue) and activated (red) structures
of GIuA2Q_auxiliary subunit tandem constructs (Twomey et al., 2017a). Right. Top-down views of the
gate region showing the Ca atoms of Thr617, Ala621 and Thr625 for the pore proximal (A and C), and
pore distal (B and D) subunits of the closed (left) and fully open (right, O4) structures. Models of three
‘half-occupied’ (two LBDs occupied) channels (middle) were constructed using only two gated
subunits (O2p2 both proximal; O2p4, one proximal, one distal; and O2q42 both distal). The blue shaded
area corresponds to the closed channel dimensions at each level, and the silhouette of this area is
superimposed on the other structures. Note how the area of dilation (gray) of O2p2 is markedly smaller
than O2p¢ and O242, suggesting they may be functionally different. b) Representative records from a
single-channel GluA1_y2 outside-out patch in the continuous presence of 50 uM cyclothiazide,
jumped from 50 yM NBQX into 10 mM glutamate. Data from Coombs et al. (2017). The upper patch
(which does not display a measurable O1 state) displayed a smaller conductance O2 opening
(potentially O2p2). The lower patch displayed all four sequential sublevels (O1-0O4) including a larger
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conductance O2 opening (potentially O242). ¢) Upper. Histogram showing all resolved openings with
their designated conductance level. From Coombs et al. (2017). O2 openings showed a wide
distribution that can either be fitted with a single component (lower left) or a double component (lower
right). The double peak suggests that O2 openings can represent two conductance levels, the smaller
of which may correspond to O2p2 as it comprises roughly one quarter of the events. For methods see
Coombs et al. (2017).

8. Non-competitive antagonists influence sub-conductance behavior

While competitive blockers directly influence the number of glutamate molecules bound to
the receptor, non-competitive ones such as perampanel (Hibi et al., 2012) and GYKI-52466
(Donevan and Rogawski, 1993) inhibit AMPAR currents even when receptors are fully
glutamate-saturated. Crystallographic data show that at saturating concentrations
perampanel molecules bind to the receptor at the interface between the ion channel and the
linkers connecting it to the LBD. By binding to the pre-M1, M3 and M4 helices, each of the
four perampanel molecules additionally form a single contact with the M3 helix of an
adjacent subunit (Yelshanskaya et al., 2016). The location of the binding pocket therefore
makes it likely that perampanel mediates inhibition through the TM-LBD linkers, by acting as
a ‘wedge’ that prevents ligand binding being converted into the movement of subunits

needed for channel opening.

At the single-channel level, for concentrations producing partial block, non-competitive
antagonists could act by decreasing channel open probability, reducing the amplitude of
each sub-conductance state, or lowering the relative proportion of channels that open to the
larger conductance levels. Given that the binding of each drug molecule is contained largely
within a given subunit, one might predict that the affected subunit could no longer contribute
to gating, and hence that the receptor would be unable to open to its maximum conductance.
However, as the subunits without drug bound should still contribute to channel gating, the
amplitude of sub-conductance levels would be unaffected. Broadly speaking, these
predictions have been borne out by single-channel recordings of GIuUA3 receptors made in
the presence of 2 uM perampanel (~ICso) (Yuan et al., 2019). The channel open probability
was reduced from 0.96 to 0.77; the incidence of O3 and O4 openings was reduced to
negligible levels, whilst the conductance amplitude of O1 and O2 was left unchanged. These
results add further support to the idea that each AMPAR subunit contributes independently

to increase the single-channel conductance.

By contrast, Shi et al. (2019) found that GYKI-52466 produced channel behavior that was
markedly different from that seen with perampanel and altogether more surprising. In the
majority of single-channel patches exposed to 10 uM GYKI, GIuA3 receptors opened to only

a single conductance level — which in some cases lasted for tens of minutes. This suggests
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that GYKI-52466 binding produces a strong coupling between subunits such that the
receptor can no longer display the rapid transitions between sublevels indicative of
independent LBD closures. Shi et al. (2019) proposed a model whereby the two-fold
symmetry of the LBD-TM linkers would allow low concentrations of modulators such as GYKI
to bind preferentially to just two of the four AMPAR subunits. It was suggested that, while
this could block the gating motions of the TM-linkers in the bound subunits, the small
interaction of GYKI-52466 with the adjacent M3 region could simultaneously stabilize the
linkers of the neighboring subunits that are not bound by blocker, leading to long-lived open

conformations.

9. Homomeric GIUAZ2 gives rise to conducting desensitized channels

Our recent experiments cast unexpected light on the origin of the femtosiemens AMPAR
channels previously identified in cerebellar neurons and in HEK cells expressing
recombinant homomeric Q/R edited GIuA2 receptors (Cull-Candy et al., 1988; Swanson et
al., 1997). We found that homomeric GIuA2(R)/y2 receptors display unusual properties,
principally a large steady-state conductance and non-parabolic current-variance relationship
(Coombs et al., 2019). To dissect the mechanism underlying this unusual behavior, we
examined recordings from patches that contained around 3-6 receptors so both single-
channel openings and macroscopic behaviours could be observed in the same records (Fig
4). Although the cells expressed a homogeneous population of GIuA2(R)/y2 AMPARS, our
analysis revealed the presence of two distinct types of channel openings during 100 ms
glutamate applications. Glutamate activated currents consisted of a burst of single-channel
openings with conductances in the same range as those arising from other CI-AMPARsS -
roughly ~4 -14 pS (Coombs et al., 2019). However, these directly resolved openings were
superimposed on a steady-state current mediated by channels with an estimated unitary
conductance of ~670 fS. Our experiments indicated that these ‘femtosiemens’ events arose

from a conducting desensitized state of the homomeric GIluA2(R)/y2 receptors.
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Fig 4. Single-channel recordings identify two distinct classes of GluA2(R)/y2 openings.

a) GluA2(R)/y2 currents from an outside-out patch containing few channels (—60 mV). Forty consecutive
applications of 10mM glutamate (gray bar) are overlaid. Note that despite the small number of channels,
there are no sojourns to baseline suggesting homomeric GIuUA2 receptors do not fully close in the
continued presence of glutamate, b) Individual responses exhibiting discrete channel openings (black
arrows) superimposed on a persistent steady-state low noise current. Note the decay of the steady-state
current on glutamate removal (gray arrows) is slow/exponential as it reflects closure of multiple low
conductance (femtosiemens) channels. ¢) Histogram of channel conductance for all resolvable single-
channel openings. d) Cartoon representation of the femtosiemens openings which underlie the large
steady-state currents seen. GIuA2(R)/y2 channels bind glutamate (gray spheres), closing the clamshell
LBDs and opening the pore to the full (picosiemens) open channel conductance. Desensitization does not
fully close the pore, leaving a conductance around one tenth of the open channels (in the femtosiemens
range). Adapted from Coombs et al. (2019).

Cryo-EM data suggest the desensitized GluA2(R)/y2 pore is closed (Chen et al., 2017). So,
how might ions flow through these channels? Given the clear functional difference between
edited and unedited GIuA2, the Q/R site must hold the key. In homomeric GIluA2(R)
receptors, all four pore-loop arginines are in close proximity at the selectivity filter that is

thought to form a “lower gate” (Twomey et al., 2017a). An attractive possibility is that
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following desensitization repulsion of the four positive arginines inhibits full closure of this
gate, allowing ions to continue flowing but at a reduced rate. Further, Q/R editing can directly
influence the M3 region (Wilding et al., 2010) so this repulsion may also potentially impact
closure of the ‘upper' M3 gate. Nonetheless there is clear disparity between the functional
and structural data which remains unexplained. Of note, although homomeric GIuUA2(R)
receptors were previously suggested to display chloride permeability (Pci/Pcs = 0.19,
Burnashev et al. (1996)), we found no evidence for this in the TARPed GIuA2(R)/y2
receptors (Coombs et al., 2019). Hence, the femtosiemens conductance does not reflect a

chloride current.

It was previously suggested that AMPARSs rarely assemble as homomers of GIuA2 as
heteromerization with subunits GIuAl, 3 and 4 was preferred (Greger et al., 2003;
Rossmann et al., 2011; Zhao et al., 2012). However, there is more recent structural evidence
for the presence of homomeric GIuA2 receptors within the CNS (Zhao et al., 2019), a finding
that makes the behavior of TARPed homomeric GIuA2(R)/y2 receptors particularly intriguing.
More than half of their steady-state current is carried by desensitized receptors (Coombs et
al., 2019). Hence, this novel form of gating could make a substantial contribution to synaptic
currents during high frequency activity, at sites that have slow transmitter clearance, or
where extrasynaptic receptors that are liable to be activated by transmitter spillover.

As AMPAR subunits consist of a dimer of dimers in the LBD layer, the presence of
conducting desensitized GluA2(R)/y2 channels raises a question relevant to AMPARs of any
composition. Does the rupturing of just one LBD dimer result in a fully desensitized receptor?
It might perhaps be expected that a fully occupied receptor with a single ruptured LBD dimer
would generate openings that resembled the O2 state. Indeed, kinetic modelling of the
recovery from desensitization of macroscopic homomeric GluAl responses (Bowie and
Lange, 2002) required the presence of conducting desensitized states to explain the early
time course of the recovery and the rates of re-entry into desensitization. Interestingly, these
models predicted a conductance in the femtosiemens range for partially desensitized
TARPIless and unedited receptors. Thus low conductance desensitized channels may be a

feature of other native AMPAR combinations independent of Q/R editing.

10. Phosphorylation influences synaptic strength by altering channel properties

In hippocampal neurons phosphorylation of GIuAl dictates receptor surface trafficking
(Esteban et al., 2003; Hayashi et al., 2000; Lee et al., 2003), (but see Diaz-Alonso et al.,
2020), and in recombinant systems, phosphorylation of GIuAl increases the amplitude of
single-channel currents (Banke et al., 2000; Derkach et al., 1999). Hence, AMPAR
phosphorylation is thought to produce rapid changes in the amplitude of AMPAR currents
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and play a key role in plasticity changes such as long-term potentiation (LTP) (Diering and
Huganir, 2018).

CaMKIl phosphorylation of GIuAl: For many ionotropic receptors their activation is thought
to involve a simple two-step sequential reaction of agonist binding followed by channel
gating (Del Castillo and Katz, 1957). At the level of the individual subunit it is likely that
AMPARSs follow this type of sequential reaction scheme. Hence, while a high concentration
of glutamate will facilitate the binding step, the next step (D2 closure) is independent of
concentration and reflects coupling efficiency (efficacy) (Fig 5a). For fully occupied
receptors, those with a high coupling efficiency will display conductance states of mainly O3
and O4, while receptors with a low coupling efficiency will open predominantly to lower
conductance levels (Fig 5b,c). Therefore increasing or decreasing coupling efficiency has

the potential to control the magnitude of AMPAR currents, and hence of synaptic strength.

Phosphorylation of GIluA1 Ser831 by Ca?*/calmodulin-kinase Il (CaMKIl) (Barria et al., 1997)
enhances the relative proportion of large conductance single-channel openings by
increasing coupling efficiency (Derkach et al., 1999) (Fig 5c). As expected, the
phosphomimic mutations S831D (Derkach et al., 1999) and S831E (Kristensen et al., 2011)
also increase mean channel conductance, while a mutant that is resistant to
phosphorylation, S831A, has the opposite effect (Kristensen et al., 2011). Noise analysis has
identified a similar, but non-additive effect of phosphomimic mutations at two further
positions (Ser818 and Thr840) within GluA1’s C-tail (Jenkins et al., 2014). While the latter
two sites are not thought to be targets of CaMKIlI, all three residues (Ser818, Ser831 and
Thr840) are targets of PKC (Lee et al., 2007; Lin et al., 2009; Roche et al., 1996). Thus PKC
activation is anticipated to enhance coupling efficiency of GluA1, while dephosphorylation
(as seen at Thr840 with protein phosphatase 1/2A) is expected to decrease it (Gray et al.,
2014).
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Fig 5. Likelihood of LBD closure — coupling efficiency — controls channel conductance
and is modulated by phosphorylation.

a) Agonist binding and LBD closure comprise a two-step process. Following binding of
glutamate to the upper lobe, the relative likelihood of LBD closure (the coupling efficiency, €) will
be dictated by the rates of LBD closure (k+2) and LBD opening (k-2) (adapted from (Kristensen
et al., 2011)). b) Graph illustrating how coupling efficiency affects the theoretical relative
occurrence of the four different open channel sublevels. Adapted from Shelley et al. (2012).

¢) Phosphorylation of GluA1 by CaMKII at Ser831, or by PKC at Ser818, Ser831 and/or Thr840
elevates the coupling efficiency from roughly 0.5 to nearly 1, increasing the prevalence of larger
conductance openings. A similar mechanism likely underlies the increase in conductance of
GIuA1/2/TARP complexes following GluAl Ser831 phosphorylation.
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Structural analysis combined with single-channel studies has suggested that the extent of
LBD closure is a major determinant of agonist efficacy. Thus partial agonists cause the LBD
to adopt a lower degree of domain closure than seen with full agonists (Armstrong and
Gouaux, 2000; Jin et al., 2003). This correlates with a reduced proportion of high
conductance openings, even at a saturating concentrations of the partial agonist (Jin et al.,
2003). As with glutamate, the coupling efficiency of partial agonists acting on GIuAl is
increased by CaMKIl (Kristensen et al., 2011). Indeed, the coupling efficiency of the partial
agonist willardiine, is enhanced in phosphorylating conditions to the level seen with
glutamate in basal conditions (¢ ~ 0.4, Kristensen et al. (2011)). Taken together, GIuA1-
Ser831 phosphorylation reduces the energy needed for individual subunits to undergo gating
transitions, which will allow fast acting enhancement of synaptic responses following
activation of CaMKIl and PKC.

PKA phosphorylation of GIuAl: Phosphorylation of GIuUA1 Ser845 also increases AMPAR
responses, in this case by increasing the receptor channel’'s peak open probability (Banke et
al., 2000). In contrast with Ser831, phosphorylation of Ser845 did not alter single-channel
conductance, mean channel open period, or burst length. To account for this, Banke et al.
(2000) proposed a model in which the receptor can reside in two states - one permissive to
channel opening and the other non-functional. By shifting the balance between these states,
the response of a population of GIuA1 receptors to fast or synaptic applications of glutamate
can be enhanced by PKA phosphorylation and reduced by calcineurin dephosphorylation of
GluAl Ser845 (Banke et al., 2000).

11. Interplay between TARPs and phosphorylation in AMPAR plasticity

GluA1/2 heteromers play a central role in expression of LTP at hippocampal CA1 synapses
(Shi et al., 2001). Exogenous application of activated CaMKII to hippocampal AMPARS
increases their conductance (Kristensen et al., 2011), as first described for phosphorylation
of recombinant GluA1 homomers (Derkach et al., 1999). However, in marked contrast,
CaMKIl phosphorylation of recombinant heteromeric GluA1/2 receptors gives no such
conductance increase (Kristensen et al., 2011; Oh and Derkach, 2005). This striking
disparity between the native and recombinant forms of GIuA1/2 reflects the fact that native
AMPARSs in CA1 cells are associated with TARPs. Thus, GIuA1/2 receptors that contain
GluAl phosphomimic S831E exhibit a larger conductance than those that contain GluA1
phospho-lacking S831A - but only in the presence of TARPs (y2 or y8; (Kristensen et al.,
2011)).
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The mechanism by which TARPs allow increased coupling efficiency of GIUA1/2 heteromers
following phosphorylation of their GIuA1 subunits is unclear. However, it is notable that the
enhanced proportion of higher conductance homomeric GIuAl sublevels that occurs in the
presence of TARPS, is boosted still further by CaMKII phosphorylation, so the effects are
cumulative (Kristensen et al., 2011). It is not known for homomeric GIuA1 channels, whether
the peak open probability that is enhanced by co-assembly with TARPs (Coombs et al.,
2012) is further increased by phosphorylation of Ser845. These effects might occlude each
other (see Kristensen et al. (2011)). However, for hippocampal CA1 AMPAR assemblies that
are expected to be mediated mainly by GIuA1/2 heteromers associated with TARP y8 and
CNIH2 (Yu et al., 2021), the peak open probability is sensitive to phosphorylation: ~0.92 in
the presence of activated PKA vs ~0.39 in the presence of calcineurin (Banke et al., 2000).
This is consistent with the view that the phosphorylation state of Ser845 influences synaptic
transmission in hippocampal CA1 neurons and is therefore important in LTP expression.

Structural basis for phosphorylation-mediated modification of channels: The data described
above reveal that there are at least three functionally distinct phosphorylation forms of the
GluAl C-tail: unphosphorylated, Ser831 phosphorylated, and Ser845 phosphorylated. There
are presumably structural distinctions between these forms. However due to the high degree
of disorder in the intracellular C-tail regions of AMPARS, these have not so far proved
amenable to crystallographic or cryo-EM analysis. Nonetheless, molecular modelling has
identified the potential for limited secondary structure within the membrane proximal GIuAl
C-tail, and NMR spectra have confirmed the presence of an alpha helix within the vicinity of
Ser831 (Jenkins et al., 2014). Further, the phosphorylation state of Ser831 was found to
influence the signature of this helix. By contrast, Ser845 phosphorylation did not appear to
form part of, or to influence, any secondary structural elements. This would suggest that the
effects of Ser831 (but not Ser845) phosphorylation are mediated by perturbations of local

secondary structure.

It is unclear how conformational changes of the C-tail are able to feedback and influence
channel properties. However, as the C-tail links directly to the M4 helix, it is tempting to
speculate that phosphorylation mediated changes are transmitted via M4 to the channel pore
or even to the LBD-TM linkers, to produce a functional outcome. Indeed, despite being
peripheral to the conductance pathway, the M4 domain can exert a profound influence on
iGIuR receptor currents (Amin et al., 2018). Phosphorylation of individual AMPAR subunits
has the potential to alter interactions of the C-tail that occur both within and between

subunits of the same receptor assembly, with other intracellular protein partners or indeed
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the plasma membrane. These interactions might in turn place constraints on M4 that alter

LBD coupling efficiency or channel open probability.

It is also worth noting that GIuA1’s M1-M2 intracellular loop is strongly electronegative, while
its C-tail carries a net positive charge. A charge-mediated interaction that can be altered by
phosphorylation would have the potential to modify receptor properties. It is therefore
possible that the effects of phosphorylation on receptor properties are mediated by the
intracellular portion of the pore. Indeed, we previously demonstrated a crucial role of GIuAl
Asp586 (the Q/R +4 site) in mediating the effects of TARPs on AMPAR single-channel
conductance (Soto et al., 2014). When Asp586 was neutralized (D586N), GIuAl co-
expression with y2 or y3 no longer increased single-channel conductance. And when the
charge was reversed (D586K), TARP co-expression decreased single-channel conductance.
Given the role of this site in TARP-dependent conductance changes, and the fact it is
accessible from the cytoplasm, it is also possible that the pore loop is involved in mediating

the phosphorylation-dependent changes in GIuA1 single-channel properties.

12. The relevance of multiple modes of AMPAR single-channel gating

Activation of AMPARS by sub-saturating concentrations of glutamate can result in single-
channel currents that show abrupt changes in open probability (‘modal activity’) (Prieto and
Wollmuth, 2010) (Fig 6). In their high open probability mode, channels open to the higher
conductance levels (including the maximum, O4 level) at a frequency higher than expected
from the predicted glutamate occupancy. It therefore seems that this mode displays an
increased apparent affinity for glutamate (Fig 6b). It has been postulated that the
mechanism of this form of modal change is a cooperative interaction between subunits, such
that when zero or one of the glutamate binding sites is occupied the channel is in the low
open probability mode. When a second binding site is occupied, the third and fourth
glutamate molecules then bind rapidly with higher affinity. This would account for an
increased open probability and occurrence of O3 and O4 (Prieto and Wollmuth, 2010). This
modal switch could arise from a change at the dimer interface following closure of one LBD,
or from a change in the non-gated subunits’ glutamate affinity or efficacy once the channel

has been opened.
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Fig 6. AMPAR properties underlying modal activity

a) Selected records from an outside-out patch containing a single GluA4_y2 tandem receptor. The
receptor displayed both the low- (upper traces) and high- (lower traces) open probability modes. Note
that when in the high-open probability mode the receptor displayed an increased proportion of higher
conductance-level openings together with slowed desensitization. Adapted from Zhang et al. (2014).
b) Potential properties that could account for the enhanced amplitude and slowed desensitization of
single-channel currents seen in the receptor’s high-open probability mode. Selected studies

documenting each property, along with the experimental conditions used, are indicated below each
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While the modal activity identified by (Prieto and Wollmuth, 2010) was apparent on the
millisecond timescale, subsequent single-channel studies of homomeric GIuA3 receptors
identified a separate and complex pattern of five different gating modes (characterized by
their different open probabilities), which could last for hundreds of milliseconds or even
seconds (Poon et al., 2011; Poon et al., 2010) (Fig 6b). The molecular mechanisms
underlying these distinct patterns of modal behavior and their stability are still to be
determined.

Modal activity in the presence of TARPs: As most native AMPARSs are thought to be
associated with TARPs, understanding the modal gating of TARP-associated AMPARS is
crucial in understanding synaptic transmission. Moding has been identified for GluA4/y2 and
the tandem constructs GluA1_y2 and GluA4_y2; these receptors displayed low- and high
open probability modes which tended to last for several seconds (Zhang et al., 2014). The
high open probability mode was additionally characterized by long openings to the maximum
conductance state (Fig 6a). Interestingly, the single-channel desensitization kinetics of the
low and high open probability modes, correspond well to the fast and slow components of
macroscopic desensitization (Cho et al., 2007) (Fig 6b). This suggests that normal
AMPAR/TARP behaviour reflects a balance between these modes, which is therefore likely
to be an important feature of AMPARs within the brain. Indeed, the stark difference between
the behaviour of the two modes implies that, if conditions caused a change in the mode
favoured by synaptic receptors, it would be sufficient to induce a marked change in synaptic

transmission.

Resensitization and superactivation: Certain AMPAR/TARP combinations, in particular
those containing y4, y7 or y8, show a slow ‘run-up’ or ‘resensitization’ in their steady-state
response during prolonged glutamate application (Kato et al., 2010). Under these conditions
the single-channel currents arising from GluA2(Q)/y8 receptors are mediated predominantly
by long openings to their maximum conductance state (Carrillo et al., 2020), thus resembling
the high open probability channel mode described by Zhang et al. (2014). Furthermore,
when y8-containing- (and y2-containing-) receptors are activated by trains of brief glutamate
pulses, both the peak and steady-state currents show a slow run-up (Carbone and Plested,
2016), suggesting that high frequency synaptic activity may increase the proportion of
postsynaptic AMPARSs in their high open probability mode. Indeed, there is now good
evidence that during repetitive stimulation, a subset of hippocampal synaptic receptors can
display resensitization, which enhances their contribution to neuronal excitation (Pampaloni

et al., 2021). This form of run-up may depend on an activity-dependent switch to the higher
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open probability mode, reported by Carbone and Plested (2016) and dubbed

‘superactivation’.

TARP structural interactions influencing single-channel modes: During the process of
AMPAR activation, movement of the D2 lobes is accompanied by ‘vertical’ forces on the LBD
layer that pull the LBDs closer to the membrane (Durr et al., 2014; Meyerson et al., 2014).
For TARPed receptors, this motion is likely to promote engagement of the LBDs with the
extracellular loops (especially Ex1) of the associated TARP (Chen et al., 2017). Such an
interaction has been proposed to modify the kinetics of channel closure (Dawe et al., 2016;
Tomita et al., 2005a; Zhao et al., 2016) and increase agonist efficacy (Chen et al., 2017). In
addition, it appears that TARPs can also influence AMPAR behavior by interacting with the
LBD-TM linkers (Riva et al., 2017) and the TM domains (Soto et al., 2014). Interestingly,
there is evidence that the prevalence of the high open probability mode is influenced by
TARP stoichiometry within the AMPAR assembly. Thus, the high open probability mode is
more prevalent in AMPARs composed of tandem constructs than in AMPARSs formed by
coexpression of TARPs with GIuA subunits (Zhang et al., 2014). This suggests that the
phenomenon reflects a concerted action of TARPs on AMPARS, being more prominent in
fully TARPed receptors, which is also consistent with the observation from noise analysis
that only fully TARP-saturated GIuA1 homomers display an increased conductance (Miguez-
Cabello et al., 2020).

Similarly, resensitization/superactivation, which may reflect a seconds long increase in the
proportion of channels entering their high open probability mode, is more evident in AMPAR
complexes that contain the maximum number of TARPs (Carbone and Plested, 2016). The
phenomenon is particularly apparent for AMPARs containing TARP y8 (Carbone and
Plested, 2016; Kato et al., 2010) which display long single-channel openings to the highest
conductance level at steady-state (See Fig 1e) (Carrillo et al., 2020). It is therefore of note
that y8 contains a long Ex1 extracellular loop. Compared with other TARPS this allows it to
interact more extensively with the lower lobe of the LBD (and potentially with the upper lobe),
which may stabilize the gated receptor (Herguedas et al., 2019). However, y7, which has a
shorter Ex1 loop than other TARPSs, also gives rise to AMPARS that display resensitization

(Kato et al., 2010) suggesting other factors are also important.

Conclusions
Single-channel studies have added to our understanding of the kinetic, conductance and
pharmacological properties of AMPARSs. They have established that channel properties

depend critically on the receptor’s subunit composition, are regulated by post-transcriptional
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RNA editing, and are altered by post-translational modification. However, functional diversity
is not controlled purely by the pore-forming subunits. Assembly, trafficking, and functional
heterogeneity of AMPAR channels also depend on a repertoire of associated auxiliary
subunits, a feature that is particularly striking for these receptors. The pore forming subunits
and their auxiliary proteins are the primary elements involved in information transfer and
storage in the brain, and undergo rapid change during synaptic plasticity, through alteration
in their number, subunit composition, protein partner interactions, or phosphorylation state.
Single-channel studies are continuing to provide unique insight into the functional face of the
AMPAR channels and their involvement in these processes. When placed in the context of
elegant structural studies, this is providing an increasingly clear picture of the operation,
diversity and plasticity of these vital receptors.
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