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GluA2-containing AMPA receptors form a 
continuum of Ca2+-permeable channels

Federico Miguez-Cabello1,5, Xin-tong Wang1,2,5, Yuhao Yan1,2,5, Niklas Brake3,4, 
Ryan P. D. Alexander1,2, Amanda M. Perozzo1,2, Anmar Khadra3 & Derek Bowie2 ✉

Fast excitatory neurotransmission in the mammalian brain is mediated by cation- 
selective AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors 
(AMPARs)1. AMPARs are critical for the learning and memory mechanisms of Hebbian 
plasticity2 and glutamatergic synapse homeostasis3, with recent work establishing that 
AMPAR missense mutations can cause autism and intellectual disability4–7. AMPARs 
have been grouped into two functionally distinct tetrameric assemblies based on 
the inclusion or exclusion of the GluA2 subunit that determines Ca2+ permeability 
through RNA editing8,9. GluA2-containing AMPARs are the most abundant in the 
central nervous system and considered to be Ca2+ impermeable10. Here we show this 
is not the case. Contrary to conventional understanding, GluA2-containing AMPARs 
form a continuum of polyamine-insensitive ion channels with varying degrees of 
Ca2+ permeability. Their ability to transport Ca2+ is shaped by the subunit composition 
of AMPAR tetramers as well as the spatial orientation of transmembrane AMPAR 
regulatory proteins and cornichon auxiliary subunits. Ca2+ crosses the ion- 
conduction pathway by docking to an extracellular binding site that helps funnel 
divalent ions into the pore selectivity filter. The dynamic range in Ca2+ permeability, 
however, arises because auxiliary subunits primarily modify the selectivity filter. 
Taken together, our work proposes a broader role for AMPARs in Ca2+ signalling in 
the mammalian brain and offers mechanistic insight into the pathogenic nature of 
missense mutations.

α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type 
ionotropic glutamate receptors mediate most fast excitatory neuro-
transmission in the central nervous system1. They form the hardwir-
ing of glutamatergic circuits but also strengthen or weaken synaptic 
transmission during periods of sustained patterned activity or altered 
homeostasis11,12. Different families of AMPA receptors (AMPARs)13 shape 
the complex behaviour of neuronal circuits14. Early investigations con-
cluded that the rapid and slow gating of native AMPARs expressed by 
interneurons and principal cells, respectively, reflected the differential 
expression of GluA2 and GluA4 AMPAR subunits15,16, with the faster 
kinetics of GluA4 (ref. 17) being more dominant in interneurons16. This 
work led to the finding that interneurons and principal cells express 
AMPARs differing in their ability to transport Ca2+ (refs. 15,16). Interneu-
rons with low levels of GluA2 were proposed to confer high Ca2+ perme-
ability whereas higher GluA2 expression in principal cells accounted for 
the near lack of divalent permeability15,16. This distinction was further 
corroborated in recombinantly expressed receptors showing that RNA 
editing of the Q/R site selectivity filter of GluA2 rendered AMPARs Ca2+ 
impermeable and resistant to polyamine block whereas GluA2-lacking 
AMPARs composed of unedited GluA1, A3 and/or A4 subunits were Ca2+ 
permeable and sensitive to polyamine block9,13,18–20. These advances led 
to the understanding that the transport of Ca2+ by AMPARs is important 

in synapse strengthening21–23 and can contribute to neurotoxicity with 
excessive activation24–27.

Although insightful, this pioneering work preceded the discov-
ery of distinct families of auxiliary subunits that co-assemble with 
AMPAR subunits. As such, AMPARs cannot be simply classified into 
GluA2-lacking and GluA2-containing AMPARs because this classifica-
tion fails to account for the greater functional diversity found in native 
AMPAR–auxiliary protein complexes1,28. Recent work has established 
new fundamental rules for AMPAR assembly and functionality. First, 
almost all native AMPARs co-assemble with one of two claudin proteins 
called transmembrane AMPAR regulatory proteins (TARPs) or germ 
cell-specific gene 1-like protein (GSG1L). Co-assembly with TARPs falls 
into the type I class (that is, TARP γ2, γ3, γ4 and γ8) or the less abun-
dant type II class (that is, TARP γ5 and γ7)28,29, with GSG1L-containing 
AMPARs representing only 5% of all AMPARs30. Second, TARPs 
co-assemble with AMPARs either in a 4:4 or 2:4 stoichiometry31–33, 
whereas GSG1L-containing AMPARs have a strict 2:4 stoichiometry34,35. 
Third, AMPAR-TARP complexes can co-assemble with other auxiliary 
proteins, most notably the cornichon (CNIH) family in an octameric 
arrangement36,37. Although SynDIG4/Prrt1 and the CKAMP family28,29 
have also been identified as auxiliary proteins, how they integrate into 
AMPAR complexes is still not fully understood1,38–40. Fourth and finally, 
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expression of AMPAR–auxiliary subunit complexes is apparently brain 
region specific with the cerebellum primarily expressing claudin-only 
AMPARs30,31, whereas AMPARs containing the CNIHs, CKAMPs and 
SynDIG4/Prrt1 are found in the hippocampus and cortex1,29,41,42.

Whether the co-assembly of GluA2-containing AMPARs with dif-
ferent families of auxiliary subunits affects their ability to transport 
Ca2+ has yet to be tested. A recent study has uncovered a new divalent 
binding pocket, called Site-G, that lies in the extracellular vestibule of 
the pore formed by the highly conserved SYTANLAAF amino acid motif 
that facilitates the transport of Ca2+ into the Q/R site selectivity filter43. 
The importance of Site-G is that it explains how GluA2-lacking AMPARs 
preferentially transport Ca2+, even though Ca2+ is 70 times less abundant 
in the extracellular milieu than Na+. The edited R-form of the GluA2 
subunit possesses Site-G43 raising the question whether co-expression 
with auxiliary subunits, particularly the TARPs and CNIHs, affects Ca2+ 
permeation of GluA2-containing AMPARs.

Ca2+-permeable TARP-bound GluA2-AMPARs
To examine this, we compared the permeation properties of recom-
binant AMPARs of known subunit composition with native AMPARs 
expressed by cerebellar Purkinje cells and Bergmann glia that show 
low44 and high18 Ca2+ permeability, respectively, and thus act as a point 
of reference (Fig. 1). The permeability of Ca2+ relative to Na+ (PCa/PNa) was 
assessed by measuring the reversal potential (Erev) of agonist-evoked 
membrane currents in solutions rich in either external Na+ (150 mM 
NaCl) or Ca2+ (108 mM CaCl2) (Fig. 1 and Methods). PCa/PNa measured 
for AMPARs excised in outside-out patches from Purkinje cells and 
Bergmann glia was 0.08 ± 0.02 and 3.43 ± 0.56, respectively, consist-
ent with GluA2-containing and GluA2-lacking receptors (Fig. 1a,b and 
Supplementary Table 1). In keeping with this, the relative divalent per-
meability of recombinant AMPARs assembled from GluA1/A2 subunits 
alone was 0.06 ± 0.01, which was similar (unpaired two-sided t-test, 
P = 0.15) to AMPARs expressed by Purkinje cells (Fig. 1a,c and Supple-
mentary Table 1).

The impact of auxiliary subunit placement and stoichiometry on 
GluA2 AMPAR heteromers was studied by tethering two abundant 
TARP subunits, namely TARP-γ2 or TARP-γ8, to GluA1 or GluA2 alone 
or to both using a peptide linker (Methods). Previous work from our 
laboratory has shown that tethering TARP auxiliary subunits fully repro-
duces the gating properties of native AMPARs expressed in the mam-
malian brain31,34 (Extended Data Fig. 1). As explained later, the tethering 
of TARPs to recombinant AMPARs also recapitulates the permeation  
properties of native channels.

Co-assembly of GluA1/A2 heteromers with either TARP-γ2 or TARP-γ8 
induced a significant increase in Ca2+ permeability compared to 
GluA1/A2 alone (Fig. 1c–f, Extended Data Fig. 2a,b and Supplemen-
tary Table 1). The relative Ca2+ permeability was similar for TARP-γ2 
when co-assembled at a subunit stoichiometry of 4:4 with either GluA1/
A2 or GluA2/A3 heteromers (PCa/PNa 0.14 ± 0.01 for GluA1-γ2/A2-γ2, 
0.12 ± 0.01 for GluA2-γ2/A3-γ2) (Fig. 1c–f, Extended Data Fig. 2a,b and 
Supplementary Table 1). However, striking differences were observed 
with a stoichiometry of 2:4. Notably, Ca2+ permeability increased sig-
nificantly when TARP-γ2 was tethered to the GluA2 subunit in GluA1/
A2 heteromers (PCa/PNa 0.43 ± 0.04, n = 16). This increase in Ca2+ perme-
ability was not observed by tethering either TARP-γ2 or TARP-γ8 to 
GluA1 (PCa/PNa 0.12 ± 0.01, n = 5 for GluA1-γ2/A2, 0.12 ± 0.01, n = 5 for 
GluA1-γ8/A2) or even TARP-γ8 to GluA2 (PCa/PNa 0.18 ± 0.03, n = 5 for 
GluA1/A2-γ8) (Fig. 1c–f, Extended Data Fig. 2a,b and Supplementary 
Table 1). In all cases, we excluded possible contamination of our data 
with homomeric unedited GluA1(Q) AMPARs by ensuring that all I–V 
plots were linear and thus devoid of polyamine block (Extended Data 
Fig. 2c,d). In keeping with this, we performed G–V plot simulations to 
examine how varying the proportion of unedited Q-form AMPARs, 
which show strong voltage-dependent polyamine block, affect the 

G–V plots of GluA1/A2(R) heteromers (Extended Data Fig. 3). From 
these simulations, we concluded that homomeric GluA1(Q) AMPARs 
contribute no more than 1% to the data we have obtained (Extended 
Data Fig. 3b). Moreover, when we estimated the reversal poten-
tial needed to observe an increase in the relative Ca2+ permeability 
(PCa/PNa of 0.95, described below for GluA1/A2(R) heteromers (Fig. 2), 
75% of the entire response would have to be unedited AMPARs that 
would show strong voltage-dependent polyamine block (Extended 
Data Fig. 3b–d), which is not the case for our dataset. Therefore, taken 
together, our data establish that GluA2-containing AMPARs show dif-
ferent degrees of Ca2+ permeability, which is dependent on both the 
placement (GluA1 versus GluA2) and type (γ2 versus γ8) of the TARP  
auxiliary subunit.

Ca2+-permeable CNIH-bound GluA2-AMPARs
As native AMPARs can also co-assemble with CNIH-2 or CNIH-3 auxiliary 
proteins29, we tested whether CNIHs can further modulate divalent 
permeability of TARP-γ2-bound GluA1/A2 heteromers (Fig. 2). As before, 
we excluded the possible contamination by homomeric GluA1 AMPARs 
by ensuring that all I–V plots were linear (Extended Data Fig. 4a,b). 
The inclusion of CNIH-2 or -3 into TARP-γ2 AMPARs was confirmed 
by measuring several response characteristics (that is, deactivation, 
desensitization, off kinetics and steady-state and/or peak response) 
that together are uniquely modified by CNIHs (Fig. 2a,b, Extended Data 
Fig. 4c,d and Supplementary Tables 2, 6)30. Like other laboratories, 
we have overexpressed CNIHs in our experiments and assumed that 
AMPARs tethered to TARP γ2 fully assemble with CNIHs in an octameric 
arrangement36,45. We cannot, however, exclude the possibility of partial 
CNIH occupancy. Either way, our data shows that CNIHs have a profound 
effect on channel gating and Ca2+ permeability.

Contrary to our findings with TARPs, the optimal position for CNIH-2 
or CNIH-3 was on the GluA1 subunit. PCa/PNa values of CNIH-2 were 
0.55 ± 0.11 and 0.15 ± 0.02 when co-expressed at the GluA1 and GluA2 
positions respectively (Fig. 2a,c,d). CNIH-3 had an even greater impact 
on divalent permeability with estimated PCa/PNa values of 0.95 ± 0.05 
and 0.10 ± 0.01 when co-expressed in the GluA1 and GluA2 positions, 
respectively (Fig. 2b–d and Supplementary Table 1). Furthermore, 
mutation of Ala789 of GluA1 to a bulky Phe to attenuate CNIH modula-
tion46, eliminated the shift in divalent permeability (PCa/PNa 0.16 ± 0.02, 
n = 8) (Extended Data Fig. 4f,g and Supplementary Table 1) demon-
strating that CNIH-3 exerts its effect, at least in part, through the 
TM4 domain of the GluA1 subunit. Taken together, these data further 
extend our findings showing that the degree of divalent permeabil-
ity of GluA2-containing AMPARs is shaped not only by the heteromer 
composition (GluA1/A2 versus A2/A3) but also by the auxiliary subunit 
type (TARP versus CNIH) and its placement (Figs. 1f, 2d, Extended Data 
Figs. 2b, 4g and Supplementary Table 1). In all cases, the assembled 
AMPARs were insensitive to cytoplasmic spermine block (Extended 
Data Figs. 2, 4) demonstrating that the pore architecture can be altered 
to accommodate the transport of Ca2+ without necessarily permitting 
access to bulkier polyamine molecules.

Ca2+ permeability of missense mutations
To explore the nature of Ca2+ permeability further, we studied three 
missense mutations in the pore region of the GluA2 subunit that have 
been linked to autism and intellectual disability4 (Fig. 3a,b). From 
previous work, it has already been established that the Q/R and +4 
sites are key determinants of AMPAR Ca2+ permeability9,47. Given the 
augmentation of Ca2+ permeability by auxiliary proteins we wanted 
to explore whether changing the pore composition itself is sufficient 
to replicate the effect. Specifically, we studied whether a missense 
mutation in either the selectivity filter Q/R site (R607E/G) or +4 site 
(D611N) altered the divalent ion permeation properties of GluA1/A2 
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Fig. 1 | TARP γ2 regulates Ca2+ permeability of GluA2-containing AMPARs. 
a, Top left, typical action potential firing evoked by depolarizing current 
injection in a cerebellar Purkinje cell when depolarized in a current clamp 
recording (cell no. 190301C2, holding potential −70 mV, +200 pA step). Bottom 
left, voltage-clamp recording of an AMPAR response elicited by 10 mM l-Glu 
(250 ms) from an outside-out patch excised from a Purkinje cell (cell no. 
190301C2, −60 mV). Right, current–voltage relationships of l-Glu patch 
responses of AMPARs expressed by Purkinje cells in Na+ (n = 8) and Ca2+  
(n = 4) rich external solutions. Note the negative reversal potential (arrow)  
in solutions rich in external Ca2+. b, Top left, typical lack of action potential  
firing in a cerebellar Bergmann glial cell (cell no. 210210C3, holding potential 
−55 mV, –100 to +400 pA steps). Bottom left, voltage-clamp recording of an 
AMPAR response elicited by 10 mM l-Glu (250 ms) from an outside-out patch 
excised from a Bergmann glia (cell no. 210210C3, −60 mV). Right, current–voltage 

relationships of l-Glu patch responses of AMPARs expressed by Bergmann  
glial cells in Na+ (n = 7) and Ca2+ (n = 6) rich external solutions. Note, the  
positive reversal potential (arrow) in solutions rich in external Ca2+. c, Typical 
membrane currents elicited by 10 mM l-Glu at a range of membrane potentials 
for heteromeric GluA1/A2 receptors in the presence or absence of TARP γ2  
(A1/A2 patch no. 190312p2; A1-γ2/A2-γ2 patch no. 190319p1; A1-γ2/A2 patch no. 
190207p5; A1/A2-γ2 patch no. 190207p13). d, Current–voltage (normalized 
current, Inorm; voltage, Vm) plots of l-Glu responses in GluA1/A2 heteromers with/ 
without TARP γ2 (A1/A2 n = 6; A1-γ2/A2-γ2 n = 6; A1-γ2/A2 n = 5; A1/A2-γ2: n = 16). 
e,f, Summary plots of reversal potentials of different GluA1/A2 heteromers (e) 
and their relative Ca2+ permeability (f) (two-sided Kruskal–Wallis analysis of 
variance (ANOVA) followed by Mann–Whitney U-tests with Bonferroni–Holm’s 
correction, **P < 0.01, ***P < 0.001). Data are mean ± s.e.m.
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heteromers alone or when co-assembled with TARP-γ2 tethered to the 
GluA2 subunit (Fig. 3c,d).

Replacement of the positively charged Arg at the Q/R site with either 
Gly or Glu increased Ca2+ permeability of wild-type GluA1/A2 heter-
omers 25–50-fold from 0.06 ± 0.01 to 1.52 ± 0.11 (n = 5) or 3.51 ± 0.24 
(n = 5), respectively (Fig. 3d, Extended Data Fig. 5a,b and Supplementary 
Table 1). The greater permeability observed by replacing Arg607 of 
GluA2 with Glu suggests that Ca2+ transport is optimized when the Q/R 
site has a net negative charge. Unlike wild-type receptors, both R607E 
and R607G mutant channels showed an appreciable block by cytoplas-
mic spermine (30 μM) with Kd(0mV) values of 4.4 ± 0.9 μM (n = 5) and 
34 ± 6.5 μM (n = 4), respectively (Fig. 3c and Extended Data Fig. 5c,d), 
suggesting that changes to the pore’s architecture to augment Ca2+ 
transport also permit the larger polyamine cation molecule to enter 
and block. Tethering TARP-γ2 to GluA2 increased Ca2+ permeability 
further for the R607E (PCa/PNa 4.65 ± 0.33, n = 5) and R607G (PCa/PNa 
2.35 ± 0.21, n = 5) (Fig. 3d, Extended Data Fig. 5e,f and Supplementary 
Table 1) mutants, demonstrating that missense mutations in the pore 
and TARP-γ2 have an additive effect. Co-assembly with TARP-γ2 had 

only a modest (R607E, Kd(0mV) 14.5 ± 3.4 μM, n = 7) or no effect (R607G, 
Kd(0mV) 38.2 ± 11.7 μM, n = 5) (Fig. 3c, Extended Data Fig. 5c–f and Supple-
mentary Table 3) on attenuating polyamine block observed in wild-type 
AMPARs10,48, suggesting that TARP-γ2 effects on Ca2+ permeability and 
polyamine block can be separable.

Unlike the Q/R site mutations, the missense mutation D611N at the +4 
site did not cause a significant increase in Ca2+ permeability of GluA1/A2 
heteromers alone (Fig. 3d and Extended Data Fig. 5). Although PCa/PNa 
was increased almost threefold by tethering TARP-γ2 to GluA2 D611N 
(Fig. 3d and Supplementary Table 1), a similar change was observed in 
wild-type GluA1/A2 receptors (Fig. 3d and Supplementary Table 1). In 
all cases, the pore remained insensitive to block by cytoplasmic poly-
amine (Fig. 3c and Extended Data Fig. 5c–f). In conclusion, missense 
pore mutations at the Q/R site selectivity filter significantly augment 
Ca2+ permeability of GluA2-containing AMPARs, offering a likely expla-
nation for their detrimental effects on the developing and adult brain 
in autism and intellectual disability. The missense mutation reported 
at the +4 site does not substantially alter pore divalent permeability 
(Extended Data Fig. 5), however, it hampers the surface expression of 
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Fig. 2 | CNIHs further regulate Ca2+ permeability of GluA2-containing 
AMPARs. a,b, Top, typical membrane currents elicited by 10 mM l-Glu at a range 
of membrane potentials for TARP-γ2-bound GluA1/A2 receptors in the presence 
of CNIH-2 (a) (A1-γ2/A2 patch no. 210810p1; A1/A2-γ2 patch no. 210820p3) or 
CNIH-3 (b) (A1-γ2/A2 patch no. 190405p1; A1/A2-γ2 patch no. 190404p1). 
Bottom, current–voltage plots of l-Glu responses in TARP-γ2-bound GluA1/A2 
heteromers with/without CNIHs (A1-γ2/A2 + CNIH-2 n = 9; A1 + CNIH-2/A2-γ2 

n = 8; A1-γ2/A2 + CNIH-3 n = 6; A1 + CNIH-3/A2-γ2 n = 9). Cartoons depict GluA1/
A2 octamers showing the position of the tethered TARP subunits and likely 
position of CNIHs. c,d, Summary plots of reversal potentials of TARP γ2 and 
CNIH-bound GluA1/A2 heteromers (c) and their relative Ca2+ permeability (d) 
(two-sided Kruskal–Wallis ANOVA followed by Mann–Whitney U-tests with 
Bonferroni–Holm’s correction, **P < 0.01). Data are mean ± s.e.m.
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AMPAR heteromers4 that will ultimately negatively affect the ability of 
AMPARs to transport Ca2+ at central synapses.

Differences in Ca2+ permeability among AMPARs was explored further 
by measuring l-Glu (10 mM) evoked whole-cell currents while simulta-
neously measuring the rise in cytoplasmic Ca2+ using the genetically 
encoded fast Ca2+ indicator, GCaMP6f (ref. 49) (Fig. 3e,f). Four AMPARs 
that together represent the entire range of divalent transport were 
chosen (Fig. 3d) and their ability to transport Ca2+ was represented as 
the ratio of the change in GCaMP6f fluorescence divided by the total 
charge transfer. As expected, GluA1/A2 heteromers failed to elicit a rise 
in cytosolic Ca2+ (Fig. 3e, left, 3f), in agreement with the poor divalent 
permeability estimated by the shift in reversal potential observed in 
Na+ and Ca2+ rich external solutions (Fig. 1e,f). By contrast, activation 
of GluA1/A2(R607E) TARP-γ2 channels evoked a large and rapid rise in 
cytosolic Ca2+ (Fig. 3e, right, 3f), in good agreement with our estimates 
of PCa/PNa (Fig. 3d). GluA1/A2 AMPARs assembled with TARP-γ2 alone or 
with CNIH-3 showed intermediate behaviour with measurable transport 
of external Ca2+ (Fig. 3e,f) but were insensitive to block by cytoplasmic 

spermine (30 μM) (Extended Data Fig. 6) further demonstrating that 
divalent permeability and polyamine block can be uncoupled.

Taken together with our earlier findings (Figs. 1, 2), these data 
show that GluA2-containing AMPAR heteromers form a continuum of 
Ca2+-permeable ion channels (Fig. 3d) where the permeation pathway 
for Ca2+ is dynamically regulated by many factors including, (1) the type 
of AMPAR–auxiliary subunit (TARP versus CNIH) and (2) its placement 
within the tetramer, (3) the TARP isoform (TARP γ2 versus γ8) as well 
as (4) the specific amino acid that occupies the Q/R site. Contrary to 
current understanding, we show that GluA2-containing AMPARs can 
show appreciable Ca2+ permeability while remaining insensitive to block 
by polyamines (Fig. 3c,d). However, any change to the make-up of the 
AMPAR that renders Ca2+ permeability greater than Na+ (Fig. 3d, dotted 
line), such as observed with missense mutations at the Q/R site, alters the 
pore’s properties allowing polyamines to enter and cause channel block 
(Fig. 3c,d, blue shade). We therefore conclude that the pore of GluA2 
AMPAR heteromers is designed to operate as a molecular sieve within a 
strict dynamic range where TARP and CNIH auxiliary subunits regulate 
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channel opening permitting the passage of Ca2+ while preventing entry 
of polyamines by size exclusion. Whether auxiliary subunits achieve this 
by directly altering the pore diameter and/or modifying its electrostatic 
environment to affect ion transport, as noted previously50, remains to 
be investigated. Either way, further expansion of the pore’s architecture 
substantially augments Ca2+ transport with the trade-off that polyamine 
block occurs. As such, the need to avoid polyamine block sets a limit on 
the degree to which wild-type GluA2-containing AMPARs can show Ca2+ 
permeability. The fact that missense mutations of the Q/R site exceed 
this limit may be a defining characteristic that causally links them to 
the occurrence of autism and intellectual disability in patient groups.

AMPAR Ca2+ permeation from two sites
To determine where TARP and CNIH subunits act on the channel pore, 
we performed a more detailed comparison of the permeation proper-
ties of four AMPARs that differ in their ability to transport Ca2+ by almost 
two orders of magnitude (Fig. 4). Ca2+ traverses the pore of AMPARs by 
binding at two sites: Site-G that forms temporarily when the channel 
gate is activated43 and the Q/R site selectivity filter10. Therefore, we 
reasoned that TARPs and/or CNIHs could augment Ca2+ permeability 
by acting exclusively on either Site-G or the Q/R site or a combination 
of both. We have shown previously that Ca2+ occupancy at each site 
can be interrogated by measuring the voltage dependence of block 
by external Ca2+ (ref. 43). Site-G lies outside the membrane electric 
field and therefore Ca2+ block is voltage-independent43. By contrast, 
the Q/R site lies within the membrane electric field making Ca2+ block 
voltage dependent10,43,50. Given this, block was measured at a range of 
membrane potentials to help pinpoint how auxiliary subunits enhance 
Ca2+ permeation through the pore (Fig. 4).

As expected, the voltage dependence of block varied substantially 
based on the relative Ca2+ permeability of each AMPAR. For example, 
Ca2+ block of GluA1/GluA2 receptors was only slightly voltage sensitive 
(Fig. 4b, left), presumably due to the positively charged Arg residue at 
the Q/R site of each GluA2 that oppose Ca2+ entry into the pore while 

also allowing access to Site-G. By contrast, co-assembly with TARP-γ2 
alone or in combination with CNIH-3 rendered the block mechanism 
voltage dependent (Fig. 4b, centre left and right and Supplementary 
Table 4), which can be explained by Ca2+ accessing Site-G as well as the 
Q/R site within the membrane electric field. Finally, GluA1/A2 TARP-γ2 
receptors containing the missense mutation, GluA2 R607E, showed 
striking voltage-dependent Ca2+ block (Fig. 4b, right), which is entirely 
in line with its marked divalent permeability (Fig. 3d and Supplementary 
Table 1). In support of this two-site ion-transport pathway, Ca2+ block 
was fit by the sum of two binding sites at all the membrane potentials 
tested. For example, at −100 mV, Ca2+ block was best fit by the sum of 
two binding sites of low and high affinity (Extended Data Fig. 7 and 
Supplementary Table 5), further demonstrating that block derives 
from a contribution of both Site-G and the Q/R site.

TARPs and CNIHs target the pore Q/R site
To further explore Ca2+ interactions between Site-G and the Q/R site, we 
compared the ability of different models of Ca2+ block to fit our data at 
all membrane potentials and external Ca2+ concentrations tested (Fig. 5 
and Extended Data Fig. 8). We compared data fit to a single-binding site 
model (model 1) or double-binding site models (models 2–5) of Ca2+ 
block. For the double-binding site models, we assessed whether the 
data were better fit if Ca2+ block occurred in a sequential manner, such 
that occupancy of the first site, B1, preceded occupancy of the second 
site, B2 (models 2 and 3), or a non-sequential mechanism whereby Ca2+ 
block did not have this requirement (models 4 and 5). We also compared 
whether block occurred at both sites simultaneously (models 3 and 5) 
or only the single site B2 (models 2 and 4). The best model was chosen 
using the Bayesian information criterion (Extended Data Fig. 8c). In all 
cases, the voltage dependence of each binding site (B1 and B2) was not 
constrained but rather permitted to be determined by fits to the data.

Using this approach, Ca2+ block observed in all AMPARs was best 
explained by the non-sequential double-site model, model 4, whereby 
block depends on the occupancy of only one of the sites, B2 (Fig. 5a and 
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Extended Data Figs. 8–10). Parameter estimation of all AMPARs using 
model 4 revealed that Ca2+ occupancy of site B1 was mostly voltage 
insensitive, similar to Site-G43, whereas occupancy and block at site B2 
was strongly voltage sensitive, similar to the Q/R site10,50, correspond-
ing to roughly half of the total membrane potential, even in AMPARs 
with relatively voltage insensitive Ca2+ block (Fig. 5f). Moreover, the 
voltage dependency of B1 and B2 remained the same across all AMPAR 
heteromers, indicating that the binding sites remained in similar posi-
tions within the membrane electric field (Fig. 5f and Extended Data 
Fig. 10). This observation suggests that the variability in Ca2+ perme-
ability among AMPARs is not due to differences in the location of bind-
ing sites within the pore. The exception to this was the GluA2 R607E 
AMPAR in which the voltage dependence of B2 differed slightly (Fig. 5f 
and Extended Data Figs. 9c, 10b), consistent with missense mutations at 
the Q/R site altering the pore architecture to permit polyamine block. 
Ca2+ affinity of the two binding sites was strongly associated with Ca2+ 
permeability, with the affinity for site B2 becoming substantially lower 
with higher Ca2+ permeability (Fig. 5g–j and Extended Data Fig. 10c,d). 
On the basis of our experiments and modelling results, in conjunction 
with past studies43, we conclude that TARP and CNIH auxiliary subunits 
control Ca2+ permeability of GluA2-containing AMPARs primarily by 
targeting the affinity of a voltage-sensitive Ca2+ binding site that most 
likely corresponds to the Q/R site.

Conclusion
For the last three decades, Ca2+ permeability of AMPARs was thought 
to be uniquely determined by the incorporation of the GluA2 subunit 
into tetrameric assemblies1,51. Our data establish that this is not the case. 
Instead, we show that GluA2-containing AMPARs form a continuum of 
Ca2+-permeable ion channels, where divalent permeability is regulated 
within a strict dynamic range by TARPs and CNIHs by targeting the 
pore’s selectivity filter. The fact that the same two-binding site model 

(Fig. 5) can fit Ca2+ block of AMPARs with an extensive range of divalent 
permeability (Fig. 4) further supports our assertion that they form a 
continuum. These observations agree well with the wide-ranging values 
of Ca2+ permeability reported for native AMPARs expressed by interneu-
ron and principal cell populations across different brain regions16. Our 
findings also explain the apparent paradoxical observations showing 
that some native AMPARs can possess Ca2+ permeability in the absence 
of polyamine block, as noted for horizontal and AII amacrine cells of 
the retina52, CA1 pyramidal cells of the hippocampus53 and elsewhere 
(reviewed in ref. 13). The universal expression of the GluA2 subunit with 
TARP and CNIH proteins28,29,54 suggests that the developing and adult 
mammalian brain possess many more divalent-permeable AMPARs 
than considered previously. It awaits future investigation whether 
widespread expression of divalent-permeable GluA2-containing 
AMPARs explains the occurrence of neurodevelopmental disorders 
when associated with missense mutations4,7,55 or the excessive and 
neurotoxic transport of Ca2+ and/or Zn2+ linked to neurodegenerative 
disease as well as cerebral ischaemia24,25,27.
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Methods

Cell culture and transfection of HEK293T/17 cells
Human embryonic kidney 293T/17 (HEK293T/17) (ATCC) cells were main-
tained in MEM containing GlutaMAX. The media was supplemented with 
10% fetal bovine serum (Gibco). Cells were plated at low density (1.6 × 104 
cells per ml) on poly-d-lysine-coated 35-mm plastic dishes and were tran-
siently transfected 48 h later using the calcium phosphate technique, as 
previously described56. After transfection, NBQX at a 30 μM final concen-
tration was added to the media to avoid cell death. All experiments were 
performed using complementary DNA from previous publications from 
our group31,48. Single point mutations were performed on the plasmid 
vector mentioned previously. GluA and auxiliary subunits were cotrans-
fected with plasmid vectors encoding eGFP to identify transfected cells 
as described elsewhere30. For tandem constructs GluA subunits and 
TARPs proteins were linked using seven amino acid linker (ELGTRGS).

In vitro patch-clamp electrophysiology recordings of 
recombinant AMPARs
Experiments were performed after 24 h of transfection. Agonist or 
antagonist solutions were applied to excised outside-out patches 
obtained from the transfected cells using a piezoelectric stack (Physik 
Instrumente). The solution exchange rate routinely had a 10–90% rise 
time of 25–50 μs, which was determined by measuring the liquid junc-
tion current at the end of each experiment57. To minimize electrical 
noise during recordings, a thick-walled, borosilicate glass pipette 
(3–6 MΩ) was coated with dental wax in conjunction with an Axopatch 
200B amplifier (Molecular Devices). Series resistance (3–12 MΩ) was 
compensated by 95%. Data acquisition was performed using pClamp10 
software (Molecular Devices) and tabulated using Excel (Microsoft 
Corp.). All experiments were conducted at room temperature.

All chemicals were purchased from Sigma-Aldrich, unless otherwise 
indicated. The external solution contained (in mM) 150 NaCl, 5 HEPES 
and 0.1 CaCl2, at pH 7.3–7.4. The internal solution contained (mM)  
115 NaCl, 10 NaF, 5 HEPES, 5 Na4BAPTA (Life Technologies), 1 MgCl2,  
0.5 CaCl2, and 10 Na2ATP, pH 7.3–7.4. The osmotic pressure of all solu-
tions was adjusted to 295–300 mOsm with sucrose, if necessary. When 
spermine was added, internal solution contained 30 μM spermine 
instead of 10 mM Na2ATP. For calcium block experiments, external 
Ca2+ was added into 150 mM NaCl to give a final concentration of either 
0.3, 1, 2, 5, 10, 20 or 30 mM, except for the highest (108 mM) Ca2+ solu-
tion that contained only 108 mM CaCl2 (+HEPES) with no added NaCl.  
For the 108 mM Ca2+ solution, pH was balanced using Ca(OH)2.

Concentrated (10×) agonist stock solutions were prepared by dis-
solving l-glutamate in the appropriate external solution and adjusting 
the pH to 7.3–7.4 and were stored frozen at −20 °C. Stocks were thawed 
on the day of the experiment and used to prepare agonist-containing 
external solutions.

Combined calcium imaging and electrophysiology
Experiments were performed using a Nikon Eclipse inverted micro-
scope. HEK293T/17 cells were plated on 35-mm dishes with a glass 
coverslip bottom (Ibidi, ref. no. 80136), which were transfected 48 h 
after plating at low density to avoid cell cluster formation. Cells were 
transfected 48 h after plating with the same methodology as for in vitro 
patch-clamp experiments. Furthermore, all groups were cotransfected 
in with GCaMP6f, a genetically encoded Ca2+ indicator49.

Electrophysiological and imaging experiments were done simul-
taneously on isolated and transfected cells. Patch-clamp recordings 
were performed in whole-cell configuration using borosilicate glass 
pipette (2–5 MΩ). Series resistance (3–12 MΩ) was compensated by 
40%. Local agonist application was performed using a homemade 
flowpipe from theta tubing with a tip diameter of 150–200 μm. 
External control or agonist solution were applied intermittently to 
evoke an AMPAR response using a switcher to control solution flow.  

Imaging was performed selecting the target cell as region of interest 
and data acquisition was performed using a Evolve 512 Delta camera 
(Photometrics). The exposure time was set at 10 ms and images were 
taken every 9 ms. Data acquisition was performed using pClamp10 
software (Molecular Devices) for electrophysiological recordings and 
Micromanager v.1.4 software for imaging. Imaging data were analysed 
using Image J software. Data were tabulated using Excel (Microsoft 
Corp.). All experiments were conducted at room temperature.

Ca2+ response was measured as the change in the fluorescence signal 
divided by the total amount of charge (Qtotal) during a 2-s agonist pulse.
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Preparation of ex vivo brain slices
Mice were anaesthetized with isoflurane and immediately decapitated 
as described previously31,58. The cerebellum was rapidly removed from 
the skull and submerged in ice-cold cutting solution perfused with 
carbogen gas (95% O2, 5% CO2). Cutting solution contained (in mM): 
235 sucrose, 2.5 KCl, 1.25 NaH2PO4, 28 NaHCO3, 0.5 CaCl2, 7 MgCl2,  
28 d-glucose, 1 ascorbic acid, 3 sodium pyruvate (pH 7.4; 305–315  
mOsmol l−1). The cerebellum block was fastened to a platform, trans-
ferred to the slicing chamber and again submerged in ice-cold cutting 
solution, bubbled with carbogen throughout the remainder of the 
procedure. Thin slices of cerebellar vermis (300 μm) were obtained 
with a vibrating tissue sectioner (Leica VT1200; Leica Instruments). 
The slices were transferred to oxygenated artificial cerebrospinal 
fluid (aCSF) and held at room temperature (21–23 °C) for at least 1 h 
before recordings were performed. aCSF contained the following  
(in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2 CaCl2, 1 MgCl2, 
25 d-glucose (pH of 7.4; 305–315 mOsmol l−1).

Ethical approval
All experiments were performed in accordance with the guidelines 
of the Canadian Council on Animal Care and were approved by the 
Animal Care Committee of McGill University (approval no. 2013-7435).

Animals
Wild-type mice with a C57BL/6J background were obtained from Charles 
River Laboratories and maintained as a breeding colony at McGill Uni-
versity. Both male and female wild-type mice used for the experiments 
ranged from postnatal days 18 to 30. Animals were permitted ad libitum 
access to food and water.

Electrophysiological recordings from acutely isolated brain 
slice tissue
Slice experiments were performed on an Olympus BX51 upright micro-
scope (Olympus) equipped with differential interference contrast and/or  
infrared optics31,58. Recordings were made from either visually identi-
fied Purkinje cells or Bergmann glia in acute sagittal slices of cerebellar 
vermis. Patch pipettes were prepared from thick-walled borosilicate 
glass (GC150F-10, OD 1.5 mm, ID 0.86 mm; Harvard Apparatus Ltd) and 
had open tip resistances of 3–6 MΩ when filled with an intracellular 
recording solution. Internal solution contained (in mM): 140 CsCl, 
10 HEPES, 10 EGTA, 2 MgCl2 and 30 μM spermine-HCl to examine rec-
tification due to polyamine channel block (pH of 7.4; 295–305 mOs-
mol l−1). Local agonist and/or antagonist applications were performed 
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using a homemade flowpipe from theta tubing with a tip diameter 
of 300–400 μm. The external solution was the same as described 
above with the addition of 10 μM d-APV to block N-methyl-d-aspartate 
receptors. Excised membrane patches were placed near the mouth of 
a double-barrelled flowpipe, which rapidly jumped between control 
and the solution containing 10 mM l-Glu (250-ms duration). Record-
ings were performed using a Multiclamp 700 A amplifier (Molecular 
Devices). The bath was continuously perfused at room temperature 
(21–23 °C) with aCSF at a rate of 1–2 ml min−1. Currents were filtered 
at 5 kHz with an eight-pole low-pass Bessel filter (Frequency Devices) 
and digitized at 25 kHz with a Digidata 1322A data acquisition board 
and Clampex 10.1 (pClamp) software.

Estimation of the relative Ca2+ permeability
AMPAR I–V relationships were used to calculate reversal potentials in 
150 mM external Na+ and in 108 mM external Ca2+ solutions.

The data were fit with a polynomial function with the order of 4 to 
estimate the reversal potential where the x intercept of the polynomial 
fit was determined to be the reversal potential (Erev). Ca2+ permeability 
relative to Na+ (PCa/PNa) was calculated using the equation48:
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where PCa and PNa are the permeability coefficients for Ca2+ and Na+, 
respectively, F is Faraday’s constant, R is the gas constant and T is the 
temperature in kelvins.

Measurement of AMPAR channel kinetics
Channel gating kinetics of AMPARs were assessed by applying a 250- 
or 1-ms application of l-glutamate (10 mM) to measure the peak and 
steady-state equilibrium response, the rate and extent of desensitiza-
tion, deactivation and recovery from desensitization kinetics (indicated 
as off kinetics) (details in Supplementary Table 2). Kinetics were fit 
using a mono- or bi-exponential function as described previously34 and 
presented as weighted means in the case of a bi-exponential function.

Single permeant blocker model for external Ca2+ and internal 
polyamines block
Conductance–voltage (G–V) relationships of block by external Ca2+ or 
internal polyamines were fit using Origin Pro 2020 (OriginLab) with 
the following equation50:
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where h and k represent the voltage dependence of g (koff/kon) and  
L (kperm/kon), respectively.

Inhibition plots of external Ca2+ block
Voltage ramps were used to determine the degree of Ca2+ block 
of AMPARs at a range of holding potentials from −100 to +100 mV. 

Cyclothiazide was added at a final concentration of 100 μM to the con-
trol and agonist external solutions to reduce receptor desensitiza-
tion. Currents recorded in control solution were used to leak-subtract 
experimental records.

Dose-inhibition curves of external Ca2+ block were fit using a single- 
binding site isotherm function or double-binding site isotherm  
function as described previously59. The single-binding site isotherm 
function is given by:
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where IC50 is the concentration of external Ca2+ that elicits half-maximal 
block (or half-maximum inhibitory concentration), n is the slope  
and G0 is the steady-state response. The double-binding site isotherm 
function, on the other hand is given by:
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where IC50 (High) and IC50 (Low) are the concentrations of external Ca2+ that 
elicits half-maximal block of the high- and low-affinity components, 
respectively. Gmid is the boundary value between high and low-affinity 
components.

Primers for single point mutations
To introduce single point mutations, the following reversal and forward 
primers were used for PCR reactions:

R607E in GluA2Ri
Fwd: 5′–CTCTGGTTTTCCTTGGGTGCCTTTATGgaGCAAGGATG 

CGATATCTCGCCAAGATCCC–3′
Rev: 5′–GGGATCTTGGCGAGATATCGCATCCTTGCtcCATAAAGGCA 

CCCAAGGAAAACCAGAG–3′
R607G in GluA2Ri
Fwd: 5′–CTCTGGTTTTCCTTGGGTGCCTTTATGgGGCAAGGATG 

CGATATCTCGCCAAGATCCC–3′
Rev: 5′–GGGATCTTGGCGAGATATCGCATCCTTGCCcCATAAAGGCA 

CCCAAGGAAAACCAGAG–3′
D611N in GluA2Ri
Fwd: 5′–CTCTGGTTTTCCTTGGGCGCCTTTATGCGGCAAGGAT 

GCaATATTTCGCCAAGATCCC–3′
Rev: 5′–GGGATCTTGGCGAAATATTGCATCCTTGCCGCATAAAGGCg 

CCCAAGGAAAACCAGAG–3′
A789F in GluA1
Fwd: 5′–CTCAGCAATGTGTTCGGCGTGttcTACATCCTGATTGGA 

GGGCTGGGGCTAGCCATG–3′
Rev: 5′–CAGCATGGCTAGCCCCAGCCCTCCaatCAGGATGTAGA 

ACACGCCGAAATTGCT–3′
Bold indicates the nucleotide that was introduced to mutate each 

residue.

Modelling of Ca2+ block of AMPARs
Ca2+ block was assumed to be caused by Ca2+ ions binding to sites within 
the pore of the AMPARs, and was modelled using a formalism similar to 
that first described by Woodhull60. We examined various numbers and 
configurations of binding sites that together comprise five separate 
models (Extended Data Fig. 8a). For a full description, see the Sup-
plementary Information.

In model 1, the probability of block is determined by the occupancy 
of a single-binding site, B1. This model is identical to that of Woodhull60 
except that the blocking ion (calcium) has a valence of 2.

In model 2, the probability of block is determined by the occupancy 
of two binding sites. External calcium can bind to a first site (B1) and 



then transition to a second site (B2). However, external calcium cannot 
bind to B2 directly. In this model, block occurs if the second binding 
site, B2, is occupied by calcium; calcium occupancy of B1 does not 
directly block the pore.

In model 3, the block is modelled in the same way as model 2, except 
that the pore is blocked if either binding site, B1 or B2, is occupied by 
calcium.

In model 4, the block is modelled in the same way as model 2, except 
that external calcium can also bind directly to the second binding site, 
B2, thus bypassing the first binding site, B1.

In model 5, the block is modelled the same as model 4, except that the 
pore is blocked if either binding site, B1 or B2, is occupied by calcium.

Each model was fit to the calcium block data of the various AMPARs 
across all voltage simultaneously by minimizing the sum of square 
errors. The most parsimonious model was selected based on the 
Bayesian information criterion61. After concluding that Model 4 best 
explained the AMPAR blocking data (Main Text and Extended Data 
Fig. 8), we analysed the voltage sensitivity of each calcium binding 
site in more detail. To do so, we investigated four nested models 
based on model 4 that progressively restrict the voltage depend-
ence of calcium binding to sites B1 and B2 (Extended Data Fig. 9a–e 
and Supplementary Information). We compared the goodness of fits 
of the increasingly restricted models using multiple F-tests with a 
Bonferroni corrected significance threshold of 0.05 (Extended Data 
Fig. 9f). Uncertainty in parameter estimates was calculated by repeat-
edly fitting the model to bootstrap samples62 of the data (Extended  
Data Fig. 10).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this study are available upon request. 
The referred protein structure has the Protein Data bank (PDB) acces-
sion code 7OCA. Supplementary Information is available for this paper. 
The data obtained to create Extended Data Fig. 1c have been taken from 
refs. 16,31,34. Source data are provided with this paper.

Code availability
Code used in the current study is publicly available on GitHub (https://
github.com/niklasbrake/AMPAR_permeation_modelling).
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Extended Data Fig. 1 | AMPARs with tethered TARP auxiliary subunits 
faithfully reproduce the gating behaviour of native AMPARs. a. (Upper) 
Example electrophysiological records of L-Glu responses (10 mM) of GluA1/A2 
AMPAR heteromers co-expressed with (left) or tethered to (right) TARP γ2. 
(Lower) Statistical analyses of the degree of AMPAR desensitization (left, SS/Pk) 
or rate of onset of desensitization (right, τfast) reveals that the gating properties 
are indistinguishable when co-expressed with or tethered to TARP γ2. (Adapted 
from Perozzo et al., 2023). b. Plots comparing the gating properties of 
recombinant A1/A2 heteromers (orange symbol) and native (black symbol) 
AMPARs expressed by inhibitory stellate (upper) and Purkinje (lower) cells 
from the cerebellum. In both cases, recombinant AMPARs were expressed as 
fusion proteins with TARP γ2 tethered to either GluA1 or GluA2 subunit (upper) 

or to both (lower). Importantly, the desensitization properties of recombinant 
receptor exactly matched with functional behavior of stellate cells when only 
two TARP γ2 subunits were present (upper) whereas the Purkinje cell data was 
exactly matched by recombinant data where all four AMPAR subunits were 
tethered to TARP γ2. (Adapted from Perozzo et al., 2023). c. Desensitization 
rates (τdes) of native and recombinant AMPARs arranged in ascending order 
shows that they form a continuum of functional behavior. Values for native  
data were taken from Geiger et al.16 and Dawe et al.31 and the values for the 
recombinant were taken from this study. The black bars correspond to AMPAR 
heteromers that are tethered to at least two TARP subunits whereas the unfilled 
bar corresponds to GluA1/A2 heteromers lacking TARPs.



Extended Data Fig. 2 | TARPs promote Ca2+ permeability of GluA2-containing 
AMPARs while remaining polyamine insensitive. a. Different AMPAR-TARP 
complexes arranged according to the reversal potential observed in 108 mM 
external Ca2+ solution (A1/A2: ErevCa2+ = −44.8 ± 2.8 mV, n = 6; A1γ8/A2: ErevCa2+ = 
−29.7 ± 1.8 mV, n = 5; A1/A2γ8: ErevCa2+ = −25.6 ± 2.9 mV, n = 5; A2γ2/A3γ2: ErevCa2+ 
= −31.4 ± 2.3 mV, n = 11; A1γ2/A2: ErevCa2+ = −31.5 ± 1.2 mV, n = 5; A1/A2γ2: ErevCa2+ = 
−7.2 ± 1.8 mV, n = 16; A1γ2/A2γ2: ErevCa2+ = −27.0 ± 1.8 mV, n = 6). b. Pooled data  
of PCa/PNa of AMPAR-TARP complexes co-assembled with TARP γ2 or γ 8  
(A1/A2 PCa/PNa = 0.06 ± 0.01, n = 6; A1γ8/A2 PCa/PNa = 0.12 ± 0.01, n = 5; A1/A2γ8 

PCa/PNa = 0.18 ± 0.03, n = 5; A2γ2/A3γ2 PCa/PNa = 0.12 ± 0.01, n = 11; A1γ2/A2  
PCa/PNa = 0.12 ± 0.01, n = 5; A1/A2γ2 PCa/PNa = 0.43 ± 0.04, n = 16; A1γ2/A2γ2  
PCa/PNa = 0.14 ± 0.01, n = 6). Two-sided Kruskal-Wallis ANOVA followed by 
Mann-Whitney U tests with Bonferroni-Holmes correction. p-value * <0.05,  
** <0.01, *** <0.001. c. IV plots of different AMPAR-TARP complexes in external 
150 mM Na+ (open circles fitted by a 4th order polynomial function) solution.  
d. GV plots of AMPAR-TARP complexes obtained from IV curves above (c).  
Open circles show average normalized response and colored shading show 
s.e.m. (A1/A2: n = 6; A1γ2/A2: n = 5; A1/A2γ2: n = 16; A1γ2/A2γ2: n = 6).
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Extended Data Fig. 3 | Simulations of current-voltage (IV) and conductance- 
voltage (GV) plots establishes that data from edited GluA2-containing 
AMPARs is not impacted by unedited AMPARs. a. GV plots of unedited 
GluA2(Q) AMPARs showing that tethering TARP γ2 significantly attenuates  
the degree of block by cytoplasmic spermine (30 μM). Adapted from the data 
shown in Supplementary Table 3. b. A series of GV plots where the contribution 
(%) of unedited AMPARs to the overall AMPAR response is reduced in a stepwise 
manner. Note that shape of the GV plot with only 1 % contribution of unedited 
AMPARs best fits the data we have observed with GluA1/A2 heteromers.  

c. A series of Ca2+ IV plots where the contribution (%) of unedited AMPARs to the 
overall AMPAR response was adjusted in an incremental manner. Note, that at 
least 50% of unedited AMPARs would be needed for the reversal potential to  
be in the positive voltage range. d. The relative Ca2+ permeability of AMPARs 
estimated from the simulated Ca2+ IV plot data shown in c. Note, that for the 
relative Ca2+ permeability to be close to 1 (dotted line), as described for GluA1/A2 
heteromers with TARP γ2 and CNIH3, almost 75 % of the overall response would 
need to contain unedited AMPARs.



Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Current-voltage (IV) and conductance-voltage (GV) 
plots confirm that GluA2-containing AMPARs are polyamine insensitive 
and kinetic properties corroborate CNIH presence in the AMPAR complex. 
a. IV plots of different AMPAR-TARP + CNIH complexes in external 150 mM Na+ 
(open circles fitted by a 4th order polynomial function) solution. b. GV plots of 
the AMPAR-TARP complexes obtained from IV curves above (a). Open circles 
show average normalized response and colored shading show se.m. (A1γ2/A2 +  
CNIH-2: n = 9; A1/A2γ2 + CNIH-2: n = 8; A1γ2/A2 + CNIH-3: n = 6; A1/A2γ2 + CNIH-3:  
n = 9). c. Example membrane currents evoked by 10 mM L-Glu (250 ms duration) 
on GluA1/A2 AMPARs co-assembled with either TARP γ2 and CNIH2 or TARP γ2 
and CNH3 (c). The grey shadow shows the SEM of the response. d. Comparison 
of gating properties between A1/A2γ2 (in grey) vs A1/A2γ2 + CNIH-3 (black) 
receptors. e. CNIH-3 slows desensitization kinetics of A1/A2γ2 receptors  
(A1/A2γ2: τdes = 7.5 ± 0.6 ms, n = 16; A1/A2γ2 + CNIH-3: τdes = 22.5 ± 1.7 ms, n = 9). 
Equilibrium current was enhanced by CNIH-3 (A1/A2γ2: Equilibrium current = 
2.9 ± 0.4 %, n = 16; A1/A2γ2 + CNIH-3: Equilibrium current = 14.7 ± 1.3 %, n = 9). 
CNIH-3 also slowed the off-kinetics of AMPARs (A1/A2γ2: τoff = 6.8 ± 0.5 ms, 
n = 19; A1/A2γ2 + CNIH-3: τoff = 23.5 ± 1.5 ms, n = 14) and the deactivation kinetics 
(A1/A2γ2: τdeact = 1.5 ± 0.1 ms, n = 6; A1/A2γ2 + CNIH-3: τdeact = 7.0 ± 0.8 ms,  
n = 9). Two-sided unpaired t-tests with Welch correction. p-value *** <0.001.  

f. AMPAR-TARP + CNIH complexes arranged by the reversal potential observed in 
108 mM external Ca2+ solution (A1/A2: ErevCa2+ = −44.8 ± 2.8 mV, n = 6; A1γ2/A2 +  
CNIH-3: ErevCa2+ = −33.6 ± 1.7 mV, n = 6; A1γ2/A2 + CNIH-2: ErevCa2+ = −25.8 ± 2.2 mV, 
n = 9; A2γ2/A3 + CNIH-3: ErevCa2+ = −29.7 ± 2.2 mV, n = 5; A1γ8/A2 + CNIH-3: 
ErevCa2+ = −31.2 ± 2.7 mV, n = 5; A1/A2γ8 + CNIH-3: ErevCa2+ = −18.9 ± 3.4 mV, n = 6). 
Orange square shows the A1/A2γ2 AMPAR to highlight changes in the Ca2+ 
reversal potential induced by CNIH-2 and -3 auxiliary proteins (cyan squares, 
A1/A2γ2 + CNIH-2: ErevCa2+ = −1.8 ± 2.5 mV, n = 8; A1/A2γ2 + CNIH-3: ErevCa2+ = 
7.5 ± 1.1 mV, n = 9). Sky-blue circle denotes A1/A2γ2 + CNIH-3 with the A789F 
mutation which left-shifts the Ca2+ reversal potential (A1AF/A2γ2 + CNIH-3: 
ErevCa2+ = −25.5 ± 3.1 mV, n = 8). g. Pooled data of PCa/PNa from the AMPAR 
complexes shown in (f) grouped by CNIH and TARP type (A1γ2/A2 + CNIH-2:  
PCa/PNa = 0.15 ± 0.02, n = 9; A1/A2γ2 + CNIH-2: PCa/PNa = 0.55 ± 0.11, n = 8; A1γ2/A2 +  
CNIH-3: PCa/PNa = 0.10 ± 0.01, n = 6; A1/A2γ2 + CNIH-3: PCa/PNa = 0.95 ± 0.05,  
n = 9; A1AF/A2γ2 + CNIH-3: PCa/PNa = 0.16 ± 0.02, n = 8; A1γ8/A2 + CNIH-3: PCa/PNa =  
0.12 ± 0.02, n = 5; A1/A2γ8 + CNIH-3: PCa/PNa = 0.23 ± 0.04, n = 6; A2γ2/A3 +  
CNIH-3: PCa/PNa = 0.12 ± 0.02, n = 5). Two-sided Kruskal-Wallis ANOVA followed 
by Mann-Whitney U tests with Bonferroni-Holmes correction. p-value * <0.05, 
** <0.01, *** <0.001.



Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | TARP γ2 increases the Ca2+ permeability of missense 
mutations. a. The Ca2+ reversal potential shift with the GluA2 missense 
mutations (D611N in green, R607G in light blue and R607E in dark blue) in the 
absence and presence of TARP γ2. b. The Na+-relative Ca2+ permeability of GluA1+ 
GluA2 missense mutations (D611N in green, R607G in light blue and R607E in 
dark blue) in the absence and presence of TARP γ2. Two-sided two-way between- 
subject ANOVA was performed upon the dataset, decomposing with Tukey’s HSD 
post hoc analysis respectively. #: p < 0.05; ***: p < 0.001. c. IV plots of GluA2-
containing AMPARs mutated at the pore region (D611N) and the pore selectivity 
filter (R607G and R607E). d. GV plots obtained from IV curves above (c). 
A1 + A2D611N channels exhibit a linear GV relationship while A1 + A2R607G and 

A1 + A2R607E GV curves show block by internal spermine (A1 + A2R607G Kd(0 mV) =  
34 ± 6.5 μM n = 4 and A1 + A2R607E Kd(0 mV) = 4.4 ± 0.9 μM n = 5). Open circles show 
average normalized response, colored shading show se.m., and the solid red 
line corresponds to the fit of a single permeant blocker model. e. IV plots of 
different A1/A2γ2 AMPARs mutated at the +4 site (D611N) and selectivity filter 
(R607G and R607E). f. GV plots obtained from IV curves above (e). A1/A2γ2D611N 
channels show a linear GV relationship while A1/A2γ2R607G and A1/A2γ2R607E GV 
curves show sensitivity to block by internal spermine (A1/A2γ2R607G Kd(0 mV) =  
38.2 ± 11.7 μM n = 5 and A1/A2γ2R607E Kd(0 mV) = 14.5 ± 3.4 μM n = 7). Open circles 
show average normalized response, colored shading show s.e.m., and the solid 
redline denotes fits using a single permeant blocker model.



Extended Data Fig. 6 | Current-voltage (I-V) plots from whole-cell recording 
and Linear regression relationships between Ca2+ induced fluorescent 
intensity (ΔFluorescence) and total charge transfer (Qtotal) of whole-cell 
current recording. a-d show the I-V relationships recorded using a RAMP 
protocol, from −100mV to +60 mV, with whole-cell configuration for GluA1/A2 
(black, n = 11), GluA1/A2γ2 (orange, n = 12), GluA1/A2γ2/CNIH-3 (cyan, n = 15) 
and GluA1/A2R607Eγ2 (dark blue, n = 12), respectively. The shades of each I-V plot 
indicates the SEM. Noted that GluA1/A2R607Eγ2 receptors are sensitive  
to internal polyamines with an affinity of Kd(0mV) value of 18.7 ± 3.0 μM.  

e-h show the linear regression relationships between Ca2+ induced fluorescent 
intensity (ΔFluorescence) and total charge transfer (Qtotal) of whole-cell current 
recording for GluA1/A2 (grey, n = 11), GluA1/A2γ2 (orange, n = 12), GluA1/A2γ2/
CNIH-3 (cyan, n = 15) and GluA1/A2R607Eγ2 (dark blue, n = 12), respectively. Scatters 
indicate individual data points, while the solid lines are the linear regression for 
each group: GluA1/A2: y = 0.0173*x + 65.935, r = 0.56; GluA1/A2γ2: y = 4.8557*x-
4068.4, r = 0.94; GluA1/A2γ2/CNIH-3: y = 3.4786*x-566.31, r = 0.87 and GluA1/
A2R607Eγ2: y = 7.2528*x, r = 0.88.
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Extended Data Fig. 7 | Ca2+ block of GluA2-containing AMPARs at two 
binding sites. Fits of two binding site isotherm to Ca2+ inhibition data recorded 
at −100 mV of AMPARs composed of a. GluA1/A2 (n = 7), b. GluA1/A2-γ2 (n = 16), 

c. GluA1+CNIH−3/A2-γ2 (n = 9) and d. GluA1/A2-γ2 R607E (n = 8). The solid line 
corresponds to the sum of the two binding site isotherm and the dotted lines 
are the individual isotherm fits.



Extended Data Fig. 8 | A two-binding site permeation model best captures 
voltage-dependent calcium block of AMPARs. a. Schematic illustrations  
of the five Ca2+ binding models studied. b. The black dots are the calcium- 
dependent Gnorm values at −60 mV for each AMPAR (top to bottom). The colored 
lines are the fits for the five models (left to right). Gnorm is modelled as one minus 
the probability of calcium binding to site B2 (except model 1, where block is 

modelled based on calcium binding to site B1). Notice that all the models either 
overestimate block at low calcium concentration or underestimate block at 
high calcium concentrations, except for Model 4. c. Bayesian information 
criterion (BIC) computed for each model and AMPAR. Model 4 exhibited the 
lowest BIC across all AMPARs, indicating that the model is the best trade-off 
between high accuracy and low complexity.
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Extended Data Fig. 9 | Nested model comparison identifies similarity in 
voltage sensitivity among AMPARs (see Supplementary Information).  
a. Illustration of Model 4.0. The voltage dependences of both sites B1 and B2  
are allowed to vary among all the AMPAR complexes. Model 4.0 is identical  
to Model 4. b. Illustration of Model 4.1. The voltage dependence of site B2 is 
allowed to vary among all the AMPAR complexes, but the voltage dependence 
of site B1 (δ1) is identical among all AMPARs. c. Illustration of Model 4.2. The 
voltage dependence of site B2 (δ3) of A1 + A2R607Eγ2 is allowed to vary, but  

the other AMPARs have identical voltage dependence. d. Illustration of  
Model 4.3. The voltage dependence of all AMPARs are identical. e. The number 
of unique parameters and the residual squared error (RSS) after fitting each of 
the nested models. f. Results of F-tests for model comparison. Models 4.0, 4.1, 
and 4.2 all performed significantly better than Model 4.3. However, Models 4.0, 
4.1, and 4.2 achieved statistically indistinguishable (p > 0.05) fits to the data 
when taking the number of model parameters into account.



Extended Data Fig. 10 | Calcium block data of A1_A2, A1_A2γ2, and A1_A2γ2 + 
CIHN3 captured by permeation model (Model 4.2) with identical voltage 
dependences. a. Black dots indicate normalized AMPAR conductance at various 
calcium concentrations for four different AMPAR complexes (top to bottom) and 
various voltages (left to right). The red lines show the fit of Model 4.2. Shading 
indicates 95% confidence interval of model fit (bootstrap, n = 100). b. Optimal 
parameter values for the voltage dependence of site B1 (δ1) and site B2 (δ3) after 
repeatedly fitting Model 4.2 to 100 bootstrap samples of the data. The voltage 
dependence of B2 was allowed to differ for GluA1+GluA2R607Eγ2. Notice the 
second peak in density for the voltage dependence of binding site B2, indicating 

that in the mutant receptor, binding site B2 sits more shallowly in the membrane 
electric field compared to the other AMPARs studied. c. Dissociation constants 
of each of the four transitions in Model 4.2 after fitting to each of the four AMPAR 
complexes. Vertical lines reflect 95% confidence interval (bootstrap, n = 100). 
d. Dissociation constants of calcium binding, same as panel c, now plotted 
against the calcium permeability of each AMPAR. The dissociation constants 
are positively associated with calcium permeability for CaO↔B1 (ρ = 0.95, 
spearman correlation, p < 10-9), CaO↔B2 (ρ = 0.96, p < 10-9), but not for 
Cai↔B2 (ρ = 0.08, p = 0.09).
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