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a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors

(AMPARs) mediate excitatory synaptic transmission across the brain and
exhibit distinct modes of opening depending on how much glutamate
isbound. Despite extensive work on AMPAR conductance states and
subunit composition, whether changes in glutamate levels at and around
synapses regulate AMPAR function is unknown. Here we show that
glutamate concentration ([glutamate]) at mouse interneuron synapses
governs key biophysical features of AMPARs that are commonly used to
infer subunit composition. Lower [glutamate] reduces hallmark AMPAR
properties, including current-voltage rectification, polyamine block and
Ca’ permeability, highlighting a strong dependence of receptor function
onsynaptic [glutamate]. Recordings fromisolated AMPARs combined with
numerical simulations reveal differential spermine affinity across distinct
conductance states and establish [glutamate], rather than solely subunit
composition, as akey determinant of receptor behavior. These findings
uncover a previously unrecognized mechanism through which the synaptic
glutamate landscape dynamically shapes AMPAR signaling, broadening the
framework for how excitatory input is encoded within neural circuits.

Fast synaptic communication in the mammalian brain is primar-
ily mediated by glutamatergic a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptors (AMPARSs) that are composed
of four subunits (GluA1-4). Glutamate binding to AMPARs generates
single-channel currents with up to four conductance states. As each
of the four subunits contains a glutamate binding site, it is generally
agreed that the multiple conductance states relate to the number of
individual subunits that are bound by agonist'2. Structural studies
confirm that AMPARs with different numbers of agonist-bound subu-
nits exhibit different pore sizes that likely correspond to conductance
states’; however, it is not clear how these multiple conducting states
shape AMPAR function at synapses, where AMPARs are exposed to brief

and heterogeneous glutamate waveforms rather than steady-state
conditions. For example, even as activity-dependent AMPAR subunit
trafficking is awell-recognized mechanism of synaptic plasticity, altera-
tionsinsynaptic glutamate concentration ([glutamate]) via presynap-
tic mechanisms are also predicted to affect the unitary conductance
of postsynaptic AMPARs*. Identifying the physiological role of the
multiple AMPAR conductance states and their relationship to [gluta-
mate] is therefore fundamental to understanding synaptic transmis-
sion and plasticity.

AMPARs form hetero- or homomeric receptors with anotable dif-
ferenceinfunctionrevolving around the GluA2 subunit. GluA2 subunits
undergo post-transcriptional editing at the Q/R site that renders the
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channel impermeable to Ca®*, whereas GluA2-lacking AMPARs are
Ca®-permeable’. Ca**-permeable AMPARs (CP-AMPARs) are intensely
studied due to their involvementin many forms of synaptic plasticity,
as well as pathologies®*. Hallmark biophysical and pharmacological
properties are widely used to discriminate the presence of CP- versus
calcium-impermeable (CI)-AMPARs, which may exist along a con-
tinuum®. Notably, CP-AMPARs are sensitive tointracellular polyamines
that act as open channel blockers, resulting in minimal outward cur-
rentat membrane potentials from O to +50 mV (inward rectification).
Rectification and sensitivity to polyamine-derived toxins are widely
usedto estimate therelative abundance of Cland CP-AMPARs. Auxiliary
subunits also modulate AMPAR rectification, polyamine sensitivity and
Ca” permeability®'°. Even more fundamentally, it remains unclear how
conductance state occupancy contributes to these properties during
synaptic signaling. Although AMPAR conductance states and poly-
amine block have been extensively characterized under steady-state
conditions, whether these properties are dynamically regulated during
synaptic transmission has not beenresolved. In particular, AMPAR Ca*'
permeabilityis typically treated as a static property defined by subunit
compositionand pore structure. Here we address whether Ca** perme-
ability instead varies as afunction of [glutamate] and waveform during
nonequilibrium synaptic or spillover activation.

Native AMPARs are exposed to a wide range of [glutamate]s that
are predicted toinfluence the number of subunits bound by glutamate
(receptor occupancy). Following presynaptic release of asingle vesicle,
the cleft [glutamate] peaks in the low millimolar range and can reach
~12 mM following multivesicular release (MVR)" ", Glutamate is typi-
cally cleared rapidly from the synaptic cleft by diffusion followed by
reuptake from the extracellular space, but following high-frequency
stimulation and at some specialized synapses, a gradual clearance
of cleft [glutamate] can generate a slow component of postsynaptic
AMPAR activation*'®, The [glutamate] immediately outside the syn-
apse is estimated to peak at -200 pM, highlighting a relevant concen-
tration for spillover between synapses®?2. Ambient submicromolar
[glutamate] maintained in the extracellular space may also increase
in pathological conditions**. Here we use synaptic manipulations,
two-photon (2P) Ca®" imaging and 2P glutamate uncaging, excised
patches, GluA2 conditional knockout (cKO) and heterologous expres-
sion systems to show that AMPAR current-voltage rectification, poly-
amineblockand Ca®' permeability depend on [glutamate], with lower
concentrations reducing rectification and Ca®' permeability. These
results show that the broad range of physiologically relevant [glu-
tamate] dynamically regulates hallmark biophysical properties of
AMPARs by biasing occupancy among conducting states with distinct
spermine affinity and Ca*' permeability.

Results

Glutamate concentration shapes AMPAR properties

To understand how [glutamate] affects AMPAR properties, we first
leveraged a cerebellar circuit where two afferent pathways generate
distinct [glutamate] transients at AMPARs on molecular layer interneu-
rons (MLIs). Glutamate released from climbing fibers (CFs) generates
slow-rising and decaying spillover excitatory postsynaptic currents
(EPSCs) mediated by alower [glutamate] compared to EPSCs at parallel
fiber (PF) synapses®*°, We recently showed that glutamate from CFs
and PFs converge onto acommon pool of synaptic CP-AMPARs?. Using
multiple criteria to distinguish PF versus CF synaptic stimulation®, we
confirmed that CF-EPSCs are more effectively blocked by a low-affinity
antagonist than PF-EPSCs, indicating that they are generated by alower
[glutamate] (Extended DataFig.1; CF,70.8 + 3.3% and PF, 51.5 + 3.2% of
control,n=>5each, P=0.0028 unpaired ¢-test). We then asked how this
differenceinfluences the unitary conductance of AMPARs. Peak-scaled
nonstationary noise analysis revealed that the AMPAR conductance
underlying CF-spillover EPSCs was lower than PF-EPSCs (Fig. 1a,b; CF,
9.8 +1.2pSandPF,22.8+2.9 pS; n=9,P=0.001, paired t-test). Thus, as

predicted, alterations in the [glutamate] in the synaptic cleft change
the apparent unitary conductance of postsynaptic AMPARs®.

Having established that variations in the synaptic [glutamate]
can generate variations in AMPAR conductance, we asked what other
biophysical properties are altered. We first focused on the rectifi-
cation index (RI), a widely used biophysical signature that distin-
guishes between GluA2-containing and GluA2-lacking AMPARs™. In
the presence of intracellular polyamines, an inwardly rectifying cur-
rent-voltage (IV) relationship typically indicates the absence of GIuA2
subunits, whereas alinear IV suggests the presence of GluA2-containing
AMPARs. With anintracellular pipette containing the polyamine sper-
mine (100 uM), PF-EPSCs showed the anticipated inward rectifica-
tion (Fig. 1c,d; RI, 0.42 + 0.02, n = 34) consistent with GluA2-lacking
AMPARs®. Conversely, the IV of CF-spillover EPSCs was nearly linear,
suggesting GluA2-containing CI-AMPARs (Fig. 1c,d; RI, 0.77 £ 0.03,
n=31; P<0.0001, unpaired t-test). We repeated PF- and CF-EPSC rec-
tification measurements using perforated patch to maintain the native
intracellular [spermine] and found that PF-EPSCs and CF-EPSCs exhibit
distinct RI(Fig.1c,d and Extended DataFig.2; PFRI, 0.38 + 0.08 and CF
RI, 0.87 £ 0.04, n =4 each; P=0.0015, unpaired t-test). This suggests
our use of 100 pM intracellular spermine (4 mM ATP) with whole-cell
recordingsis aclose approximation of native intracellular [polyamine]
in MLIs. Of note, differences in AMPAR rectification and unitary con-
ductance between CF- and PF-EPSCs were preserved in physiological
extracellular Ca** (1.5 mM), indicating that these effects are not an
artifact of elevated Ca®* conditions (Extended Data Fig. 3).

Differences in [glutamate] transients could result in varying
degrees of AMPAR desensitization. Blocking desensitization with
cyclothiazide (CTZ) potentiated CF-spillover EPSCs (233.6 + 56.3%;
n=7, P =0.0156) without significantly affecting PF-EPSCs
(129.8 £10.0%; n=5, P=0.0625). Similar differences in unitary con-
ductance and Rl between CF- and PF-EPSCs were observed in the
presence of CTZ (Extended Data Fig. 4), indicating that desensitiza-
tion does not account for the lower conductance of spillover-evoked
responses. Transmembrane AMPAR regulatory proteins (TARPs)
are also well-known to affect receptor gating and reduce the affinity
of the AMPAR for intracellular polyamines’****. Consistent with a
role of TARP y-2 that is highly expressed in MLIs***, the decay time
of CF-EPSCs was significantly faster in TARP y-2 knockouts (KOs)
(CFy-277,2.1+£0.25 ms and CF wild-type (WT), 3.6 + 0.21 ms, n=10
and 9, P=0.0003, two-tailed unpaired t-test); however, the dif-
ference in Rl between CF- and PF-EPSCs persisted in TARP y-2 KOs
(Extended Data Fig. 5). Thus, neither differences in AMPAR desensi-
tization nor the major AMPAR accessory protein in MLIs can explain
[glutamate]-dependent rectification.

Wealso compared CF-and PF-EPSC sensitivity to1-naphthylacetyl
spermine (NASPM), a commonly used blocker of CP-AMPARs>**".
Bath application of NASPM (50 uM) differentially blocked alternat-
ing PF-EPSCs and CF-EPSCs in the same MLIs (by 72.4 + 4.4% versus
36.1+5.8%,n=10;Fig.1e). On average, NASPM blocked PF-EPSCs by
73.5+2.5% (n=22)and CF-EPSCs by only 40.1 + 4.0% (n = 23; Fig. 1f).
The conventional interpretation of these results is that CF spillo-
ver is mediated primarily by GluA2-containing AMPARs, whereas
PF-EPSCs are mediated by GluA2-lacking AMPARs; however, gluta-
mate from CFs activates the same Ca*-permeable AMPARs found at
PF synapses?, and polyamines are activity-dependent channel block-
ers that are influenced by the degree of AMPAR activation’®. Using
2Pimaging and selective CF and PF activation, we found that despite
the low rectification and minimal NASPM block typically associated
with CI-AMPARs, CF-EPSCs elicited similar NASPM-sensitive Ca*'
transients (CaTs) to PF-EPSCs (Fig. 1g)?*. Additionally, there was
no correlation between EPSC amplitudes and CaTs measured at
individual sites (Fig. 1h). Together, these results suggest the intrigu-
ing possibility that synaptic [glutamate] dynamics contributes to
fundamental AMPAR properties.
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Fig. 1| Glutamate concentration shapes AMPAR properties. a, Scaled average
PF-sEPSCs (top, blue) and individual sweeps (20 sweeps; gray), difference
currents (scaled average waveform minus each sweep), and variance-mean plot
(blue squares, linear fit =32 pS). Scaled average CF-EPSCs (bottom, black) and
individual sweeps (20 sweeps; gray), difference currents, and variance-mean plot
(blackcircles, linear fit=14 pS). b, Summary of PF and CF unitary conductance
(22.8 +2.9and 9.8 +1.2 pS, respectively; n=9; P=0.001, two-tailed paired t-test).
¢, Example average PF- (blue, top) and CF- (black, bottom) EPSCs at -60 mV and
+40 mV and corresponding IVs (left). Red dotted line indicates the predicted
amplitudes for an ohmic (linear) response. Example average PF- (blue, top) and
CF- (black, bottom) EPSCs at —-60 mV and +40 mV recorded in the perforated
patch configuration (right). d, Summary of Rl of PF-EPSCs (0.42 + 0.02, n = 34,
blue empty squares), CF-EPSCs (0.77 + 0.03, n = 31, black empty circles),
perforated patch PF-EPSCs (0.38 + 0.08, n = 4, blue filled circles), and perforated
CF-EPSCs (0.87 + 0.04, n = 4, black filled circles). One-way analysis of variance

EPSC (pA)

(ANOVA) (P < 0.0001) with Sldak post hoctests (P < 0.0001). e, Average NASPM
(50 pM) inhibition of PF- (blue squares, n =10) and CF- (empty circles, n =10)
EPSCs. Inset shows representative PF- (blue) and CF- (black) EPSCs before and
after NASPM application (green). f, Percent NASPM inhibition of PF- (blue
squares) and CF- (black circles) EPSCs (73.5+2.5%,n =22 and 40.1+4.0%,n =23;
P<0.0001, two-tailed unpaired t-test). Ten cells were tested with both pathways
(gray filled symbols and lines). g, Left side shows overlaid 2P line scans of red
(Alexa 594,30 pM) and green (Fluo-5F, 200 pM) channels following either PF

or CF stimulation (arrow) in control (left) and in the presence of NASPM (right,
50 pM) (left). Scale: 50 ms, 1 um. Right side shows corresponding CaTs (AG/R;
Methods) following PF and CF stimulation before and in presence of NASPM
(green). h, Lack of correlation of CaTs and EPSCs (PF blue P= 0.5346, R*=0.082
and CF black P=0.3310, R? = 0.11, Linear regression). NS, not significant. For all
panels, summary data are meant s.e.m. and Source Data are provided.

[Glutamate] controls PF-EPSCrectification

To further test whether manipulating the synaptic [glutamate] can
alter AMPAR rectification, we reduced the [glutamate] at PF synapses
using the vacuolar-type ATPase blocker, bafilomycin (Baf; 1-5 pM).
Baf eliminates the driving force for glutamate transport into synap-
tic vesicles, reducing quantal amplitude due to the release of empty
and partially filled vesicles®. Baf robustly reduced the amplitude of
PF-EPSCs and remaining EPSCs were fully blocked by NBQX, confirm-
ing that these low-amplitude responses are mediated exclusively by
AMPARs (Fig. 2a,b). Baf also slowed the EPSC rise times consistent
with a lower [glutamate] (Fig. 2¢). Interestingly, Baf increased the RI
of PF-EPSCs from 0.42 + 0.03 to 0.56 + 0.05, in concert with changes
toamplitude andkinetics (Fig.2d; n =7 each, P= 0.0041, paired t-test).
Thisshows thata presynaptic manipulation reducing the [glutamate]
caninfluence the Rl of synaptic AMPARs.

To manipulate the [glutamate] at a single population of postsyn-
aptic receptors independent of presynaptic stimulation, we turned
to 2P laser uncaging (2PLU). First, we visualized cell morphology and
mapped the location of AMPAR clusters along MLI dendrites, where
2PLU generated AMPAR currents with amplitudes and kinetics simi-
lar to PF-EPSCs (Extended Data Fig. 6). Optimized AMPAR uncaging

currents (UEPSCs) were generated near varicosities reflecting post-
synaptic clusters (Fig. 3a, Extended Data Fig. 6). We then alternated
the uncaging spot between the optimized location (near) and an
orthogonal spot away from the dendrite (far), as shownin Fig. 3a. The
‘far’ stimulation site was displaced by ~0.5 pm relative to the ‘near’
site, a distance chosen to reduce local [glutamate] without attempt-
ing to replicate CF synaptic geometry, although a recent anatomical
study indicates that CF release sites can be located within -1 pm of PF
synapses*’. uEPSCs were evoked repeatedly at alternating sites at—60,
0 and +40 mV (Fig. 3b). uEPSCs generated at the far site had smaller
amplitudes and slower rise times, suggesting that the same cluster of
AMPARs was activated by alower [glutamate] (Fig. 3b). The unitary con-
ductances estimated for near (24.7 + 2.2 pS) and far (14.7 + 1.5 pS; n = 5)
uncaging responses closely matched those measured for PF synaptic
and CF-spillover EPSCs, indicating that reduced glutamate exposure
alone s sufficient to shift AMPAR openings toward lower-conductance
states. UEPSCs at the far uncaging spots had a higher Rl than those at
the near uncagingspots (Fig.3c; 0.59 + 0.05and 0.45 + 0.03,n = 6 each,
P=0.0216, paired t-test). We also performed experiments in which uEP-
SCswere evoked at differentlaser powers while keeping the uncaging
location fixed at an optimized receptor cluster. When we reduced the
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Fig. 2| [Glutamate] controls PF-EPSC rectificationindex. a, Time course of
PF-MLIEPSC amplitude evoked at 0.5 Hz and bath application of bafilomycin

(1 uM). Right side shows average PF-EPSCs in control, Baf (1 uM) and NBQX (1 uM)
at-60mV, inthe presence of R-CPP (5 pM) and picrotoxin (100 pM). EPSCs were
not detected above baseline noise (3x baseline s.d.) following NBQX application
(n=4/4).b, Summary of average amplitude in control (-303.2 + 40.5 pA), Baf
(-41.3+6.6;n=11,P<0.0001, two-tailed paired ¢-test). ¢, Normalized rising
phase of control (black) and Baf (red) EPSCs and summary data of EPSC 20-80%
rise times (control in black 0.35 + 0.02 ms and bafilomycin 0.50 + 0.03 msin red;
n=11each, P=0.0004, two-tailed paired t-test). d, Normalized EPSCs (to -60
mV) recorded at -60 mV and +40 mV (left) during the periods represented by
the boxes ina. RIsummary (right) for control (0.42 + 0.03) and Baf (0.56 + 0.05);
n=7each, P=0.0041, two-tailed paired t-test. For all panels, summary dataare
mean + s.e.m.and Source Data are provided.

laser power sufficiently to slow the uEPSCrise time, indicating alower
[glutamate], AMPAR Rl increased (Fig. 3d-f). Together, these experi-
ments show that reducing [glutamate] by reducing presynaptic vesicle
content, or by adjusting uncaging laser location/power, increases
AMPAR Rl independent of changes in subunit composition.

[Glutamate] generates arange of AMPAR rectification

To control precisely the [glutamate] and time course at AMPARs, we
pulled outside-out excised patches from MLIs and used a piezo-driven
thetapipette thatallows rapid solution exchange (Fig.4a). The Rlof peak
AMPAR currents generated by 200 pM glutamate was higher than the RI
of currents generated by 10 mM glutamate (Fig. 4b,d; 0.52 + 0.02 and
0.28+0.01n=9and10,P<0.0001). We also used voltagerampsin CTZ
to prevent AMPAR desensitization and to measure AMPAR-mediated
currents across a wide voltage range. CTZ slows deactivation and can
influence other aspects of AMPAR gating*"*, but these effects do not
account for the glutamate-dependent changes in Ca** permeability
(see below) and rectification, which were observed with or without
CTZ.Voltage ramps resulted in similar RIs compared to voltage jumps

or[glutamate] jumps; and neither the speed (10-1,000 ms) nor direc-
tion of the ramp affected rectification (Extended Data Fig. 7). Voltage
ramps in CTZ showed that AMPAR currents were strongly rectifying
with high [glutamate] but became more linear with decreasing [glu-
tamate] (Fig. 4c). Onaverage, the RIshifted from 0.28 + 0.03at10 mM
glutamate to 0.81+ 0.08 at 10 pM glutamate (Fig. 4d). We tested two
to five different [glutamate]s per patch (n =14), and in every case rec-
tification tracked with [glutamate]. These results highlight that the
same population of AMPARs show different degrees of rectification
depending on [glutamate].

By suppressing desensitization, CTZ prolongs AMPAR currents
during sustained or slow glutamate exposure, thereby increasing
apparent glutamate affinity'>*.. It is thus difficult to directly compare
the[glutamate]in CTZ (Fig.4c,d) to physiological [glutamate]s at post-
synaptic receptors (1-12 mM) or outside of synapses (-200 pM)™21%4¢;
however, inthe absence of CTZ (Fig.4b,d), the ratio of the R1in200 pM
and 10 mMglutamate (0.52/0.28 =1.86 + 0.10) is similar to the ratio of
the Rl of CF-and PF-EPSCs (0.77/0.42 =1.83 + 0.11; Fig. 1d). This shows
that the relative concentration-dependence of AMPAR rectification
in patches can explain the difference in rectification at MLI synapses
following CF and PF stimulation.

[Glutamate] regulates AMPAR Ca®* permeability and influx

A fundamental property of AMPARs on interneurons is high Ca*
permeability®*’. Having established that [glutamate] controls both
AMPAR conductance and rectification, we wondered whether [glu-
tamate] also affects Ca®* permeability. To address this question, we
compared the shifts in reversal potentials with partial replacement
of external Na* with Ca®* (ref. 7,47). First, we used outside-out patches
from MLIs to compare the reversal potential shift caused by ion replace-
ment. With1 mM glutamate, the high Ca** solution did not significantly
shift the reversal potential, as expected for receptors with high Ca**
permeability (Fig. 5a and ref. 7). Conversely, with 30 uM glutamate,
the high Ca** solution caused a hyperpolarizing shift in the reversal
potential (Fig. 5b). We quantified this difference by calculating the
shiftin reversal potential between the high and low [glutamate]. In
the Na“rich solution, both [glutamate]s resulted in similar reversal
potentials (AErev = 0.1+ 0.2 mV), yet in the Ca* rich solution there
was a significant difference between high and low glutamate (AErev =
6.9 +1.1mV) (Fig. 5¢). This shiftindicates that 30 pM glutamate reduced
the Ca® permeability (Pc,/Py,) by ~30% compared to 1 mM glutamate
(Fig. 5c). The results were similar whether intracellular spermine was
excluded (Fig. 5a-c) orincluded (Fig. 5d-f). Together these results
show that the Ca* permeability of AMPARs depends on the [glutamate],
with low [glutamate]s activating low conducting states that exhibit
low Ca* permeability.

To test whether the change in Ca** permeability seen in patches
also occurs atintact synapses, we compared CaTs associated with PF-
and CF-EPSCs. As described by Pennock et al.?, we identified sites on
MLIdendrites where alternating minimal PF stimulation and CF stimu-
lation generated overlapping EPSCs and CaTs indicating glutamate
convergence to the same cluster of postsynaptic AMPARs (Fig. 5g-i).
At these sites, the ratio of the CaT amplitude to EPSC charge integral
was lower for CFs compared to PFs (Fig. 5j). Thus, the lower [glutamate]
resulting from CF spillover seems to generate less Ca* influx compared
tothe higher [glutamate] following PF stimulation, with the potential
caveat that all-or-none CF-EPSCs, unlike minimal PF-EPSCs, can be
generated from multiple postsynaptic clusters®. These results from
outside-out patches and intact synapses show that Ca®' permeability
and influx are dependent on [glutamate].

AMPAR rectification depends on [glutamate] in

GluA2cKO MLIs

Although occupancy of multiple conducting states is an attractive
explanation for the results thus far, a potential confound is that the
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Fig. 3 | [Glutamate] controls uncaging EPSC rectification. a, 2P maximum
z-projection of an MLIfilled with Alexa 594 via the recording pipette. The
stimulating electrode used to localize synaptic CaTs was also visualized

with Alexa 594. Inset shows magnified region showing location of putative
postsynaptic density and uncaging spots: near (0, black) and far (0.5 um, red).
b, Representative experimental protocol (left) for 2PLU measurement of uEPSCs
atnear (black) and far (red) spots. uEPSC peak amplitude and 20-80% rise time
of uEPSC (right, at—-60 mV) at near (-113.02 + 17 pA, 0.34 + 0.03 ms) and far
uncaging spots (-40.9 + 7.9 pA, 0.47 + 0.05 ms; n =6, P=0.005 and 0.01, two-
tailed paired t-tests). ¢, Representative normalized uEPSCs and summary
Rlat-60 and +40 mV atnear (black, 0.45 + 0.03) and far (red, 0.59 + 0.05;

n=6,P=0.02, two-tailed paired t-test) uncaging spots. d, Representative
UEPSCs (-60 mV) and summary of uEPSC amplitude for high (black; 60-65 mW,
-184.8 + 44.1pA, n=4) and low (red; 30-40 mW,-29.8 + 4.7 pA,n=4,P=0.0298,
two-tailed paired t-test) laser power responses with 2P uncaging of MNI-
glutamate (5 mM). e, uEPSCs rise phase from d and summary of the 20-80% rise
times of uEPSCs evoked by high (black, 0.32 + 0.02, n = 4) or low laser power
(red, 0.45+ 0.04,n=4,P=0.0057, two-tailed paired t-test). f, Representative
normalized uEPSCs (-60 and +40 mV) and summary of Rl evoked using high
(black, 0.53 +0.14,n=4) and low (red, 0.99 + 0.19,n =4, P= 0.0343, two-tailed
paired t-test) laser power. For all panels, summary data are mean + s.e.m. and
Source data are provided.

[glutamate] dependence of AMPAR properties may result from AMPARs
with different GluA2 subunit composition and thus conductance and
polyamine sensitivity”. To address this possibility, we first repeated
excised patch experiments (as in Fig. 4) using MLIs from GluA2cKO
mice (PV-Cre;GluA2¥1* mice). As expected, AMPAR currents from
GluA2cKO patches exhibited strong rectification, confirming a contri-
bution of GluA2 subunits to native AMPARs. With100 pMintracellular
spermine, there was no difference in the strong rectification generated
bybothalow (30 M) and high (1 mM) [glutamate] (Fig. 6a); however,
GluA2-lacking AMPARs have very high affinity for intracellular polyam-
ines, with a half-maximal spermine blocking concentration of 0.3 pM
(ref.48). Thus, differences in [glutamate]-dependent rectification may
only be evidentunder conditions whenreceptors arein thelinear range
rather thansaturated by polyamines*®*°, We reduced the intracellular
[spermine] to either 30 1M or 2 pM to unmask [glutamate]-dependent
rectification (Fig. 6a,b). With 2 uM intracellular spermine, the Rl of
GluA2-lacking AMPARs displayed a clear dependence on [glutamate],
increasing from 0.59 + 0.04 at1 mM glutamate to 0.85 + 0.05at 30 pM
glutamate (Fig. 6b). This suggests that [glutamate]-dependent rectifi-
cationin GluA2-lacking AMPARs is qualitatively similar to WT AMPARs
whenreceptorsare not saturated by polyamines. Indeed, in the absence
of intracellular spermine, GluA2-lacking AMPARs showed slight out-
ward rectification with 1 mM glutamate (RI=1.23 + 0.02, n=4) that

was enhanced with 30 pM glutamate (RI=1.83 £ 0.06,n=3;P=0.007,
two-tailed unpaired ¢-test; Extended Data Fig. 8). Excised patches
from WT MLIs also displayed rectification differences in the absence
of intracellular spermine (Extended Data Fig. 8). This confirms that
voltage-dependent gating at positive potentials is more stable at lower
[glutamate], as previously shown***!, Together these results demon-
strate that spermine can occlude [glutamate]-dependent rectifica-
tion, but that [glutamate]-dependent rectification does not require
intracellular spermine.

We then revisited NASPM block and rectification of PF- and
CF-EPSCsin GluA2cKO MLIs. The absence of GluA2 resulted in greater
inhibition of EPSCs by NASPM compared to WT, with PF-EPSCs blocked
by 85.6 + 2.5% and CF-spillover EPSCs blocked by 82.3 +3.0% (n=3,
4). This greater block confirms that a mixed population of CP and
CI-AMPARs mediate transmission in WT MLIs. In GluA2cKOs, PF- and
CF-EPSCs show strong and similar inward rectification (0.20 + 0.02
and 0.21+ 0.03, n=26,13 respectively, Fig. 6¢). However, reducing
intracellular spermine to2 uMagain uncovered [glutamate]-dependent
rectification, with greater rectification of PF-EPSCs (0.29 + 0.05,n = 8)
compared to CF-EPSCs (0.54 + 0.09, n=10; Fig. 6¢,d). These results
demonstrate that [glutamate]-dependent rectification does not result
from a mixed population of GluA2-containing and GluA2-lacking
AMPARs but can be masked by saturatingintracellular [spermine].
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Fig. 4 |[Glutamate] generates arange of MLIAMPAR rectification.

a, Cartoon of piezo-driven fast solution exchange recording configuration

used in recordings of responses from outside-out (0/0) excised patches.

b, Normalized peak-amplitude o/o MLIAMPAR responses (—-60 and +40 mV) toa
50 ms application of 0.2 (gray) and 10 mM (blue) glutamate with desensitization
intact. Solution exchange times (20-80 %) are shown above the traces and are
typically less than 0.2 ms. The Rl of peak responses (0.2 mM, 0.52+0.02,n=9;
10 mM, 0.28 + 0.01, n =10; P< 0.0001, two-tailed unpaired ¢-test) are plotted in
d.c, 1V plots of o/o MLIAMPAR currents (in100 M CTZ; normalized to -80 mV)
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following application of 30 (red), 100 (orange), 300 (green) and 1,000 uM (black)
glutamate. d, Summary data of Rl as a function of [glutamate]. On average, the
glutamate-dependent Rlwas 0.81 + 0.08 (10 pM, n=8), 0.68 + 0.04 (30 uM,
n=10),0.62+0.03 (60 pM,n=3),0.5+0.02 (100 uM, n=5),0.39 + 0.02 (300 pM,
n=7),0.34+0.02(1mM,n=14)and 0.28 + 0.03 (10 mM, n=5). The Rlas a
function of [glutamate] is best fit with a half-maximum inhibitory concentration
(ICso) =47.5 pM (RI,,,, = 0.94, RI,,,;, = 0.29, Hill = —0.88, red dashed line). Solid gray
and blue symbols represent Rls without CTZ (Fig. 4b). Gray area represents 95%
Cls. For all panels, summary data are mean * s.e.m. Source data are provided.

AMPAR Ca** permeability and influx depends on [glutamate] in
GluA2cKO MLIs

Todetermine whether [glutamate]-dependence of Ca*' permeability
isalsoindependent of subunit composition, we repeated the relative
Ca* permeability measurements in patches and synapses from Glu-
A2cKOMLIs (asinFig. 5). Inexcised patches using1 mM glutamate, the
Ca®'rich solution did not shift the reversal potential whereas using
30 pM glutamate caused a significant hyperpolarizing shift in the
reversal potential (Fig. 6¢,f). Similar to WT patches, this shift indi-
cates that 30 uM glutamate reduced the Ca*" permeability (Pc,/Py,)
by -30% compared to 1 mM glutamate (Fig. 6f). Likewise, we found
that lower [glutamate] reduces Ca?" influx at synaptic GluA2-lacking
AMPARs. We againidentified sites on MLl dendrites where alternating
minimal PF and CF stimulation generated overlapping CaTs, indicating
glutamate convergence to the same cluster of postsynaptic AMPARs
(Fig. 6g-i). At clusters of AMPARs that share input from PFs and CFs,
lower [glutamate] from CF spillover generated less Ca*" influx com-
pared to PF stimulation (Fig. 6g-j). Thus, lower [glutamate] resultsin
lower relative Ca** permeability in patches and Ca®* influx at synapses
evenin GluA2cKO MLIs.

GluA1 AMPARs exhibit [glutamate]-dependent rectification
and Ca** permeability

TARPs regulate most aspects of AMPAR function, including glutamate
affinity, rectification and desensitization®. To test whether [glutamate]
dependentregulation of rectification and Ca* permeability is aninde-
pendent property of AMPARSs or relies on TARPs or other factors, we
repeated experiments in a minimal system using GluAl expressed in
HEK cells. We tested the Rl of GluAlin patches, while systemically vary-
ingboth the [spermine] and [glutamate]. A highintracellular [spermine]
of 100 pM produced strong rectification regardless of [glutamate]
(Fig. 7a,b), consistent with saturation of the polyamine site*s. Lower-
ingintracellular spermine to1 uMreduced rectification and began to
reveal [glutamate] dependence, with 30 pM glutamate generating less
rectification than higher [glutamate]s (Fig. 7a,b). At 0.2 pMintracellular
spermine, rectification was highly sensitive to [glutamate] (Fig. 7a,b),
with RlIs that parallel those from GluA2cKO MLI patches (Fig. 7b).

We also tested whether [glutamate]-dependence of Ca** perme-
ability persisted in patches from GluAl expressing HEK cells. Consist-
ent with our results in MLIs from WT and GluA2cKO patches, 30 uM
glutamate results in lower relative Ca®* permeability compared to1 mM
glutamate, either in the absence (Fig. 7c,e) or presence of spermine

(Fig. 7d,e). Thus, [glutamate]-dependent regulation of rectification
and Ca* permeability is an intrinsic property of GluA1 AMPARs that
does notrequire auxiliary proteins.

AMPAR kinetic reaction scheme

To mechanistically understand the relationship between [glutamate]
and voltage-dependent rectification, we developed aMarkov model that
incorporates many properties inherent to AMPARs. These include the
multiple conductance states observed insingle-channel recordings"*,
intrinsic voltage-dependent channel opening®*, voltage-dependent
spermine binding in the absence of agonist®® and voltage-dependent
spermine block and permeation®®*® (Fig. 8a). In this scheme, the recep-
tor (R) canbind up to four agonist (A) molecules (AR-A,R =agonist bind-
ing states) thatlead to four conductances (AO-A,0 =conducting states).
Voltage-dependent binding of spermine (Sp) from the openstate leads
to spermine-dependent block (AOSp-A,OSp = polyamine states). In
addition, spermine can permeate at depolarized potentials (K,ey,)-
Spermine can also bind the receptor in the absence of agonist (RSp)
andthenreachthe spermine bound states with agonist (ARSp-A,RSp =
polyamine states). Our scheme is modeled after Bowie et al. and Robert
& Howe*** that assume the four subunits open independently (but
seeref. 51). For simplicity, we also excluded desensitized states, as we
fit this scheme with rectification values measured in the absence of
desensitization. Simulations with this model show that variation in
[glutamate] resultsin differential conductingstate occupancies. At high
[glutamate] (10 mM), the highest liganded states are reached with great-
est frequency (Extended Data Fig. 9). Reducing [glutamate] to 1 mM
decreasesthe occupancy of A,X as A;Xand A, X increase. Further reduc-
ing [glutamate] to 30 uM reveals that receptors are mostly unbound,
with more frequent sojourns to the AX states (Extended Data Fig. 9).
This difference in conducting state occupancy is similar to previous
observations with single-channel studies®.

Our model shows a similar glutamate dose-response curve
as measured in patches from MLI recordings (Fig. 8b) as well as
voltage-dependent rectification due to intracellular spermine (Fig. 8c).
Notably, the simulations replicate the [glutamate] dependent rectifica-
tion of steady-state IVs (Fig. 8d). An essential parameter of the model
forreplicating the experimental dataisincorporation of proportional
increases in spermine binding (Fig. 8a). Although the relationship
between agonist binding and channel openingis complex, we propose
increased spermine binding could arise as the channel’s diameter wid-
ens with increasing number of agonists bound®. While the ratesand IVs
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Fig. 5|[Glutamate] regulates AMPAR Ca** permeability and influx.

(ImMglutamate, 2.4 + 0.20 and 30 pM glutamate, 1.7 + 0.16, n =4 each,

a,b, Glutamate-dependent (1mM and 30 uM) voltage ramps with Na* or
Ca*"-rich extracellular solution in the absence of intracellular spermine. Inset
shows expanded scale of voltage ramps to show the shifts in reversal potentials
(arrows). ¢, Summary of extracellular Na* rich reversal potential difference
(1mMto 30 uM; 0.08 + 0.2 mV, n = 6) and extracellular Ca* rich reversal potential
difference (6.9 +1.1 mV, n=10) and corresponding P.,/Py, (1 mM glutamate:

2.6 +0.15and 30 pM glutamate: 1.7 + 0.08,n =10 and 6, P= 0.003 and 0.0026,
two-tailed paired t-test with n = 6 for both). d-f, Same asa-c with 100 pM
intracellular spermine. Extracellular Na* rich reversal potential difference
(1mMto30 uM;-0.12 + 0.4 mV, n =4) and extracellular Ca** rich reversal
potential difference (6.1 £ 0.4 mV, n=4) and corresponding P¢,/Py,

P=0.0009 and 0.0005, two-tailed paired t-test). g, Maximum 2P z-projection of
MLIfilled with Alexa 594 (red with recording pipette) with location of stimulating
electrodes (PF red near yellow box and CF white near Purkinje cell layer; PCL).
Inset shows magnified box region showing dendritic line scans (white dotted
line) and location of shared AMPAR cluster (yellow circle). h, Average line scan
following PF stimulation with corresponding EPSC (top) and CaT (bottom).

i, Average line scan following CF stimulation with corresponding EPSC (top) and
CaT (bottom). j, Summary of CaT/EPSC ratio following PF (0.49 + 0.1) and CF
(0.11+0.02, n=10 each, P=0.0043, two-tailed paired t-test) from Pennock et al.”%.
For all panels, summary data are mean + s.e.m. and Source data are provided.

shown are optimized for native AMPARSs in MLIs, the same scheme with
adjusted rates can simulate data from MLI GluA2cKO and GluA1 HEK
patches. Foreach set of rates, we systematically varied the [spermine]
and [glutamate] to explore the complex relationship between Rl and
polyamine/glutamate concentrations (Fig. 8e). In each case, the red
line illustrates how [glutamate] alters the RI for the experimentally

relevant [spermine]. Blue lines highlight how [spermine] affects the
RIfor high (1 mM) and low (30 pM) glutamate.

In summary, we show that four conducting states with different
spermine affinities can replicate our experimental observation of
[glutamate] dependent rectification. Although we did not simulate
relative Ca? flux, we speculate that Ca** permeability is also a result
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and the CFRI=0.21+0.03 (n=13). With2 pM spermine, the PF Rl = 0.29 + 0.05
(n=8)andthe CFRI=0.54 + 0.09 (n=10, P=0.03, two-tailed unpaired ¢-test).

e, Voltage ramps in the presence of 1 mM and 30 uM glutamate with Na*- or
Ca?"-rich extracellular solutionin the absence of intracellular spermine from
GluA2cKO o/o patches. Inset shows expanded scale of voltage ramps to show the
shiftsin reversal potentials (arrows). f, Summary of Na*-rich reversal potential
difference (1 mMto 30 uM; —-0.96 = 0.2 mV, n = 9) and Ca*"-rich reversal potential
difference (5.8 +1.5mV, n=9) and corresponding P,/Py, (1 mM glutamate,
3.3+0.07 and 30 pM glutamate, 2.4 + 0.15, n =9 each, P=0.0043 and 0.0007,
two-tailed paired t-test). g, Magnified region showing dendritic line scans (white
dotted line) and approximate location of shared AMPAR cluster (yellow circle).
h, Average line scan following PF stimulation with corresponding EPSC (top) and
CaT (bottom). i, Average line scan following CF stimulation with corresponding
EPSC (top) and CaT (bottom). j, Summary of CaT/EPSC ratio following PF

(0.40 £ 0.14) and CF (0.12 + 0.06, n = 5each, P= 0.039, two-tailed paired t-test)
from GluA2cKO MLIs. For all panels, summary data are mean + s.e.m. and
Source dataare provided.

Fig. 6| GluA2cKO MLI rectification index, Ca* permeability and Ca*’/EPSC
ratio. a, Normalized glutamate-dependent voltage ramps (1 mMinblack and

30 puMinred) with different internal spermine (100 M, 30 pM and 2 uM).

b, Summary data of Rl as a function of [glutamate] from GluA2cKO o/o patches.
With100 puM spermine, the glutamate-dependent Rlis 0.13 + 0.007 (30 uM
glutamate, n=4),0.12 + 0.01 (100 pM glutamate, n = 3) and 0.14 + 0.02
(ImMglutamate, n = 8). With 30 pM internal spermine the Rlis 0.35+ 0.06

(30 pM glutamate, n=6),0.29 + 0.01 (1 mM glutamate, n = 6). With2 pMinternal
spermine, the Rlis 0.85 + 0.05 (30 pM glutamate, n =14), 0.70 + 0.03 (100 uM
glutamate, n=10),0.58 + 0.03 (300 pM glutamate, n =13) and 0.59 + 0.04
(ImMglutamate, n =11). With no spermine added, theRlis 1.7 + 0.11 (30 uM
glutamate, n=9) and 1.1+ 0.04 (1 mM glutamate, n = 9; Extended Data Fig. 8).
TheRlas afunction of [glutamate] with 2 uM spermine is best fit with an
1C50=21.6 uM (Rl =1.2, Rl ;, = 0.56, Hill = -1, red dashed line). The function
describing the Rl versus [glutamate] for WT MLI o/o (from Fig. 4) is shown in gray
dashes for reference. ¢, PF-and CF-EPSCs (-60 mV and +40 mV) from GluA2cKO
MLIs with100 pM and 2 pM internal spermine. d, Summary data of Rl from
GluA2cKO EPSCs (c). With100 pM spermine, the PFRI = 0.20 + 0.02 (n =26)
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Fig. 7| GluAl-expressing HEK o/o excised patches. a, Normalized
glutamate-dependent voltage ramps with different internal spermine (100 uM,
1puMand 0.2 uM). b, Summary data of Rl as a function of [glutamate] from
GluA1HEK o/o patches. With 100 pM spermine, the glutamate-dependent Rl is
0.01+0.002 (30 pM glutamate, n = 6), 0.01 + 0.002 (100 pM glutamate, n =3),
0.012 +0.001 (300 pM glutamate, n=3) and 0.01 + 0.005 (1 mM glutamate, n = 6).
With1pM internal spermine theRlis 0.23 + 0.06 (30 pM glutamate, n=5),
0.13+0.03 (100 pM glutamate, n=3),0.12 + 0.03 (300 puM glutamate, n = 4)
and 0.14 + 0.04 (1 mM glutamate, n = 6). With 0.2 pM internal spermine, the RI
is0.78 £ 0.07 (10 pM glutamate, n=3), 0.69 + 0.05 (30 pM glutamate, n=9),
0.50 +0.06 (100 pM glutamate, n=7),0.41+ 0.06 (300 uM glutamate, n = 6),
0.37 +£0.06 (1 mM glutamate, n =10). The Rl as a function of [glutamate] with
0.2 pM spermine s best fit with an IC5, = 56.6 pM (Rl ., = 0.82, R, = 0.37,

Hill = -1.4, red dashed line). The function describing the Rl versus [glutamate]
for GluA2cKO o/o (from Fig. 6) is shown in gray dashes for reference. ¢, Voltage
rampsin the presence of 1mMand 30 pM glutamate with Na*- or Ca*"rich
extracellular solutionin the absence of intracellular spermine. d, Voltage ramps
in the presence of 1 mM and 30 uM glutamate with Na*- or Ca®*-rich extracellular
solutionin the presence of intracellular spermine. Inset shows expanded scale
of voltage ramps to show the shiftsin reversal potentials (arrows). e, Summary
of Na*-rich reversal potential difference (1mMto 30 pM; -1.3 + 0.6 mV, n = 6) and
Ca"-richreversal potential difference (5.4 + 1.1mV, n = 6) and corresponding
Pco/Pna (1mMglu, 2.9 £ 0.15and 30 pM glu, 2.0 £ 0.12, n = 6 each, P=0.0002

and 0.0004, two-tailed paired t-test with n = 6). Empty symbols denote O pM
spermine and filled symbols have 0.2 uM added intracellular spermine. For all
panels, summary dataare mean *s.e.m.and Source dataare provided.

of differential occupancy of conducting states (Fig. 8f). More gener-
ally, these results show how the [glutamate]-dependent occupancy
of multiple conducting states expands the functional diversity of
AMPARs beyond the known contribution of subunit composition and
auxiliary proteins.

Discussion

Single-channel recordings and structural studies show that AMPARs
exhibit multiple conductance states resulting from differing numbers
of agonist-bound subunits**. We leveraged a circuit where two path-
ways generate distinct [glutamate] transients at a shared population
of AMPARs to directly test how these differences regulate fundamental
properties of native receptors. At MLIsynapses, alow [glutamate] from
CFs spills over to activate Ca**-permeable AMPARs that are also acti-
vated by higher [glutamate] from PFs*. Compelled by the paradox that
spillover EPSCs show electrophysiology and pharmacology signatures

typically assigned to Ca**-impermeable AMPARs, we investigated
whether variationsin [glutamate] confer diversity of AMPAR properties.
These results support a model in which differential spermine affinity
across multiple conducting states contributes to glutamate-dependent
regulation of AMPARs previously attributed solely to subunit composi-
tion and auxiliary proteins.

Native AMPARs are exposed to arange of [glutamate]

Followingasingle action potential, synaptic AMPARs experience a cleft
[glutamate]in the 1-3 mM range thatis cleared rapidly by diffusion and
reuptake'*, Higher peak [glutamate] can be achieved at synapses with
MVR where several vesicles are released per active zone, producing
estimated cleft concentrations of ~10 mM, a form of signaling promi-
nent at rodent and human synapses'>'>>*"*°_ Even at univesicular syn-
apses, stimulus trains can generate complex [glutamate] transients
due to acombination of presynaptic facilitation and delayed release
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Fig. 8 | Multiple conducting state AMPAR model. a, Kinetic scheme of the
AMPAR model used to fit AMPARIV plots in 0-0 patches. Rates were as follows
(unitsare M™s'for rates denoted by * or s™). k;*=2 x 107, k_, = 9,000, 3 =10,000,
a=3,000 exp(-V/120), k,,*=0.75 exp(V/100), ko =130 exp(-V/18), Kpern =8
exp(V/20), k,is dependent on [glutamate] and k,, is dependent on [spermine].
Open states have conductances of 3,9,15and 21 pS. Vis the voltage in mV.

b, Glutamate dose-response curve (normalized to 1 mM glutamate, -60 mV,
n=15).10 uM, 0.04 £ 0.02 (n=7),30 pM, 0.12 + 0.02 (n =10),100 pM, 0.30 + 0.05
(n=7),300 uM, 0.66 + 0.03 (n =8),10 mM, 1.14 + 0.12 (n = 5). The half-maximum
effective concentration (ECs) = 421 pM (1., =1.1, I, = 0, Hill=1; dashed

line). Data are shown as mean + s.e.m. ¢, Simulated glutamate-dependent

ramps in the absence or presence of 100 pM internal spermine. d, Simulated
glutamate-dependent voltage ramps (30 uM, 100 uM, 300 pMand 1 mM
glutamate). d, Overlaid plot of Rl versus [glutamate] from numerical simulations
(red line); ICs, = 40.0 pM, R, = 1, Rl;, = 0.29, Hill = -0.92) with data from MLI
patchrecordings (open circles). Data are shown as mean +s.e.m. from Fig. 4d.

e, Plots of Rl as a function of glutamate and spermine concentration for o/o
patches from WT MLI, GluA2cKO WT and GluA1 HEK. f, Cartoon and schematic of
concentration-dependent rectification and Ca** permeability.

that overwhelms clearance mechanisms and result in spillover®* In
either case, arapid mM glutamate transient is followed by a slower,
lower-amplitude transient in the hundreds of micromolar range that
acts on AMPARs both near and distant from release sites, respec-
tively. The slower spillover transient has been estimated at ~200 pM,

asubsaturating but still effective concentration for activating AMPAR
responses’®?**%8 Indeed, CF spillover onto MLIs engages a disinhibi-
tory feedforward motif both in slices and in vivo?®®*, At some special-
ized synapses, gradual clearance of cleft glutamate can also generate
aslow component of AMPAR activationinthe range of 10-100 uM that
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shapes signaling . Finally, the very low, submicromolar [glutamate]
maintained inthe extracellular space can also be regulated under patho-
logical conditions®. Together, AMPARs in intact circuits experience
awide range of [glutamate] that are expected to produce differential
receptor occupancy.

Mechanisms of [glutamate]-dependent AMPAR properties

We show that AMPAR conductance states are not merely descriptive
features of channel gating but instead function as dynamic regulators
of Ca®* permeability during synaptic signaling. We first considered
that glutamate-dependent effects could result from a mixed popula-
tion of CP- and CI-AMPAR complexes, each with different affinities
for glutamate. This is an essential consideration, as AMPAR subunits
undergo activity-driven trafficking that can contribute to the wide
range of rectificationindices measured in EPSCs or excised patches™*.,
Although a mixed population likely contributes to baseline variabil-
ity in rectification, our results from GluA2cKO mice and homomeric
GluAl1 AMPARs demonstrate that even homogeneous populations of
CP-AMPARSs exhibit glutamate-dependent rectification and Ca* per-
meability. Auxiliary proteins modulate nearly all aspects of AMPAR
function, including conductance, rectification, polyamine sensitivity,
and Ca* permeability>>**. Yet we found that glutamate-dependent
regulation of rectification and Ca* permeability persistsin the absence
of the principal MLI TARP y-2 and when GluA1 subunits are expressed
inisolation. Thus, glutamate-dependent regulation of AMPAR proper-
tiesisintrinsicto thereceptor complex and does not require a specific
auxiliary subunit. Because auxiliary subunits can bias conductance
state occupancy, future work will be needed to determine whether
specific TARPs modulate [glutamate]-dependent Ca** permeability
in GluA2-containing AMPARs®.

The most parsimonious explanation for glutamate-dependent
rectification is that it reflects differences in spermine affinity
among AMPAR conducting states. Each AMPAR subunit contains a
ligand-binding domain linked to the transmembrane pore that control
channel gating, allowing each receptor to bind up to four agonists
leading to multiple conductances®®. We propose that as glutamate
occupancyincreases and higher conductance states are engaged, the
porebecomes more permissive to intracellular spermine, resultingin
greater spermine affinity. This is reflected in our model by assigning
higher spermine affinity to the higher conducting states. Our results
support the prediction that variation in synaptic [glutamate] gener-
ates different AMPAR conductance®, although the precise relationship
between agonist occupancy and the ion permeation pathway is still
being resolved by functional and structural studies**°. The critical
requirement of our model is that different conducting states exhibit
distinct spermine affinities; models with a single conducting state
or with multiple states sharing identical spermine affinity could not
reproduce our experimental results. Our simulations highlight the
joint roles of intracellular spermine and glutamate concentrations
in controlling rectification in both prototypic homomeric CP (GluAl)
AMPARs as well as native heteromeric receptors.

Unexpectedly, we found that AMPAR Ca®" permeability itself
depends on [glutamate] and that this effect can be explained by dif-
ferential occupancy of AMPAR conductance states. We propose that
glutamate-dependent Ca®* permeability results from state-dependent
differences in Ca** permeation, such that variable AMPAR occupancy
engages conductance states with distinct pore geometry’. We fur-
ther propose that TARP associations that influence conductance
state occupancy in GluA2-containing AMPARs could also influence
Ca* permeability®. The model in Fig. 8 is not intended to represent
a detailed structural mechanism but to provide a functional frame-
work for how [glutamate] can shape AMPAR ion permeation. The
model does not include desensitization states, a simplification justi-
fied by our observation that [glutamate]-dependent effects persist
inCTZ.

Structural and functional studies indicate that AMPAR subcon-
ductance states reflect distributed conformational changes along
the ion permeation pathway, including opening of the upper (M3)
gate as well as dilation and stabilization of the selectivity filter formed
by the M2 re-entrant loop at the Q/R site®*”*%, Recent work further
demonstrates that physiological temperature promotes occupancy
of higher conductance states (03/04) through enhanced dilation of
the selectivity filter®. We found that glutamate-dependent regula-
tion occurs at both room and near-physiological temperature. This
region directly governs Ca** permeability and polyamine block**"°,
Notably, whereas rectification is related to spermine affinity, the
glutamate-dependent effect on Ca*" permeability was independent
of intracellular spermine. This suggests that lower [glutamate] bias
receptors toward low-conductance openstates that are less permissive
to Ca* flux. Because Ca** is divalent and more strongly hydrated than
Na*, state-dependent changes in pore geometry and/or electrostatic
stabilization would be expected to disproportionately reduce Ca* flux.
Inother words, different conductance states likely reflect distinct con-
formations of the selectivity filter that differentially shape Ca* permea-
tion. While further work is required to define the underlying structural
determinants, our functional results indicate that differences in Ca**
permeability can arise frombiased occupancy of conductance states.

Physiological significance

Our findings have functional consequences beyond the use of rectifica-
tionas anassay for subunit composition. First, [glutamate]-dependence
increases functional diversity by allowing a static population of
AMPARs to dynamically vary current flux and relative Ca®" perme-
ability independent of molecular changes. This endows postsynap-
tic compartments with the ability to distinguish glutamate released
by the presynaptic partner from glutamate originating at more dis-
tant sources. Second, reduced Ca*" permeability at low [glutamate]
may be protective, given the established association of CP-AMPARs
with excitotoxicity under various pathological conditions?. Third,
glutamate-dependent Ca*" permeability limits calcium influx during
spillover, asignaling mode exhibited by many neural circuits’’. Because
spatiotemporal Ca* transients direct different signaling outcomes”,
glutamate-dependent Ca® permeability could link glutamate dynam-
ics to distinct intracellular signaling cascades. Fourth, the ability to
routinely identify CF-evoked CaTs at PF synapses mediated by a low
[glutamate] indicates spillover is the predominant form of transmis-
sion between CFs and MLIs***°, despite recent assertions to the con-
trary based on rare anatomically defined synapses’. Finally, these
results have potentially noteworthy implications for understanding
the functional role of nanodomain organization at excitatory synapses,
where alignments of pre- and postsynaptic elements are proposed to
shape the spatiotemporal glutamate profile experienced by AMPARs”.
Together, these findings provide new insight into the dynamic nature
of synaptic communication and the multiple factors that influence
AMPAR function in the brain.
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Methods

All experimental preparations were performed using protocols
approved by the Institutional Animal Care and Use Committee of the
University of Alabama at Birmingham (IACUC-08767 and IACUC-21815).
Mice were housed at room temperature (25 °C) with a12-h light-dark
cycle and humidity between 40 and 60%. Mice were provided ad libitum
access to food and water.

Genetic animal models

PV-GluA2cKO mice were generated by crossing PV-2A-Cre-D (no.
012358, The Jackson Laboratory) with GluR-B#** mice (gift from R.
Sprengel, Max Planck Institute). y-2 KO mice (no. 001756, The Jackson
Laboratory) were a gift from S. Tomita (Yale School of Medicine).

Slice preparation

Parasagittal slices of the cerebellum were prepared from C57BL/6
male and female mice aged 16-38 days. Mice anesthetized using iso-
flurane (VetOne) were decapitated, and the cerebellum was removed
inice-cold cutting solution containing 110 mM CholineCl, 7 mM MgCl,,
2.5mMKCI, 1.25 mM NaH,PO,, 0.5 mM CaCl,, 25 mM glucose, 11.5 mM
Na-ascorbate, 3 mM Na-pyruvate and 25 mM NaHCO;, bubbled with
95% 0, and 5% CO,. Mice > P27 also received intraperitoneal injection
of 2,2, 2-tribomoethanol (Avertin) followed by intracardial perfusion
with cutting solution. The cerebellar vermis was mounted onto an agar
block and sliced using a vibratome (270-300 pM; 7000-SMZ, Campden
Instruments). The slices wereincubated at 35 °C for 30 mininasolution
containing 125 mM Nacl, 2.5 mM KCI, 1 mM NaH,PO,, 2.5 mM CaCl,,
1.3 mM MgCl,, 26.2 mM NaHCO; and 11 mM glucose. Unless noted,
NMDARs were blocked with R-CPP (5 pM), GABA ,Rs were blocked with
picrotoxin (100 pM). Key experiments were repeated inslices from P27-
38 mice and datasets were pooled in Fig. 1c-fas results were similar.

HEK cell expression

Transiently transfected HEK293T cells were used to express GluAl
AMPAR homomers (GluAlflip splice variantin a pIRES2-EGFP expres-
sion vector obtained from the laboratory of S. Cull-Candy; Univ. Col-
lege London). Key results were independently replicated using an
additional rat GluAl flip construct (pcDNA 3.1) obtained from the
laboratory of S. Tomita (Yale Univ.). HEK293 cells were purchased from
ATCC (American Type Culture Collection; CRL-3216). The cell line was
checked against the International Cell Line Authentication Commit-
tee database of commonly misidentified cell lines, and was not listed.
Cells were authenticated by ATCC before distribution; no additional
authentication was performed for this study. HEK cells were grown in
DMEM containing 10% FBS and 1% penicillin-streptomycin. At 60 to
80% confluency, cells were trypsinized and plated on glass coverslips
(Fisher Scientific) that were treated with NaOH and coated with poly
L-lysine. At 24 hpost-splitting, the cells were transfected with 1.6 pg of
GluAland 0.4 pggreen fluorescent protein (GFP) using Lipofectamine
(Invitrogen). At 6 h post-transfection, the medium was supplemented
with 10-30 pM NBQX to prevent tonic activation of the receptors.
Cellswere used for recordings 24-48 h post-transfection. Outside-out
patches were pulled from GFP-positive cells and recorded at room
temperature. Patches with responses >500 pAto1 mMglutamate were
discarded to ensure voltage control.

Electrophysiology

Whole-cell slice recordings were made at 33 +1°C maintained with an
inline heating device (Warner Instruments) using infrared contrast
optics on an upright microscope (Olympus BX51). Recordings were
made fromidentified MLIs located in the inner and middle thirds of the
molecular layer. Recorded cells were located well below the slice sur-
faceso thatdiffusion and connectivity more closely resembled that of
intacttissue. Responses were measured by aMulticlamp 700B amplifier
(pClampsoftware, Molecular Devices), filtered at 2-5 kHz, and digitized

at15-50 kHz (Digidata 1440). Patch pipettes (BF150-110 or BF150-086,
Sutter Instruments) were pulled (P-97, Sutter Instruments) to resist-
ancesbetween 2.5and 5 MQ. The seriesresistance (R,), as measured by
aninstantaneous current response to al-10 mV step with the pipette
capacitance canceled, wasless than 25 MQ and uncompensated. Data
werediscardedif R,changed (>20%). The intracellular pipette solution
for voltage-clamp recordings contained 125 mM CsMeSO;, 15 mM
CsCl, 10 mM HEPES, 10 mM EGTA, 4 mM MgATP, 0.4 mM NaGTP and
5mM QX314.

Synaptic versus spillover stimulation

As previously described®, we distinguished CF inputs from conven-
tional PF inputs onto MLIs by multiple criteria: (1) adjusting the stimu-
lating electrode positionandintensity to evoke an all-or-noneresponse,
unlike responses after PF stimulation that were variable and graded™;
(2) the paired-pulse ratio of CF-MLI responses (50-ms interstimulus
interval), markedly depressed in contrast to PF responses that facili-
tated; and (3) CF-MLI EPSC kinetics were slower than those from PF
synaptic connections.

Patch experiments

Atheta-glass flowpipe mounted on a piezo bimorph was used for ago-
nistapplications to outside-out patches. Patch experiments were per-
formed atroom temperature (25 +1°C). Nucleated patches from MLIs
were obtained following breakthrough by applying negative pressure
and pulling the membrane-enveloped nucleus out of the slice. Intact
nucleated patches were characterized by maintenance of high R;, (GQ
seal) and the appearance of a spherical smooth bleb at the tip of the
pipette. For fast solution exchange experiments, excised outside-out
patches were used. Exchanged (20-80%) times were measured after
each experiment by rupturing the patch and recording junction cur-
rents across the open pipette tip (<200 ps). A multiline manifold was
used with the theta-glass for testing multiple solutions and concentra-
tions to the same patch. Excised outside-out patches were placed in
front of the control side of the flowpipe, and the protocol consisted
of holding the patch at hyperpolarized potentials (-80 mV) for 250-
350 msbefore ramping the potential to+80 mVataspeed of 2 mV ms™
unless otherwise noted. This was repeated with the patchin front of the
agonist side of the pipette before alternating back to the control side.
Rampswererepeated every 3-5s,and theresponses to glutamate were
subtracted from control to isolate the AMPAR response. An average of
10-40 sweeps were collected for each condition.

Rectification index

CFs and PFs were stimulated using theta-glass pipettes while holding
MLIs at-60, 0 and +40 mV to measure the Rlin synaptic experiments.
CFs were stimulated at a frequency of 0.1 Hz, and the PFs were stimu-
lated at 0.2-0.5 Hz. Anaverage of 10-20 sweeps were collected ateach
holding potential. Currents at 0 mV were subtracted from the currents
at —60 and +40 mV to produce the traces used in the figures. The RI
was calculated by comparing the ratio of currents at +40 mV to that
of —-60 mV, while dividing by the potential to correct for the changes
indriving force.

Rl = ((Li4omv-lomv)/ + 40)/((I_gomv-lomv)/ — 60).

Peak-scaled nonstationary noise analysis

Spontaneous EPSCs (sEPSCs) from PFs were analyzed to minimize
effects of spillover between neighboring PF-MLI synapses. EPSCs
were detected using a derivative threshold (-50 pA ms™) and were
used for analysis when there was at least 50 ms before subsequent
events. CF-MLI EPSCs were evoked via electrical stimulation as pre-
viously described®. Events were acquired at 20 kHz and filtered at
1kHz using a low pass Gaussian filter. For each experiment, events
were aligned at 20% of the peak amplitude then averaged to produce
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anaverage EPSC waveform. The average EPSC waveform was normal-
ized to the amplitude of each event at the timepoint where the peak
of the average waveform occurred then subtracted to produce a
difference current. Difference currents from the decay phase were
divided into 50 bins, each representing a 2% decrement from the
peak of the average EPSC waveform, then averaged and squared to
calculate variance. Variance was plotted against the amplitude of the
average EPSC waveform corresponding to each bin. Single-channel
AMPAR conductance from the limiting slope (single-channel current)
of thefirst data points of each mean-variance plot were converted to
conductance (V,=-60 mV).

Perforated patch

Theinternal recording solution contained 140 mM CsCl, 4 mM MgCl,,
10 mM EGTA, 10 mM HEPES, 0.03 mM Alexa 594 and Amphotericin B
(Abcam; product no. AB141199, lot no. APN24046). In brief, Ampho-
tericin Bwas dissolved in dimethylsulfoxide (DMSO; 60 mg ml™?) then
diluted to a final concentration of 300 pg ml™ in the internal record-
ing solution”™, Perforated patch recordings were made at room
temperature (25 +1°C). Seal resistance was >10 GQ, and routinely
>20 GQ. After a seal was formed, access was monitored via a -10-mV
test pulse delivered at a rate of 0.2 Hz. Steady-state series resistance
was 30-50 MQ. Recordings were discarded if the neuronal membrane
ruptured before completion of the experiment, as indicated by (1) an
abruptdecreasein series resistance and/or (2) filling of the soma with
Alexa 594 (Extended Data Fig. 2).

Calcium permeability

Excised outside-out patches from slices and GluAl-transfected HEK
cellswere perfused with the extracellular solution containing 125 mM
NaCl, 2.5 mM KCIl, 1 mM NaH,PO,, 26.2 mM NaHCO,, 11 mM glucose,
2.5 mM CacCl, and 1.3 mM MgCl,. Nucleated patches from MLIs and
patches from HEK cells were exposed to one of two extracellular solu-
tions: (1) Na*,,. (Na*rich) solution contained 145 mM NaCl, 2.5 mMKClI,
1mM CacCl,, 1 mM MgCl,, 10 mM HEPES, pH 7.4 (NaOH) or (2) Ca*",
(Ca* rich) solution contained 110 mM NMDG, 30 mM CaCl,, 10 mM
HEPES, pH to 7.4 with HCI, sucrose was added to match osmolarity of
control solution. Tetrodotoxin (TTX; 1 uM), Picrotoxin (PTX;100 puM)
or SR-95531 (5 uM), and R-CPP (20 uM) were added to experiments in
slices to isolate the AMPAR response. Cyclothiazide (CTZ; 100 pM)
was added to prevent desensitization of AMPARs. The internal solu-
tion used for these recordings contained 100 mM CsCl, 35 mM CsF,
10 mM EGTA, 10 mM HEPES, 4 mM MgATP, 0.4 mM NaGTP and 5 mM
QX314. The flowpipe used for solution exchange was mounted onto
a piezoelectric device, triggered using a TTL pulse. AMPAR P,/Py,
(relative Ca*" permeability) was measured by comparing the reversal
potentials (E,.,) in different external solutions (Na*, rich versus Ca* .
rich). TheIVresponses were fitted with multiorder polynomials, from
which the interpolated reversal potential was calculated. The relative
permeability P,/Py, was determined using the equation:

PCa/PNa =1/4x aNa/aCa(eXp[(2VCaErev*VNaErev)F/RT] + eXp[(V(ZaErev*VNaErev)F/RT])

where ay, and ac, represent the activities of Na*and Ca®* in the extracel-
lular solution. R, T and F have their conventional meaning. We tested
two values for ay, and ac,: 0.75 and 0.55 (ref. 47) and 0.87 and 0.64
(ref. 7). The values for E,., were corrected for liquid junction poten-
tial values of 79 mV in Na* solutions and 13.4 mV in Ca®" solu-
tions determined empirically as well as with LJPcalc 1.2 (PClamp,
Molecular Devices).

Two-photon Ca” imaging

The internal recording solution for simultaneous 2P imaging and
electrophysiological recording contained 100 mM CsMeSO;, 50 mM
CsCl,10 MM HEPES, 1 mM MgCl,,2 mM MgATP, 0.3 mMNaGTP,5 mM

QX314,0.03 mM Alexa 594 and 0.2 mM Fluo-5F. Two-photon excitation
was achieved using a Chameleon Vision or Ultrall pulsed Ti:Sapphire
lasers (Coherent) tuned to 810 nm for simultaneous imaging of cell
morphology (Alexa 594) and Ca*" influx (Fluo-5F). Laser power was
modulated viaaPockels cell (Model 350-80 Electro-Optic Modulator,
ConOptics).Images were acquired onan Olympus BX51WImicroscope
equipped with a x60 1.0 NA objective (Olympus). The point spread
function of the system at 810 nm was measured using green 100-nm
diameter beads (Tetraspeck Microspheres, Invitrogen). The full width
at half-maximum of the point spread function was 445 + 11 nm later-
allyand 1,893 + 102 nm axially (n = 6)**. Pairs of photomultiplier tubes
(PMTs) collected light from epi- and trans-fluorescence pathways.
Both pathways contained a 565-nm long pass beam splitter (565Ixpr;
Chroma), a GaAsP PMT (H7422P-40; Hamamatsu) with a 525/50 band-
passfilter (ET525/50m; Chroma), and amulti-alkali PMT (R3896; Hama-
matsu) with a 595/50 bandpass filter (ET595/50m; Chroma). Prairie
View software (Bruker Corporation) was used for acquisition ofimag-
ing data. Imaging experiments involving CF stimulation (Figs. 1g,h,
5g-jand 6g-j) were performed in slices from P27-38 mice, when CF
responses are large to facilitate identification of overlapping CF and
PF Ca* sites (asinref.22).

Quantification of Ca** transients

Imaging was initiated after at least 10 min of whole-cell dialysis to
allow Alexa 594 and Fluo-5F to equilibrate. After isolating a CF or
PF-EPSC sequential frame scanning occurred at 2-5 Hz while visually
inspecting forincreased Fluo 5F fluorescence coincident with evoked
EPSCs. PF-evoked CaTs were easily localized below the stimulating
electrode, while CF-evoked CaTs were more difficult to localize and
occurred throughout the MLI dendritic arbor. A potential limitation
of using Ca®* imaging to localize synaptic sites is that the spatial extent
of Ca?* signals can overestimate the spread of receptor activation as
aresult of the Ca®* indicator diffusing from the initial receptor ‘point
source’, as all Ca*" indicators act as mobile buffers that can shuttle
calcium along the dendrite. We minimized this possibility by using
low-affinity dyes and our estimates of spatial compartmentalization
are consistent with previous reports?’”’%, After observing a putative
CF- or PF-evoked CaT, the dendrite where the CaT was observed was
magnified and a path for line scans (rate of 0.5 or 1 kHz) was drawn
along the dendrite. Scans were triggered on 2-4 consecutive elec-
trophysiology sweeps. Line scan sweeps from each recording were
aligned using the peaks of the fluorescence profile of the Alexa 594
(red) channel to correct for drift using custom MATLAB scripts?. The
aligned images were analyzed individually and averaged. CaTs are
shown as AG/R and calculated using;:

AG/R = (G-Gg)/R

where G, is equal to the average Fluo-5F fluorescence preceding stimu-
lation (170 ms), G is the magnitude of Fluo-5F fluorescence at a given
time and R is Alexa 594 fluorescence. AG/R was calculated along the
length of every line scan in a sweep. AG/R as a function of time was
calculated from the average AG/R of the ten pixels surrounding the
spatial peak of the CaT.

Two-photon laser uncaging

Synapticsites for glutamate uncaging were localized via 2P Ca*" imag-
ing of locally recruited PF-MLI synapses, while making whole-cell
voltage-clamp recordings. MLIs were filled with a morphological
marker (Alexa 594;30 pM) as well as a Ca* indicator (Fluo-5F; 200 pM)
to allow precise localization of activated synapses on MLI dendrites.
PF-MLI synapses were recruited as described above®. In brief, PF-MLI
synapses were recruited using paired-pulse (100 Hz) stimulation deliv-
ered by atheta-glass stimulating electrode placed near the recording
site in the molecular layer. After allowing the dyes to fill the cell for
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approximately 10 min, MLI dendrites were visually inspected while
imaging at 2-5 Hz to find sites of increased fluorescence coincident
with PF stimulation. These dendrites were then imaged via line scans
(500 Hz) to determine thelocus of Ca* influx. To ensure uncaging was
performed as close as possible to the postsynaptic site, five points
were chosen surrounding the site of Ca* influx (spaced by approxi-
mately 0.5 pum) and uncaging of MNI-glutamate (5 mM) was performed
successively at each point to determine the site where (1) uEPSC was
maximized; (2) rise time was minimized; and (3) decay time was mini-
mized (Extended Data Fig. 6). Uncaging was then performed at this
point while holding the cell at V,=-60 mV, 0 mV and +40 mV. At each
holding potential uncaging was performed directly adjacent to the
cellular membrane and at a distance of 0.5 pm or with lower laser
power toreduce the concentration of uncaged glutamate detected by
the postsynaptic receptors. Six to nine uUEPSCs were averaged at each
holding potential at each distance. Uncaging was performed using a
tunable Coherent Chameleon Ultra Il Ti:Sapphire laser set to 720 nm.
Uncaging laser pulses were 0.3 msin duration.

Analytical resolution and signal-to-noise considerations

To ensure adequate analytical resolution, all analyses were evaluated
withrespectto signal-to-noise ratio rather than EPSC amplitude alone.
For each experiment, baseline noise was quantified from pre-stimulus
intervals, and analyses were restricted to EPSCs exceeding 3 x s.d. of
baseline noise. Under these criteria, EPSCs in all datasets remained
well above noise, including experiments in which EPSC amplitude
was experimentally reduced. Currents were digitized at 15-50 kHz,
and peak EPSC amplitude was quantified as the mean current within
a+100-ps window centered on the peak. At 50 kHz, this window com-
prises ~11 samples and reduces point-to-point baseline noise by vN.
After averaging 10-20 sweeps, a baseline s.d. of ~2 pA corresponds
to an effective s.d. of ~0.6 pA for peak-amplitude measurements. For
each dataset (Extended Data Fig. 10), the relationship between EPSC
amplitude and all measured parameters (RI, unitary conductance,
kinetics, pharmacological sensitivity and Ca*' signaling) was examined
to confirm that conclusions were not driven by signal size or limited
analytical resolution.

Numerical simulations

Tosimulate the changes inrectification of the AMPAR with glutamate,
aMarkov model ofthe AMPAR (Fig. 8a) was developed using Axograph
and verified with Berkeley Madonna. Details and rates used are given
inResultsandin Fig. 8.

Statistical analysis

Data were analyzed using Axograph X. Calculations and graphs were
prepared with Microsoft Excel and Prism (GraphPad Software). Values
are reported as mean * s.e.m. and the statistical test used for each
datasetislisted inthe figure legends and/or Source Data. No statistical
methods were used to predetermine sample sizes but our sample sizes
aresimilar to those reported in previous publications*. Datadistribu-
tion was assumed to be normal. When data were not appropriate for
parametric analysis, nonparametric tests were used as indicated in
the figure legends. Data collection and analysis were not performed
blind to the conditions of the experiments. Randomization was not
applicable because experimental groups were defined by genotype,
input pathway, recording configuration, or pharmacological condi-
tion. Where possible, paired comparisons were made within the same
cell or patch, and stimulus conditions were interleaved or repeated
within recordings as appropriate. Each data point represents one
cell or outside-out patch; paired values came from the same sample
and were not counted as independent replicates. No animals were
excluded from the analyses. Data points or recordings were excluded
only if recordings failed predefined quality-control criteria (such as
including changes in series resistance >20% or membrane rupture

during perforated patch recordings), as described above. Means were
compared using paired or unpaired two-tailed ¢-tests or ANOVAs with
post hoc comparison tests. The criteria for statistical significance
were P<0.05.

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

Data availability
All data supporting the results are included in the figures and Source
DataFiles. Source data are provided with this paper.

Code availability

Custom scripts used in the present study can be downloaded from
GitHub at https://github.com/rpennock/-Glutamate-AMPAR-tuning-
manuscript and Zenodo at https://doi.org/10.5281/zenodo0.21224276
(ref.79).
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Extended Data Fig. 1| Different [glutamate] mediating PF- and CF-EPSCs. (CF:70.8 +3.3 % and PF: 51.5 + 3.2 % of control, n = 5each, P= 0.0028, two-tailed
(a) Representative PF-and CF-EPSCs before (blue or black) and after (orange) unpaired t-test). For all panels, summary data are mean + SEM and Source data
application of kynurenic acid (KYN; 500 pM).(b) KYN inhibited CF-EPSCs more are provided in the Source Data File Extended Data Fig. 1.

than PF-EPSCs indicating a lower [glutamate] transient underlying CF-EPSCs
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Extended Data Fig. 2 | Perforated patch and rupture. (a) Scaled average
PF-EPSCs (-60 mV and +40 mV) recorded in the perforated patch configuration
(blue traces) before and following patch rupture in whole-cell configuration
(green) withanintracellular solution with O mM Spm and Amphotericin B

(300 pg/ml). Dotted lines indicate the predicted amplitude for an ohmic (linear)
response. (b) Summary of rectification Index (RI) of PF-EPSCs in the perforated
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patch configuration (blue squares) and CF-EPSC (black circle) before and
following perforated patch rupture (n=4; P=0.0331, one-tailed t-test). The
rectification index of PF-and CF-EPSCs following patch rupture (RI=0.95 + 0.07)
is not different from an ohmicresponse (RI=1, P=0.87, Wilcoxon signed rank
test). Note: Perforated patch rupture was also monitored with Alexa 594 dye.
Source dataare provided in the Source Data File Extended Data Fig. 2.
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Extended Data Fig. 3 | Rectification index differences persist at
near-physiological (1.5 mM) Ca*". (a) Example average sEPSCs (PF, blue) and
CF- (black) EPSCs at-60 mV and +40 mV. Red dotted line indicates the predicted
amplitudes for an ohmic (linear) response. (b) Summary of rectification index
(RI) of PF- (0.41+ 0.03, n =8, blue squares) and CF-EPSCs (0.72 + 0.07, n = 8, black
circles; P=0.001, two-tailed paired t-test). (c - d) Representative variance-mean
plots of PF-sEPSCs (blue squares, linear fit =21.7 pS) and CF-EPSCs (black circles,

linear fit=7.9 pS) and corresponding average response, individual sweeps (20
sweeps; gray) with difference currents (scaled average waveform minus each
sweep). (e) Summary of PF (blue squares, 23.1+ 3.0 pS) and CF (black circles,

12.4 +1.4 pS) unitary conductance (n=5; P=0.0205, two-tailed paired t-test). For
all panels, summary data are mean + s.e.m. and Source data are provided in the
Source DataFile Extended Data Fig. 3.
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Extended Data Fig. 4| AMPAR desensitization does not contribute to PF- Uncorrected Fisher’s least significant difference tests (PF vs CF P=0.0014; PF
and CF-EPSCrectification index differences. (a) Representative PF- (blue) CTZvsCFCTZ P=0.0079). (c-d) Representative variance-mean plots in CTZ of
and CF-EPSCs (black) at-60 and +40 mV in the absence and presence of PF-sEPSCs (orange squares, linear fit =26.5 pS) and CF-EPSCs (orange circles,
cyclothiazide (orange, CTZ,100 pM). At-60 mV, CTZ did not significantly affect linear fit=14.3 pS) and corresponding average response, individual sweeps
the amplitude of PF-EPSCs 129.8 +10.0% (n = 5, P=0.0625, Wilcoxon Signed Rank (20 sweeps; gray) with difference currents (scaled average waveform minus each
test) and potentiated CF-EPSCs to 233.6 + 56.3% of control (n=7; P=0.0156, sweep). (e) Summary of PF (orange squares, 25.2 + 2.2 pS) and CF (orange circles,
Wilcoxon Signed Rank test). (b) Summary of CTZ effect on rectification Index 16.5+ 1.4 pS) unitary conductance in the presence of CTZ (n=5; P=0.0102,
(RI).PF:0.35+0.05&PFinCTZ:0.35+0.04;n=5and CF:0.84 + 0.12 & CF in two-tailed paired t-test). For all panels, summary data are mean + s.e.m. and
CTZ:0.74 + 0.13n =7, Two-way ANOVA; P=0.0001 for the pathway (PF & CF). Source dataare provided in the Source Data File Extended Data Fig. 4.
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Extended Data Fig. 5| TARP y-2 does not contribute to PF- and CF-EPSCRI
differences. (a-b) Representative PF- (blue and green) and CF- (black and gray)
EPSCs from WT and TARP y-2 KO littermates at -60 mV and +40 mV.(c) Summary
of rectification Indices (RIs) WT: PF 0.40 + 0.03 (n =10) and CF: 0.60 + 0.05
(n=10) and TARP y-2KO: PF: 0.19 + 0.03 (n =10) and CF: 0.45 + 0.07 (n =11).

PF CF PF CF

Two-way ANOVA; P=<0.0001 for the pathway (PF & CF) and P=0.0007 for
the genotype (PF y-2KO & CF y-2KO). Uncorrected Fisher’s least significant
difference tests (PF vs PFy-2KO P=0.0054; CF vs CFy-2KO P=0.0296).For all
panels, summary data are mean + s.e.m. and Source data are provided in the
Source Data File Extended Data Fig. 5.
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Fig. 2d, e uncaging experiments from 3-6 uncaging spots (average of 5) across
putative receptor clusters (n = 6 neurons). This illustrates how we map the
“optimal” location for uncaging prior to every uncaging experiment. For all
panels, summary data are mean + s.e.m. and Source data are provided in the
Source Data File Extended Data Fig. 6.

Extended DataFig. 6|2 PLUmapping of AMPARs. (a) 2P magnified image of a
putative postsynaptic density of an MLI filled with Alexa 594. Uncaging spots are
represented by gray and white circles. (b) uEPSCs (-60 mV) from corresponding
uncaging spots shownin (A). (c) Summary data for amplitude, rise (20-80%)
and decay time (single exponential) of uEPSCs, representing pooled data from
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Extended Data Fig. 7| AMPAR rectification assay. (a) Ramp protocol (top) and
corresponding currents (bottom) in control (black) or in 10 mM glutamate (red).
Ramp protocol (center top) and individual subtracted current responses (center
bottom,15 sweepsin gray) with average response (black). Plot of rectification
index vs time showing stability is shown on right panel. (b) Representative
currents following voltage ramp (left), voltage jumps (center), and concentration
jumps (right) to the same o/o MLI patch (1 mM glutamate). (c) Representative
currents following voltage ramp (left), and concentration jumps to the same o/o
patch (30 uM glutamate). (d) Summary from (b) and (c). Rectification index
1mM glutamate: ramp protocol (0.22 + 0.02, n = 9), voltage jump protocol
(0.21+0.01,n =9) and concentration jump protocol (0.2 + 0.01, n = 4) are not
different (One-Way ANOVA, P=0.80). Rectificationindex 30 uM glutamate:

ramp (0.58 + 0.03, n =12) and concentration (0.60 + 0.05, n =12) are not different
(P=0.71, two-tailed paired t-test). (e) The speed (and duration) of voltage

ramps (10-1000 ms; 16 - 0.16 mV/ms) does not affect rectification index (1mM
glutamate; 16 mV/ms: 0.22 + 0.04,2 mV/ms: 0.22 + 0.04,1 mV/ms: 0.23 + 0.05,
0.32mV/ms: 0.21+ 0.05,0.16 mV/ms: 0.20 + 0.05; n = 5each, P=0.23, One-way
ANOVA). (f) The direction of the ramp at 2 mV/ms does not affect rectification
index (1 mM glutamate; reverse: 0.21+ 0.03 and forward: 0.20 + 0.04;n =5,
P=0.9187, two-tailed paired t-test). IV plotsin (e) and (f) are normalized to-80
mV. All currents are recorded in the presence of CTZ (100 pM). For all panels,
summary data are mean + s.e.m. and Source dataare provided in the Source Data
File Extended Data Fig. 7.
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Extended DataFig. 8 | Intrinsic outward rectification of o/o patches with
nominal spermine. (a-c) Normalized glutamate-dependent voltage ramps
(ImMand 30 pM) without spermine ( + ATP) from WT MLIs (a), GluA2cKO MLIs
(b), and HEK cells expressing GluAl (c). (d) Summary data of rectification index
as afunction of [glutamate] from MLI (white circles), GluA2cKO (gray circles),
and GluA1HEK (black circles) o/o patches with O uM spermine and ATP. The
rectificationindex as a function of [glutamate] from MLIWT o/o patches with

0 pM spermine and 4 mM MgATP (white circles): 30 pM glutamate: 1.6 + 0.1
(n=5);1mMglutamate:1.0 + 0.08 (n = 5). The glutamate-dependent rectification
index from GluA2cKO o/o patches with 20 mM Na,ATP at 30 pM glutamate:

d

rectification index

o

e

HOH@

102 10°
[glu] uM

1.83+£0.06 (n=3);100 pM glutamate: 1.5 (n =1); 300 pM glutamate: 1.3 (n=1);
1mMglutamate:1.23 + 0.02 (n =4). The glutamate-dependent rectification index
from GluA2cKO o/o patches with 4 mM MgATP at 30 pM glutamate: 1.7 + 0.1
(n=9);1mMglutamate:1.1+ 0.04 (n=9). Graph shows combined 4 mM and

20 mM ATP (gray circles). The rectification index as a function of [glutamate]
from GluA1 HEK o/o patches with O pM spermine and 4 mM MgATP (black
circles): 30 pM glutamate: 1.5+ 0.13 (n = 7); 1 mM glutamate: 0.96 + 0.09 (n = 7).
Summary dataare mean +s.e.m. and Source data are provided in the Source Data

File Extended Data Fig. 8.
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Extended DataFig. 9| Closed and open state occupancies depend on
[glutamate]. (a) Kinetic scheme of agonist (glutamate) binding to four
independent subunits in the absence of internal polyamine (Spermine). Rates
areasinFig. 8. Unitsare M's™ (fork,) ors™. k, is dependent on [glutamate].
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(b) Unbound (R) and occupancies with one (AR + AO), two (A,R + A,0), three
(A;R +A,0), or four (A,R +A,0) ligands at 30 uM (green), 1 mM (blue), and 10 mM
(black) glutamate. Source data are provided in the Source Data File Extended

DataFigure 9.
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Extended Data Fig. 10 | Relationships between EPSC amplitudes and synaptic
metrics. (a) EPSC amplitude plotted against inhibition by kynurenic acid

for evoked PF- (blue squares) and CF-EPSCs (black circles). PF-and CF-EPSC
amplitudes are comparable (PF: -351.1+ 73.7 pA; CF: -303.6 +t 41.9 pA;n=5

each; P=0.5943, two-tailed unpaired t-test), yet inhibition differs between inputs

indicating that differences in antagonist sensitivity are not explained by signal
size. See Extended Data Fig. 1. (b) EPSC amplitude plotted against estimated
unitary conductance for spontaneous PF-EPSCs (blue squares) and evoked
CF-EPSCs (black circles) recorded in the same cells. As expected, spontaneous PF
events are smaller than evoked CF-EPSCs; however, they show higher estimated
conductance, demonstrating that differences in analytical resolution at low
amplitudes do not account for the observed conductance estimates. See Fig. 1b.
(c1) Rectification index plotted against EPSC amplitude for PF- (blue squares)
and CF-EPSCs (black circles). PF-and CF-EPSCs have similar amplitudes
(PF:178.2+16.2 pA,n=34; CF:181.6 £ 27.3 pA, n=31; P=0.8902, two-tailed
unpaired t-test), yet rectification differs between inputs. See Fig. 1d. (c2)
Rectificationindex plotted against EPSC amplitude for perforated patch EPSCs
(<50 pA), demonstrating PF (blue squares) vs CF (black circles) differences
under low-signal conditions. See Fig. 1d. (d) EPSC amplitude versus percent
inhibition for NASPM experiments (filled symbols denote paired PF and

CF recordings). PF- (blue squares) and CF-EPSC (black circles) amplitudes
overlap (PF:-199.6 + 32.7 pA; CF: -208.7 £ 70.9 pA; n =10; P=0.8946, two-tail
unpaired t-test), whereas inhibition differs significantly indicating that NASPM
sensitivity is not determined by EPSC size. See Fig. 1e, f. (el) Rectification

index plotted against EPSC amplitude for PF sEPSCs (blue squares) and
CF-EPSCs (black circles) recorded in1.5 mM Ca2 +. As expected, PF sEPSCs

are smaller than CF-EPSCs; however, rectification differs between inputs. See
Extended Data Fig. 3. (e2) Unitary conductance plotted against EPSC amplitude

rectification index

for PF (blue squares) and CF (black circles) responses, demonstrating that

PF versus CF differences in conductance are preservedin1.5 mM Ca2 +. See
Extended Data Fig. 3. (f1) Rectification index plotted against EPSC amplitude
for PF- (blue squares) and CF-EPSCs (black circles) recorded in the presence

of CTZ. Rectification differs between inputs across the observed amplitude
range. See Extended Data Fig. 4. (f2) Unitary conductance plotted against EPSC
amplitude for spontaneous PF-EPSCs (blue squares) and evoked CF-EPSCs
(black circles) recorded in the same cells. As expected, PF sEPSCs are smaller
than evoked CF-EPSCs; nevertheless, PF vs. CF differences in conductance are
preserved. See Extended Data Fig. 4. (g) EPSC amplitude versus rectification
indexininterneuron-specific TARP y2 knockout recordings. Rectification index
does not correlate with EPSC amplitude for either PF- (blue squares, P=0.131,
Linear regression) or CF-EPSCs (black circles, P=0.774, Linear regression),
indicating that rectification measurements are not driven by EPSC size. See
Extended Data Fig. 5. (h) Paired PF-EPSC amplitude versus rectification index
before (openblack circles) and after (filled red circles) bafilomycin treatment.
Bafilomycin reduces EPSC amplitude and increases rectification in paired
recordings, consistent with reduced effective glutamate concentration rather
than limitations in analytical resolution. See Fig. 2d. (i) uEPSC amplitude versus
rectification index for glutamate uncaging at near (filled black circles) and

far (filled red circles) distances. Increasing uncaging distance reduces uEPSC
amplitude and increases rectification in paired measurements, consistent with
reduced effective glutamate concentration. See Fig. 3b. (j) uEPSC amplitude
versus rectification index for glutamate uncaging at high (filled black circles)
and low (filled red circles) laser power. Decreasing laser power reduces uEPSC
amplitude and increases rectification in paired measurements, consistent with
reduced effective glutamate concentration. See Fig. 3f. Source dataare provided
inthe Source Data File Extended Data Figure 10.
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Cell line source(s) HEK293 cells were purchased from ATCC (American Type Culture Collection; CRL-3216).
Authentication Constructs used in heterologous expression of AMPARs were independently sequenced (GIuA1l flip in pIRES-EGFP)
Mycoplasma contamination n/a

Commonly misidentified lines The cell line was checked against the ICLAC database of commonly misidentified cell lines and was not listed. Cells were
(See ICLAC register) authenticated by ATCC prior to distribution; no additional authentication was performed for this study.
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Laboratory animals Male and female mice, age P16-38. PV-GluA2cKO mice were generated by crossing the parvalbumin PV-2A-Cre-D (#012358, Jackson
Laboratory) with GluR-B2lox mice (gift from Rolf Sprengel, Max Planck Institute). Gamma-2 KO mice (#001756, Jackson Laboratory)
were a gift from Susumu Tomita (Yale Medical University).
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