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Elisa Carrillo,1 Nidhi K. Bhatia,1 Askar M. Akimzhanov,1,2 and Vasanthi Jayaraman1,2
1Center for Membrane Biology, Department of Biochemistry and Molecular Biology, University of Texas Health Science Center at Houston,
Houston, Texas 77030, and 2M. D. Anderson Cancer Center UTHealth Graduate School of Biomedical Sciences, University of Texas Health Science
Center at Houston, Houston, Texas 77030

Zn21 has been shown to have a wide range of modulatory effects on neuronal AMPARs. However, the mechanism of modula-
tion is largely unknown. Here we show that Zn21 inhibits GluA2(Q) homomeric receptors in an activity- and voltage-depend-
ent manner, indicating a pore block mechanism. The rate of inhibition is slow, in the hundreds of milliseconds at millimolar
Zn21 concentrations; hence, the inhibition is only observed in the residual nondesensitizing currents. Consequently, the inhi-
bition is higher for GluA2 receptors in complex with auxiliary subunits c2 and c8 where the residual activation is larger. The
extent of inhibition is also dependent on charge at site 607, the site that undergoes RNA editing in GluA2 subunits replacing
glutamine to arginine, with the percent inhibition being lower and IC50 being higher for the edited GluA2(R) relative to
unedited GluA2(Q) and to GluA2(Q607E), a mutation observed in the genetic screen of a patient exhibiting developmental
delays. We also show that Zn21 inhibition is significant during rapid repetitive activity with pulses of millimolar concentra-
tions of glutamate in both receptors expressed in HEK cells as well as in native receptors in cortical neurons of C57BL/6J
mice of either sex, indicating a physiological relevance of this inhibition.
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Significance Statement

Zn21 is present along with glutamate in synaptic vesicles and coreleased during synaptic transmission, modulating the postsy-
naptic ionotropic glutamate receptors. While Zn21 inhibition of the NMDA subtype of the ionotropic glutamate receptors is
well characterized, the mechanism of modulation of the AMPA subtype is much less known. Here we have systematically stud-
ied Zn21 inhibition of AMPARs by varying calcium permeability, auxiliary subunits, and activation levels and show that
Zn21 inhibits AMPARs in an activity-dependent manner, opening up this pathway as a means to pharmacologically modulate
the receptors.

Introduction
Ionotropic glutamate receptors are the main excitatory receptors
in the mammalian CNS. Glutamate binding to the extracellular
domain of this receptor leads to the opening of cation-selective
channels and subsequent desensitization. Overactivation of these
receptors places metabolic stress on the neurons, resulting in
neuronal injury, and underlies a wide range of conditions, such
as ischemia, seizures, and amyotrophic lateral sclerosis (Kwak et
al., 2010; Traynelis et al., 2010; Yuan et al., 2015; Iacobucci and
Popescu, 2017). Ionotropic glutamate receptors are broadly clas-
sified into three classes: AMPARs, NMDARs, and kainate

receptors. Early studies of excitotoxic mechanisms focused on
the NMDARs as these are the primary calcium-permeable recep-
tors among the three members of this family. However, despite
the clear effect of NMDAR inhibitors in model systems, these
have failed to show clear efficacy in therapeutic trials.

Recent studies have shed insight into the relevance and role
of AMPARs in these pathologic and disease states. AMPARs are
assembled by a combination of GluA1, GluA2, GluA3, and
GluA4 subunits. In the adult brain, 99% of the GluA2 subunits
undergo RNA editing that replaces a glutamine at site 607, which
is at the tip of the reentrant pore-lining region of the receptor,
with arginine (Wright and Vissel, 2012). The presence of RNA-
edited GluA2, even in the heteromeric receptors, makes the
receptors Ca21-impermeable (Hollmann et al., 1991; Hume et
al., 1991; Cull-Candy et al., 2006). However, a decrease in the
editing of the GluA2 has been reported in several human neuro-
logic conditions, such as Alzheimer’s disease (Gaisler-Salomon et
al., 2014), schizophrenia, Huntington’s disease (Akbarian et al.,
1995), amyotrophic lateral sclerosis (Kawahara et al., 2004), and
ischemia (Peng et al., 2006), further implicating AMPARs in
these pathologies. In line with these findings, a patient with de
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novo mutations at this site (Q607E/A) exhibited severe develop-
mental delays (Salpietro et al., 2019). Thus, inhibitors with selec-
tivity or higher inhibition toward the unedited or Q607E would
have a potential to be used in these conditions.

Zn21 has been previously shown to be endogenously released
with glutamate at synapses and modulate the strength of synaptic
AMPARs (Kalappa et al., 2015) and also shown to inhibit quis-
qualate-mediated signals in hippocampal neurons at 1 mM con-
centration (Mayer et al., 1989; Blakemore and Trombley, 2019).
However, the specific mechanism of such inhibition has not
been studied. Here we show that Zn21 inhibits AMPARs in an
activity-, auxiliary subunit-, and (Q/R) editing-dependent man-
ner. For Zn21 modulation of AMPARs in the presence of the
auxiliary receptors, we have investigated g2 and g8 subunits,
which are predominantly expressed in the brain. These auxiliary
proteins not only play an essential role in anchoring and stabiliz-
ing AMPARs (Opazo et al., 2010; Jackson and Nicoll, 2011;
Haering et al., 2014), but also stabilize the open channel active
conformation of the receptor to varying degrees (for review,
see Milstein and Nicoll, 2008). g2 enhances agonist affinity and
efficacy, slows deactivation and desensitization, and accelerates
recovery from desensitization stabilizing the active open confor-
mation (Tomita et al., 2005; Cho et al., 2007; MacLean and
Bowie, 2011; MacLean et al., 2014; Carbone and Plested, 2016;
Shaikh et al., 2016; Twomey et al., 2016). g8 stabilizes the
AMPAR active state even further, showing resensitization during
the continued presence of glutamate (Kott et al., 2007; Suzuki et
al., 2008; Kato et al., 2010; Jackson et al., 2011; Riva et al., 2017;
Herguedas et al., 2019; Carrillo et al., 2020).

In addition to showing that Zn21 exhibits activity-dependent
block with higher inhibition toward the unedited GluR2(Q) and
GluR2(E), we also show that Zn21 inhibits AMPAR activation in
mouse cortical neurons. These results suggest that this pathway
could be further explored as a means for pharmacological modu-
lation of the AMPARs.

Materials and Methods
Cell culture, mutagenesis, and transfection. HEK 293T cells were

maintained in DMEM (GenDEPOT), supplemented with 10% FBS
(GenDEPOT) and penicillin/streptomycin (Invitrogen). Mutations were
introduced using standard site-directed mutagenesis and confirmed by
sequencing (Genewiz). The tandem constructs for GluA2 with g8 or g2
were generated between the C-terminus of GluA2 and the N-terminus
of g8 or g2 by a Gly-Ser linker using Gibson Assembly protocol.

HEK 293T cells at 40%-50% confluency were transfected using lipo-
fectamine 2000 (Invitrogen) with one of the homomeric AMPAR subu-
nits, GluA2(Q), GluA2(Q)/g2, GluA2(Q)/g8, GluA2(R), and GluA2(E)
along with GFP. Cells were replated after 4-6 h at a low density in fresh
media containing 30 mM NBQX. Whole-cell patch-clamp recordings
were performed 24-48 h after transfection using 3-5 MX resistance fire-
polished borosilicate glass pipettes filled with internal solution as follows:
135 mM CsF, 33 mM CsCl, 2 mM MgCl2, 1 mM CaCl2, 11 mM EGTA, and
10 mM HEPES, pH 7.4. The external solution was as follows: 150 mM

NaCl, 1 mM CaCl2, and 10 mM HEPES, pH 7.4. The external solutions
were locally applied to lifted cells using a LZ150M piezo translator
(Burleigh Instruments) with voltage commands low-pass-filtered (eight-
pole Bessel; Frequency Devices) at 100-200Hz. All recordings were per-
formed at room temperature with a holding potential of �60mV using
an Axopatch 200B amplifier (Molecular Devices), acquired at 10 kHz

Figure 1. Zinc modulation of the AMPAR. Representative whole-cell recordings in response to 10 mM glutamate alone (black), or in the presence of 1 mM Zn21 (red) for (A) GluA2(Q), (B)
GluA2(Q)/g2, (C) GluA2(Q)/g8, and (D) GluA2(Q) in the presence of 100 mM cyclothiazide (CTZ). E, Time course of the inhibition and recovery by 1 mM Zn21 in the presence of 10 mM gluta-
mate and 100 mM CTZ. The On and Off phases were fitted to a single exponential function. Zn21 application is marked by the gray bar on the top of the trace. F, Bar graph showing the time
constant from the fits for the On and Off phases for Zn21 inhibition. Voltage dependence curves (ramped from�120 to 20mV) obtained using 10 mM glutamate alone, or in the presence of 1
mM Zn21 for (G) GluA2 (Q)/g2, (H) GluA2(Q)/g8, and (I) GluA2(Q) in the presence of 100 mM CTZ. J, The dose-dependent inhibitory effects of Zn21 on GluA2 (Q)/g2 (!), GluA2 (Q)/g8
(*), and GluA2(Q) in the presence of 100mM CTZ (l).
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using pCLAMP10 software (Molecular Devices), and filtered online at
5 kHz.

Steady-state inhibition (Einhibition) was calculated using the following:

Einhibition ¼ 1� Izinc
Icontrol

(1)

were IZinc is the steady-state current in the presence of zinc and Icontrol is
the steady-state current in the absence of zinc.

Dose–response curves showing steady-state inhibition as a function
of Zn21 concentrations were fit to the Hill equation in Origin 9 and is
shown in as follows:

Einhibition ¼ Emin 1 Emax � Eminð Þ
11 10n LogIC50�Cð Þð Þ (2)

Where Einhibition is steady-state inhibition as defined by Equation 1,
Emin is the lowest value for steady-state inhibition, Emax is the maximum
value for steady-state inhibition, IC50 is concentration of Zn21 at half
maximal inhibition, and C is concentration of Zn21.

Single-channel recording. HEK 293T cells were plated in poly-D-ly-
sine–coated 35 mm dishes and transfected 24 h later with one of the
GluA2 constructs and GFP at a 1:1 ratio. Recordings were performed in
the outside-out patch-clamp configuration, 8-24 h after transfection.
Pipettes used had an 8-15 MV resistance. Buffers and solution concentra-
tions were similar to those used for whole-cell recordings. Data were
acquired at 50 kHz and low-pass filtered at 10 kHz (Axon 200B and
Digidata 1550A; Molecular Devices). Pipette holding potential was

�100mV. Data were further filtered at 1 kHz.
All recordings were idealized using the segmen-
tal k-means algorithm of QuB (Qin, 2004;
Nicolai and Sachs, 2013). Recordings with a sin-
gle level were used as a measure to ensure that
the recordings were from single channels.

Animal experiments were conducted fol-
lowing the National Institutes of Health’s Guide
for the care and use of laboratory animals guide-
lines, and protocols were approved by the
University of Texas Health Science Center at
Houston. C57BL/6 mice (n=10) 1-2 postnatal
days of age were used. Animals were housed in
an in-house animal facility with a 12:12 h light-
dark cycle with food and water available ad
libitum.

Neuron isolation. Cortical neurons from the
PFC were prepared from early postnatal (P1-P2)
C57BL/6 mice, either sex. The mice were decapi-
tated, the skin and skull removed, and the brain
placed in 4-5 ml ice-cold dissection solution
(Earle’s buffered salt solution, Invitrogen, 10 mM

HEPES). Under a dissecting microscope, the PFC
was removed and transferred to a solution con-
taining 10 U/ml of papain (Worthington), 20ml
of DNase I (New England Biolabs, 2000 U/mg),
and 500 mM APV (Abcam), and incubated in a
37°C water bath for 30min. Every 10min, the tis-
sue was pipetted to dissociate into individual
cells. The activity of papain was stopped by inac-
tivated FBS for 2min. The tissue was centrifuged
and transferred to dissociation solution (B27/
Neurobasal culture medium, Invitrogen, supple-
mented with 2 mM of L-glutamine, 0.2% penicil-
lin/streptomycin, and 20 mM glucose). The
neurons were mechanically dissociated from the
tissue by gently sucking it back and forth with a
flame-narrowed Pasteur pipette. The cell suspen-
sion was diluted with incubated feeding medium
(B27/Neurobasal culture medium, Invitrogen,
supplemented with 2 mM of L-glutamine, and

0.2% penicillin/streptomycin) and was plated on poly-L-lysine (Sigma
Millipore)-coated glass coverslips and incubated in 5% CO2 at 37°C.
Neurons were used 24 h after plating.

The neuron recordings were performed in whole-cell patch-clamp
configuration, at room temperature. Pipettes, 8-15 MV, filled with inter-
nal solution as follows: 120 mM Cs-gluconate, 20 mM HEPES, 4 mM

MgCl2, 10 mM EGTA, 0.4 mM GTP-Na, 4 mM ATP-Mg, and 5 mM phos-
phocreatine, pH 7.3. The external ACSF solution was as follows: 140 mM

NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 1.25 mM NaH2PO4, 10
mM HEPES, 25 mM glucose, 50 mM APV, 10 mM bicuculline, and 1 mM

TTX, pH 7.4.
mEPSC recordings. Spontaneous mEPSCs were recorded using neu-

rons that were in culture for 14-21 d. For these recordings, pipettes with
8-15 MV were filled with internal solution as follows: 120 mM Cs-gluco-
nate, 20 mM HEPES, 4 mM MgCl2, 10 mM EGTA, 0.4 mM GTP-Na, 4 mM

ATP-Mg, and 5 mM phosphocreatine, adjusted to pH 7.3. The external
buffer was as follows: 140 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1 mM

MgCl2, 1.25 mM NaH2PO4, 10 mM HEPES, 25 mM glucose, 10 mM bicu-
culline, and 1 mM TTX, adjusted to pH 7.4. mEPSC recordings were per-
formed at room temperature with a holding potential of �80mV using
an Axopatch 200B amplifier (Molecular Devices), acquired at 50 kHz
using pCLAMP10 software (Molecular Devices), and filtered online at
5 kHz. mEPSCs were analyzed using a mEPSC current-template search
through Clampfit 10 software (Molecular Devices), with a detection
threshold of�6 pA.

Statistics. At least three recordings were obtained for each condition
studied from at least 3 different days. All electrophysiological data,
except mEPSC recordings, were statistically analyzed using one-way

Figure 2. Zn21 inhibition with site 607 mutants. Representative whole-cell recordings in response to 10 mM glutamate
alone (black) or in the presence of 1 mM Zn21 (red) for (A) GluA2(R)/g2 and (B) GluA2(E)/g2. C, The dose dependence of
Zn21 inhibition on GluA2(R)/g2 (!) and GluA2Q607E/g2 (*). Voltage dependence curves (ramped from �120 to
20mV) obtained using 10 mM glutamate alone, or in the presence of 1 mM Zn21 for (D) GluA2(R)/g2 and (E) GluA2(E)/g2.
F, Zinc inhibition of residual current in the presence of g2 (left), and IC50 of zinc in the constructs of GluA2 coexpressed with
g2 (right). *p, 0.01. ***p, 0.001.
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ANOVA followed by pairwise comparisons using Bonferroni’s multiple
comparisons test. The mEPSC recordings were statistically analyzed
using the Student¨s paired t test. These tests were performed using
GraphPad Prism software (GraphPad Software). For all tests, p, 0.05
was considered significant, and p, 0.001 was considered highly
significant.

Results
Activity-dependent block of GluA2(Q) AMPARs
Whole-cell currents were recorded from HEK-293 cells express-
ing GluA2(Q) homomeric receptor in the absence (Fig. 1A) and
the presence of auxiliary subunits (Fig. 1B,C). The auxiliary sub-
units g2 and g8 were chosen as they are commonly found to be
coexpressed in AMPARs in the brain and modulate the receptors
differently, with g2 decreasing rates of desensitization and hav-
ing a small fraction of nondesensitizing residual currents (Fig.
1B) and g8 exhibiting resensitization with a larger fraction in
open channel states in the continued presence of agonist (Fig.
1C). The whole-cell currents for GluA2(Q) receptors in the
absence of auxiliary subunits with saturating concentration
of agonist (10 mM glutamate) were not significantly altered
when 1 mM Zn21 was coapplied (Fig. 1A). However, the re-
sidual steady-state currents for GluA2(Q) were significantly
inhibited in the presence of auxiliary subunits (Fig. 1B,C).
The extent of inhibition was larger for GluA2(Q) in the pres-
ence of g8 than in the case of GluA2(Q) in the presence of
g2. As the fraction of receptors open under residual condi-
tions is more for GluA2(Q) in the presence of g8 than in the
case of GluA2(Q) in the presence of g2, the higher inhibition

current for GluA2(Q) in the presence of g8 suggests that
Zn21 inhibits the open channel state of the receptor.
Additionally, the lack of significant inhibition in the peak
currents before desensitization suggests a slower rate for
the block. To verify the open channel block and slower rate,
we studied the inhibition of GluA2(Q) homomeric receptor
by Zn21 under conditions where steady-state currents are
higher, by using saturating concentrations of agonist gluta-
mate and 100 mM cyclothiazide, which reduces desensitization,
(Fig. 1D) and also studied the time constants of Zn21 inhibi-
tion at 1 mM Zn21 (Fig. 1E,F). Under these conditions, 1 mM

Zn21 blocked the steady-state current nearly completely, con-
sistent with an activity-dependent block by the Zn21, and the
time constants were 1036 23.4ms for the on rate and
956 17.7ms for the off rate, indicating slow kinetics. Further,
consistent with an open channel block, the extent of inhibition
current was voltage-dependent with higher inhibition at more
negative potentials (Fig. 1G–I). The dose dependence for the
inhibition by Zn21 showed that the IC50 values were also de-
pendent on the fraction of receptors in the open channel state,
with GluA2(Q) receptor in the presence of cyclothiazide
showing the lowest IC50 of 4606 40 mM (Fig. 1J) and GluA2
(Q) receptor in the presence of g8 and g2 having an IC50 of
5206 38 and 17546 114 mM (Fig. 1J), respectively. The per-
cent inhibition at the maximum concentrations of Zn21 was
higher for GluA2(Q) in the presence of CTZ, followed by
GluA2(Q) in the presence of g8, and then GluA2(Q) receptor
in the presence of g2. This suggests that the extent of inhibi-
tion is higher when the residual activation is higher.

Figure 3. Effect of Zn21 under 10 Hz frequency stimulation with 10 mM glutamate alone (black) or in the presence of 1 mM Zn21 (red) for (A) GluA2(Q), (B) GluA2(Q)-CTZ, (C) GluA2(Q)/
g2, (D) GluA2(Q)/g8, (E) GluA2(R)/g2, and (F) GluA2(E)/g2 recorded in the whole-cell configuration. Inset, Representative currents at the start and end of the train. G, Frequency stimulation
in mouse cortical neurons, as in A. H, Histogram of Zn21 inhibition for GluA2(Q) was 8.56 5%, GluA2(Q)-CTZ 736 8.5%, GluA2(Q)/g2 52.56 11%, GluA2(Q)/g8 546 5%, GluA2(R)-g2
40.56 11.5%, GluA2(E)-g2 60.56 5%, and cortical neurons was 186 6%.
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Dependence of Zn21 inhibition on
charge/editing at site 607
To determine whether the extent of
Zn21 inhibition is dependent on the
charge at the site of editing, 607, we
studied the unedited, GluA2(R), as well
as a de novo mutation involved in de-
velopmental delay Q607E (GluA2(E))
(Fig. 2). Both of these proteins were
studied in the context of g2, the most
common auxiliary subunit of the recep-
tor; hence, all comparisons are done
with respect to GluA2(Q) in the pres-
ence of g2. The whole-cell currents of
the GluA2(E) in the presence of g2
showed a significantly higher level of
residual steady-state currents relative to
GluA2(Q) and GluA2(R) (Fig. 2A,B).
The extent of inhibition current for the
GluA2(E) in the presence of g2 was
significantly higher relative to that
observed for GluA2(Q) in the presence
of g2, and significantly higher than
that for GluA2(R) in the presence of g2
(Fig. 2). The IC50 for Zn

21 inhibition of
9806 90 mM for GluA2(E) in the pres-
ence of g2 (Fig. 2C) is significantly
lower than the value of 21006 150 mM

for GluA2(R) in the presence of g2 and
17546 114 mM for GluA2(Q) in the

Figure 4. Zinc inhibited the mEPSCs and ZX1 increased its frequency. Representative spontaneous mEPSCs, in control and (A) in the presence of 1 mM Zn21, and (B) in the presence of ZX1
100mM. Box plots of the amplitude and frequency activity of spontaneous mEPSC recordings, in control and (C) in the presence of 1 mM Zn21, and (D) in the presence of ZX1 100mM. Box plots
represent median and interquartile range. Vertical lines indicate 5th and 95th percentiles. **p, 0.001.

Figure 5. Inhibition of GluA2 in the presence of CTZ and auxiliary proteins by Zn21 in single-channel recordings. A, Single-channel cur-
rents recorded from GluA2(Q) in the presence of 100 mM cyclothiazide, GluA2(Q)/g8, and GluA2(Q)/g2 during continuous application of
10 mM glutamate alone (top) and in the presence 1 mM of Zn21 (bottom). Openings are shown as downward deflections. B, Amplitude
histograms of single-channel events from patches in the presence of glutamate alone (gray) and in the presence of Zn21 (peach).
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presence of g2 (Fig. 1J). The voltage dependence of the Zn21 in-
hibition current was maintained for both GluA2(E) in the pres-
ence of g2 and GluA2(R) in the presence of g2 (Fig. 2D,E). The
trends showing a higher extent of inhibition current and lower
IC50 value for GluA2(E) relative to GluA2(Q) followed by GluA2
(R) (Fig. 2F) suggest that charge at site 607 affects the extent of
inhibition by Zn21, with the difference between E to R being
statistically significant.

Frequency stimulation is affected by Zn21

Given that Zn21 inhibition current is significant in the physio-
logical range of hundreds of micromolar to millimolar concen-
trations, we also studied Zn21 inhibition using 1ms pulses of 10
mM glutamate at 10Hz frequency to mimic synaptic transmis-
sion. As expected based on the whole-cell recordings, GluA2(Q)
currents are not inhibited significantly (8.56 5%) by 1 mM Zn21

(Fig. 3A,H). However, with 100mM cyclothiazide, the current ini-
tially increased with frequency stimulation because cyclothiazide
reduces desensitization, and these currents were inhibited by
736 8.5% in the presence of 1 mM Zn21 reaching a plateau at
15 s (Fig. 3B,H). GluA2(Q) in the presence of g2 and g8 was
also inhibited by Zn21: 52.56 11% and 546 5%, respectively
(Fig. 3C,D). In the case of GluA2(R) in the presence of g2, the
inhibition current was similar to that of GluA2(Q) in the pres-
ence of g2, showing an inhibition of 40.56 11.5% (Fig. 3E), and
the mutant GluA2(E) in the presence of g2 showed a higher level
of inhibition 60.56 5% (Fig. 3F). The trends in the inhibition by
Zn21 for frequency stimulation are similar in all cases to the
trends observed in the whole-cell currents, and further confirm
that Zn21 inhibition is observed under this stimulation. To
determine whether Zn21 inhibition plays a role in neuronal
AMPARs, we also performed the experiments with mouse corti-
cal neurons (Fig. 3G) and found that 1 mM Zn21 showed inhibi-
tion as a function of time in the 10Hz stimulation, showing an
inhibition 186 6%. The extent of inhibition was closer to that
observed for GluA2(R) in the presence of g2, consistent with the
fact that heteromeric receptors containing GluA2(R) and g2 are
the most likely combination expected in these neurons.

mEPSCs are inhibited by Zn21

To test whether synaptic transmission was altered in the presence
of Zn21, we performed whole-cell voltage-clamp recordings in
high cell density cortical neuronal culture. Spontaneous mEPSC
recordings were in the presence of TTX, bicuculline, and Mg21.
As expected from these measurements, there is high variability
in the mEPSCs. The mEPSCs showed a decrease in amplitude of
spontaneous mEPSCs from 19.56 1.5 to 156 1 pA and a reduc-
tion in mEPSCs frequency from 326 2.6 to 23.56 2.8 (Fig.
4A,C) in the presence of 1 mM Zn21. To evaluate whether endog-
enous Zn21 affects the spontaneous mEPSC activity, we used the

chelator ZX1, at a concentration of 100 mM (Pan et al., 2011).
While a slight increase in the mean amplitude was noted for
spontaneous mEPSCs, this was not statistically significant;
however, the frequency was increased from 166 3 to 276 5
(Fig. 4B,D).

Zinc inhibits the stabilized open state of GluA2(Q) AMPAR
We performed outside-out single-channel recordings of GluA2
(Q) in the stabilized open state to further characterize the inhibi-
tion mechanism at the single-channel level. Consistent with pre-
vious reports (Kott et al., 2007; Suzuki et al., 2008; Jackson et al.,
2011; Riva et al., 2017; Herguedas et al., 2019; Carrillo et al.,
2020), GluA2(Q) in the presence of cyclothiazide and a saturat-
ing concentration of glutamate (10 mM) are predominantly open
and populate the higher conductance levels (Fig. 5A). Similarly,
GluA2(Q)/g8 also populates the higher conductance levels,
whereas GluA2(Q)/g2 primarily populates the lower conduct-
ance states (Fig. 5B; Table 1). In the presence of Zn21, the open-
ings were brief and higher subconductance levels were not
observed. This may suggest that Zn21 predominantly blocks
the higher subconductance levels. The single-channel record-
ings also show that the extent of inhibition under these condi-
tions as measured by reduction in the open probability,
956 2%, 866 7%, and 446 5%, for GluA2(Q) in presence of
cyclothiazide, GluA2(Q) in the presence of g8 and GluA2(Q)
in the presence of g2 , respectively (Fig. 6), are similar to the
inhibition as observed by whole-cell currents under similar
conditions (Fig. 1J).

Table 1. Conductance levels for single-channel recordingsa

Conductance levels (pS) GluA2(Q) 1 CTZ GluA2(Q)/g8 GluA2(Q)/g2

1 Control 7.46 0.5 (3.56 0.4%) 76 0.7 (36 0.6%) 76 0.4 (6.56 0.9%)
Zinc 116 0.8 (736 6%) 76 0.4 (126 1%) 106 1 (746 12.5%)

2 Control 156 1 (96 0.5%) 14.66 1.5 (7.56 0.4%) 136 0.9 (486 5%)
Zinc 196 1.1 (276 4.5%) 146 0.9 (886 11%) 18.66 1.5 (256 3.5%)

3 Control 23.26 2 (216 2.6%) 236 1.2 (196 2.7%) 216 1.7 (326 3%)
Zinc ———— ———— ————

4 Control 336 2.5 (706 8.5%) 35.46 1.9 (686 7%) 316 2.5 (126 2%)
Zinc ———— ———— ————

a Percentage of conductance levels is shown next to its value in parentheses. The error in the lifetimes is the SE of the fit. The table is related to Figure 5.

Figure 6. Zinc inhibition in single-channel recordings of GluA2(Q). Open probability (Po)
of GluA2(Q) in the presence of CTZ, GluA2(Q)/g8, and GluA2(Q)/g2, in the absence and in
the presence of 1 mM Zn21.
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Discussion
In the brain, free “chelatable” Zn21 has been shown to be present at
concentrations of �1 mM in glutamatergic synapses (Frederickson
et al., 2000) and coreleased with glutamate during synaptic trans-
mission (Qian and Noebels, 2005). Zn21 modulates the function of
ionotropic glutamate receptors, inhibiting the NMDA subtype of
ionotropic glutamate receptors (for review, see Paoletti et al.,
2009), and having a variable effect on the AMPA subtype of
the ionotropic glutamate receptors (Mayer et al., 1989;
Blakemore and Trombley, 2019). The inhibitory role of Zn21

is best illustrated in studies with KO mice for ZnT3, the zinc
transporter involved in maintaining vesicular synaptic Zn21,
which shows a marked increase in seizures and neuronal dam-
age. While the mechanism of modulation of NMDARs by
Zn21 has been studied extensively, much less is known about
the mechanism of modulation of AMPARs (Cole et al., 2000).
The large variability in Zn21 modulation of AMPARs, with
some neurons showing no effect while others are inhibited to
varying degrees, is one of the significant hurdles in under-
standing the mechanism. To address this, we have systemati-
cally studied Zn21 modulation of AMPARs by varying the
receptor properties of calcium permeability and also investi-
gated the role of auxiliary proteins g2 and g8. Our data show
that Zn21 inhibition of AMPARs is slow, with a time constant
of hundreds of milliseconds at millimolar concentrations of
Zn21. The kinetics of activation and desensitization for
AMPARs (GluA2(Q)) is rapid (microseconds to tens of milli-
seconds); thus, the slow block by Zn21 has minimal effect
under these conditions. However, AMPARs in the presence of
auxiliary proteins, such as g2 and g8, as well as edited and
mutated forms of the receptor have slower kinetics and/or re-
sidual nondesensitized currents. Under these circumstances,
Zn21 is able to block the channel and inhibit the currents. Our
data also show that the extent of inhibition correlates to the
extent of residual nondesensitizing currents (activation) and
is also dependent on the charge at site 607. These results along
with the voltage dependence of the block suggest a channel
block mechanism for the inhibition. Further, this block is sig-
nificant under continual stimulations even in short pulses in
both HEK-293 cells and neurons.

The requirement for the residual higher open probability as
seen in the presence of g2 and g8 for significant inhibition by
Zn21 could underlie the large variability previously reported in
primary neuronal recordings. Inhibition of AMPARs currents
has been shown at millimolar concentrations of Zn21 in hippo-
campal neurons (Mayer et al., 1989; Blakemore and Trombley,
2019); however, other studies that have shown no significant in-
hibition or even potentiation. For instance, Pan et al. (2011)
reported that endogenous Zn21 did not affect AMPARs at the
mossy fiber CA3 synapses. The lack of an effect by Zn21 could
be because of the lack of g8 at these synapses as shown by
Fukaya et al. (2006), who found that mice with defective g8 gene
had no significant effect at the mossy fiber CA3, while having a
large effect at other hippocampal synapses. Other studies have
also shown potentiation at lower Zn21 concentrations (micro-
molar concentration), and the mechanism of such potentiation is
still not clear (Lin et al., 2001). However, even in these cases,
addition of cyclothiazide to reduce desensitization eliminated
this potentiation, possibly because of the inhibitory effects seen
in our study compensating the potentiation from a yet unknown
mechanism.

In conclusion, our studies suggest that Zn21 should play a
role in modulating AMPARs physiologically and also opens

up the door for exploring this pathway as a means for phar-
macological manipulation of AMPARs specifically targeting
regions of the brain where there is overexpression of auxil-
iary proteins that prolong activation of the receptor.
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