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Cellular/Molecular

Probing TARP Modulation of AMPA Receptor Conductance
with Polyamine Toxins

Alexander C. Jackson,'* Aaron D. Milstein,"->** David Soto,** Mark Farrant,*** Stuart G. Cull-Candy,***

and Roger A. Nicoll->**

Departments of 'Cellular and Molecular Pharmacology and ?Physiology and *Neuroscience Graduate Program, University of California, San Francisco,
California 94143, and *Department of Neuroscience, Physiology, and Pharmacology, University College London, London WCIE 6BT, United Kingdom

The properties of synaptic AMPA receptors (AMPARs) depend on their subunit composition and association with transmembrane
AMPAR regulatory proteins (TARPs). Although both GluA2 incorporation and TARP association have been shown to influence AMPAR
channel conductance, the manner in which different TARPs modulate the mean channel conductance of GluA2-containing AMPARSs is un-
known. Using ultrafast agonist application and nonstationary fluctuation analysis, we found that TARP subtypes differentially
increase the mean channel conductance, but not the peak open probability, of recombinant GluA2-containing AMPARs. TARP -8,
in particular, enhances mean channel conductance to a greater degree than -2, y-3, or y-4. We then examined the action of a
use-dependent antagonist of GluA2-containing AMPARSs, philanthotoxin-74 (PhTx-74), on recombinant AMPARs and on GluA2-
containing AMPARSs in cerebellar granule neurons from stargazer mice transfected with TARPs. We found that the rate and extent
of channel block varies with TARP subtype, in a manner that correlates linearly with mean channel conductance. Furthermore,
block of GluA2-containing AMPARs by polyamine toxins varied depending on whether channels were activated by the full agonist
glutamate or the partial agonist kainate, consistent with conductance state-dependent block. Block of GluA2-lacking AMPARs by
PhTx-433 is also modulated by TARP association and is a function of agonist efficacy. Our data indicate that channel block by
polyamine toxins is sensitive to the mean channel conductance of AMPARs, which varies with TARP subtype and agonist efficacy.
Furthermore, our results illustrate the utility of polyamine toxins as sensitive probes of AMPAR channel conductance and suggest
the possibility that TARPs may influence their channel properties by selectively stabilizing specific channel conformations, rather

than altering the pore structure.

Introduction

AMPARs are tetrameric assemblies of the subunits GluAl-
GluA4, and many aspects of their trafficking and gating depend
on their specific subunit composition. The GluA2 subunit, in
particular, exerts profound control over the functional properties
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of AMPARs (Malinow and Malenka, 2002; Bredt and Nicoll,
2003; Cull-Candy et al., 2006; Greger et al., 2007; Isaac et al., 2007;
Zift, 2007; Traynelis et al., 2010). GluA2 is subject to posttran-
scriptional RNA editing at the pore-lining Q/R site (Sommer et
al., 1991), and incorporation of edited GluA2(R) subunits re-
duces the single-channel conductance of AMPARs (Swanson et
al., 1997) and renders them impermeable to calcium (Hollmann
et al., 1991; Burnashev et al., 1992). While GluA2-containing
receptors exhibit a linear current—voltage relationship, AMPARs
that lack GluA2 are subject to voltage-dependent block by endog-
enous intracellular polyamines such as spermine, resulting in
strong inward rectification (Bowie and Mayer, 1995; Kamboj et
al., 1995; Koh et al., 1995) and sensitivity to externally applied
polyamine toxins (Blaschke et al., 1993; Herlitze et al., 1993;
Washburn and Dingledine, 1996; Washburn et al., 1997; Toth
and McBain, 1998), which block GluA2-lacking AMPARs in a
noncompetitive use- and voltage-dependent manner (Strom-
gaard and Mellor, 2004; Stremgaard et al., 2005).

In addition to their pore-forming subunits, neuronal
AMPARSs are associated with auxiliary subunits—transmem-
brane AMPAR regulatory proteins (TARPs)—that act as power-
ful modulators of AMPAR channel properties. TARP association
slows the kinetics of AMPAR activation, deactivation, and desen-
sitization, and enhances agonist efficacy (Nicoll et al., 2006; Mil-
stein and Nicoll, 2008; Coombs and Cull-Candy, 2009; Sager et
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al., 2009; Jackson and Nicoll, 2011b). The TARP family includes
the prototypical TARP +y-2 (stargazin), as well as y-3, y-4, and
7v-8 (Tomita et al., 2003). The homologous proteins y-5 and y-7
also share some functionality with TARPs (Kato et al., 2007, 2008;
Soto et al., 2009). TARP association has been shown to enhance
the mean channel conductance of homomeric, GluA2-lacking
AMPARs (Soto et al., 2007; Suzuki et al., 2008; Soto et al., 2009),
but diminish the affinity of the AMPAR pore for intracellular
spermine (Soto et al., 2007). Furthermore, single-channel re-
cordings showed that TARP vy-2 modulates GluA2-lacking
AMPARSs by increasing the duration of burst-like channel open-
ings during prolonged agonist application (Tomita et al., 2005).
As the majority of neurons in the mammalian brain express
the GluA2 subunit (Isaac et al., 2007) together with TARPs (To-
mita et al., 2003, Menuz et al., 2007), we first sought to determine
the channel properties of heteromeric, GluA2-containing
AMPARSs associated with different TARP subtypes. Although
GluA2 incorporation reduces AMPAR channel conductance,
we found that TARP association increases the mean channel
conductance of GluA2-containing AMPARs in a TARP-
subtype-specific manner. The AMPAR-TARP complexes that
exhibited the greatest enhancement in mean channel conduc-
tance were also the ones more readily blocked by polyamine
toxins. Furthermore, we found that AMPAR-TARP complexes
activated by agonists of varying efficacy also exhibited differential
block by polyamine toxins, consistent with the idea that poly-
amine toxins preferentially block AMPARs with higher mean
channel conductance. Together, these data suggest that poly-
amine toxins are sensitive probes of AMPAR channel conduc-
tance, which varies with TARP subtype and agonist efficacy.

Materials and Methods

Human embryonic kidney 293T cell recordings

Human embryonic kidney 293T (HEK293T; tsA201) cells were trans-
fected with GluA2R(i), GluA4Q(i), y2, y-3, y-4, and y-8 cDNAs in var-
ious combinations using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. The total amount of DNA used was 0.8
mg, with the following ratios: GluA2:GluA4, 1:1; GluA2:GluA4:y-x,
1:1:3. Vectors containing cDNAs for y-2 y-3, y-4, and y-8 also contained
cDNA encoding eGFP. For transfections lacking TARPs, 0.1 mg eGFP
c¢DNA was added.

Excised patch recordings. Outside-out membrane patches were excised
from eGFP-expressing cells, and currents were recorded at room temper-
ature (22-24°C) with an Axopatch 200A amplifier and acquired using a
Digidata 1200 interface and pClamp software. The external solution con-
tained (in mm) 145 NaCl, 2.5 KCl, 1 CaCl,, 1 MgCl,, 10 glucose, and 10
HEPES, pH 7.3 with NaOH. The intracellular (pipette) solution con-
tained (in mm) 145 CsCl, 2.5 NaCl, 1 Cs-EGTA, 4 Mg,ATP, and 10
HEPES, pH 7.3 with CsOH. Spermine tetrahydrochloride (100 um; Toc-
ris Bioscience) was added to the intracellular solution.

PhTx block experiments. Patches were placed in external solution con-
taining cyclothiazide (CTZ; 50 um; Ascent Scientific) and moved manu-
ally to a glutamate (1 mm) and CTZ-containing solution before being
rapidly exposed to a solution with glutamate, CTZ, and philan-
thotoxin-74 (PhTx-74; 100 um; Chiralix). The rapid switch to the PhTx-
74-containing solution was achieved using a theta-glass application tool
moved by a piezoelectric device.

Patches were held at —60 mV during glutamate application (60 s).
Two +60 mV pulses were applied during the record. The first, at the
beginning of the record, was used to assess the degree of rectification.
Records with a rectification index (+60 mV/—60 mV) below 0.8 were
rejected. A second pulse, after the block, was used to relieve residual
PhTx-74 block. Averaged currents describing onset of block were fitted
with a double-exponential function:

I = Awexp(t/T) + Aexp(t/7,),
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where Afand 1; are the amplitude and time constant of the fast compo-
nent, and A, and 7, are the amplitude and time constant of the slow
component. The weighted time constant ( ) was calculated ac-
cording to the following:

Af As
e a1 a) T A A)

Fast agonist application to excised patches. Outside-out patches were ob-
tained using electrodes fabricated from borosilicate glass (outer diame-
ter, 1.5 mm; inner diameter, 0.86 mm; Harvard Apparatus) with a
resistance of 8—12 M(). Rapid solution switching at the patch was
achieved by piezoelectric translation of an application tool. The tool was
made from theta glass (outer diameter, 2 mm; Hilgenberg) pulled to a tip
opening of ~200 wm and was mounted on a piezoelectric translator
(Burleigh LSS-3000/PZ-150M, EXFO Life Sciences and Industrial Divi-
sion; or P-265.00, Physik Instrumente). Control and agonist solutions
flowed continuously through the two barrels, and solution exchange
occurred when movement of the translator was triggered by a voltage
step (pClamp). To enable visualization of the solution interface and al-
low measurement of solution exchange, 2.5 mg/ml sucrose was added to
the agonist solution, and the control solution was diluted by 5%. Re-
corded currents were low-pass filtered at 10 kHz and digitized at 20 or 50
kHz. At the end of each experiment, the adequacy of the solution ex-
change was assessed by destroying the patch and measuring liquid-
junction current at the open pipette. Exchange 10-90% rise times were
typically between 100 and 300 us. Nonstationary fluctuation analysis
(NSFA) was used to determine the weighted mean single-channel con-
ductance and the peak open probability (P, ,,c.i), as described by Soto et
al. (2007). Briefly, glutamate (10 mm) was applied to outside-out patches
(100 ms duration; 1 Hz), and the ensemble variance of all successive pairs
of current responses was calculated using IGOR Pro 5.05 (Wavemetrics)
and NeuroMatic (http://www.neuromatic.thinkrandom.com). The single-
channel current (7) and total number of channels (N) were then deter-
mined by plotting this ensemble variance (o%) against mean current )
and fitting with a parabolic function:

TW, block

or=il - I*/IN + o,

where gy;” is the background variance. Py, peak Was calculated by dividing
the average peak current (I, by iN. Steady-state open probability
(PO, steady—state) was calculated bY multlplymg PO, peak bY Isteadyfs(ate/lpeak’
where Lc,qy-sate 18 the current remaining at the end of the 100 ms appli-
cation. One caveat is that this approach to estimating Po, jcady-state
ignores the possibility that the unitary events contributing to the steady-
state current have a different conductance than those contributing to
the peak response.

Cerebellar granule neuron recordings

Preparation of stargazer cerebellar granule neuron cultures, transfection
with TARP ¢DNA, and whole-cell recordings were performed as de-
scribed previously (Milstein et al., 2007) using stargazer mutant mice of
either sex. All experiments were carried out in accordance with animal
welfare regulations set out by the University of California, San Francisco
Institutional Animal Care and Use Committee. Agonist solutions were
either 1 mm kainate or 1 mm glutamate with 100 um CTZ dissolved in
external solution. Antagonists dissolved in agonist solution were either
100 or 300 um PhTx-74 (Chiralix). Solution exchange between control,
agonist and agonist with antagonist was achieved using a local perfusion
system (Automate Scientific).

Oocyte recordings

Two-electrode voltage-clamp (TEVC) recordings were performed on
stage V=VI Xenopus laevis oocytes prepared as described previously (Ay-
alon and Stern-Bach, 2001; Priel et al., 2006). GluA4(Q)flip-pSGEM,
generously provided by the laboratory of Dr. M. Hollmann (Ruhr Uni-
versity Bochum, Germany), was expressed in oocytes with and without
TARPs y-2 or y-8 (in pGEM plasmid). GluA4 cRNA alone was injected at
a concentration of 1 ng/50 nl. When coexpressed with TARPs, the cRNAs
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GluA2/4 Heteromers + TARPs in HEK293T Cells
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Scientific). Either 0.1 or 10 uMm philanthotoxin-
433 (PhTx-433; Chiralix) dissolved in agonist so-

| ——— 35 F lution was then applied. All recordings were
%0 20+ *xk # performed at a holding potential of —70 mV.
< 2
GluA2/4 7? 20 : Data analysis and statistics
g a Data were analyzed using the following soft-
IipA B 12 55ps g ware: Clampfit 10.1 (Molecular Devices), Ig-
o oS g orPro 6.10 (WaveMetrics), MATLAB 7.10
0 50 100 150 200 E (MathWorks), and Excel (Microsoft). Statisti-
104 Current (pA) é cal significance was examined using a Wil-
Ty coxon rank sum test. Group differences were
€ 2. ¢ examinedusingaKruskgl—Wallis rank sum test
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Figure 1.

P

0, steady-state

were expressed at the following ratio of GluA4 to TARP: 0.1:1 ng/50 nl.
Oocyte recordings were performed 48 to 72 h after cRNA injection.
TEVC recordings were performed at room temperature (22-25°C) using
a GeneClamp 500B amplifier connected to a Digidata 1322A digitizer and
Clampex10.1 software (Molecular Devices). Borosilicate glass pipettes
were pulled on a P-97 pipette puller (Sutter Instruments) to a resistance of
0.7-1 M£) and filled with 3 M KCI. A gravity-fed perfusion system and an
oocyte perfusion chamber (Automate Scientific) were used for solution de-
livery and recording. Nominally Ca**-free normal frog Ringer’s solution
[containing (in mm) 110 NaCl, 2 KCl, 1 MgSO,,, and 5 HEPES, pH 7.4] was
used as the control solution. Agonists consisted of either 500 um kainate
(Ascent Scientific) or 500 uM glutamate (Sigma) with 100 um CTZ (Ascent

TARP subtypes differentially modulate channel properties of GluA2-containing AMPARs. 4, Left, Currents
evoked by rapid application of 10 mm glutamate (100 ms, —60 mV) onto an outside-out patch from an HEK293T cell
expressing heteromeric GluA2/A4 AMPARs. The black line is the mean of 54 traces; the gray line shows a representative
single trace. Right, Current—variance relationship generated from NSFA of the recording shown on the left. For this patch,
the fitted parabola gave an estimated weighted mean single-channel conductance of 5.5 pS. The dashed line denotes
background variance. B-E, Currents evoked in the same conditions as in A from heteromeric GluA2/A4, each coexpressed
with different TARP subtypes (y-2, y-3, y-4, and -y-8) with corresponding current—variance relationships. F, Bar graph
comparing the effect of TARPs y-2, y-3, y-4, and y-8 on mean channel conductance of heteromeric GluA2/A4 AMPA
receptors. Asterisks denote significance versus GluA2/A4 (*p << 0.05; ***p < 0.0005), and hash marks denotes signifi-
cance relative to GluA2/A4 plus y-2 (*p << 0.05). G, Bar graph comparing the effect of TARPs y-2, y-3, y-4, and y-8 on
Po, peak Of heteromeric GluA2/A4 AMPA receptors. H, Bar graph comparing the effect of TARPs y-2, -3, y-4, and y-8 on
of heteromeric GluA2/A4 AMPARSs. Error bars denote == SEM. Asterisks denote significance versus GluA2/A4
(*p < 0.05), and hash marks denotes significance versus GluA2/A4 plus -2 (*p < 0.05).

TARPs (Swanson et al., 1997). GluA2/A4
heteromers were expressed with various
TARP subtypes (Fig. 1B-E). Although
no TARP subtype appreciably altered
the peak open probability (Pg, pear) of
GluA2/A4 heteromers (p > 0.1) (Fig.
1G), TARP subtypes differentially modu-
lated their steady-state open probability
(Po, steady-state) (s€€ Materials and Meth-
ods) (Fig. 1 H) and mean channel conduc-
tance (Fig. 1F). TARPs y-2, ¥-3, and y-4
increased Po geady-sae @pproximately four-
fold, whereas -8 had little effect (GluA2/A4,
n=9;v-2,n=10,p <0.01; y-3,n =12,
p<<0.005;y-4,n=12,p <0.005; y-8,n =
11, p <0.25). Interestingly, it was y-8 that
increased the mean channel conductance of GluA2/A4 hetero-
mers most dramatically (approximately threefold), whereas y-2,
v-3, and y-4 were less effective (approximate twofold increase;
y-2, p < 0.005; y-3, p < 0.01; y-4, p < 0.005; y-8, p < 0.001
relative to GluA2/A4, p < 0.05 relative to y-2). These data con-
firm that although GluA2 incorporation reduces the single-
channel conductance of AMPARs (Swanson et al., 1997), TARP
association to some extent counteracts this influence by enhanc-
ing mean channel conductance and Pq, cady-stater Without signif-
icantly affecting P, ey
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TARP subtypes differentially modulate A
channel block of GluA2-containing
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HEK293T Cells

AMPARs
One prediction of the increased mean

GluA2/A4

+v-8

channel conductance and Pq_ eady-state W€

observed for TARP-associated AMPARs

is that the binding of molecules that inter-

act directly with the channel pore will be

facilitated. However, it has been demon-

strated previously that TARPs decrease

the sensitivity of AMPARSs to block by in-

tracellular polyamines such as spermine

(Soto et al., 2007). If TARPs decrease

AMPAR affinity for polyamines by dis-

rupting their binding site in the channel

pore, this would suggest that TARPs alter

the structure of the AMPAR channel pore

beyond simply modulating the relative B
stabilities and occupancies of preexisting
channel conformations. Therefore, we
sought to further probe the channel confor-
mation of TARP-associated AMPARs by
approaching the polyamine-binding site
from the outside of the channel with poly-
amine philanthotoxins.

We again coexpressed AMPARs with
and without TARPs in HEK293T cells and
recorded currents from outside-out patches
in response to ultrafast drug applica-
tion. By rapidly stepping from an agonist-
containing solution to one also containing
an antagonist, we were able to quantify the D
rate and extent of channel block (Fig. 2A—

C). Whereas the classical channel blocker

4

Tw,block (S)

T =3.80s

'w,block
| 50 pA

5s

Rate of Block by 100 uM PhTx-74

0
A2/A4 +y-2 +y-3

stg/ stg Cerebellar Granule Neurons

T =091s

‘w,block

= Glutamate/CTZ
100 uM PhTx-74

Extent of Block by 100 uM PhTx-74
w# *F

100

- -
80

60

Block (%)

40

*

* # % # 20

+y-4 +y-8 A2/A4 +y-2 +Y-3

E

+y-4  +y-8

Extent of Block by
I 100 uM PhTx-74

PhTx-433 is selective for GluA2-lacking, )

calcium-permeable AMPARs, a recently +Y_2_ * B8 —_— 6
characterized variant, PhTx-74, blocks het- —————————— mmm—
eromeric GluA2-containing AMPARs at 80 M #
higher concentrations (Kromann et al., .
2002; Nilsen and England, 2007), allowing & 60
investigation of the channel properties of - Glutamate/CTZ §
this AMPAR, which is abundantly ex- = waen @ 4
pressed in the brain yet historically less 20
tractable through pharmacology. We ob-
served that Ph"lg“x-};4 blocks hft)t,:romeric, —, o J - 0
5s Ss v2 3 v4 y8

GluA2/A4 AMPARs in a voltage-dependent
manner, qualitatively similar to that of PhTx-
433 on GluA2-lacking AMPARs (data not
shown). We found that the rate (Fig.
2A,B) and extent (Fig. 2 A, C) of block of
GluA2/A4 heteromers by PhTx-74 was
enhanced in the presence of TARPs, and
that this effect varied among TARPs.
Both the rate and extent of block were
significantly greater for TARPs y-4 and
v-8 than for y-2 and vy-3.

To relate our findings from a heterol-
ogous system to neurons, we turned to a
neuronal culture system that allows the
expression and analysis of each TARP subtype in isolation. Cer-
ebellar granule neurons (CGNs) in stargazer mice lack functional
TARP +y-2 protein, causing a dramatic deficit in the trafficking of
AMPARSs to the cell surface. However, they natively express

Figure 2.

TARP subtypes differentially modulate channel block of GluA2-containing AMPARs. 4, Representative traces demonstrating
block by 100 pum PhTx-74 of currents evoked by ultrafast application of T mm glutamate + 50 wum (TZ, at a holding potential of —60 mV,
onto outside-out patches from HEK293T cells expressing GluA2/A4 AMPARs alone (left), GluA2/A4 with -2 (middle), and GluA2/4 with
-8 (right). Onset of block was described by double-exponential functions (red lines) from which weighted time constants (7, y,q,) Were
clculated. The rate and extent of block by PhTx-74 is increased in the presence of TARPs. B, Bar graph showing the rate of block (7,, 114/
of GluA2/A4 AMPARs by 100 rm PhTx-74in HEK293T cells (mean == SEM). Asterisks denote significance relative to GluA2/4 alone (*p <
0.05) and hash marks denote significance relative to -2 (*p < 0.05) (n = 7-9). €, Bar graph showing the extent of block of GluA2-
containing AMPARs by 100 M PhTx-74 in HEK293T cells (mean = SEM). Asterisks denote significance relative to GluA2/A4 alone (*p <
0.05) and hash marks denote significance relative to y-2 (p << 0.05) (n = 7-9). D, Representative traces demonstrating block by 100 tum
and 300 pum PhTx-74 of whole-cell currents evoked by 1 mmglutamate + 100 um CTZ from GluA2-containing AMPARs in stg/stg cerebellar
granule neurons transfected with TARPs -y-2 (left) and y-8 (right). The extent of block of presumed GluA2/A4 heteromers is greater with
TARP -8 than with +y-2. E, Bar graph showing the extent of block of GluA2-containing AMPARS by 100 wum PhTx-74 in stg/stg granule
neurons (mean = SEM). Hash marks denote significance relative to y-2 (p << 0.05) (n = 9-10).

GluA2/A4 heteromeric AMPARs (Mosbacher et al., 1994; Swan-
son etal., 1997) that are retained intracellularly until their surface
expression is “rescued” by exogenous TARP expression (Chen et
al., 2000; Milstein et al., 2007). We made whole-cell recordings
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HEK29|3T Cells
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Figure 3. Linear correlation between mean channel conductance and channel block of

GluA2-containing AMPARs. The relationship between mean channel conductance (from Fig.
1F) and percentage block by 100 wum PhTx-74 (from Fig. 20) for GluA2/A4 heteromeric AMPARs
coexpressed with TARPs y-2, -y-3, y-4, and -y-8 in HEK293T cells is shown. The dashed line
shows the weighted total least squares fit (R is the weighted correlation coefficient). Symbols
and error bars denote mean = SEM.

from stargazer CGNs expressing various TARP subtypes and
evoked AMPAR-mediated currents by locally applying agonist to
the cell body. We then measured the use-dependent block of
these currents by PhTx-74. The TARP subtype specificity of
channel block we had observed in HEK293T cells was recapitu-
lated in these neurons. Thus, AMPARs associated with y-4 and
v-8 displayed more potent block than those containing y-2 or y-3
(Fig. 2D, E). In the same experiments, we confirmed that surface-
expressed AMPARs were GluA2 containing by demonstrating
that the extent of block by 10 um PhTx-433 was negligible (data
not shown). Interestingly, in both systems it was AMPARs coex-
pressed with -8 that exhibited the highest sensitivity to PhTx-74
(Fig. 2C,E), despite having the lowest probability of opening (Fig.
1 H). However, -8 increased the mean channel conductance of
AMPARSs to the greatest extent, suggesting that this feature may
be the more important in determining channel block by poly-
amines. Although the pattern of TARP-subtype-dependent block
was the same between HEK293T cells and staragazer CGNs, the
extent of block was found to be generally higher in the former
than the latter. This difference may be attributed to the method of
drug application or differential TARP stoichiometry (Shi et al.,
2009; Kim et al., 2010). Nevertheless, our data revealed a linear
correlation between the extent of channel block by PhTx-74 and
the mean channel conductance of GluA2-containing AMPARs
expressed in HEK293T cells (Fig. 3). These data demonstrate that
the polyamine-binding site, accessible from the extracellular side
of the membrane, remains intact when AMPARSs are associated
with TARPs. Furthermore, our data raise the possibility that
polyamines may preferentially bind to open AMPAR channels in
their highest subconductance state, as these have been shown to
predominate when AMPARs are associated with TARP y-2 (To-
mita et al. 2005). Alternate possibilities are considered below (see
Discussion), in addition to a model to reconcile these data with
the previously described TARP-dependent reduction in the sen-
sitivity of the AMPAR pore to intracellular spermine (Soto et al.,
2007).
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Channel block of GluA2-containing AMPARs depends on
agonist efficacy

Thus far, our results suggest that TARP subtypes differentially
modulate AMPAR mean channel conductance in a way that in-
fluences the rate and extent of channel block by PhTx-74.
PhTx-74 appears to most effectively block channels associated
with TARP subtypes conferring the highest mean channel con-
ductance. One possible explanation for this behavior is that dif-
ferent TARPs confer specific AMPAR channel conformations
that can be inferred from the differential sensitivity to PhTx
block. Another possibility is that TARPs act to bias the relative
distribution of preexisting single-channel subconductance
states that are intrinsic to the AMPAR channel itself. If the
latter were true, we might expect to observe TARP-dependent
and -independent differences in PhTx efficacy using different
AMPAR agonists, which confer differing single-channel proper-
ties (Cull-Candy and Usowicz, 1987; Jahr and Stevens, 1987;
Ascher and Nowak, 1988). For this purpose, we examined the dif-
ferential effects of full and partial agonists on GluA2-containing
AMPARs. Previous work has shown that AMPARs activated by
partial agonists such as kainate exhibit smaller amplitude macro-
scopic currents and preferentially occupy lower conductance
channel states than those activated by full agonists such as gluta-
mate (Swanson et al., 1997; Jin et al., 2003).

We first compared the agonist dependence of PhTx-74 block
of GluA2/A4 heteromers in HEK293T cells, coexpressed with dif-
ferent TARPs, again using ultrafast drug application. We chose to
focus on the two TARP subtypes that exhibited the most diver-
gent values of mean channel conductance and extent of block:
v-2 and y-8. We found that TARP-associated GluA2/A4 hetero-
mers activated by kainate exhibited the same pattern of TARP-
subtype-dependent block as those activated by glutamate/CTZ:
heteromers associated with y-8 were blocked significantly more
effectively by PhTx-74 than those associated with -2, which in
turn were blocked more effectively than heteromers alone (Fig.
4 A, B). But in each condition, PhTx-74 efficacy was higher when
using glutamate/CTZ as an agonist compared with kainate (Fig.
4 B). Interestingly, we observed that the efficacy of PhTx-74 block
of kainate-evoked current from -y-2-associated heteromers
matched that of glutamate-evoked current from heteromers
alone, whereas the efficacy of block of kainate-evoked current
from y-8-associated heteromers matched that of glutamate-
evoked current from y-2-associated heteromers (Fig. 4 B). To-
gether, these data suggest that PhTx more effectively blocks
AMPARSs activated by a full agonist than a partial agonist,
consistent with the notion that the toxin preferentially blocks
AMPARSs that exhibit a higher conductance.

Channel block of GluA2-lacking AMPARs depends on TARP
association and agonist efficacy

The differential agonist effects we observed with GluA2-containing
AMPARSs led us to examine the possibility that channel block of
GluA2-lacking AMPARSs is subject to similar agonist- and TARP-
dependent modulation. In addition, since GluA2-containing
AMPARs are not subject to block by intracellular polyamines,
GluA2-lacking AMPARSs would provide a way of more directly com-
paring the role of TARPs in modulating polyamine binding from
both the intracellular and extracellular faces of the AMPAR pore.
Previous work on Xenopus oocytes showed that 10 um PhTx-433
blocks currents through GluA3 homomeric AMPARs, while leaving
GluA2/GluA3 heteromeric AMPARs unaffected (Washburn
and Dingledine, 1996). Similar results were obtained for block of
GluA1 homomeric AMPARs with the related compound PhTx-343
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(Brackley etal., 1993). In these studies, how-
ever, AMPARs were activated with the par-
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HEK293T Cells

tial agonist kainate, in the absence of
TARPs. To determine whether agonist effi-
cacy affects the ability of PhTx-433 to block
GluA2-lacking AMPAR channels, we com-
pared the extent of block for currents
evoked either by kainate or glutamate.

We first expressed either GluA3 or
GluA4 in Xenopus oocytes and measured
the percentage block of kainate-evoked
currents by either 0.1 or 10 uM PhTx-433,

== Kainate
== 100 uM PhTx-74

|50 pA

concentrations that encompassed the 10s
region of greatest slope in the dose-re-

sponse curve for PhTx-433 (Washburn B <8 1007
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confirming previous observations (Wash- - 0

burn and Dingledine, 1996). We next used GluA2/4 +7v-2 +7-8

the same two concentrations of PhTx-433
on currents evoked by the full agonist, glu-
tamate, the rapid desensitization of which
was prevented by the addition of CTZ
(Partin et al., 1995). Both 0.1 and 10 um
PhTx-433 produced near-complete block
of glutamate/CTZ-evoked currents (0.1 um,
90.4 *£ 1.2%, n = 14; 10 uM, 99.1 £ 0.2%,
n = 13) (Fig. 5B, C). These data suggest that
PhTx-433 block of GluA2-lacking AMPAR
channels is even more steeply agonist
dependent than PhTx-74 block of GluA2-containing recep-
tors. AMPAR channels activated by the full agonist glutamate,
which gives rise to higher conductance openings, are more
effectively blocked by PhTx than those activated by the partial
agonist kainate.

Given that TARP association dramatically enhances the kai-
nate efficacy at AMPARs (Tomita et al., 2005; Turetsky et al.,
2005; Milstein and Nicoll, 2008), we hypothesized that PhTx-433
block of kainate-evoked AMPAR currents would be enhanced by
TARPs. We coexpressed GluA4 with either TARP y-2 or y-8
(again using the two TARP subtypes that exhibited the most di-
vergent mean channel conductance values) in Xenopus oocytes
and confirmed that TARP association significantly enhanced kai-
nate efficacy (data not shown). Whereas kainate responses from
GluA4 homomers alone were blocked by ~15% by 0.1 um PhTx-
433, responses from GluA4 homomers coexpressed with either
TARP -2 or y-8 were subject to near-complete block (y-2,
90.2 = 1.0%, n = 23; y-8,94 = 0.6%, n = 23) (Fig. 5A, C). Unlike
the results obtained using PhTx-74 to block GluA2-containing
receptors with 0.1 uM PhTx-433, we observed an agonist-
dependent difference in PhTx efficacy only for TARP-less GluA4
homomers. The efficacy of PhTx-433 block of kainate-evoked
currents from both y-2- and +y-8-associated GluA4 homomers
matched that of glutamate-evoked current from the homomers
alone (Fig. 5B, C). Just as the low concentration of PhTx-433 (0.1
M) produced nearly complete block in both cases, and did not
reveal a differential effect of TARPs, an even lower concentration

Figure 4.

Channel block of GluA2-containing AMPARSs by PhTx-74 depends on agonist efficacy. A, Representative traces
demonstrating block by 100 v PhTx-74 of currents evoked by ultrafast application of T mm kainate, at a holding potential
of —60 mV, onto outside-out patches from HEK293T cells expressing GluA2/A4 AMPARs alone (left), GluA2/A4 with y-2
(middle), and GluA2/A4 with -y-8 (right). The rate and extent of PhTx-74 block of kainate-evoked current is enhanced in the
presence of TARPs. B, Bar graph comparing the percentage block by 100 wm PhTx-74 of kainate-evoked (open bars) and
glutamate/CTZ-evoked (gray bars; data from Fig. 2D, left) currents from HEK293T cells expressing GluA2/A4 AMPARs alone
and coexpressed with y-2 and y-8 (n = 7-10). For kainate-evoked currents, asterisks denote significance versus
GluA2/A4 (**p < 0.005 for both y-2 and y-8), and hash marks denote significance versus GluA2/A4 + -2 (*p < 0.05).
For GluA2/A4 AMPARs alone and with -2, percentage block was greater with glutamate/CTZ compared with kainate
(5p < 0.05; %5p < 0.0001). Error bars denote = SEM.

(0.01 uMm) did not exhibit differential block of kainate-evoked
currents (y-2,62.7 = 4.8%, n = 4;y-8,44.7 £ 7.9%,n = 7;p =
0.79, Wilcoxon rank sum test). It is interesting to note that a
recent study described a TARP-dependent difference in the effi-
cacy of NASPM block of GluA1l homomers (Kott et al., 2009),
specifically a lack of effect of TARP +y-4. Nevertheless, our data
support the notion that the higher conductance openings acti-
vated by a full agonist are likely to be more effectively blocked by
PhTx-433 than those activated by a partial agonist.

Furthermore, given the ability of CTZ to enhance AMPAR
mean channel conductance and open probability (Fucile et al.,
2006), we asked whether CTZ alone might occlude the agonist-
and TARP-dependent enhancement in PhTx-433 block shown in
Figure 5. Although a saturating concentration of CTZ (100 uMm)
enhanced PhTx-433 (0.1 uM) block of KA-evoked current on its
own, it could not account for the dramatic agonist-dependent
enhancement in block (38.6 = 6.3%, n = 8; p < 0.0005 relative to
KA alone; p < 0.0001 relative to glutamate/CTZ) (data not
shown). Also, in the presence of y-2, CTZ did not confer any
additional enhancement in block of KA-evoked currents (89.6 ==
1.7%, n = 7; p < 0.0005 relative to KA/CTZ in the absence of y-2;
p = 0.7 relative to kainate alone in the presence of y-2) (data not
shown), indicating that CTZ does not occlude TARP-dependent
effects on block. These results are also relevant to Figure 2, where
the use of CTZ was necessary to assess PhTx-74 block of GluA2/
A4 heteromers.
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Figure5.  Channel block of GluA2-lacking AMPARs by PhTx-433 depends on agonist efficacy

and TARP association. Representative traces of TEVC recordings from Xenopus oocytes showing
the agonist and TARP dependence of block by PhTx-433. 4, Block of kainate-evoked (500 um)
AMPAR currents by two concentrations of PhTx-433. The low concentration of PhTx-433 (0.1
um) was relatively ineffective at blocking current through GluA4 homomers, whereas a high
concentration (10 M) produced near-complete block. Coexpression with either TARP -y-2 or
-8 greatly enhanced block by 0.1 um PhTx-433. B, Block of glutamate-evoked (500 wum) and
cyclothiazide-evoked (100 wum) AMPAR currents evoked by two concentrations of PhTx-433.
The low concentration of PhTx-433 (0.1 wum) produced near-complete block of current through
GluA4 homomers. Coexpression with either TARP y-2 or y-8 also produced near-complete
block by 0.1 um PhTx-433. €, Bar graph showing the extent of block of GluA2-lacking AMPARs
with and without TARPs by the low concentration of PhTx-433 (0.1 m) in Xenopus oocytes
(mean == SEM). Block of currents evoked by kainate (open bars) and glutamate/CTZ (filled bars)
is shown for each condition. Asterisks denote the significance between kainate and glutamate/
(TZ conditions (***p << 0.0001, significant difference for GluA4 homomers alone; n = 14-19).
Hash marks denote the significance between kainate-evoked currents from TARP-associated

GluA4 homomers relative to homomers alone (*#p < 0.0001, significant difference in block
relative to homomers alone; n = 19-23).

Agonist dependence of channel block of GluA2-lacking
AMPARSs in neurons

Finally, we sought to relate these findings to AMPARs in neurons
and again turned to CGNs. This time, we used CGNs cultured
from GluA2 knock-out (GluA2 ~/~) mice, reasoning that these
neurons would primarily express GluA4 homomeric AMPARs
associated with TARP -2 and would represent a pure population
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of y-2 associated GluA2-lacking receptors that could be directly
compared with recombinant GluA4 coexpressed with y-2 in
oocytes. If PhTx-433 behaves in the same manner on neuronal
AMPARs as it does on those in oocytes, kainate-evoked currents
should be effectively blocked by the low concentration (0.1 um)
of the toxin. We found that both kainate- and glutamate/CTZ-
evoked currents in GluA2 '~ CGNs were indeed strongly
blocked by 0.1 um PhTx-433 (84.5 * 3.7%; n = 10) (Fig. 6 A,B).
These data demonstrate that TARP-associated AMPARs occupy
channel states with a high sensitivity to PhTx-433. Interestingly,
these same TARP-associated GluA2-lacking AMPARs exhibit a
reduced sensitivity to block by intracellular spermine (Soto etal.,
2007) (see Discussion).

Discussion

Our experiments have revealed three main findings. First, TARP
auxiliary subunits differentially modulate the open probability
and mean channel conductance of GluA2-containing AMPAR:s.
Second, TARP subtypes also differentially modulate the rate and
extent of channel block of GluA2-containing AMPARSs by PhTx-
74. They do this in a manner that correlates with their effects on
mean channel conductance. Third, PhTx block of both GluA2-
containing and -lacking AMPAR channels depends on agonist
efficacy, being considerably more potent for the full agonist glu-
tamate than the partial agonist kainate.

Based on these results, we can infer a certain amount of struc-
tural information about how TARPs modulate AMPAR channel
conformation. The model that emerges from these data is that,
despite the constraining effect of the GluA2 subunit, TARPs are
able to tune the mean channel conductance of GluA2-containing
AMPARs in a subtype-specific manner. Functional and struc-
tural data suggest that single AMPARs can open to various dis-
crete multiple conductance levels (Cull-Candy and Usowicz,
1987; Jahr and Stevens, 1987; Ascher and Nowak, 1988). These
display agonist concentration dependence (Rosenmund et al.
1998; Smith and Howe, 2000; Gebhardt and Cull-Candy, 2006;
Prieto and Wollmuth, 2010), which likely corresponds to distinct
conformational states adopted by the ligand-binding domains
(Jin et al., 2003). Furthermore, the relative stabilities of various
closed-channel states influence key macroscopic properties, in-
cluding the amplitude and kinetics, of synaptic currents (Zhang
et al., 2006, 2008). Our data are reasonably consistent with the
view that TARP association enhances the mean channel conduc-
tance of AMPARs through a shift in the distribution of discrete
subconductance states, favoring higher conductance openings
(Tomita et al., 2005). In this case, increasing the occupancy of the
highest conductance channel states may occur in concert with
decreased occupancy of lower conductance channel states (or
increased occupancy of various closed-channel states) such that
the overall Py remains unchanged (Fig. 1). Our finding that
channel conductance, but not peak or steady-state P, correlates
with PhTx block, suggests that the interaction of polyamine-
based toxins with the AMPAR pore is sensitive to the variety of
conformational states that manifest as changes in mean channel
conductance.

An open question with regard to our data is the degree to
which the mechanism underlying TARP-subtype-dependent
modulation of mean channel conductance is indeed a function of
discrete structural differences between TARP subtypes. Sequence
alignment shows that the canonical TARP family members (y-2,
v-3, -4, and y-8) are highly homologous to each other although
v-2/7y-3 and +y-4/7y-8 are especially so (Klugbauer et al., 2000;
Burgess et al., 2001; Sager et al., 2009). Furthermore, y-8 is
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Another possibility is that the differential
effects on mean channel conductance re-
flect TARP-subtype-specific differences
in the stoichiometry of AMPAR-TARP
complexes, which have been shown to
vary in different preparations (Shi et al.,
2009; Kim et al., 2010). Nevertheless, our
data showing that TARP subtypes differentially modulate the
channel properties of GluA2-containing AMPARs reinforces the
view that the peak current and kinetics of synaptic AMPARs in
the CNS will vary across neuronal cell-types, depending on the
specific TARP subtypes expressed, their levels of expression, and
AMPAR-TARP stoichiometry.

Recent work showed that TARP association reduces the sen-
sitivity of GluA2-lacking AMPARs to block by the endogenous
intracellular polyamines, spermine, and spermidine (Soto et al.,
2007). These data raised the possibility that TARPs modulate
AMPAR function not only by selectively stabilizing specific
AMPAR channel conformations, but also by fundamentally al-
tering the structure of the AMPAR pore such that the binding site
for spermine is disrupted (Milstein and Nicoll, 2008). A priori,
this “altered pore” model of TARP modulation might be taken to
predict that AMPAR channel block by externally applied poly-
amine toxins would also be reduced in the presence of TARPs, if
the molecules share the same site of interaction in the AMPAR
channel pore (Andersen et al., 2006; Tikhonov, 2007). However,
we observed a TARP-dependent increase in channel block by
polyamine toxins of both GluA2-containing and GluA2-lacking
AMPARs, counter to that observed with intracellular spermine.
Thus, our data appear inconsistent with a model in which TARPs
simply disrupt the polyamine-binding sites.

The fact that TARP association has seemingly opposing effects
on AMPAR block might appear as something of a paradox. How-
ever, the idea that higher conductance channels are more sensitive to
block by extracellular PhTx, but less sensitive to intracellular
spermine, is not necessarily contradictory and has several possi-
ble interpretations. It may reflect the relative abilities of these two
molecules to permeate the AMPAR pore. Previous work showed
that intracellular spermine blocks glutamate receptor channels at
moderately depolarized membrane potentials, but as the driving
force increases, the positively charged spermine permeates the
channel, resulting in a doubly rectifying I-V with outward recti-
fication in the more positive voltage range (Bowie and Mayer,
1995; Bahring et al., 1997; Bihring and Mayer, 1998; Bowie et al.,
1998; Panchenko et al., 1999). PhTx resembles spermine in being
weakly permeant, with strong hyperpolarization causing dissoci-
ation and permeation of toxin, although in this case dissociation
triggers entry of the channel into a closed blocked state (Bihring
et al. 1998). Molecular modeling suggested that the uncharged
head group of PhTx interacts with, and is anchored by, the Q/R
site at the narrowest constriction of the pore, whereas the charged
polyamine tail extends deeper within the pore and interacts spe-

Figure6.  Agonist dependence of PhTx-433 block of GluA2 lacking in GluA2 /™ cerebellar granule neurons. 4, Representative
whole-cell recordings from GluA2 ~/~ CGNs. Kainate-evoked current was effectively blocked by the low concentration of PhTx-
433 (0.1 wm). Glutamate/CTZ-evoked current was also effectively blocked by the same concentration of PhTx-433. B, Bar graph
showing the extent of block of GluA2-lacking AMPARsin GluA2 ~/~ CGNs by the low concentration of PhTx-433 (0.1 um) (mean =
SEM). The block of currents evoked by kainate (open bar) and glutamate/CTZ (filled bar) is shown for each condition (n = 10).

cifically with glycine residues that line the pore (Andersen et al.,
2006; Tikhonov, 2007). It is possible that those residues involved
in binding of PhTx from the extracellular side are more readily
accessible when AMPARs open to their highest subconductance
states, a feature that is associated with the presence of TARPs. For
spermine, however, the conformational state associated with
large conductance openings might tend to facilitate its outward
permeation through the AMPAR channel pore. Previous work
(Bowie et al., 1998) has shown that intracellular block by sperm-
ine is reduced when AMPAR channel conductance is experimen-
tally increased by altering the ionic driving force. Thus, it could be
expected that block will occur more readily when ion flux (chan-
nel conductance) is low. However, our data indicate that poly-
amine block is also sensitive to the conformational state of the
AMPAR channel such that externally applied PhTx has increased
access to its binding site(s) in the AMPAR pore when the channel
is in the conformations corresponding to its largest subconduc-
tance states. Although consistent with a straightforward effect on
open-channel block, our data do not exclude the possibility that
the effects of TARPs on equilibrium block reflect, in part, altered
trapping or permeation of PhTx.

The agonist-dependent effects we observed are likely ex-
plained by the fact that AMPARs activated by kainate exhibit
significantly lower mean single-channel conductances than those
activated by glutamate. Previous single-channel recordings dem-
onstrated that GluA4 homomeric AMPARs activated by gluta-
mate exhibit an array of distinct subconductance states (Swanson
etal., 1997; Tomita et al., 2005). However, single-channel record-
ings of AMPARs activated by kainate revealed channel openings
that were too small, brief, and infrequent to permit detailed anal-
ysis (Swanson et al., 1997). As a proxy, spectral analysis of current
noise was used to estimate the single-channel conductance of
recombinant GluA4 homomeric receptors activated by kainate to
be 2.5 pS (Swanson et al., 1997). Furthermore, single-channel
recordings from unedited nondesensitizing GluA2 homomers
using 5-substituted willardiines revealed that although these par-
tial agonists activate essentially the same subconductance states
as a full agonist, they preferentially activate the lower levels (Jin et
al.,2003). Furthermore, our data showing that PhTx-433 block of
GluA2-lacking AMPARs is profoundly agonist dependent resolve
an apparent discrepancy between earlier studies reporting
very different affinities of PhTx-343 for homomeric AMPARs.
Whereas Brackley et al. (1993) had reported that PhTx-343
blocked GluA1 homomers with an ICs, of ~3 uM when currents
were evoked by kainate, Bihring and Mayer (1998) described
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preliminary experiments where glutamate/CTZ-evoked currents
through GluAl homomers were almost completely blocked
by 0.03 um PhTx-343. Moreover, recent work showed that
glutamate/CTZ-evoked currents from GluA2-lacking AMPARs
in hippocampal and cerebellar neurons could be completely
blocked by 0.1 um PhTx-433 (Lu et al., 2007; Jackson and Nicoll,
2011a). Our results confirm that Ph'Tx blocks AMPARs with a
dramatically higher potency when glutamate is used as an agonist
when compared to kainate. Although in principle the reduced
efficacy of kainate could reflect lower channel open probability,
the accepted view is that it preferentially opens channels to low
conductance states. This makes it tempting to suggest that it is
this feature that underlies the differential blocking action of Ph'Tx
(Jin et al. 2003).

What significance do our findings have for the interpretation
of PhTx block of AMPARs in neurons? As the majority of neuro-
nal AMPAR:s are associated with TARPs, our results indicate that
native AMPARs are likely to be dramatically more sensitive to
PhTx block than previously expected from experiments on re-
combinant receptors. Additionally, measurements of PhTx block
will reflect not only the subunit composition of AMPARs, but
also their mean conductance, which can be modulated by TARP
auxiliary subunits, and potentially by posttranslational modifica-
tion of the AMPAR subunits themselves (Derkach et al., 1999).
Furthermore, our observations suggest that the AMPAR channel
pore region may be able to adopt an array of agonist- and TARP-
subtype-dependent conformational states that can be probed us-
ing commonly used AMPAR channel blockers. This suggests that
these compounds would provide sensitive probes of changes in
AMPAR conductance such as those which occur as a result of
synaptic plasticity (Benke et al., 1998). Finally, in light of the
recent crystallization of the AMPAR (Sobolevsky et al., 2009),
such tools could be invaluable in furthering our understanding of
the fine structure of the AMPAR pore region.
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