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ABSTRACT
Positive allosteric modulators (PAMs) of AMPA receptors boost
cognitive performance in preclinical and clinical studies.
Their therapeutic window is narrow, however, and clinical
application will likely only occur if greater discrimination in
activity is achieved. Toward that end, we compared the mod-
ulatory activity of two PAMs recently considered as clinical
candidates, LY451395 (mibampator) and PF-04958242/BIIB104,
on recombinant and native AMPA receptors (AMPARs). We
found that the principle molecular determinant that shaped
modulatory activity of both PAMs on deactivation (recombinant)
and decay (synaptic) of AMPARs was the auxiliary protein
incorporated into the receptor complexes. AMPARs containing
the stargazin/g2 transmembrane AMPAR regulatory protein
(TARP) were slowed to a .10-fold degree by both PAMs as
compared with those incorporating g8 TARP. Neither subunit
composition nor flip/flop splice variation had substantive effect.
Similarly, stargazin/g2-containing mossy fiber EPSCs in cere-
bellar granule neurons were slowed to a ∼5-fold greater degree
than EPSCs in hippocampal CA1 pyramidal cell neurons, which

express the g8 TARP. LY451395 exhibited greater efficacy than
BIIB104 at both synapses. These studies provide insight into the
receptor constituents that determine efficacy of sulfonamide
PAMs. We conclude that compounds that discriminate between
AMPARs complexed with distinct TARPs, and particularly those
with lower stargazin/g2 efficacy such as BIIB104, could act as
viable procognitive therapeutics.

SIGNIFICANCE STATEMENT
Positive allosteric modulators (PAMs) of AMPA receptors en-
hance cognitive function in a variety of preclinical models. A
clearer understanding of the critical determinants of PAM activity
could yield critical insight into pathways to maximize their
therapeutic index. Here we show that auxiliary proteins for
AMPARs play a major, but thus far underappreciated, role in
shaping recombinant and neuronal AMPAR modulation by two
clinical candidate PAMs. These data will inform both clinical
outcomes as well as future rational development of new
modulators.

Introduction
Enhancement of cognitive function through pharmacologi-

cal means has been a goal of decades of research. One strategy
for achieving this objective has been potentiation of signal-
ing by a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARs), the primary family of ionotropic gluta-
mate receptors underlying excitatory synaptic transmission
(Arai and Kessler, 2007; Partin, 2015). Neuronal membrane
depolarization can be amplified or prolonged by AMPAR
positive allosteric modulators (PAMs) (Ito et al., 1990; Arai
and Kessler, 2007), which leads to diverse consequences that

include altered synaptic plasticity, improved cognitive func-
tion, and amelioration of cognitive decline in preclinical
models of neurologic dysfunction (Arai and Lynch, 1992;
Granger et al., 1993; Johnson et al., 1999; reviewed in
Partin, 2015). This therapeutic promise has been offset by
a decades-long failure to translate animal and mechanistic
studies into clinical success (Granger et al., 1993; Arai et al.,
1996; Lynch et al., 2014). Despite improved cognitive task
performance in small human studies (Ingvar et al., 1997; Goff
et al., 2001), AMPAR PAMs have shown an overt lack of
efficacy or dose-capping toxicity in larger patient populations
(Black, 2005; Goff et al., 2008; Partin, 2015). Nonetheless, they
continue to be attractive prospects as lead compounds for
a range of disorders, including cognitive deficits (Chappell
et al., 2007) and agitation and aggression inAlzheimer disease
(Trzepacz et al., 2013) as well as cognitive deficits in schizo-
phrenia (Millan et al., 2012; Shaffer et al., 2015; Ranganathan
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et al., 2017; Shaffer, 2018). AMPAR PAMs built on an
elongated arylpropylsulfonamide template have proved to be
promising clinical candidates, partly because of their high
AMPAR affinity (Jhee et al., 2006; Shaffer et al., 2015).
Exemplars are the biarylpropylsulfonamideLY451395 (mibam-
pator) (Shepherd et al., 2002; Jhee et al., 2006; Chappell
et al., 2007; Trzepacz et al., 2013) and the tetrahydrofuran-
ether PF-04958242 (Shaffer et al., 2015), which is now
named BIIB104 following its purchase by Biogen from Pfizer
(Groton, CT).
Both the procognitive and unfavorable side effects of

AMPAR PAMs arise at least in part from their modulation
of AMPAR gating (Shaffer et al., 2013). Alternative splicing of
AMPAR subunit mRNAs produces two variants, flip (i) and
flop (o), which act as a determinant of PAM efficacy on
desensitization kinetics (Partin et al., 1994; Johansen et al.,
1995; Jin et al., 2005; Partin, 2015). Less clear is the extent to
which auxiliary proteins for AMPARs, such as the trans-
membrane AMPAR regulatory proteins (TARPs) (Greger
et al., 2017), shape PAMactivity on recombinant and neuronal
AMPARs.
We compared the clinical candidates LY451395 and

BIIB104 with respect to their activity on distinct receptor
splice variants or on AMPARs containing two common
auxiliary proteins, the TARPs stargazin (Stg, g2) and g8.
Stargazin is an obligate component of synaptic AMPARs in
cerebellar granule cells (CGCs) (Hashimoto et al., 1999; Chen
et al., 2000), whereas g8 combines with AMPARs at Schaffer
collateral synapses in hippocampal CA1 pyramidal neurons
(Rouach et al., 2005). These two synapses were chosen because
enhanced signaling at cerebellar synapses likely underlies
deterioration of motor function (Zasadny et al., 2009; Shaffer
et al., 2013, 2015) and Purkinje cell toxicity (Garthwaite and
Garthwaite, 1991; Brorson et al., 1995) reported as prominent
side effects of some PAMs, whereas modulation of hippocam-
pal and cortical synapses potentially underlies their procog-
nitive actions (Roberts et al., 2010; Kiss et al., 2011; Shaffer
et al., 2015). Our principle discovery was that auxiliary
protein incorporation in AMPARs far outweighs subunit
composition or flip/flop splice variation as a determinant of
PAM activity on biophysical parameters relevant to synaptic
function. Furthermore, LY451395 prolonged deactivation of
glutamate-evoked currents and decay of synaptic currents to
a greater degree than BIIB104 in all comparisons except those
from recombinant AMPARs containing Stg. These studies
provide insight into the receptor constituents that determine
efficacy of sulfonamide PAMs and suggest that improved
selectivity for procognitive activity will require development
of compounds with reduced sensitivity to the presence of the
Stg auxiliary protein.

Methods
Animals. We used male (26) and female (18) C57Bl/6 mice

(Charles River, Wilmington, MA) for these experiments. No
sex dependency was noted in the hippocampal and cerebellar
slice recordings. All animals included in this study were
treated in accordance with the protocols approved by the
NorthwesternUniversity’s Institutional Animal Care andUse
Committee. These protocols were consistent with the stand-
ards of care established by the Guide for the Care and Use of

Animals, edition 8, published by the US National Institutes of
Health in 2011.
Materials. BIIB104 (N-{(3S,4S)-4-[4-(5-cyano-2-thienyl)-

phenoxy]tetrahydrofuran-3-yl}) propane-2-sulfonamide) and
LY451395 (N-[(2R)-2-[49-(2-methanesulfonamidoethyl)-[1,19-
biphenyl]-4-yl]propyl]propane-2-sulfonamide) were synthe-
sized and fully characterized by Neuroscience Chemistry at
PfizerWorldwide Research and Development to 99% chemical
purity and 100% enantiomeric excess. We used plasmid DNA
expressing recombinant rat GluA1, GluA2, and GluA4 in this
study. Stargazin and g8 plasmid DNAs were provided by
Dr. Dane Chetkovich (Vanderbilt University Medical Center).
Glutamate and all reagents were purchased from Sigma-
Aldrich (St. Louis, MO).
Cell Culture and Transfection. Human embryonic kid-

ney expressing T-antigen clone 17 (HEK293T/17) cells from
American Type Culture Collections (Manassas, VA) were
cultured in Dulbecco’s modified essential medium (Corning
Cellgro, Manassas, VA) supplemented with 10% heat-
inactivated fetal bovine serum (Gemini Bio-Products, West
Sacramento, CA), 100 mg/ml penicillin, and 100 mg/ml strep-
tomycin (Corning Cellgro) at 37°C with 5% CO2. HEK293T/17
cells were not tested for mycoplasma before use. Transient
transfections were performed according to the manufacturer’s
protocol using a ratio of 1 mg cDNA to 3 ml Mirius Bio Trans-IT
reagent (Mirius Bio Corporation, Madison, WI). Enhanced
green fluorescent protein was cotransfected (50 ng) with
receptor plasmid DNA to identify receptor-expressing cells
in physiologic recordings. HEK293T/17 cells were transfected
at ratios of 1:3 for AMPAR subunits and stargazin and 1:5 for
AMPAR subunits and g8. Heteromeric receptor subunit
cDNAs were transfected at a 1:1 ratio and 1:1:1 for hetero-
meric subunits and stargazin or g8. After transfection of
TARP-expressing plasmid DNA, the cell media was supple-
mented with 10 mM 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo
[f]quinoxaline-2,3-dione to prevent cell death by excitotoxicity.
Electrophysiological Recording from Recombinant

Receptors. Whole-cell or outside-out patch recordings were
made from transfected HEK293T/17 cells held in voltage
clamp at hyperpolarized potentials. Currents were elicited
by the rapid application of glutamate to receptor-expressing
cells using a three-chambered flowpipe attached to a piezobi-
morph or a Siskiyou MXPZT-300 solution switcher (Siskiyou
Corporation, Grants Pass, OR). Glutamate-evoked control
currents were recorded before addition of the PAM to both
external and glutamate solutions. For desensitization record-
ings, glutamate was applied for 1 second at 10 mM in whole-
cell mode, and PAMs were applied at concentrations of
0.03–10 mM. For deactivation recordings, glutamate was
applied for 1 to 2 milliseconds to outside-out patches; the
junction potential was recorded after each experiment to
confirm the duration of the application. PAMs were used at
10 mM in deactivation experiments. The external solution
contained 150 mM NaCl, 2.8 mM KCl, 1.8 mM CaCl2, 1.0 mM
MgCl2, 10 mM glucose, and 10 mMHepes, adjusted to pH 7.3.
The internal solution contained 110 mM CsF, 30 mM CsCl,
4 mM NaCl, 0.5 mM CaCl2, 10 mM Hepes, and 5 mM EGTA,
adjusted to pH 7.3.
Brain Slice Preparation and EPSC Recording. Acute

hippocampal and cerebellar slices were prepared from juve-
nile C57Bl/6 mice of either gender in accordance with the
protocols approved by the Institutional Animal Care and Use
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Committee. Ages were P17–P28 for hippocampal slices and
P19–P32 for cerebellar slices. Mice were anesthetized with
intraperitoneal xylazine (10 mg/kg) and ketamine (100 mg/kg)
before transcardial perfusion with ice-cold, sucrose-rich arti-
ficial cerebral spinal fluid (sucrose-aCSF) containing 85 mM
NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3,
75 mM sucrose, 25 mM glucose, 10 mM DL-APV, 100 mM
kynurenate, 0.5mMNaL-ascorbate, 0.5mMCaCl2, and 4mM
MgCl2 oxygenated with 95% O2/5% CO2. Following perfusion,
the mice were rapidly decapitated, and horizontal hippocam-
pal slices (350 mm) or parasagittal cerebellar slices (250 mm)
were prepared in sucrose-aCSF using a Leica VT1200S
vibratome (Leica Biosystems, Buffalo Grove, IL). The slices
were initially warmed to 30°C in oxygenated sucrose-aCSF
and then returned to room temperature. They were then
transferred to oxygenated aCSF containing 125 mM NaCl,
2.4 mM KCl, 1.2 mM NaH2PO4, 25 mM NaHCO3, 25 mM
glucose, 2 mMCaCl2, and 1mMMgCl2 for at least 1 hour prior
to recording. During recording, the slices were continuously
perfused with oxygenated aCSF at room temperature (25°C).
PAMs were bath-applied at either 0.03 or 1 mM.
Hippocampal CA1 pyramidal neurons and cerebellar gran-

ule cells were visually identified using a BX51WI fixed-stage
upright microscope (Olympus, Center Valley, PA) and sub-
sequently used for whole-cell patch clamp recordings with
a MultiClamp 700A amplifier (Molecular Devices, Sunnyvale,
CA). Borosilicate glass recording electrodes had tip resistan-
ces of 4–7 MV, were filled with an internal recording solution
containing 95 mM CsF, 25 mM CsCl, 10 mM HEPES, 10 mM
EGTA, 2 mM NaCl, 2 mM Mg-ATP, 10 mM QX-314, 5 mM
TEA-Cl, and 5 mM 4-AP, and were adjusted to a pH of 7.3 to
7.4 with CsOH. All cells were held at270 mV for the duration
of the voltage clamp experiments. Cells were maintained in
aCSF containing the GABAA receptor antagonists 10 mM
bicuculline and 50 mM picrotoxin and NMDA receptor
antagonist 50 mM D-APV. PAMs were bath-applied for at
least 10 minutes before acquisition for analysis. Evoked
EPSCs were elicited at 0.05 Hz using a glass monopolar
electrode positioned in the stratum radiatum (for hippocam-
pal CA1 EPSCs) or the granule cell layer (for CGCs). Pairing
stimulations occurred with an interstimulus interval of
40 milliseconds.
Analysis of recordings was carried out with Clampfit10

(Molecular Devices). The degree of desensitization was calcu-
lated as the inverse of the ratio between the current amplitude
at the end of the 1-second application and the peak amplitude.
Desensitization–concentration response curves were fitted
with logistic functions with variable Hill slopes. Some fits
were constrained to a maximum value or in their slope as
required. Weighted mean deactivation tdeact values were
calculated from bi-exponential fits to currents evoked by 1 to
2 millisecond glutamate applications in outside-out patch
recordings. Total acquisition time for these recordings was 2
seconds, and fits were generated from records that captured at
least 10-times the mean weighted time constant under each
condition.
Statistics. A target sample size was specified before

acquisition of each type of acquisition; the final numbers
varied because of imposition of criteria such as maximal rise
time of currents. In some cases, additional data were collected
because variation in measured parameters was unexpectedly
large or because imposition of criteria reduced the recordings

in a group to an unacceptably low number. Summary data are
presented as mean 6 S.D. PAM actions on current kinetics
were tested for statistical significance using paired Student’s
t tests. Fold change data were log-transformed before analysis
using an unpaired Student’s t test withWelch’s correction; the
decision to log-transform this data was made prior to acqui-
sition. This study was exploratory in nature; as such, the P
values given are descriptive and should not be interpreted as
testing a specific hypothesis. All statistical tests were per-
formed using Prism 7.0 (GraphPad Software, La Jolla, CA).

Results
The pharmacological activity of BIIB104 was characterized

previously in calcium imaging and electrophysiological experi-
ments (Shaffer et al., 2015), which revealed a higher potency
on human recombinant GluA2(i) receptors than GluA2(o)
receptors. These studies did not resolve if the PAM completely
eliminated desensitization in AMPARs or to what extent
deactivation was subject to modulation. To determine these
and other aspects of their activity on AMPARs, we compared
positivemodulation of a variety of homomeric and heteromeric
recombinant AMPARs by BIIB104 (BI) and LY451395 (LY)
(Fig. 1A). The comparison between the compounds was
performed because it seemed possible that salient differences
in their actions could inform future clinical assessments of BI
given that in two Phase 2 trials (Chappell et al., 2007;
Trzepacz et al., 2013), LY was evaluated at 1/5 to 1/15 of
its maximum tolerated dose in patients with Alzheimer
disease because of “toxicologic issues” (Chappell et al., 2007),
which were likely caused by overactivation of AMPARs. PAM
activity was tested in voltage-clamp recordings from HEK293
cells expressing the AMPARs GluA1, A2, and A4 receptors
containing both flip and flop splice variants and in combina-
tion with either Stg/g2 or g8 TARPs. Glutamate (10 mM) was
fast-applied for 1 second (desensitization) to whole cells or to
outside-out patches for 1 to 2 milliseconds (deactivation) with
a submillisecond solution exchange time to resolve rapid
kinetics of desensitization and deactivation.
BIIB104 and LY451395 are Flip-Selective AMPAR

PAMs that Completely Eliminate Desensitization. Our
initial studies determined how BI and LY altered desensiti-
zation of homomeric AMPARs formed from flip and flop splice
isoforms of two subunits, GluA1 and GluA4. These experi-
ments were carried out to classify the PAMs into previously
established groups of those compounds that predominantly
slowed desensitization, deactivation, or both functional
parameters (Arai and Kessler, 2007). Both BI and LY pro-
foundly increased the peak amplitude of glutamate-evoked
currents and eliminated desensitization of homomeric
GluA1(i) AMPARs at an initial test concentration of 10 mM
(Fig. 1B). In the representative traces shown, the black traces
are the glutamate-evoked control currents, and the colored
traces are taken following wash-in of BI (red) or LY (blue). The
PAMs were less efficacious on homomeric GluA1(o) receptors;
currents were potentiated to a lesser degree, and desensitiza-
tion was slowed but not wholly eliminated (Fig. 1B). The
potency of the PAMs was compared by fitting concentration-
response curves to data collected at modulator concentrations
ranging from 0.03 to 10 mM. The graph in Fig. 1C shows the
concentration-response relationships for the percent desensi-
tization of glutamate-evoked currents from GluA1(i) and
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GluA1(o) receptors, measured at the end of the 1-second
agonist application (Fig. 1C). BI and LY were roughly
equipotent on homomeric GluA1(i) receptors, with the follow-
ing EC50 values: BI 0.3 mM (95% confidence interval of 0.2–0.4
mM) and LY 0.5 mM (0.3–0.7 mM) for GluA1(i) and BI ∼22 mM
and LY 2.2 mM (1.7–2.9 mM) for GluA1(o).
The flip splice isoform selectivity was recapitulated and

nearly indistinguishable for a second type of homomeric
AMPARs, those formed from GluA4 subunits (Fig. 1, D and
E). Both PAMs were more potent on GluA4(i) and at

saturating concentrations that completely eliminated desen-
sitization (Fig. 1D). BI partially occluded desensitization on
GluA4(o) receptors at the highest concentration of 10 mM,
whereas LY prevented all but a small desensitizing compo-
nent. Concentration-response curves for the percent desensi-
tization yielded EC50 values that were very close to those
observed previously with GluA1. Those fitted EC50 values
were BI 0.30 mM (95% confidence interval of 0.2–0.4 mM) and
LY 0.40 mM (0.3–0.5 mM) for GluA4(i) and BI ∼9 mM and LY
1.9 mM (1.6–2.2 mM) for GluA4(o). Clearly, the fits to GluA1(o)

Fig. 1. Effects of BIIB104 (BI) and LY451395 (LY) on the desensitization of homomeric GluA1 and GluA4 AMPA receptors composed of either flip (i) or
flop (o) splicing variants. (A) Chemical structure of twoPAMs ofAMPAreceptors:N-((3S,4S)-4-[4-(5-Cyano-2-thienyl)phenoxy]tetrahydrofuran-3-yl}propane-
2-sulfonamide (PF-04958242, BIIB104) and (R)-N-(2-(4-(2-(methylsulfonamido)-ethyl)-[1,1-biphenyl]-4-yl)propyl)propane-2-sulfonamide (LY451395,
mibampator). (B) Representative traces for homomeric GluA1(i) and GluA1(o) AMPARs expressed in HEK293 cells exposed to 10 mM glutamate (black
lines) or glutamate in the presence of 10 mM BI (red traces) or LY (blue traces) for 1 second. The gray bar above the current traces shows the timing of
glutamate application. Arrows indicate the peak current. (C) Concentration-response curves of the percent desensitization [100� (12equilibrium current
amplitude/peak amplitude)] of homomeric GluA1 AMPARs at a range of PAM concentrations. (D) Representative traces for homomeric GluA4(i) and
GluA4(o). AMPARs expressed inHEK293 cells exposed to 10mMglutamate (black lines) or glutamate in the presence of 10mMBI (red traces) or LY (blue
traces) for 1 second. The gray bar above the current traces shows the timing of glutamate application. Arrows indicate the peak current. (E) Concentration-
response curves of the percent desensitization of homomeric GluA4 AMPARs at a range of PAM concentrations. Data in the concentration-response graphs
were fitted with logistic functions with variable Hill slopes as described in Methods.
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Fig. 2. Effects of BIIB104 and LY451395 on the deactivation rate of homomeric and heteromeric AMPARs. (A) Representative traces showing currents
evoked by 1- to 2-millisecond applications of 10mMglutamate to outside-out patches containing GluA1(i) and GluA1(o) AMPARs in the absence (black) or
presence of BI (red) or LY (blue). The traces of flip-containing receptors are located in the left two panels, whereas those of flop-containing receptors are
located in the rightmost panels. The gray bar above the current traces shows the timing of glutamate application. (B) Analogous traces showing
representative currents from GluA4 receptors. (C and D) Graphs show mean weighted t values before application and in the presence of BI or LY for
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and GluA4(o) data are estimated based on incomplete curves
and likely are associated with significant error. Regardless, it
is apparent that BI and LY exhibit much higher potency and
efficacy on the flip splice variants, consistent with previous
data from human GluA2 (Shaffer et al., 2015).
BIIB104 and LY451395 Slow Deactivation of AMPARs.

We next examined the effects of BIIB104 and LY451395 on
receptor deactivation, a primary biophysical determinant of
the time course of AMPAR-mediated EPSCs. Glutamate was
applied for 1 to 2 milliseconds to outside-out patches pulled
from HEK293T/17 cells expressing AMPARs. We assessed
PAM actions on homomeric GluA1 and GluA4 receptors in
both flip and flop splice variants as well as heteromeric
GluA1/GluA2 and GluA2/GluA4 receptors (Fig. 2; Table 1).
These specific heteromeric combinations were chosen be-
cause we intended to compare PAM effects on recombinant
AMPARs that approximate the subunit composition of
neuronal receptors at two important central synapses: those
located at connections between hippocampal Schaffer collat-
erals and CA1 pyramidal neurons (Lu et al., 2009) and
between cerebellar mossy fibers and granule cells (Martin
et al., 1993).
Both PAMs slowed the deactivation rates and increased the

peak current of homomeric and heteromeric AMPARs (Fig. 2;
see also Table 1 for means, S.D., and the number of record-
ings). Representative currents evoked from GluA1(i) and
GluA1(o) receptors are shown before (black) and after appli-
cation of BI (red) or LY (blue) in Fig. 2A (both PAMs applied at
10 mM); analogous traces are shown for homomeric GluA4(i)
and GluA4(o) receptors in Fig. 2B. As is apparent, LY slowed
deactivation to a greater degree for each of the four types of
receptors tested. Basal deactivation rates for all four homo-
meric receptors were rapid (mean range 0.5–1.6 milliseconds;
Table 1) and consistent with previous reports (Fig. 2, C and D)
(Mosbacher et al., 1994). BI slowed deactivation of homomeric
GluA1(i) and GluA4(i) receptors by 4- to 5-fold [in the presence
of BI: GluA1(i), 2.2 6 1.5 milliseconds, P 5 0.046 vs. control
tdeact; GluA4(i), 2.86 1.7milliseconds, P5 0.031] and was less
efficacious on flop-containing receptors [GluA1(o): 1.8 6 0.5
milliseconds, P5 0.010; GluA4(o): 1.86 0.5 milliseconds, P5
0.0005]. LY slowed deactivation to a greater degree, 6- to 8-
fold, on both flip and flop isoforms of GluA1 and GluA4 [in the
presence of LY: GluA1(i), 5.26 1.6 milliseconds, P5 0.003 vs.
control tdeact; GluA4(i), 4.9 6 1.0 milliseconds, P 5 0.0004;
GluA1(o), 9.3 6 3.9 milliseconds, P 5 0.026; GluA4(o), 6.9 6
0.3 milliseconds, P , 0.0001]. The fold changes in tdeact for
BI versus LY on each of the homomeric receptors is shown in
Fig. 2E as are the comparisons of PAM activity between flip
and flop isoforms of GluA1 and GluA4. These initial de-
activation studies demonstrate that 1) BI exhibits differential
efficacy on flip- and flop-containing homomeric AMPARs, 2)
the effect of LY is roughly equivalent on the splice variants, 3)
LY slows currents gated by homomeric AMPARs to a greater

degree than BI, and 4) neither PAM shows receptor subunit
(i.e., GluA1 vs. GluA4) selectivity.
The actions of both PAMs on heteromeric GluA1/GluA2 or

GluA2/GluA4 receptors were similar to those on homomeric
receptors in the preceding experiment (Fig. 2, F and G;
Table 1). BI again was less efficacious, slowing deactivation
by 2- to 3-fold in comparison with 6- to 7-fold observed with LY
(Fig. 2, H–J). In these experiments, GluA2 was in the flip
isoform for both sets of heteromeric receptors, with GluA1
(Fig. 2H) andGluA4 (Fig. 2I) in either flip or flop. The presence
of the GluA2(i) isoform appeared to reduce the influence of the
flip and flop isoforms in the other component subunit; neither
PAM showed substantial splice isoform specificity, with the
exception of a modest difference in BI activity on GluA2(i)/
GluA4(i) compared with GluA2(i)/GluA4(o) (Fig. 2J). Both
PAMs modulated deactivation to a roughly equivalent degree
in the two types of heteromeric receptors (GluA1/A2 or GluA2/
A4), again underscoring the absence of a discernable subunit
selectivity of allosteric potentiation.
Auxiliary Subunits Profoundly Alter Allosteric Mod-

ulation of AMPARs by PAMs. Neuronal AMPARs form
obligatory complexes with a diverse set of auxiliary proteins
(Greger et al., 2017). How PAMs differentially modulate
receptors with distinct complements of auxiliary proteins is
not well understood but is relevant to their in vivo efficacy and
toxicity. We therefore examined the efficacy of the two PAMs
on AMPARs assembled with TARPs present in hippocampal
CA1 pyramidal neurons (g8) (Rouach et al., 2005) and
cerebellar granule cells (Stg) (Chen et al., 2000). As in the
preceding set of experiments, we first recorded from homo-
meric receptors (in this case, only GluA4) and then from
heteromeric GluA1/GluA2 and GluA2/GluA4 receptors. The
objectives were 4-fold: 1) to determine to what extent TARPs
modified the efficacy of BI and LY, 2) to determine if PAM
effects of Stg and g8 on PAM activity diverged, 3) to detect if
the selectivity of PAMs for flip versus flop isoformswas altered
in the presence of TARPs, and 4) to establish a set of
recordings from recombinant receptors with which to compare
PAM actions on synaptic currents in subsequent experiments.
Incorporation of Stg and g8 slow deactivation kinetics

relative to receptors lacking the TARPs (Priel et al., 2005;
Cho et al., 2007); their effect on PAM efficacy was substantial
and extended to both BI and LY (Fig. 3; Table 1). Represen-
tative currents before and in the presence of PAMs are shown
in Fig. 3, A and B, with the mean tdeact values in the
accompanying graphs on the right (Fig. 3, C and D). GluA4/
Stg receptors were profoundly slowed 40–80-fold by BI and LY
[BI: GluA4(i)/Stg, 40.0 6 8.7-fold; GluA4(o)/Stg, 45.7 6 29.1-
fold; LY: GluA4(i)/Stg, 77.8 6 49.6-fold; GluA4(o)/Stg 64.8 6
25.4; n 5 5, 6, 5, and 6, respectively] (Fig. 3, C and E). There
was no statistical difference between the modulation by BI and
LY, nor was the differential activity of BI on GluA4(i) versus
GluA4(o) splice variants observed in the presence of Stg.

GluA1 recordings (C) and GluA4 recordings (D). Paired Student’s t tests were performed; the resulting P values are illustrated as *P, 0.05; **P, 0.01;
***P, 0.001. Precise values are given in the text. (E) Graphical comparison of the fold slowing of deactivation as a function of each PAM and the receptor
splice variants. Fold slowing was calculated as the ratio of themean weighted t in the presence of PAM to that before application of the PAM. Fold change
data were log-transformed before analysis using an unpaired Student’s t test with Welch’s correction, with P values indicated as above. (F and G)
Representative traces as described in (A andB) for currents evoked from patches containing GluA1(i/o)/GluA2(i) (F) andGluA2(i)/GluA4(i/o) (G). (H and I)
Graphs show mean weighted t values before application and in the presence of BI or LY for GluA1(i/o)/GluA2(i) recordings (H) and GluA2(i)/GluA4(i/o)
recordings (I). (J) Fold slowing of current deactivation as a function of each PAM and of splice variants.

Determinants of AMPA Receptor PAM Activity 341

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


GluA4 receptors containing g8 were slowed to a lesser
extent than those with Stg, as the representative traces in
Fig. 3B illustrate. BI was less efficacious than LY in
modulating deactivation of g8-containing receptors (Fig. 3,
D and E; Table 1). GluA4(i)/g8 and GluA4(o)/g8 had basal
deactivation rates that were modestly slower than their
TARP-less counterparts (Table 1), and these currents were
slowed to a similar degree by BI [BI: GluA4(i)/g8, 6.9 6 5.4-
fold, n5 5; GluA4(o)/g8, 10.16 6.1-fold, n5 6]. LY was more
efficacious than BI in slowing the deactivation of both
receptor isoforms [LY: GluA4(i)/g8, 21.3 6 4.6-fold, n 5 4;
GluA4(o)/g8, 29.36 15.3-fold, n5 6]. As is apparent from the
data, neither BI nor LY exhibited differential activity on flip
versus flop isoforms when complexed with g8. Two points are
worth noting regarding the mean weighted t data shown in
Fig. 3D. First, the slowing of GluA4(i)/g8 by BI (pink circles)
did not achieve statistical significance (control, 1.6 6 0.6
milliseconds; in BI, 11.16 9.2milliseconds, n5 5; P5 0.077),
which we attribute to a high degree of variability in the
response of currents to the PAM. Second, the effect of LY on
GluA4(o)/g8 currents (pale blue squares) appears to be greater
than the other three experimental conditions in that it slowed
currents to a mean of 78 6 52.6 milliseconds; however, the fold
change induced by this PAM was only 29.3-fold, as noted above,
because deactivation of the pre-PAMcurrentswas comparatively
slow (2.6 6 0.8 milliseconds, n 5 6). In summary, these data
demonstrate thatStg incorporation greatly enhancesmodulation
of AMPARs by both PAMs independent of flip/flop splice isoform

and that LY is more efficacious than BI at slowing decay of g8-
containing receptors.
In our final set of experiments with recombinant receptors,

we examined how the incorporation of TARPs into hetero-
meric receptors alters the allosteric modulation by BI and LY
(Fig. 4; Table 1). As described before, we selected two
populations of heteromeric receptors likely to approximate
those AMPARs found at either hippocampal CA1 pyramidal
cell synapses (GluA1/GluA2/g8) or cerebellar granule neurons
(GluA2/GluA4/Stg) (Fig. 4, A and B). We also tested the flip/
flop splice isoforms of GluA1 and GluA4, respectively; GluA2
was in the flip isoform for all the experiments. GluA1/GluA2/
g8 receptors responded to the PAM in a qualitatively similar
manner as homomeric GluA4 receptors in the preceding
experiments. BI did not slow deactivation of GluA1(i)/
GluA2(i)/g8 receptors to a significant degree despite all but
one of the recordings exhibiting some PAM effect (tdeact
control, 1.7 6 1.0 milliseconds; in BI, 3.2 6 1.5 milliseconds,
P 5 0.067) (Fig. 4C; Table 1). GluA1(o)/GluA2(i)/g8 receptors
were modulated modestly by BI, and heteromeric receptors
with both GluA1 splice isoforms were significantly slowed by
LY (Fig. 4C). The presence of a flip or flop isoform again did not
appear to shape the response to either PAM, but there was
a clear difference in the efficacy of BI and LY in slowing
deactivation of GluA1/GluA2/g8 receptors [BI: GluA1(i)/
GluA2(i)/g8, 2.4 6 1.1-fold, n 5 6; GluA1(o)/GluA2(i)/g8, 3.6
6 0.9-fold, n5 7; LY: GluA1(i)/GluA2(i)/g8, 8.66 4.5-fold, n5
6; GluA1(o)/GluA2(i)/g8, 12.5 6 9.8-fold, n 5 7] (Fig. 4E). As

TABLE 1
Summary of BIIB104 and LY451395 modulation of amplitudes and deactivation time constants of AMPARs
Peak current amplitude (normalized to control) and mean weighted deactivation rates are shown for 1- to 2-ms applications of glutamate in the absence (control) and presence
of either BI or LY (PAM). The values are shown as mean 6 S.D., with the number of cells recorded in parentheses. Paired t tests were performed between control and
corresponding PAM application data.

BIIB104 LY451395

Receptor Normalized amplitude (%) P value tde(wtd) (ms) P value Normalized amplitude (%) P value tde(wtd) (ms) P value

GluA1(i) control — 0.5 6 0.2 — 0.9 6 0.2
GluA1(i) PAM 204 6 68 (5) 0.044 2.2 6 1.5 0.046 234 6 38 (5) 0.070 5.2 6 1.6 0.003
GluA1(o) control — 0.9 6 0.1 — 1.2 6 0.1
GluA1(o) PAM 126 6 12 (5) 0.050 1.8 6 0.5 0.010 129 6 30 (4) 0.294 9.3 6 3.9 0.026
GluA4(i) control — 0.6 6 0.2 — 0.6 6 0.1
GluA4(i) PAM 227 6 55 (5) 0.002 2.8 6 1.7 0.031 251 6 133 (5) 0.103 4.9 6 1.0 ,0.001
GluA4(o) control — 0.9 6 0.3 — 0.9 6 0.1
GluA4(o) PAM 121 6 21 (5) 0.219 1.8 6 0.5 ,0.001 127 6 32 (4) 0.289 6.9 6 0.3 ,0.001
GluA1(i)/GluA2(i) control — 0.8 6 0.3 — 0.7 6 0.1
GluA1(i)/GluA2(i) PAM 185 6 29 (5) 0.144 1.8 6 0.5 0.003 230 6 25 (5) 0.074 4.0 6 1.1 0.003
GluA1(o)/GluA2(i) control — 0.9 6 0.1 — 1.1 6 0.3
GluA1(o)/GluA2(i) PAM 129 6 15 (4) 0.125 2.5 6 0.6 0.016 133 6 14 (4) 0.053 6.5 6 1.6 0.006
GluA2(i)/GluA4(i) control — 0.7 6 0.2 — 1.0 6 0.7
GluA2(i)/GluA4(i) PAM 141 6 60 (5) 0.234 2.5 6 0.6 0.002 211 6 118 (5) 0.144 5.3 6 2.2 0.015
GluA2(i)/GluA4(o) control — 0.9 6 0.2 — 1.4 6 0.6
GluA2(i)/GluA4(o) PAM 142 6 62 (5) 0.116 2.3 6 0.4 0.001 117 6 46 (5) 0.471 7.0 6 1.4 ,0.001
GluA4(i)/Stg control — 1.7 6 0.8 — 1.2 6 0.4
GluA4(i)/Stg PAM 216 6 88 (5) 0.054 71.6 6 46.7 0.027 225 6 92 (5) 0.133 90.2 6 58.0 0.027
GluA4(o)/Stg control — 1.6 6 0.5 — 1.4 6 0.4
GluA4(o)/Stg PAM 129 6 43 (6) 0.968 74.5 6 60.5 0.031 125 6 22 (6) 0.090 97.4 6 69.4 0.019
GluA4(i)/g8 control — 1.6 6 0.6 — 1.0 6 0.2
GluA4(i)/g8 PAM 275 6 137 (5) 0.018 11.1 6 9.2 0.077 222 6 50 (4) 0.090 21.7 6 7.3 0.010
GluA4(o)/g8 control — 2.2 6 1.0 — 2.6 6 0.8
GluA4(o)/g8 PAM 155 6 60 (6) 0.191 23.1 6 18.9 0.038 178 6 56 (6) 0.050 78.1 6 52.6 0.016
GluA1(i)/GluA2(i)/g8 control — 1.7 6 1.0 — 1.6 6 0.9
GluA1(i)/GluA2(i)/g8 PAM 163 6 40 (6) 0.025 3.2 6 1.5 0.067 174 6 98 (6) 0.200 10.8 6 3.2 ,0.001
GluA1(o)/GluA2(i)/g8 control — 2.1 6 1.1 — 2.0 6 0.6
GluA1(o)/GluA2(i)/g8 PAM 131 6 42 (7) 0.692 7.7 6 5.7 0.020 158 6 44 (9) 0.041 23.6 6 20.2 (7) 0.030
GluA2(i)/GluA4(i)/Stg control — 3.4 6 1.6 — 2.5 6 1.0
GluA2(i)/GluA4(i)/Stg PAM 113 6 25 (7) 0.452 145.4 6 103.1 0.019 179 6 45 (6) 0.104 54.1 6 35.7 0.017
GluA2(i)/GluA4(o)/Stg control — 4.5 6 3.5 — 2.6 6 1.2
GluA2(i)/GluA4(o)/Stg PAM 98 6 18 (6) 0.591 119.0 6 92.3 0.027 137 6 24 (5) 0.013 81.4 6 51.6 0.027
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the column graph indicates, a relative comparison of the PAM
actions supports the conclusion that LY has a greater magni-
tude of effect on GluA1/GluA2/g8 receptors.
This discrimination in the activity of the PAMs was not

present with Stg as the incorporated TARP in the “granule cell-
like” receptors, however (Fig. 4, D and E). Both PAMs pro-
foundly slowed glutamate-activated currents from GluA2/
GluA4/Stg receptors by lengthening the time constants and
increasing the proportional contribution of the slower of two
exponential components fit to the current decays. This resulted
in weighted tdeact values ranging from ∼50 to 150 milliseconds
in PAMs (Fig. 4D), which did not exhibit any differential
efficacy in their fold slowing of decay [BI: GluA2(i)/GluA4(i)/Stg,
41.6 6 22.7-fold, n 5 6; GluA2(i)/GluA4(o)/Stg, 29.2 6 25.5-fold,
n56;LY:GluA2(i)/GluA4(i)/Stg, 24.1615.2-fold,n56;GluA2(i)/
GluA4(o)/Stg, 36.8 6 31.2-fold, n 5 5] (Fig. 4E; Table 1). In
summary, these data show that TARPs assembly with AMPARs
has differential consequences on modulation by PAMs, with Stg
being a predominant determinant of both BI and LY activity.
Excitatory Synaptic Currents are Differentially

Modulated by PAMs. If the two heteromeric AMPAR
combinations tested in the preceding experiments do in fact
model those found at the two CNS synapses, our results

predict that cerebellar granule cell EPSCs should be much
more sensitive to the PAMs than CA1 pyramidal cell EPSCs.
We tested this prediction in voltage-clamp recordings of
spontaneous and evoked EPSCs in hippocampal CA1 pyrami-
dal cell and cerebellar granule cells. Two concentrations of the
PAMs were tested, 1 mM and 30 nM, which should be
saturating in the first case and near the EC50 value for
neuronal AMPARs (Shaffer et al., 2013, 2015).
Both PAMs slowed AMPAR-mediated EPSCs in CA1 pyra-

midal neurons evoked by monopolar stimulation of the stratum
radiatum (Fig. 5A). At a saturating concentration, the time
course of EPSC decay was significantly slowed by LY to
a greater extent than BI (BI: control, 8.3 6 1.0 milliseconds;
PAM, 12.262.8milliseconds,n5 8,P5 0.0021; LY: control, 9.3
6 1.8 milliseconds; PAM, 28.4 6 6.5 milliseconds, n 5 9, P ,
0.0001) (Fig. 5B). The fold slowing of decay time courses were
1.56 0.3 (BI) and 3.16 0.7 (LY) (P, 0.0001withWelch’s t test).
At the lower concentration, however, only LY slowed the evoked
EPSCs (Fig. 5C). Thirty nanomolar BI did not detectably
change the decay of the synaptic currents, whereas LY slowed
the fitted weighted t values from 8.0 6 1.1 to 9.2 6 1.7
milliseconds (n 5 8, P 5 0.019), a fold slowing of 1.15-fold. We
did not observe any effect of either of the PAMs on paired-pulse

Fig. 3. Effects of BIIB104 and LY451395 on the deactivation rate of GluA4 receptors containing the Stg/g2 or g8 TARPs. (A) Representative traces
showing currents evoked by 1- to 2-millisecond applications of 10 mM glutamate to outside-out patches containing GluA4(i) and GluA1(o) AMPARs
assembled with Stg in the absence (black) or presence of BI (red) or LY (blue). The traces of flip-containing receptors are located in the left two panels,
whereas those of flop-containing receptors are located in the rightmost panels. The gray bar above the current traces shows the timing of glutamate
application. (B) Analogous traces showing representative currents fromGluA4 receptors containing the g8 TARP. (C and D) Graphs showmeanweighted
t values before application and in the presence of BI or LY for GluA4/Stg recordings (C) and GluA4/g8 recordings (D). Paired Student’s t tests were
performed; the resulting P values are illustrated as NSP . 0.05; *P , 0.05; **P , 0.01; ***P , 0.001. Precise values are given in the text. (E) Graphical
comparison of the fold slowing of deactivation as a function of each PAM and the receptor splice variants. Fold slowing was calculated as the ratio of the
mean weighted t in the presence of PAM to that before application of the PAM. Fold change data were log-transformed before analysis using an unpaired
Student’s t test with Welch’s correction, with P values indicated as above.
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facilitation of EPSCs evoked with a 40-millisecond interval
(Fig. 5, D and E), suggesting that they did not alter presynaptic
release probability at the concentration tested. Also, the
amplitudes of the first EPSC in the pairs were not increased
by PAMs (Fig. 5F), demonstrating that the primary conse-
quence of neuronal AMPAR modulation by these PAMs is
prolongation of decay kinetics.
Spontaneous EPSCs recorded from CA1 pyramidal neurons

were also slowed to a greater degree by LY451395. EPSCs
were recorded in the absence and presence of BI or LY (1 mM)
(Fig. 6A). Isolated EPSCs are shown in Fig. 6B for each
condition (gray overlaid events, PAM at 1 mM) with the
averaged trace shown as red (BI) or blue (LY); respective
averaged controls traces are in black. The fitted decay time
constant slowed to an extent similar to that observed for
evoked EPSCs in the previous experiment (BI: control, 8.1 6
1.5 milliseconds; PAM, 12.6 6 2.4 milliseconds, n 5 12, P ,
0.0001; LY: control 9.2 6 1.3 milliseconds; PAM, 21.5 6 4.8
milliseconds, n5 10, P, 0.0001; Fig. 6C). As with the evoked

EPSCs, the fold change of the weighted time constant of
sEPSCswas greater with LY (2.36 0.4-fold) comparedwith BI
(1.6 6 0.3-fold) (P 5 0.0001 with Welch’s t test). The mean
amplitude of sEPSCs was unchanged by the PAMs (BI:
control, 35 6 6 pA; PAM, 32 6 6 pA, P 5 0.14; LY: control,
296 5 pA; PAM, 266 3 pA, P5 0.25); the frequency of sEPSC
also was not altered by the modulators (data not shown). At
the lower concentration of 30 nM, LY had a modest effect on
sEPSC decay (control, 6.9 6 0.9 milliseconds; PAM, 7.7 6 1.3
milliseconds, n 5 9, P 5 0.0086), whereas BI did not alter the
currents (n 5 8, P 5 0.96) (Fig. 6D). There was no statistical
difference in the fold slowing of the weighted time constant. In
summary, LY was the more potent and efficacious modulator
of EPSCs in CA1 pyramidal neurons, consistent with its
actions on recombinant GluA1/A2/g8 AMPARs.
BIIB104 and LY451395 Profoundly Slow Cerebellar

EPSCs. We next tested the effect of the PAMs on EPSCs at
cerebellar synapses between mossy fibers and CGCs (Fig. 7).
AMPARs at this synapse are composed of heteromeric GluA2/

Fig. 4. Effects of BIIB104 and LY451395 on the deactivation rate of AMPARs that simulate those found in two central synapses. (A) Representative
traces showing currents evoked by 1- to 2-millisecond applications of 10 mM glutamate to outside-out patches containing the “hippocampal CA1-like”
GluA1(i/o)/GluA2(i)/g8 AMPARs in the absence (black) or presence of BI (red) or LY (blue). The traces of GluA1(i)-containing receptors are located in the
left two panels, whereas those of flop-containing receptors are located in the rightmost panels. The gray bar above the current traces shows the timing of
glutamate application. (B) Analogous traces showing representative currents from “cerebellar granule cell-like”GluA2(i)/GluA4(i/o)/Stg AMPARs. (C and
D)Graphs showmeanweighted t values before application and in the presence of BI or LY forGluA1(i/o)/GluA2(i)/g8 recordings (C) andGluA2(i)/GluA4(i/
o)/Stg recordings (D). Paired Student’s t tests were performed; the resulting P values are illustrated as NSP. 0.05; *P, 0.05; **P, 0.01; ***P, 0.001.
Precise values are given in the text. (E) Graphical comparison of the fold slowing of deactivation as a function of each PAM. Fold slowingwas calculated as
the ratio of the mean weighted t in the presence of PAM to that before application of the PAM. Fold change data were log-transformed before analysis
using an unpaired Student’s t test with Welch’s correction, with P values indicated as above.

344 Ishii et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


GluA4 and Stg (Black, 2005; Yamazaki et al., 2010). As is
evident in the representative traces shown in Fig. 7A, both LY
and BI dramatically slowed CGC EPSCs evoked by local
stimulation of the granule cell layer when bath applied at
1 mM (BI: control, 4.0 6 1.3 milliseconds; PAM, 20.0 6 7.5
milliseconds, n 5 6, P 5 0.002; LY: control, 4.7 6 1.1
milliseconds; PAM, 63.4 6 19.2 milliseconds, n 5 6, P 5
0.0006) (Fig. 7B). LY therefore slowed the EPSC decay by
a much greater degree than BI (BI: 5.1 6 1.3-fold; LY: 13.4 6
3.3-fold, P 5 0.0008, with Welch’s t test, Fig. 7B). As was the
case for CA1 EPSCs, the lower concentration (30 nM) of LY
slowed CGC EPSCs, whereas BI did not have a detectable
effect on the time course of decay, a distinction that was
reflected in a difference in the fold change in the fitted time
constant (BI: 1.2 6 0.3-fold; LY: 1.5 6 0.2-fold, P 5 0.052,
Fig. 7C). Neither PAM appreciably altered the PPR (Fig. 7, D
and E), again suggesting that they did not alter presynaptic
release of glutamate. LY did increase the amplitude of the first
EPSC in the paired recordings to a small degree (122%, P 5
0.01; Fig. 7F).
Spontaneous EPSCs in CGCs also were slowed by both

PAMs. LY again exhibited a greater effect on the decay of
sEPSCs at the two concentrations tested, which is evident in
the representative traces in Fig. 8A and the isolated sEPSCs

(gray traces) and their respective averaged events in Fig. 8B.
Quantification of the mean weighted t from the fitted decays
show that both BI and LY slowed decay of the synaptic
currents when bath applied at 1 mM (BI: control, 1.4 6 0.4
milliseconds; PAM, 6.5 6 2.7 milliseconds, n 5 6, P 5 0.0062;
LY: control, 1.5 6 0.7 milliseconds; PAM, 12.9 6 6.6 milli-
seconds, n 5 7, P 5 0.0029) (Fig. 8C), yielding fold-slowing
values of 4.76 2.3-fold (BI) and 8.66 3.4-fold (LY) (P5 0.035
withWelch’s t test). LY, but not BI, increased the amplitude of
CGC sEPSCs at this concentration (BI: control, 20.76 5.8 pA;
PAM, 21.56 6.4 pA, P5 0.67; LY: 16.56 3.2 pA; PAM: 21.76
3.6 pA, P 5 0.023). At a lower concentration (30 nM), LY
slowed sEPSC decay (control, 1.36 0.4 milliseconds; PAM, 3.0
6 1.6 milliseconds; n5 6, P5 0.037), whereas BI did not have
a detectable effect (Fig. 8D), which resulted in a greater
proportional effect of LY on the decay of synaptic currents
(BI: 1.0- 6 0.2-fold; LY: 2.2- 6 1.0-fold, P 5 0.023, with
Welch’s t test).
In summary, these data demonstrate that both PAMs

exhibited greater modulatory actions on CGC EPSCs than
on the CA1 EPSCs (P , 0.001, respectively), with LY451395
being more potent than BIIB104 for both types of synaptic
AMPARs. These data are therefore consistent with the
predominant role of TARP incorporation in shaping the

Fig. 5. Effects of BIIB104 and LY451395 on hippocampal Schaffer collateral CA1 pyramidal cell–evoked EPSCs. (A) Representative evoked EPSCs
recorded in voltage clamp from CA1 pyramidal neurons in juvenile mouse brain slices before (black) and during application of 1 mMBI (red) or LY (blue).
Peak amplitudes of the EPSCs are normalized. (B) Weighted decay time constants of the evoked EPSCs in the absence (Con) and presence (BI or LY, 1
mM) of PAMs (left). Paired Student’s t tests were performed; the resulting P values are illustrated as *P, 0.05; **P, 0.01; ***P, 0.001. Precise values
are given in the text. The graph on the right shows fold slowing of mean weighted decay time constant as a function for each PAM. Fold slowing was
calculated as the ratio of themeanweighted decay time constant in the presence of PAM to that before application of the PAM. Fold change data were log-
transformed before analysis using an unpaired Student’s t test with Welch’s correction, with P values indicated as above. (C) Analogous mean weighted
decay time constant and fold change data for 30 nM application of PAMs. (D) Representative pairs of evoked EPSCs before (black) and during application
of 1 mMBI (red) or LY (blue). (E) Paired-pulse ratios with an interval of 40 milliseconds are shown in the absence (Con) and presence (BI or LY, 1 mM) of
PAMs. (F) EPSC amplitudes are shown in the absence (Con) and presence (BI or LY, 1 mM) of PAMs. Paired Student’s t tests indicated P. 0.05 for both
PPR and mean EPSC amplitude.

Determinants of AMPA Receptor PAM Activity 345

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


response to PAMs that we observed in studies with recombi-
nant AMPARs.

Discussion
In this study, we examined whether BIIB104 and

LY451395 exhibited subunit-specific modulation of the
AMPAR subunits, splicing variants, and TARPs in record-
ings from recombinant and neuronal receptors. Our primary
objective was to compare how the PAMs differentially altered
deactivation of glutamate-evoked currents and to what
extent their activity on recombinant receptors predicted that
on synaptic currents. The results showed that both BI and LY
profoundly slowed the deactivation of AMPARs incorporat-
ing the Stg auxiliary subunit. Varying AMPAR subunit
compositions had very little impact on relative PAM efficacy,
whereas flip/flop splice variation produced the expected
differential level of allosteric modulation of desensitization
but had substantially less of an impact on receptor de-
activation. Both PAMs also slowed decay of currents elicited
from g8-containing AMPARs to a lesser degree than those
containing Stg. The relative efficacy of the PAMs on g8- and
Stg-containing AMPARs was consistent with the differential
slowing of decay kinetics of AMPAR-mediated EPSCs at
hippocampal Schaffer collateral versus cerebellar granule
cell synapses; that is, Schaffer collateral CA1 pyramidal cell
synapses were slowed to a lesser degree by the PAMs as

compared with their actions on cerebellar mossy fiber
granule cell EPSCs.
Splice variation at the flip/flop site strongly influenced

efficacy of both BIIB104 and LY451395 with respect to
desensitization but not deactivation of the receptors. The
effects of BI and LY on the flip variant in the desensitization
process were over 10- and 5-times higher than the flop variant
AMPAR subunits, respectively. These results were consistent
with previous studies on selectivity of BI (Shaffer et al., 2015),
as well as the sulfonamides LY392098 and LY404187 (Miu
et al., 2001), on the function of homomeric GluA2 receptors
composed of either flip or flop subunits. The flip/flop splice
domain comprises, in part, the binding site for the PAMs
(Shaffer et al., 2013) and is a key determinant of receptor
desensitization (Mosbacher et al., 1994). In contrast, the
impact of flip/flop splicing on deactivation of glutamate-
evoked currents was more subtle and differed between the
two PAMs. BI exhibited greater efficacy on homomeric
GluA1(i) and -4(i) receptors compared with their flop equiv-
alents, whereas LY did not discriminate (Fig. 2). The slightly
dominant selectivity of BI for flip-containing subunits can be
attributed to interaction between its constituent cyano moiety
and the polar side chain of serine 754 within the flip splice
cassette (Shaffer et al., 2015). The flip/flop discrimination by
BI is less apparent in receptors containing a mixture of
subunits with flip/flip versus flip/flop (Fig. 2, F–J), which
suggests that in vivo alternate splicing in this ligand-binding

Fig. 6. Effects of BIIB104 and LY451395 on hippocampal CA1 pyramidal cell spontaneous EPSCs. (A) Representative traces of spontaneous EPSCs
recorded in voltage clamp from CA1 pyramidal neurons in juvenile mouse brain slices before (black) and during application of 1 mMBI (red, top right) or
LY (blue, bottom right). (B) Superimposed spontaneous EPSCs (gray) with themean trace before application of PAM (control, black) and in the presence of
BI (red) or LY (blue). (C)Weighted decay time constants of the spontaneous EPSCs in the absence (Con) and presence (BI or LY, 1 mM) of PAMs (left). The
graph on the right shows fold slowing ofmeanweighted decay time constant as a function for each PAM. Fold slowing and statistical comparisons are as in
Figure 5. (D) Analogous mean weighted decay time constant and fold change data for 30 nM application of PAMs. **P , 0.01; ***P , 0.001.
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domain (LBD) cassette is unlikely to play a substantial role in
shaping responses of single synaptic AMPARs to modulation
by either PAM. Our data do not exclude the possibility,
however, that the flip/flop domain could play a major role in
how synaptic potentials respond to higher-frequency stimuli
in the presence of PAMs because the rate of recovery from
desensitization, modification of gating by TARPs, and other
molecular aspects of channel function are acutely shaped by
splice variation (Dawe et al., 2019).
BIIB104 and LY451395 also exhibited little selectivity

between AMPARs with distinct subunit compositions (Fig. 2;
Table 1). Other sulfonamides (LY392098 and LY404187), in
contrast, were more than 8-fold selective for homomeric
GluA4(i) and GluA2(i) receptors compared with GluA1(i)-
containing receptors (Miu et al., 2001). This lack of subunit-
dependent PAM selectivity is analogous to the biophysical
properties of the (R,R)-2a biarylpropylsulfonamide (Kaae
et al., 2007); (R,R)-2a is both structurally similar to
LY451395 and bridges symmetrical PAM binding pockets in
the AMPA receptor LBD dimer interface analogous to
BIIB104 (Kaae et al., 2007; Shaffer et al., 2015). We infer
from these observations that any regional specificity in PAM
activity will be shaped to a minimal degree by the stoichiom-
etry of AMPARs, which differs across regions of the CNS
(Hashimoto et al., 1999; Black, 2005) and within specific types

of neurons (Coombs and Cull-Candy, 2009); rather, neuronal
and regional variation in BI and LY efficacy will arise
predominantly from the auxiliary proteins associated with
distinct populations of AMPARs.
The conclusion that auxiliary proteins will play a primary

role in shaping the response to BI and LY is derived from
experiments with two TARPs: g8 and Stg. The deactivation
time course of glutamate-evoked currents from Stg-containing
AMPARs was slowed ∼40-fold by both PAMs (Figs. 3 and 4).
The efficacies of BI and LY are substantively greater than that
of the canonical benzothiadiazide modulator cyclothiazide,
which slows deactivation of recombinant GluA1/Stg receptors
by ∼5-fold (Tomita et al., 2006). This difference in relative
modulatory actions could arise from greater accessibility or
affinity for their binding sites in the dimer interface domains
of AMPAR subunits that are complexed with TARPs. TARPs
and other auxiliary proteins associate with AMPA receptors in
the membrane domains, with their extracellular domains
further interacting with gating linkers and the lower face of
the D2 lobe of the LBD (Cais et al., 2014; Chen et al., 2017;
Riva et al., 2017; Twomey et al., 2017). The differential efficacy
of the PAMs on receptors with auxiliary proteins might
therefore arise from subtle distinctions in the stabilization of
LBD dimer interfaces by Stg or other TARPs, although
a comparison between cryo-EM structures of largely intact

Fig. 7. Effects of BIIB104 and LY451395 on mossy fiber cerebellar granule cell–evoked EPSCs. (A) Representative evoked EPSCs recorded in voltage
clamp from cerebellar granule neurons in juvenile mouse brain slices before (black) and during application of 1 mMBI (red) or LY (blue). Peak amplitudes
of the EPSCs are normalized. (B) Weighted decay time constants of the evoked EPSCs in the absence (Con) and presence (BI or LY, 1 mM) of PAMs (left).
Paired Student’s t tests were performed; the resulting P values are illustrated as *P, 0.05; **P, 0.01; ***P, 0.001. Precise values are given in the text.
The graph on the right shows fold slowing of mean weighted decay time constant as a function for each PAM. Fold slowing was calculated as the ratio of
the mean weighted decay time constant in the presence of PAM to that before application of the PAM. Fold change data were log-transformed before
analysis using an unpaired Student’s t test with Welch’s correction, with P values indicated as above. (C) Analogous mean weighted decay time constant
and fold change data for 30 nM application of PAMs. (D) Representative pairs of evoked EPSCs before (black) and during application of 1 mMBI (red) or
LY (blue). (E) Paired-pulse ratios with an interval of 40 milliseconds are shown in the absence (Con) and presence (BI or LY, 1 mM) of PAMs. (F) EPSC
amplitudes are shown in the absence (Con) and presence (BI or LY, 1 mM) of PAMs. Paired Student’s t tests indicated P . 0.05 for both PPR and mean
EPSC amplitude.
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GluA2 receptors in complex with Stg and the biarylpropylsul-
fonamide PAM (R,R)-2b and isolated LBD structures lacking
both TARPs and PAMs did not reveal marked differences in
LBD structure or activation-associated clamshell closure
(Chen et al., 2017). Further structural studies of AMPARs
incorporating Stg with PAMs will likely provide valuable
insights.
One principle objective of the current study was to compare

the actions of the two PAMs at two central excitatory synapses
and determine if differential efficacy could be accounted for by
molecular properties of the underlying AMPARs. We found
that the decay time constant of EPSCs at cerebellar mossy
fiber granular cell synapses was prolonged to a greater degree
by both PAMs compared with Schaffer collateral CA1 pyra-
midal cell EPSCs, which paralleled the outcomes in our
comparative study of recombinant AMPARs complexed with
the Stg or g8 auxiliary proteins. Modulation of native
AMPARs was not perfectly recapitulated by the recombinant
GluA2/GluA4/Stg receptors, however; most notably, LY
slowed cerebellar EPSCs to a ∼3-fold greater degree than BI,
whereas the PAMs were extremely and equivalently effica-
cious on recombinant receptors containing Stg (Figs. 4 and 7),

potentiating the decay of glutamate-evoked currents by
20–40-fold. It is possible that cerebellar granule cell EPSCs
are slowed to a lesser degree than recombinant receptors by
both PAMs because of the presence of AMPARs with other
TARP isoforms in addition to Stg (Coombs and Cull-Candy,
2009). Alternatively, synaptic AMPARs might contain a sub-
saturating complement of Stg, g8, or other associated auxil-
iary proteins, which titrates their modulatory effects on
receptor gating (Milstein et al., 2007).
The substantial prolongation of the cerebellar synaptic

currents by both PAMs is consistent with the known motor
side effects of high-impact PAMs at higher exposures
(Zasadny et al., 2009; Shaffer et al., 2013, 2015) and could
potentially precipitate Purkinje cell toxicity that occurs when
AMPARs are overactivated (Garthwaite and Garthwaite,
1991; Brorson et al., 1995). Though BIIB104 exhibits a clear
cross-species, dose-dependent engagement of cerebellar pro-
cesses (i.e., increased cGMP, motor dysfunction, and FDG
uptake), no evidence of Purkinje cell toxicity has been reported
(Shaffer et al., 2015), and the drug has been safe and well-
tolerated in humans (Zasadny et al., 2009; Bednar et al.,
2015). Procognitive activity occurs at nanomolar free drug

Fig. 8. Effects of BIIB104 and LY451395 on cerebellar granule cell spontaneous EPSCs. (A) Representative traces of spontaneous EPSCs recorded in
voltage clamp from cerebellar granule neurons in juvenile mouse brain slices before (black) and during application of 1 mMBI (red, top right) or LY (blue,
bottom right). (B) Superimposed spontaneous EPSCs (gray) with themean trace before application of PAM (Control, black) and in the presence of BI (red)
or LY (blue). (C)Weighted decay time constants of the spontaneous EPSCs in the absence (Con) and presence (BI or LY, 1mM) of PAMs (left). The graph on
the right shows fold slowing ofmeanweighted decay time constant as a function for each PAM. Fold slowing and statistical comparisons are as in Figure 7.
(D) Analogous mean weighted decay time constant and fold change data for 30 nM application of PAMs. *P , 0.05; **P , 0.01; ***P , 0.001.
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concentrations (Shaffer et al., 2015; Ranganathan et al., 2017),
with a projected therapeutic index of ∼37 for self-limiting
tremors in humans (Shaffer et al., 2015). LY, conversely, had
preclinical “toxicologic issues” that limited its Phase 2 dosing
to 1/5 to 1/15 of the maximum tolerated dose in patients with
Alzheimer disease (Chappell et al., 2007); LY did not exhibit
efficacy in either study, possibly because of the dosing
limitation. Such clinically imposed dose-caps are often due
to nonclinically monitorable serious adverse events, which, in
this case, might have been due to an AMPAR-mediated
excitotoxicity such as Purkinje cell death. To what extent
these differential adverse outcomes are related to the greater
in vitro efficacy reported herein of LY compared with BI on
synaptic currents in cerebellum remains unclear.
In conclusion, we have identified TARP auxiliary proteins

as a primary determinant of recombinant and native AMPAR
modulation by two structurally related high-impact allosteric
modulators. It is possible that future drug development
focused on the discovery of AMPAR PAMs that are more
selective for TARPs expressed in procognitive pathways may
yield nootropic compounds with greater therapeutic windows.
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