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Alternative Splicing of the Flip/Flop Cassette and TARP
Auxiliary Subunits Engage in a Privileged Relationship That
Fine-Tunes AMPA Receptor Gating

Amanda M. Perozzo,"? Patricia M.G.E. Brown,? and ““Derek Bowie’
'Integrated Program in Neuroscience, McGill University, Montréal, Quebec H3A 2B4, Canada and *Department of Pharmacology and Therapeutics,
McGill University, Montréal, Quebec H3G 1Y6, Canada

Alternative splicing of AMPA-type glutamate receptors (AMPARs) and allosteric modulation by auxiliary subunits, such as
transmembrane AMPAR regulatory proteins (TARPs), are two important mechanisms that regulate the time course of gluta-
matergic neurotransmission. Prior work has shown that alternative splicing of the flip/flop cassette profoundly regulates
TARP y2 modulation, where flip receptor gating exhibits robust sensitivity to TARPs while flop isoforms are relatively insen-
sitive to TARP modulation. Whether this splice variant-specific regulation extends to other auxiliary subunit families, such as
cornichons (CNIHs), GSG1L, or CKAMPs, remains unknown. Here, we demonstrate that CNIH-3 modulation is unaffected by
AMPAR alternative splicing due to inherent differences in how CNIH-3 and TARP y2 modify channel gating. CNIH-3 slows
receptor deactivation from the outset of current decay, consistent with structural evidence showing its point of contact at the
level of the pore. In contrast, TARP y2 acts via the KGK site of the ligand-binding domain (LBD) to slow the onset of desen-
sitization. Although GSG1L and CKAMP44 primarily slow recovery from desensitization, their effects on channel gating are
unaffected by alternative splicing, further underlining that structural events leading to the onset and recovery from desensiti-
zation are separable. Together, this work establishes that alternative splicing and TARP auxiliary subunits form a unique
partnership that governs fast glutamatergic signaling at central synapses. Since proteomic studies suggest that all native
AMPARSs co-assemble with at least two TARPs, allosteric coupling between the flip/flop cassette and TARPs may represent a
common design element in all AMPAR complexes of the mammalian brain.
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All fast excitatory neurotransmission in the mammalian brain is mediated by AMPA-type glutamate receptors (AMPARSs).
The time course of AMPAR gating can be regulated by two distinct mechanisms: alternative splicing of the flip/flop cassette
and association with auxiliary subunits. Although these regulatory mechanisms have been well studied individually, it is not
clear whether alternative splicing impacts auxiliary protein modulation of AMPARs. Here, we compare the four main families
of AMPAR auxiliary subunits, transmembrane AMPAR regulatory proteins (TARPs; y2), cornichons (CNIH-3), GSG1L and
CKAMPs (CKAMP44), and find a privileged relationship between TARPs and the flip/flop cassette that is not shared by
others. The flop cassette acts as a master switch to override TARP action, and this coupling represents a way to fine-tune
AMPAR signaling. /
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ignificance Statement

Introduction
Alternative splicing of precursor mRNA is a critical post-tran-
scriptional modification that serves to diversify the proteome
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(Black, 2000) and is especially important in the nervous system
across development and in the mature brain (Vuong et al., 2016).
Alternative splicing regulates neuronal differentiation, axon
guidance and synaptogenesis, as well as dictates the electro-
physiological properties of individual neurons to fine-tune
synaptic transmission (Lipscombe, 2005; Li et al., 2007).
Both voltage-gated and ligand-gated ion channels are subject
to alternative splicing in the nervous system (Hood and
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Emeson, 2012; Herbrechter et al., 2021). This process impacts
many facets of channel behavior, from ion conductance and
activation/inactivation kinetics, to interactions with other
proteins and downstream intracellular signaling (Grabowski
and Black, 2001). For example, alternative splicing in neuronal
voltage-gated calcium channels modifies the voltage-depend-
ence of activation, which can profoundly influence calcium
entry and thus gene expression, transmitter release, and syn-
aptic plasticity (Lipscombe et al., 2013). This fundamental
process of gene regulation is highly controlled both spatially
and temporally; as such, dysfunction often leads to neurologi-
cal disease (Dredge et al., 2001).

Alternative splicing in AMPA-type glutamate receptors
(AMPARs) was first identified by the group of Peter Seeburg
(Sommer et al., 1990; Seeburg, 1996). Splicing occurs in the four
genes that encode the AMPAR pore-forming subunits at a site
termed the “flip/flop cassette,” which is within the ligand-bind-
ing domain (LBD; Fig. 1A,B). Alternative splicing yields two
splice variants termed flip and flop (Sommer et al., 1990). The
expression of GluA1-GluA4 flip and flop variants is cell-type
specific and developmentally-regulated (Monyer et al., 1991).
These subunit isoforms exhibit distinct pharmacological and bio-
physical properties, and also differ in their responsiveness to allo-
steric modulators such as cyclothiazide and external anions
(Mosbacher et al., 1994; Partin et al., 1994, 1996; Swanson et al.,
1997; Dawe et al., 2019). Moreover, splicing impacts AMPAR as-
sembly and trafficking through the endoplasmic reticulum (ER;
Coleman et al., 2006; Penn et al., 2008; Sukumaran et al., 2012).
Since AMPARs mediate the majority of fast excitatory neuro-
transmission in the mammalian brain, AMPAR alternative splic-
ing is likely to have significant consequences on homeostatic
adaptation and the shaping of neuronal circuits (Trussell, 1997;
Schmid et al., 2001; Orlandi et al., 2011; Penn et al., 2012).

AMPARs are subject to yet another level of complex reg-
ulation through their association with auxiliary subunits
that directly impact their trafficking and functional proper-
ties (Jackson and Nicoll, 2011). Recent work from our lab
has shown that alternative splicing affects AMPAR modulation
by transmembrane AMPAR regulatory proteins (TARPs),
which are thought to be bound to all native AMPARs (Schwenk
and Fakler, 2021), by controlling the resting mobility of the
AMPAR (Dawe et al., 2019). Resting mobility is determined
by a single amino acid residue within the flip/flop cassette,
Ser/Asn775, which controls motions in the distant N-terminal
domain (NTD). Flip variants promote moderate NTD movement,
which establishes slower channel desensitization and robust
regulation by anions and TARP 2 whereas greater NTD mo-
bility imparted by the flop cassette precludes allosteric regula-
tion. Whether alternative splicing similarly affects regulation
by CNIHs, GSG1L, and CKAMPs has yet to be investigated.

Here, we show that alternative splicing of the flip/flop
cassette distinguishes TARP 2 from CNIH-3 modulation
of AMPAR gating kinetics. We find that TARP 2 primarily
regulates receptor desensitization, whereas CNIH-3 acts on
deactivation. Because both alternative splicing and TARPs
target the AMPAR LBD to regulate desensitization, the flip/
flop cassette dominates and acts as a master switch to selectively
override TARP-dependent regulation of gating. In contrast,
CNIH-3 and CKAMP44 are unaffected by AMPAR alternative
splicing. This unique relationship between TARPs and alterna-
tive splicing may represent a mechanism by which individual
synapses customize their AMPAR responsiveness in a neuronal
subtype-specific way. Specific functional properties of the TARP-
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like auxiliary subunit, GSG1L, are also modified by alterna-
tive splicing. Altogether, our study reveals a coordinated
effort between alternative RNA splicing and auxiliary pro-
tein action to fine-tune AMPAR-mediated signaling in the
CNS.

Materials and Methods

Plasmids and molecular biology

All experiments were performed using the rat sequence of the GluA2
subunit with Q/R site unedited ie., GluA2(Q) in the pRK5 vector.
Alternatively spliced isoforms are denoted as flip (GluA2;) or flop
(GluA2,). Auxiliary and pore-forming subunits were co-expressed at a
2:1 cDNA ratio (auxiliary in excess), except for mouse TARP y2 which
was in tandem with GluA2 via a short peptide linker (Dawe et al., 2016,
2019). Species and vectors for auxiliary subunits are as follows: human
cornichon-3 (CNIH-3) in pCMV-Sport6, mouse GSGI1L in pReceiver-
MO02 (GeneCopoeia), and mouse CKAMP44 in pRK5. Constructs were
co-transfected with a plasmid encoding enhanced green fluorescent pro-
tein (eGFP) to identify transfected cells.

Cell culture and transfection

HEK293T/17 cells (ATCC) were maintained in MEM supplemented
with GlutaMAX and 10% fetal bovine serum (FBS). Cells were plated at
low density (1.6 x 10 cells/ml) on poly-D-lysine-coated 35-mm dishes.
Transient transfection was completed 48 h post-plating using the cal-
cium phosphate precipitation method. After 6-12 h, cells were washed
twice with PBS and maintained in fresh medium including 30 um
NBQX to minimize AMPAR/auxiliary-induced cytotoxicity.

Electrophysiology recordings
Electrophysiological responses were recorded 24-48 h post-transfection
from outside-out patches excised from transfected cells. Recording pip-
ettes were composed of borosilicate glass (3-6 M(), King Precision
Glass) coated with dental wax. All recordings were performed using an
Axopatch 200B amplifier (Molecular Devices, LLC). Current records
were filtered at 5 or 10kHz and sampled at 25-50 kHz. Series resist-
ance (3-12 M{)) was compensated by 95%. The holding potential
during recordings was —60 or —100mV. All experiments were per-
formed at room temperature. Data were acquired using pClamp9
software (Molecular Devices, LLC).

External solution contained (in mm): 150 NaCl, 5 HEPES, 0.1 CaCl,,
0.1 MgCl,, and 2% phenol red, pH 7.3-7.4. Internal solution contained
(in mm): 115 NaCl, 10 NaF, 5 HEPES, 5 Na,BAPTA, 0.5 CaCl,, 1 MgCl,,
and 10 Na,ATP, pH 7.3-7.4. The osmotic pressure of all solutions was
adjusted to 295-300 mOsm with sucrose. Concentrated (10x) agonist
solution stocks were prepared by dissolving L-Glutamate (L-Glu)
directly in external solution. L-Glu was applied at a final concentra-
tion of 10 mMm using a piezo-stack driven perfusion system (Physik
Instrumente). Solution exchange (<400 us) was determined by meas-
uring the liquid junction current at the end of each experiment.

Data analysis

Electrophysiological data were analyzed using Clampfit 10.5 (Molecular
Devices, LLC) and tabulated in Excel. Current decay rates were fit using
Ist or 2nd order exponential functions of the form y = Ay*exp(-x/7;). For
decay rates requiring 2nd order exponential fits, time constants are pre-
sented using both the individual components and as weighted means.
When measuring decay kinetics, all patch recordings were fit by both
mono-exponential and bi-exponential functions and the best fit was
selected based on visual inspection, the validity of the tau values/contri-
butions, as well as the goodness of fit. To measure recovery from desen-
sitization, a two-pulse protocol was used in which agonist was applied at
variable interpulse intervals, and the peak amplitude of the second (test)
pulse was expressed as a fraction of the peak amplitude of the first (ini-
tial) pulse. Recovery data were fit with both mono-exponential and bi-
exponential functions and the best fit (based on ability to converge and
R? value) was selected to obtain Trecovery- All data were illustrated using
Origin 2020 (OriginLab) and Adobe Illustrator CS5.
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Figure 1.  Altemative splicing of GluA2 AMPARs yields flip and flop isoforms with distinct desensitization kinetics. A, Cryo-EM structure of a GluA2 homotetramer (PDB: 5L1B) in the apo
state. NTD, amino-terminal domain; LBD, ligand-binding domain; TMD, transmembrane domain. Dashed box emphasizes LBD dimer. B, Left, Structure of isolated GluA2, LBD dimer (PDB: 6GL4)
with residues 764 and 775 shown as blue spheres. The region corresponding to the flip/flop cassette (helices J and K) is colored in yellow. Right, Annotated gene diagram depicting mutually
exclusive flop (yellow) and flip (green) exons. The sequence of the flip/flop cassette is shown for GluAT and GluA2 subunits. Amino acids that differ between splice variants are shaded gray. In
GluA2, RNA editing occurs at the R/G site at position 764. The S/N residue at position 768 in GluAT and 775 in GIuA2 is a key molecular determinant of receptor function and allosteric modula-
tion. C, Representative normalized current traces for GluA2 flip (left, patch 180308p6) and flop (right, patch 181015p10) receptors in response to a 250-ms application of 10 mm L-Glu. The gray
trace depicts the current response for one GluA2 splice variant in comparison to its counterpart in black. The inset graph shows the steady-state (SS) current amplitude as a percentage of the
peak response (Pk). Red circle represents the mean, box represents SEM, whiskers span minimum and maximum values. Data points represent individual patch recordings. D, Representative
normalized current traces for GluA2 flip (left, patch 180308p6) and flop (right, patch 181001p9) receptors in response to a 1-ms application of 10 mm L-Glu. E, Weighted time constants of cur-
rent decay (7gecsy) UpON 250-ms (desensitization) and 1-ms (deactivation) L-Glu applications for GluA2 flip and flop receptors. Desensitization: U;g,15)= 160, ***p << 0.001, Mann—Whitney
U test. Deactivation: t(15y = —1.424, p=0.172, unpaired two-tailed Student’s ¢ test. Data are mean = SEM. Data points represent individual patch recordings. F, Paired 1-ms pulses of 10 mm
L-Glu were applied at increasing 1-ms intervals (black triangles) to GIluA2 flip (left, patch 170406p5) and flop receptors (right, 170421p4). The first test pulse was provided 2 ms after the initial
conditioning pulse. G, Normalized current amplitudes at different time intervals for the paired 1-ms pulse protocol described in F. Data are mean == SEM, where n =6 for flip and n=7 for

flop.
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For one-way ANOVAs, homogeneity of variance was assessed to
determine subsequent post hoc tests. Tukey’s HSD tests (parametric,
equal variance), Dunnett’s T3 tests (parametric, unequal variance),
or Dunn’s test (nonparametric) were completed as indicated. Statistical
analyses were conducted using SPSS Statistics 24 (IBM) and custom
statistical software generously provided by Joe Rochford (McGill

Experimental design and statistical analysis

Statistical details can be found in the figure legends. Data are pre-
sented as mean * SEM, where n values represent the number of
individual patches. Data points correspond to individual patches for
each transfection condition. Transfections were performed at least
two independent times. For simple pairwise comparisons, unpaired

two-tailed Student’s f tests (parametric) or Mann-Whitney U tests
(nonparametric) were conducted as indicated. For datasets involv-
ing comparisons between multiple groups, one-way, Kruskal-
Wallis, or two-way ANOVAs were performed when appropriate.

University). Significance level was set at 0.05 and is denoted as
*p < 0.05, **p < 0.01, and ***p < 0.001. Exact p-values are provided in
the respective figure legends for both significant and nonsignificant
results, except when p < 0.001.
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Table 1. Desensitization kinetics of alternatively spliced GluA2 receptors in the absence and presence of auxiliary subunits

Receptor Equilibrium response (%) 7 fast (ms) 7 slow (ms) Contribution of 7 fast (%) 7 weighted (ms) n
Alone
GluA2 flip 112 £0.18 797 = 0.46 47165 96.9 = 1.1 871 =043 10
GluA2 flop 0.17 £ 0.05 1.57 = 0.06 142+13 98.5+03 1.73 £ 0.08 16
GluA2 flip
TARP y2 229*24 120 £ 0.7 49.1*+38 727 £3.6 214*16 16
(NIH-3 17823 187111 71.0£54 47.8 =35 47.6 = 45 16
GSGTL 1.80 =033 7.36 =030 232*19 67.9 = 3.1 124+09 10
CKAMP44 0.25 % 0.06 476 = 0.27 16.4 =13 926 *+13 555*0.23 8
GluA2 flop
TARP y2 3.80 = 0.66 1.80 £ 0.08 15209 94.5+0.7 2.54+0.17 14
(NIH-3 6.13 = 0.72 6.53 =035 29.4*25 770 *34 11.5+08 9
GSGIL 0.37 = 0.14 152 £0.22 6.51+135 89.8 = 4.1 1.88 = 0.15 6
CKAMP44 0.06 = 0.04 1.08 £ 0.04 337033 91.4+18 1.25 +0.06 6

Equilibrium response refers to the steady-state current as a percentage (%) of the peak response. Weighted time constants (7 weighted) were calculated based on the relative area fit by the fast (7 fast) and slow (7 slow)
components. Time constants are listed in milliseconds (ms). The number of patch recordings for each receptor (n) is indicated. All values represent mean == SEM.

Results

Alternative splicing of the flip/flop cassette selectively
regulates AMPAR desensitization
To study alternatively spliced AMPAR signaling complexes, we
first compared the functional properties of GluA2 flip (GluA2;)
and flop (GluA2,) isoforms in the absence of auxiliary subunits.
We measured the time course of channel gating in response to
long (250 ms) and short (1 ms) applications of 10 mm L-Glu,
which provide kinetic information on the rate into macroscopic
desensitization (Fig. 1C) and deactivation (Fig. 1D), respectively.

Consistent with previous work (Mosbacher et al., 1994; Koike
et al.,, 2000; Quirk et al., 2004), each isoform exhibited distinct
desensitization kinetics with flop receptors desensitizing 5-fold
faster than flip (1.7 = 0.1 ms, n=16 vs 8.7 = 0.4 ms, n=10; Fig.
1C,E; Table 1). Although the steady-state/peak response was rela-
tively small (<2%) in each case, there was nearly an order of
magnitude difference, with flop receptors having more profound
equilibrium desensitization than flip receptors (Fig. 1C, insets;
Table 1). In contrast, the deactivation kinetics of both isoforms
were indistinguishable (Fig. 1D,E), reaffirming that splicing of
the flip/flop cassette selectively targets the structural rearrange-
ments that primarily control AMPAR desensitization.

L-glutamic acid (L-Glu) is thought to reside only for brief
millisecond periods in the synaptic cleft (Jones and Westbrook,
1996). Accordingly, the kinetics of deactivation, and not desensi-
tization, are thought to be more critical in shaping the time
course of synaptic events. Despite this, the flip/flop cassette con-
trol over desensitization can still regulate the efficacy of glutama-
tergic transmission following repetitive channel activations.
Figure 1F shows typical patch experiments on GluA2 flip and
flop isoforms, where the peak responses between conditioning
and test agonist pulses were compared at different time intervals.
For GluA2; receptors, the peak amplitude of the test response
decreased by only 14.5 = 2.2% (n = 6), demonstrating that a rela-
tively small proportion of AMPARs desensitized during the con-
ditioning pulse. In contrast, most GluA2, AMPARs desensitized
during the conditioning pulse as the peak amplitude of the test
response decreased by 81.6 = 1.3% (n=7) compared with the
initial response (Fig. 1G). These findings establish that alternative
splicing impacts the responsiveness of AMPARSs even to brief 1-
ms applications of L-Glu, in agreement with the proposal that
flop receptors are more prone to desensitize from a closed state
(Raman and Trussell, 1995).

We next sought to understand how AMPAR alternative splic-
ing may impact modulation by auxiliary subunits. Our lab has

previously shown that alternative splicing affects TARP regula-
tion of desensitization (Dawe et al., 2019), but whether this dis-
tinction can be extended to other AMPAR auxiliary protein
families, such as CNIHs, has yet to be explored. To investigate
this, we compared TARP 2 and CNIH-3 regulation of AMPAR
channel gating (Figs. 2, 3) and then examined the impact of the
flip/flop cassette (Figs. 4, 5).

TARP 72 and CNIH-3 regulate AMPARSs by targeting
different gating events

TARPs and CNIHs are essential components of native AMPAR
complexes (Matthews et al., 2021; Yu et al, 2021). They have
largely been assumed to operate through a common allosteric
mechanism since they regulate the gating and permeation prop-
erties of AMPARs similarly (Hansen et al.,, 2021). TARPs and
CNIHs are, however, structurally dissimilar (Nakagawa, 2019;
Kamalova and Nakagawa, 2021) with TARPs possessing two
extracellular loops that interact with the AMPAR LBD (Dawe et
al., 2016; Twomey et al,, 2016; Riva et al., 2017), whereas the
CNIH structure is restricted to the plasma membrane and
AMPAR TMD (Nakagawa, 2019).

As reported by our lab and others (Priel et al., 2005; Coombs
et al.,, 2012; Brown et al., 2018), the Type I TARP y2 and CNIH-
3 both slow the rate and degree of macroscopic desensitization of
GluA2; AMPARs (Fig. 2A; Table 1). Kinetic analysis revealed
that desensitization was best fit by the sum of two exponential
functions (Tfsp Tsiow) With the fast, more dominant component
varying according to the presence or absence of auxiliary
proteins (Fig. 2A,C,E). The fast decay component (7g,) for
GluA2; receptors alone was 8.0 = 0.5ms (n=10) and repre-
sented 96.9% of the overall response (Table 1). Co-assembly
with TARP 2 slowed fast desensitization to 12.0 = 0.7 ms
(n=16) while decreasing its overall contribution to 72.7%
(Fig. 2C,E). Receptor complexes co-assembled with CNIH-3
also exhibited slower desensitization rates, with the fast decay
component of 18.7 = 1.1 ms (n = 16) contributing 47.8% to the
overall response (Fig. 2C,E). The slower decay component
(Tslow) for GluA2; receptors alone was 47.1 * 6.5ms which
contributed only 3.1% to the overall response (Fig. 2C).
Although TARP 2 did not alter time constant of the slow
component (49.1 = 3.8 ms), it increased its overall contribu-
tion by 13-fold (Fig. 2C,E; Table 1). By contrast, CNIH-3 sig-
nificantly prolonged the slow component of desensitization to
71.0 £5.4ms and increased its contribution by 25-fold to
52.2% (Fig. 2C,E; Table 1). On that note, the steady-state/peak



Perozzo et al. e Alternative Splicing of AMPAR Signaling Complexes J. Neurosci., April 19,2023 - 43(16):2837-2849 - 2841

A GluA2flip TARP y2 CNIH-3

10 mM L-Glu 10 mM L-Glu 10 mM L-Glu
100 ms Toff Toff
Tdes Tdes
B een slow D fast slow
*
50 T 1 - k% 20 —EE—  60p
o k% = P o
% *
o)
-y s
S
X
o
75}
7}
GluA2 y2  CNIH-3 &Le\%\ﬁb
Q)
E F T e g S

Tf, CNIH-3

Tf=14.9 ms (64%)
Tg=42.0ms

Ts,A2

Tf=15.9 ms (32%)
Tg=59.6 ms

Tf, A2

10 ms

25 ms

Figure 2. TARP -y2 and CNIH-3 prolong entry into desensitization of GluA2 flip receptors by targeting different gating events. A, Representative normalized current traces for GluA2 flip
expressed alone (black, patch 180308p6), with TARP 2 (orange, patch 180315p2), or with CNIH-3 (cyan, patch 190115p5) in response to a long, 250-ms application of 10 mm L-Glu. B,
Steady-state (SS) current amplitude as a percentage of the peak response (Pk). (39 = 22.00, p << 0.001, one-way ANOVA. Dunnett’s T3 test, ***p << 0.001, y2 versus CNIH-3 p=0.342.
Data are mean == SEM. (, Desensitization time constants (7q.;) represented by the fast (left) and slow (right) components of current decay. Fast component: Fy 39 = 34.68, p < 0.001, one-
way ANOVA. Dunnett’s T3 test, ***p << 0.001. Slow component: F(33=7.01, p=0.003, one-way ANOVA. Tukey's HSD test, *p =0.012, ** p=0.006, A2 versus y2 p=0.964. Of the 10
recordings for GluA2, one was best fit by a mono-exponential function. Data are mean = SEM. D, Off kinetic time constants (7 ) represented by the fast (left) and slow (right) components
of current decay. Fast component: Hy) = 27.77, p << 0.001, Kruskal-Wallis ANOVA. Dunn’s test, ***p << 0.001, A2 versus y2 p =0.999. Slow component: F5 g = 11.05, p << 0.001, one-way
ANOVA. Dunnett’s T3 test, *p = 0.033, **p = 0.008, A2 versus y2 p =0.113. Data are mean == SEM. For B--D, data points represent individual patch recordings. E, Current traces for AMPAR-
auxiliary complexes presented in A on a shorter time scale showing the individual contribution of the fast () and slow (7) components to the overall current decay. Dotted lines represent
bi-exponential fit components, colored lines represent weighted fit. F, Overlay of current decay traces upon removal of L-Glu at the end of the 250-ms pulse. Off kinetics of GluA2 (gray and
inset) and GluA2-y2 (orange) receptors must always be fit by two exponentials, whereas off kinetics of GluA2-CNIH-3 (cyan) can be fit by a single exponential function (in some cases).

response increased from 1.1 = 0.2% (n=10) for GluA2; alone to
229 % 2.4% (n=16) with y2 and 17.8 = 2.3% (n = 16) with CNIH-
3 (Fig. 2A,B; Table 1) representing a substantial attenuation of equi-
librium desensitization. Taken together, although both TARP y2
and CNIH-3 attenuate AMPAR macroscopic desensitization, they
achieve this by targeting different kinetic states.

In keeping with this, the off kinetics observed following cessa-
tion of the agonist application were distinct between TARP 7y2-

and CNIH-3-bound AMPARs (Fig. 2A,D,F; Table 2). The off
kinetics (7o¢) could be fit by the sum of two exponentials with
the fast and slow components being kinetically indistinguishable
between TARP-bound and unbound receptors. For example, the
fast component of 7, was 1.3 £ 0.1 ms (n=14) and 1.4 = 0.2 ms
(n=8) for GluA2; with and without TARPs, respectively (Fig.
2D). However, the fast component of 7. contributed less to the
response for TARPed receptors (64.0% of response) compared
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CNIH-3 but not TARP -2 preferentially prolongs GluA2 flip deactivation. A, B, Normalized current traces for GluA2 flip receptors bound by (4) TARP 2 (n =10 recordings) or (B)

(NIH-3 (n=18 recordings) in response to brief, 1-ms applications of 10 mm L-Glu. The thick orange and cyan lines depict the averaged deactivation response for AMPARs bound by TARP 2
and CNIH-3, respectively, and the shaded area represents the SEM. The solid gray trace in both panels represents the averaged deactivation response for GluA2 flip receptors alone from n=10
individual patch experiments. €, Deactivation time constants (7ge.q) represented by the fast (left) and slow (right) components of current decay. Of the 10 recordings for GluA2, seven were
best fit by a mono-exponential function. Fast component: H) = 31.74, p << 0.001, Kruskal-Wallis ANOVA. Dunn’s test, **p = 0.004, ***p << 0.001, A2 versus y2 p=0.133. Slow component:
Fia.28)=10.80, p < 0.001, one-way ANOVA. Tukey’s HSD test, *p = 0.024, ***p < 0.001, -y2 versus CNIH-3 p=0.067. Data are mean == SEM. Data points represent individual patch record-
ings. D, Representative normalized current traces for GluA2 flip expressed with TARP 2 (top, patch 190115p9) or with CNIH-3 (bottom, patch 190115p5) depicting the fast (7¢) and slow (7)
components of deactivation and their percent contribution to the overall current decay. E, F, Scaled current responses of GIuA2 flip receptors expressed alone (gray), with TARP 2 (orange) or
with CNIH-3 (cyan) in response to a (E) 4-ms or (F) 250-ms application of 10 mu L-Glu. Traces are averaged from four to five individual patch experiments. The uppermost trace shows the junc-

tion current used to monitor solution exchange rate.

with GluA2; alone (92.5% of response; Fig. 2F). In contrast, the
off kinetics of CNIH-3-bound AMPARs were required, in some
cases, to be fit by a single exponential and were markedly slower
than TARP-bound receptors (Fig. 2F). When fit by a single expo-
nential, 7. was slowed to 12.9 + 2.1 ms (n="7; Fig. 2F; Table 2).
When fit by two exponentials, both the fast and slow compo-
nents of 7.¢ were significantly slowed by CNIH-3 compared to
GluA2; with and without y2, with values of 5.2 = 0.7 ms (53.9%
of response) and 24.4 * 3.4ms (n=10), respectively (Fig. 2D;
Table 2). Why some of our data (seven out of 17 patches) were
better fit by a single exponential function is still not clear. Given
these distinctions, we reasoned that TARP y2 and CNIH-3 may
target different aspects of AMPAR gating. To examine this fur-
ther, we studied the impact of both auxiliary proteins on the
kinetics of channel closure or deactivation.

CNIH-3 but not TARP 72 preferentially prolongs AMPAR
channel closure

GluA2; deactivation kinetics were estimated by measuring the
decay observed following a brief, 1-ms application of L-Glu (Fig.
3A-C; Table 2). GluA2; receptors activate and inactivate rapidly,
where the fast time constant of 0.61 = 0.03 ms (n = 10) represents
nearly 100% of the overall current decay (Fig. 3C; Table 2).
When expressed with TARP 72, estimates of the fast component
were modestly slower than for GluA2; alone, although not statis-
tically significant (1.0 = 0.1 ms, n=10; Fig. 34,C,D). In striking

contrast to 2, CNIH-3 significantly slowed the dominant fast
component of GluA2; deactivation by 5-fold to 3.2+ 0.3ms
(n=18; Fig. 3B-D). This modulation of the fast component by
CNIH-3 was indeed more prominent than any effect of TARP
v2 (Fig. 3C).

Although the slow component of deactivation contributed <1%
to the overall current decay in GluA2; receptors alone, associa-
tion with either y2 or CNIH-3 enhanced this kinetic compo-
nent, albeit with obvious differences in magnitude (Fig. 3D).
While y2 increased the slow component of GluA2; deactivation
from 4.0 = 0.9ms (n=3) to 10.8 & 0.6 ms (1 =10), the slow com-
ponent contributed only ~10% to the overall response (Fig. 3C,
D; Table 2). Conversely, CNIH-3 slowed the slow component by
3.5-fold to 14.2 = 1.0 ms (n = 18), while substantially increasing
its proportion to over 30% of the overall response (Fig. 3C,D;
Table 2). These data demonstrate that y2 has only a minor effect
on channel closure, whereas the primary effect of CNIH-3 is to
slow deactivation.

Extending these observations further, when the length of the
agonist application was varied to an intermediate (4ms) or a
long (250 ms) duration to allow the onset of desensitization,
TARPs and CNIHs again differentially modified the GluA2; cur-
rent decay profile (Fig. 3E,F). Most interestingly, for intermediate
(4ms) L-Glu applications, the CNIH-3-bound GluA2; receptor
current decay was slower compared with GluA2; alone, both in
the sustained presence of agonist and following agonist removal,
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Alternative splicing overrides TARP -y2, but not CNIH-3, slowing of desensitization. A, Representative normalized current traces for GluA2 flip (left, patch 180315p2) and flop (right,

patch 170424p3) receptors expressed with TARP 2 in response to a 250-ms application of 10 mm L-Glu. The gray traces depict the current response of GluA2 receptors in the absence of
TARPs. Insets show the full current decay on a longer time scale and indicate the percent contribution of the fast component of desensitization to the overall current decay (Arg). B,
Desensitization time constants (74) for the fast component of current decay (left) and weighted response (right). Fast component: Interaction, F;55=19.84, p < 0.001; flip £ 72,
Fa,52=40.60, ***p < 0.001; flop = 2, F4 5 =0.15, p=0.696. Weighted: Interaction, F(; 5 =49.01, p < 0.001; flip = 2, F1,59=102.01, ***p < 0.001; flop £ y2, F1.59=0.50,
p=0.481. Two-way ANOVA with Simple Main Effects test for auxiliary at splice variant. Data are mean == SEM. C, Fold change summary for fast and weighted time constants of desensitiza-
tion, as well as the equilibrium response for flip and flop GluA2 receptors expressed with TARP 2. D, Representative normalized current traces for GluA2 flip (left, patch 190115p5) and flop
(right, patch 181012p3) receptors expressed with CNIH-3 in response to a 250-ms application of 10 mm L-Glu. The gray traces depict the current response of GluA2 receptors in the absence of
CNIHs. Insets show the full current decay on a longer time scale. E, Desensitization time constants (7. for the fast component of current decay (left) and weighted response (right). Fast com-
ponent: Interaction, F(; 47 = 13.76, p << 0.001; flip = CNIH-3, F( 47 =99.09, ***p < 0.001; flop == CNIH-3, F5 47 =19.98, ***p << 0.001. Weighted: Interaction, F; 47 =24.16, p << 0.001;
flip = CNIH-3, F1 47y =89.11, ***p << 0.001; flop == C(NIH-3, F5,47)=5.26, *p =0.026. Two-way ANOVA with Simple Main Effects test for auxiliary at splice variant. Data are mean = SEM.
For B, E, data points represent individual patch recordings. F, Fold change summary for fast and weighted time constants of desensitization, as well as the equilibrium response for flip and

flop GluA2 receptors expressed with CNIH-3 (C3).

consistent with CNIH-3 targeting the fast component of current
decay. In contrast, TARP 7y2-bound receptor current decay
more closely resembled that of GluA2; alone in the presence of
the agonist (Fig. 3E).

Together from these observations, we propose that TARPs
and CNIHs regulate AMPARs by targeting distinct gating events.
Our findings suggest that TARPs primarily act on the process of
desensitization; on the contrary, CNIH-3 modulation primarily

affects deactivation from the outset of current decay. Structurally,
this distinction could be explained by the large extracellular
region of TARPs which stabilizes the AMPAR LBD to prolong
desensitization (Dawe et al., 2016; Twomey et al., 2016),
whereas CNIHs act exclusively in the membrane at the level of
the ion channel pore and are thus primed to slow deactiva-
tion/channel closure (Nakagawa, 2019). Because the two gat-
ing processes are coupled (Partin et al., 1996), TARPs and
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(NIH-3 modulation of channel closure is independent of alternative splicing. A, Representative normalized current traces for GluA2 flip (left) and flop (middle) expressed

with TARP 2. Bar graph (right) shows deactivation time constants (74e,c;) represented by the fast and slow components of current decay for TARP-bound receptors. Fast component:
t29) = —0.478, p = 0.636, unpaired two-tailed Student’s ¢ test. Slow component: Ujy,51) = 203, ***p < 0.001, Mann—Whitney U test. Data are mean == SEM. B, Representative nor-
malized current traces for GluA2 flip (left) and flop (middle) expressed with CNIH-3. Bar graph (right) shows deactivation time constants (7g,) represented by the fast and slow
components of current decay for CNIH-3-bound receptors. Fast component: U1 19) = 107, p = 0.436, Mann—Whitney U test. Slow component: f55) = 0.642, p = 0.527, unpaired two-
tailed Student’s t test. Data are mean = SEM. For 4, B, data points on bar graphs represent individual patch recordings.

Table 2. Off and deactivation kinetics of alternatively spliced GluA2 receptors
in the absence and presence of auxiliary subunits

Contribution 7 weighted

Receptor 7 fast (ms) 7 slow (ms) of 7 fast (%) (ms) n
Off kinetics

GluA2 flip 1372015 103*+1.0 925*22 196 2017 8

TARP y2 1342009 13410 640*+35 589*062 14

(NIH-3 (pooled) 838132 244*34 729*6.2 1B7x16 17

CNIH-3 (bi) 523*073 244*34 539*42 142+23 10

CNIH-3 (mono) 129*+21 - 100 =0 12921 7
Deactivation
Alone

GluA2 flip (pooled) 0.61=0.03 398 =087 996*+02 063003 10

GluA2 flip (bi) 0.59+0.05 398*+087 98805 060007 3

GluA2 flip (mono) ~ 0.64 = 0.04 - 100 =0 064 =004 7

GluA2 flop 0.68 =0.02 - 100 =0 0.68 =0.02 10
TARP y2

GluA2 flip 1.00 005 10806 875%13 2232019 10

GluA2 flop 104005 23820 91.9*+12 3.03*x042 21
CNIH-3

GluA2 flip 322025 142%£10 670=*55 7.08 =094 18

GluA2 flop 291+026 131*+13  744*44 5223047 10

Weighted time constants (7 weighted) were calculated based on the relative area fit by the fast (7 fast)
and slow (7 slow) components. Time constants are listed in milliseconds (ms). The “off kinetics” were calcu-
lated from an exponential fit of the decay from the steady-state current after removal of glutamate (i.e., the
current decay at the end of a 250-ms application of L-Glu). In some cases, current decay was best fit by a
mono-exponential function, as indicated (see Materials and Methods). The number of patch recordings for
each receptor (n) is indicated. All values represent mean == SEM.

CNIHs also have indirect effects on deactivation and desensi-
tization, respectively. Based on these assumptions, a modifica-
tion to the core AMPAR that selectively targets one gating
process, such as alternative splicing which targets desensiti-
zation, should be able to delineate TARP 2 from CNIH-3
modulation. Indeed, we have previously shown that flop over-
rides TARP regulation of AMPAR desensitization (Dawe et
al., 2019), but its effect on CNIH regulation has yet to be
explored.

Alternative splicing overrides TARP y2-but not CNIH-3-
mediated effects on AMPARs

To test the hypothesis that TARPs and CNIHs target distinct
gating events, we examined the effect of alternative splicing on
TARP y2 and CNIH-3 modulation by comparing their ability
to regulate flop variants of GluA2 (Fig. 4). As we observed

previously, unlike flip receptors, the ability of TARP y2 to
attenuate entry into desensitization of flop receptors was
almost completely eliminated (Fig. 4A, right; Dawe et al,
2019). The fast and weighted time constants of desensitization
for GluA2,-y2 receptors were similar to flop receptors alone,
with the fast component dominating the overall response
(1.8 = 0.1 ms, 94.5% of response, n=14; Fig. 4B,C; Table 1).
Although the degree of equilibrium desensitization was
smaller for GluA2,-y2 receptors (3.8 = 0.7%) compared with
GluA2;-y2 receptors (22.9 * 2.4%; Fig. 4A, insets; Table 1),
the fold changes compared with their respective controls
were similar (Fig. 4C). Much of this effect can be explained
by the difference in equilibrium desensitization observed
between GluA2 flip and flop receptors alone (Fig. 1C).

In marked contrast to TARP +2, alternative splicing of
GluA2 had no effect on the modulatory capacity of CNIH-3
(Fig. 4D). CNIH-3 significantly delayed the onset of GluA2,
desensitization, slowing the fast and more dominant time
constant by 4-fold from 1.6 £0.1ms (98.5% of response,
n=16) to 6.5+ 0.4ms (77.0% of response, n=9; Fig. 4E,F;
Table 1). Again, although the degree of equilibrium desensi-
tization was smaller for CNIH-3-bound flop receptors com-
pared with flip receptors (6.1 £0.7% vs 17.8 = 2.3%; Fig. 4D,
insets; Table 1), it still represented an increase in the steady-
state/peak response by over 30-fold relative to unbound
GluA2, receptors (Fig. 4F). Together, our data demonstrate
that alternative splicing of the flip/flop cassette selectively
controls AMPAR desensitization, which in turn selectively
attenuates TARP y2-mediated slowing of rates into desensi-
tization. Since CNIH-3 does not directly regulate desensitiza-
tion, CNIH-3 modulation of AMPARs is not impacted by
alternative splicing.

CNIH-3 modulation of channel closure is also independent
of alternative splicing

We next investigated the effect of alternative splicing on TARP
v2 and CNIH-3 modulation of flop receptor deactivation (Fig.
5). Since the time course of deactivation is similar between
GluA2 flip and flop receptors alone (Fig. 1D,E), any effect of
TARP 2 or CNIH-3 on this gating process was not expected to
be affected by alternative splicing. In keeping with this, the negli-
gible effect of TARP 2 on the dominant fast component of
GluA2; receptor deactivation was statistically indistinguishable



Perozzo et al. o Alternative Splicing of AMPAR Signaling Complexes

J. Neurosci., April 19,2023 - 43(16):2837-2849 - 2845

A A2flip Aflop B
7 TP PT P P rrrry 7 1.0
00—
s
E 06}
< -o-flip
8 oar 1=223+23ms
0.2 -O- flop
T=19.2+12ms
20 ms 50 ms 20 ms ooF . . )
10 100 1000
Interpulse Interval (ms)
C A2fiop + GSG1L E fip flop fast
- [ --=fop — = flip|
( ( [ ( ( 1O o fip +GSGIL o R r flop
s 100 ms 100ms
0.8 , 3 flip
5 / & flop)
E08T /s 000204060810
\g 0.4 weighted
- o ﬂﬂip
- T soismms | |[ Aest 8% Arasy 90% T
50 ms 20ms %0 X . , &
10 100 1000 © e o
Interpulse Interval (ms) . fold change k
A2 + CKAMP44
D flop - F flip flop fast
_W ( [ ( 108 o fiip +CKAMPA4 o777 g _( ﬂ'lj,‘i
o8l 100 ms 100 ms
_ 7 3 fip
Losl 4 o v
= 0.0 02 0.4 06 0.8 1.0
B4l — :
2 _ Ims weighted
02}t 5ms flip
-@- flop +CKAMP44 flop
—_ T=189.8+9.8ms
50 ms 20ms 0OF = : : < flip
10 100 1000 Sflop
Interpulse Interval (ms) 000204060810
fold change
Figure 6.  The flip/flop cassette has no effect on the slowing of recovery from desensitization by GSG1L and CKAMP44. A, Recovery from desensitization for GluA2 flip (left) and flop (right)

receptors. Recovery was probed using a paired pulse protocol with a conditioning agonist application (250 ms, 10 mm L-Glu) to induce receptor desensitization, which was followed by a test
pulse at varying time intervals. Current traces are normalized to the initial response. B, Normalized current amplitudes at different time intervals map the time course of recovery from desensi-
tization. The solid lines represent average fits and the corresponding recovery time constants (7) are shown. Data are mean == SEM where n =7 for flip and n = 16 for flop. C, Recovery from
desensitization for GluA2 flop receptors expressed with GSG1L, as described in A. Plot on the right depicts normalized current amplitudes at different time intervals. The lines represent average
fits for GluA2 flop alone (dashed black), GluA2 flip with GSG1L (gray) and GluA2 flop with GSG1L (red). Data points are mean = SEM where n=6 (flip) and n=4 (flop). D, Recovery from
desensitization for GluA2 flop receptors expressed with CKAMP44, as described in A. Plot on the right depicts normalized current amplitudes at different time intervals. The lines represent aver-
age fits for GluA2 flop alone (dashed black), GluA2 flip with CKAMP44 (gray) and GluA2 flop with CKAMP44 (purple). Data points are mean == SEM where n=5 (flip) and n=7 (flop). E,
Desensitization kinetics for GluA2 flip and flop receptors expressed with GSG1L. Representative traces are normalized to the peak response; insets depict the percent contribution of the fast
component of desensitization to the overall current decay (Ar,s) and show decay on a shorter time scale. Patch numbers (red traces): flip, patch 180806p5; flop, patch 181018p1.The column
charts on the right indicate the fold change summary for the fast and weighted time constants of desensitization. F, Desensitization kinetics for GluA2 flip and flop receptors expressed with
CKAMP44. Representative traces are normalized to the peak response; insets depict the current decay on a shorter time scale. Patch numbers (purple traces): flip, 180507p3; flop, 181029p1.
The column charts on the right indicate the fold change summary for the fast and weighted time constants of desensitization.

from GluA2, receptors (Fig. 5A; Table 2). Unexpectedly, how-
ever, TARP 12 significantly delayed the time constant for the
slow component of deactivation from 10.8 + 0.6 ms (n=10) for
GluA2; to 23.8 £ 2.0 ms (n=21) for GluA2, (Fig. 5A, see dashed
box). A possible explanation for the significantly enhanced slow
component of deactivation imparted by TARP 2 is that this
slow component corresponds to receptors desensitizing from the
closed state, the proportion of which is much greater for flop
receptors (Fig. 1F). Since we have shown that TARP 2 primar-
ily acts to attenuate the process of desensitization (Figs. 2, 3), this
component of GluA2, receptor deactivation (which is really the
accumulation of desensitization within a short pulse) is regulated
by TARP 7y2.

In contrast to TARP 2, CNIH-3 behaved predictably, slow-
ing both the fast and slow components of deactivation of flop
receptors to the same degree as flip receptors (Fig. 5B). For
example, the fast and dominant time constant of deactivation
was increased from 0.68 = 0.02 ms (100% of response, n = 10) for
GluA2, alone compared with 2.9 = 0.3 ms (74.4% of response,
n=10) in the presence of CNIH-3, corresponding to a 4-fold
slowing of channel closure (Fig. 5B; Table 2).

Alternative splicing does not affect recovery from AMPAR
desensitization with or without GSG1L or CKAMP44

In addition to TARP 2 and CNIH-3, other prominent AMPAR
auxiliary proteins include GSG1L and CKAMP44 (von Engelhardt
et al, 2010; Shanks et al., 2012). GSGIL is evolutionarily-related
and structurally similar to TARPs; in fact, they belong to the
same superfamily of claudin proteins (Twomey et al., 2019).
Paradoxically, GSG1L and TARPs impart distinct modulatory
effects on AMPARs. GSG1L slows rates into desensitization to
a lesser degree than TARPs, but more importantly, profoundly
slows recovery out of desensitization (Schwenk et al., 2012;
Shanks et al., 2012; McGee et al., 2015). Given this, we investi-
gated whether modulation of AMPARs by GSGIL is affected
by alternative splicing. For comparison, we additionally stud-
ied CKAMP44 which, despite being structurally dissimilar,
shares with GSGIL the property of slowing AMPAR recovery
from desensitization (von Engelhardt et al., 2010).

We first measured the time course of recovery from desensiti-
zation for GluA2 flip and flop receptors alone using a two-pulse
protocol (250ms) separated by increasing time intervals (Fig.
6A). Alternative splicing of the flip/flop cassette had no effect on
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the recovery process, resulting in recovery time constants of
223*23ms (n=7) and 19.2 £ 1.2ms (n=16) for GluA2 flip
and flop isoforms, respectively (Fig. 6B; Dawe et al., 2019).
Consequently, we predicted that alternative splicing of the flip/
flop cassette would not impact canonical modulation by GSG1L
and CKAMP44, which is to slow recovery from desensitization.
In keeping with this, co-expression of GSG1L with flip and
flop receptors resulted in a slowing of recovery kinetics by
over 10-fold, to 249.3 =28.2ms (n=6) and 325.0 * 33.8 ms
(n=4), respectively (Fig. 6C). Likewise, CKAMP44 regulated
the recovery time course of flip (145.4 = 26.6, n=5) and flop
(189.8 = 9.8 ms, n=7) receptors similarly, slowing the recov-
ery kinetics by an order of magnitude in each case (Fig. 6D).

Interestingly, alternative splicing negatively regulated the
modest slowing of AMPAR entry into desensitization by GSG1L,
while leaving CKAMP44 modulation intact (Fig. 6E,F). More
specifically, the contribution of the fast component of desensiti-
zation for GSG1L-bound receptors increased from 67.9% (flip)
to 89.8% (flop), resulting in an overall speeding of desensitization
kinetics (Fig. 6, insets; Table 1). In contrast, CKAMP44 retained
its ability to further speed up entry into desensitization of rap-
idly-desensitizing flop receptors to a similar degree as flip recep-
tors (Fig. 6F). This additive effect suggests that the mechanisms
by which CKAMP44 and flop splice variants favor desensitiza-
tion must be different.

Taken together, these data reveal two important findings.
First, entry into and exit out from AMPAR desensitization
can be independently modified by alternative splicing and
distinct auxiliary protein families. Second, alternative splic-
ing of the flip/flop cassette selectively controls claudin-like
regulation of entry into desensitization, targeting TARP y2
and GSGI1L. Modulation by other auxiliary proteins like
CNIH-3 and CKAMP44 are unaffected. From a structural
perspective, this distinction could be explained by the large
extracellular domains of TARPs and GSG1L which transi-
ently engage with the base of the AMPAR LBD. Since rapid
rearrangements of the AMPAR LBD largely dictate desensi-
tization (Sun et al., 2002), alternative splicing may disrupt
specific functional interactions between AMPARs and
TARPs/GSGIL via its impact on LBD stability and intrinsic
receptor mobility (Partin et al., 1996; Quirk et al., 2004;
Twomey et al., 2017; Dawe et al., 2019). Since recovery from
desensitization likely involves larger-scale, slower confor-
mational rearrangements, this gating property is unaffected
by alternative splicing.

Discussion

The present study advances our understanding of alternatively-
spliced AMPAR signaling complexes in several important ways.
First, we establish that two prominent auxiliary subunits, TARP
v2 and CNIH-3, target different gating modalities of the
AMPAR. TARP vy2 primarily acts to attenuate the process of
desensitization, while CNIH-3 prolongs channel closure/deacti-
vation. Second, this inherent distinction in turn predetermines
TARP 2 and CNIH-3 sensitivity to regulation by alternative
splicing of the AMPAR LBD. Alternative splicing of the flip/
flop cassette overrides TARP 2 modulation of gating while
having no effect on CNIH-3, which can be explained by the fact
that alternative splicing, like TARP modulation, selectively tar-
gets desensitization. Third, alternative splicing does not impact
the time course of recovery from desensitization, further sup-
porting the idea that the structural events contributing to entry
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into and exit out from desensitization must be distinct. Consistent
with this, regulation by AMPAR auxiliary subunits known to slow
the recovery time course, namely GSG1L and CKAMP44, occurs
in a splice variant-independent manner.

Auxiliary subunits target different gating modalities of the
AMPA receptor
It is generally accepted that TARPs and CNIHs similarly modify
AMPAR function by slowing the time course of macroscopic
channel gating (Shi et al., 2010; Coombs et al., 2012); how-
ever, recent structural work indicates that the structural basis
must be different (Nakagawa, 2019). Here, our data suggest
that TARP 2 selectively and directly targets AMPAR desen-
sitization. Kinetic analysis demonstrates that TARP 2 pro-
longs long, desensitizing agonist application responses of
AMPARs (Fig. 2) while having only modest effects on the
response to brief, deactivating agonist pulses (Fig. 3). TARP
2 tends to shift the relative contributions of the compo-
nents of current decay rather than alter the individual time
constants, most notably that of the slow component which
likely reflects desensitization. In keeping with this, our lab
has previously shown that AMPAR desensitization is medi-
ated by the rupture of an intersubunit electrostatic bridge at
the LBD apex (Dawe et al., 2016). TARP 72 stabilizes the
base of the LBD dimer via interactions with the KGK motif,
interfering with the rearrangements associated with desensi-
tization (Sun et al., 2002; Meyerson et al., 2014), which in
turn prolongs the duration of gating (Chen et al., 2017). Our
findings are consistent with the proposed TARP-associated
modal gating, where individual receptors transition between
low-Popen and high-Pgp., gating modes, reflecting the fast
and slow components in bi-exponential macroscopic current
decay, respectively (W. Zhang et al., 2014; Howe, 2015).
Although CNIH-3 slows rates into desensitization, we
concluded that it achieves this modulatory effect primarily
by slowing the time course of channel closure/deactivation.
We reasoned that CNIH-3 does not directly regulate recep-
tor desensitization, which agrees with the fact that its allo-
steric effects on AMPARs are insensitive to alternative
splicing (Figs. 4, 5). This conclusion makes sense from a
structural perspective since CNIHs lack an extracellular do-
main and are thus unlikely to contact the LBD (Nakagawa,
2019). In fact, the primary protein-protein interfaces lie
within the membrane at the level of the AMPAR transmem-
brane domain as well as the cytoplasm (Nakagawa, 2019).
The slowing of desensitization observed with CNIHs can
therefore be explained if there is coupling between deactivation
and desensitization. Indeed, others have observed that these
processes are linked (Partin et al., 1996; Trussell, 1998). Given
this, the most parsimonious explanation is that CNIHs indi-
rectly prolong desensitization by a coupling mechanism whereby
deactivation and desensitization proceed in a sequential manner,
with deactivation occurring before desensitization. TARPs
thus hinder desensitization with little effect on deactivation,
while CNIHs slow deactivation which in turn slows desensi-
tization. Three critical transmembrane residues, C528, L789,
and A793, have been identified to mediate CNIH stable asso-
ciation and modulation of AMPAR gating (Hawken et al,,
2017). These residues are proposed to interact with three
bulky phenylalanine residues unique to CNIHs, which may
account for differential gating between TARPs and CNIHs
(Nakagawa, 2019). In addition, the lipid geometry in the
transmembrane region of AMPAR-auxiliary complexes differs
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between TARPs and CNIHs; whether this contributes to func-
tional differences remains to be fully explored (Nakagawa, 2019;
D. Zhang et al., 2021). Overall, we propose that TARPs are more
likely to modulate AMPARs through a concerted contribution
of extracellular and transmembrane components to primarily
affect the process of desensitization. On the other hand, since
CNIHs act exclusively at the level of TMD interactions, we
conclude that they primarily modulate the process of channel
closure/deactivation.

A privileged relationship between TARPs and AMPAR
alternative splicing

Previous work from our lab has reported that flip and flop recep-
tors exhibit distinct movements at rest, where flop receptors are
significantly more mobile than flip receptors. This intrinsic mo-
bility difference predisposes flip and flop receptors to respond
differently to neurotransmitter, allosteric anions, and TARP 2
auxiliary subunits (Dawe et al., 2019). Rapid desensitization of
the flop isoform overrides TARP-mediated slowing of desensiti-
zation, such that flop receptors are relatively insensitive to
TARPs. Here, we shed new light on this observation by demon-
strating that TARP 2 action on flip and flop differs because
TARPs and alternative splicing both target the same gating pro-
cess in opposing ways, but flop regulation dominates (Fig. 4). In
contrast, we show for the first time that CNIH-3 modulation is
insensitive to alternative splicing since CNIHs profoundly slow
the time course of deactivation, which remains unaffected by
splicing. CNIH-3 targets both the fast and slow components of
flop receptor deactivation and, in turn, attenuates flop desensiti-
zation kinetics (Figs. 4, 5).

In this study, we also report that alternative splicing
modifies rates into but not exit out from desensitization,
indicating that these are separable processes (Fig. 6; see also
Dawe et al., 2019). Therefore, we predicted that auxiliary
proteins which primarily function to modify recovery from
desensitization, such as GSG1L and CKAMP44, would be
unaffected by alternative splicing. Indeed, we observed that
both GSG1L and CKAMP44 dramatically slowed the time
course of recovery from desensitization of GluA2 flop
receptors similarly to flip receptors. GSGIL is particularly
interesting, as it is evolutionarily and structurally related to
the TARP family and similarly slows entry into desensitiza-
tion; however, TARP y2 and GSGI1L have distinct effects on
recovery (Twomey et al., 2017). Worthy to note, the modest
slowing of entry into desensitization by GSGIL seen in
GluA2 flip receptors is similarly abolished as with TARPs in
flop receptors, providing further support for the inability of
TARP/GSGIL structural elements to stably engage with flop
isoform LBDs. This suggests that TARPs and GSGIL slow
entry into desensitization through a common set of structural
interactions, likely mediated by their extracellular loops. Whether
allosteric coupling exists between alternative splicing and other
TARP or CNIH isoforms is an interesting avenue for future
study, although we predict that functionally similar Type I
TARPs vy3, y4, and y8 would too be sensitive to the flop
variant, while CNIH-2 would not. The structural basis for
CKAMP44 modulation of AMPARs also awaits investiga-
tion, but our work points to an additive effect of splicing
and CKAMPs on speeding entry into desensitization. Thus,
our work establishes an intimate connection between TARPs/
TARP-like proteins, entry into desensitization, and alternative
splicing in the LBD.
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Others have observed that AMPAR alternative splicing
impacts TARP binding from both a structural and functional
perspective. The stability of AMPAR-TARP complexes was
assessed by co-IP, which indicated that TARP association was
less stable with flop compared to flip receptors (Cais et al.,
2014). The degree of TARP functional modulation on flip ver-
sus flop isoforms was noted to be different but has been largely
overlooked with little mechanistic explanation (Turetsky et
al., 2005; Bedoukian et al., 2006; Kott et al., 2007). Here, we
provide kinetic insight into these distinctions and compare
TARP 12 to other prominent AMPAR auxiliary subunits.

Proteomics studies suggest that most native AMPARs
are bound by at least two TARP molecules (Schwenk and
Fakler, 2021), and thus it is tempting to envisage how allo-
steric coupling between the flip/flop cassette and TARPs
may diversify native AMPAR signaling. Indeed, upon heter-
omerization, GluA1/A2 receptors exhibit a spectrum of
responses shaped by flip/flop content and TARP stoichiom-
etry that is consistent with AMPAR phenotypes from cerebellar
Purkinje and stellate cells (Dawe et al., 2019). Interestingly, alter-
native splicing in the GluA2 subunit dictates the functional out-
put of heteromer-TARP gating, consistent with GluAl decay
kinetics being relatively insensitive to splicing (Quirk et al,
2004). From a structural perspective, GluA2 occupies the posi-
tion in AMPAR tetramers (i.e., B/D positions) that is the main
TARP interacting site(s) in native complexes (Zhao et al., 2019).
Thus, the privileged relationship between TARPs and alternative
splicing, alluded to in this study, leads to the intriguing possibil-
ity of a dynamic interplay between TARP association and RNA
processing that could, for example, be modified by changes in
neuronal activity (Penn et al., 2012; Balik et al., 2013) as a means
to fine-tune AMPAR-mediated excitatory transmission.

Alternative splicing of ion channel/auxiliary subunit
complexes is widespread

The impact of alternative splicing is not unique to the AMPAR/
auxiliary subunit complex but has also been observed in various
voltage-gated channels. For example, the gene encoding the car-
diac voltage-dependent L-type calcium channel (Cav1.2) is alter-
natively spliced at several loci, one of which generates variable
N-termini. Alternative splicing in this region modifies regulation
by both a,6 and B auxiliary subunits in terms of voltage sensi-
tivity, current density, and/or decay kinetics (Cheng et al., 2007).
A similar observation was recently made in the skeletal muscle
voltage-gated calcium channel (Cavl.1). Regulation of Cavl.l
gating properties by the y1 auxiliary subunit occurs in a splice
variant-dependent manner. Specifically, y1 reduced the current
density in the adult Cavl.1a splice isoform but not in embryonic
Cavl.le, while y1 modulation of steady-state inactivation and
surface trafficking was unaffected by alternative splicing (El
Ghaleb et al., 2022). Moreover, the  subunit of the neuronal so-
dium channel Navl.7 is alternatively spliced at two sites, exon 5
and exon 11. Alternative splicing at exon 5 modulates the effect
of B1 auxiliary subunits on the voltage-dependence of activa-
tion, while the length of exon 11 determines how 31 shifts the
voltage-dependence of steady-state inactivation. Since splicing is
evolutionarily conserved across sodium channel isoforms, it is
possible that this type of regulation may be widespread (Farmer
et al,, 2012). Altogether, it is evident that alternative splicing and
auxiliary subunit association confer an unprecedented complex-
ity to the responsiveness of ion channels, allowing them to fulfill
intricate, cell-specific signaling roles in the nervous system and

beyond.
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