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Transmembrane AMPA receptor regulatory proteins (TARPs) are auxiliary AMPA receptor subunits that play a key role in
receptor trafficking and in modulating receptor gating. The ability of TARPs to slow both deactivation and desensitization is
isoform specific. However, TARP isoform-specific modulation of receptor properties remains uncharacterized. Here, we com-
pare the isoform-specific effects of c–2, c–3, c–4, and c–8 TARPs on recovery from desensitization and responses to pairs of
brief applications of glutamate. All four isoforms were able to reduce receptor-mediated paired-pulse depression and signifi-
cantly speed recovery from desensitization in an isoform-specific manner. In the presence of TARPs, recovery time courses
were observed to contain two components, fast and slow. The proportion of fast and slow components was determined by
the TARP isoform. The time constant of recovery was also altered by the duration of glutamate application. When studies
with TARP chimeras were performed, TARP extracellular loops were found to play a vital role in TARP modulation of recov-
ery. Thus, isoform-specific differences in TARP modulation of recovery from desensitization influence receptor responses to
repeated brief applications of glutamate, and these differences may impact frequency-dependent synaptic signaling in the
mammalian central nervous system.
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Significance Statement

AMPA receptors are major determinants of excitatory synaptic strength. The channel kinetics of AMPA receptors contribute
to the kinetics of synaptic transmission. Transmembrane AMPA receptor regulatory proteins (TARPs) auxiliary subunits can
modulate the decay kinetics of AMPA receptors. However, whether TARP isoforms specifically modulate receptor recovery is
unclear. Here, we investigated the recovery kinetics of AMPA receptors by expressing various TARP isoforms and chimeras.
We observed that the TARP isoforms and duration of glutamate application uniquely modulate time constants and the pro-
portion of fast and slow components through a previously unidentified TARP domain. Given the impact of recovery kinetics
on receptor responses to repetitive stimulation such as synaptic transmission, this work will be of great interest in the field of
excitatory synaptic transmission research.

Introduction
AMPA receptors are glutamate-gated ion channels that mediate
fast excitatory synaptic transmission in the mammalian CNS
(Hollmann and Heinemann, 1994; Dingledine et al., 1999;
Erreger et al., 2004; Traynelis et al., 2010). The core AMPA re-
ceptor is formed from homomeric or heteromeric assemblies of
subunits, GluA1-4. Each of these subunits has an N-terminal do-
main (ATD), a ligand-binding domain (LBD), a transmembrane
domain (TMD), and an intracellular C terminus (Traynelis et al.,
2010; Sobolevsky, 2015). A total of four core subunits are needed
to form a functional receptor which recapitulates many of the
properties of native AMPA receptors. However, these receptors
also have auxiliary subunits which modulate receptor trafficking
and their biophysical and kinetic behaviors (Coombs and Cull-
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Candy, 2009; Schwenk et al., 2009; Kato et al., 2010; Jackson and
Nicoll, 2011; Schwenk et al., 2012; Shanks et al., 2012; Yan and
Tomita, 2012; McGee et al., 2015).

Stargazin (TARPg–2) was the first auxiliary subunit identi-
fied for the AMPA receptor, and it was subsequently shown to
be a member of the transmembrane AMPA receptor regulatory
protein (TARP) family of proteins (Hashimoto et al., 1999; Chen
et al., 2000; Bredt and Nicoll, 2003; Tomita et al., 2003). We, and
others, have shown that TARPs modulate receptor responses to
both brief and sustained applications of glutamate in an isoform-
specific manner (Tomita et al., 2005; Turetsky et al., 2005; Cho et
al., 2007; Körber et al., 2007; Kott et al., 2007; Milstein et al.,
2007; Milstein and Nicoll, 2009; Jackson et al., 2011). There are
six TARP isoforms, four Type I TARPs (g–2, g–3, g–4, and g–
8) and two Type II TARPs (g–5 and g–7). Type I TARPs poten-
tiate all AMPAR subunits, while Type II TARPs modulates spe-
cific combinations of subunits (Kato et al., 2008). In addition,
Type I TARPs have both intracellular N and C termini. Their
ability to slow deactivation and desensitization decays of AMPA
receptors appears to depend primarily on sequence elements
which are contained within a large extracellular loop (Ex1)
between the first and second of four transmembrane helices
(Tomita et al., 2004, 2005; Cho et al., 2007; Milstein et al., 2007).

The distribution of Type I TARPs in the CNS is isoform-de-
pendent. For example, g–2 is the primary TARP expressed in
the cerebellum, g–3 and g–8 are expressed mainly in the cere-
bral cortex and hippocampus, respectively, whereas g–4 is dif-
fusely expressed throughout the brain (Tomita et al., 2003;
Fukaya et al., 2005). Because of quantitative differences in the
effect of each TARP isoform on receptor gating, it is hypothe-
sized that regional differences in TARP expression contribute to
synapse-specific differences in the kinetics of EPSCs.

Here, we compare the effects of all four Type I TARP iso-
forms (g–2, g–3, g–4, and g–8) on recovery from desensitiza-
tion and receptor responses to pairs of brief applications of
glutamate. Our results show that different TARPs have distinct
effects on the time course of recovery, and that these differences
result from isoform-specific differences in TARP modulation of
receptor responses to repeated brief applications of glutamate.
Sequence elements in the second extracellular loop (Ex2)
between TM3 and TM4 of Type I TARPs also appear to be the
primary determinants of isoform-specific differences in TARP
modulation of recovery from desensitization.

Materials and Methods
Cell culture and transfection
As previously described, tsA201 cells were maintained and transfected with
a flip splice variant of a GluA1 plasmid (Robert et al., 2001). Individual
GluA1 and TARP clones were co-transfected at ratios of 1:1–1:3.

Chimeras construct generation
PCR was used to construct chimeras with the first extracellular domain
(Ex1) exchanged between TM1 and TM2 (D31 to S105 for g–2 and D31
to S108 for g–4) and between g–2 and g–4 to create g–2(g–4Ex1) and
g–4(g–2Ex1). PCR was also used to create tandem constructs with the
C terminus of GluA1 directly fused to the N terminus of either g–2 or
g–3 (Cho et al., 2007; Morimoto-Tomita et al., 2009). Chimeras with the
second extracellular domain (Ex2) between TM3 and TM4 (from V155
to Y181 in g–2 and V158 to Y186 in g–4) interchanged between g–2
and g–4 were also constructed by performing overlap extension PCR to
create g–2(g–4Ex2) and g–4(g–2Ex2), as well as double chimeras with
both extracellular domains swapped between g–2 and g–4 to create g–
2(g–4Ex1Ex2) and g–4(g–2Ex1Ex2). The final constructs were verified
by DNA sequencing. Nucleotide sequences of the two sets of primer

pairs used for the construction of g–2(g–4Ex2) and g–2(g–4EX1Ex2)
are the following:

59–GCTCTAGAATGGGGCTGTTTGATCG–39
59–CCCAAGCTTTCAAACGGGAGTCG–39
59–GACAAGCGTGACGAAGACAAGAAGAACCATTACAACTAC

GGCTGGTCTTTTTACTTCGGGGCCCTGTCCTTC–39
59–CTTGTCTTCGTCACGCTTGTCACTGGGGTCGCCCGTGTT

GCTGGAAATGTAGACGATGATCCCGATGATATTACTAAGAC–39.
The chimeras, g–4(g–2Ex2) and g–4(g–2EX1Ex2), were con-

structed by using the following primers:
59–GCTCTAGAATGGTGCGATGCGAC–39
59–CCCAAGCTTTCAAACGGGAGTCG–39 59–CTCCAAGAGTG

ACTCCAAAAAGAACAGCTACTCCTACGGCTGGTCCTTCTACTT
TGGAGCCCTGTCGTTTATTG–39

59–CTTTTTGGAGTCACTCTTGGAGGGGTCTCCAGCATTGGC
TGATATATACACGATGATGCCGATGATATTACTG–39.

Electrophysiology
Recordings from outside-out patches were performed 1–3 d posttrans-
fection at room temperature with an EPC-9 amplifier (HEKA) as previ-
ously described (Robert and Howe, 2003). The holding potential was –
100mV. The external solution used was composed of the following: 150
mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM glucose, and 10
mM HEPES (pH 7.4). Patch pipettes (open tip resistance, 3–8 MV) were
filled with a solution containing the following: 135 mM CsF, 33 mM

CsOH, 2 mM MgCl2, 1 mM CaCl2, 11 mM EGTA, and 10 mM HEPES (pH
7.4), for all experiments (Figure 1 and others) except those represented
in Figure 2 (which used a KF-based internal solution). No obvious differ-
ences were observed between use of the two internal solutions in our
experiments.

Glutamate was added to the external solution and was applied with
theta glass pipettes mounted on a piezoelectric bimorph (Robert and
Howe, 2003). The 10–90% rise times of agonist-evoked currents typically
ranged from 0.4 to 0.6ms, and the rate of solution exchange (estimated
from open-tip potentials) ranged from 100 to 200 ms. The bath was
superfused constantly with normal external solution flowing at a rate of
1 ml/min.

Agonist-evoked currents recorded in outside-out patches were ana-
log low-pass filtered at 3 kHz and written directly to the hard drive of the
computer at sampling rates of 10–20 kHz. Recovery data were obtained
from two-pulse protocols. The peak amplitude of the current evoked by
the second pulse was expressed as a fraction of the response to the paired
first pulse. Mean results from several patches were fitted with double
Hodgkin-Huxley-type (H-H-type) equations as described elsewhere
(Robert and Howe, 2003; Erreger et al., 2004; Zhang et al., 2006).

Statistics and data analysis
All analyses were performed using IgorPro software (Wavemetrics). For
statistical analyses, the Shapiro–Wilkes test was used for normality com-
parisons. After normality was confirmed, a two-tailed Student’s t test or
one-way ANOVA followed by Bonferroni’s post hoc test and two-way
ANOVA were used for statistical comparisons; p , 0.05 was considered
significant.

Results
Differences in TARP modulation have been noted between dif-
ferent GluA subunits (Turetsky et al., 2005; Kott et al., 2007), yet
the main features of TARP modulation of AMPA-receptor gat-
ing are similar (Cho et al., 2007). For GluA1 receptors, they
recover more slowly from desensitization in the absence of
TARPs than receptors formed by other GluA subunits (Robert
and Howe, 2003; Robert et al., 2005). Consequently, this slower
recovery of GluA1 receptors facilitates detection and quantifica-
tion of increases in their rate of recovery. Therefore, GluA1 was
selected for GluA/TARP co-expression studies in which the abil-
ity of TARP isoforms to speed recovery from desensitization was
examined.
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TARPmodulation of paired-pulse responses
Paired-pulse stimulation is widely used to examine repetitive
responses to presynaptic glutamate release. These responses are
affected not only by presynaptic regulation, but also by postsy-
naptic regulation. When brief applications of glutamate are
repeated with short intervals, the amplitude of the peak currents
declines along the time course the current would have followed if
glutamate had been applied continuously (Raman and Trussell,
1995). The envelope of peak currents evoked at short intervals
matches the desensitization time course because AMPA-receptor
activation and desensitization proceed in parallel from a com-
mon set of short-lived closed states (Patneau and Mayer, 1991;
Vyklicky et al., 1991; Raman and Trussell, 1992, 1995; Jonas et
al., 1993; Partin et al., 1996; Robert and Howe, 2003). Notably,
AMPA-receptor activation and desensitization proceed even af-
ter glutamate is absent from the external solution. We previously
demonstrated that TARP isoforms g–2 and g–8 both blunt the
decline of GluA1 currents in response to a train of 2-ms applica-
tions of glutamate (Cho et al., 2007). Moreover, this modula-
tion occurred when both short and long interpulse intervals
were used. To further study this modulation in the present
study, we co-expressed each TARP isoform with GluA1 in
tsA201 cells and performed outside-out patch recordings.
Briefly, after a 2-ms application of 10 mM glutamate was
applied by a piezo electric device, paired-pulse data were col-
lected for each of the four Type I TARPs at interpulse inter-
vals ranging from 10 to 500ms (Fig. 1).

Each of the four Type I TARPs reduced receptor-mediated
paired-pulse depression with 10ms intervals (Fig. 1A). These
short interval data are consistent with previous evidence that all
four TARPs induce a slower fade of current during a sustained
application of glutamate, thereby reflecting a slower entry of
receptors into a desensitized state (Priel et al., 2005; Tomita et al.,
2005; Turetsky et al., 2005; Cho et al., 2007; Milstein et al., 2007).
TARPs slow deactivation and desensitization fade by selectively
speeding receptor activation, resulting in a 2- to 4-fold increase
in the average number of openings that occur before the receptor
desensitizes (Tomita et al., 2005; Cho et al., 2007; Zhang et al.,
2014; Howe, 2015; Carbone and Plested, 2016). TARP isoforms
have previously been characterized according to their modula-
tion of desensitization (and deactivation). For example, TARPs
g–2 and g–3 produce a similar slowing of desensitization,
whereas TARPs g–4 and g–8 exhibit 2-fold slower desensitiza-
tion (Cho et al., 2007; Milstein et al., 2007). Therefore, we
hypothesized that g–2 and g–3 would produce similar effects
on receptor-mediated paired-pulse depression, and that the
reductions observed with these two isoforms would be less than
the reductions observed with g–4 and g–8 (which would also be
similar to each other). This hypothesis was confirmed with g–2
and g–3, and g–4 and g–8, exhibiting similar paired-pulse
depression for each pair, and the former reduction being less
than the latter (Fig. 1B). Thus, TARP isoforms appear to exhibit
distinct recovery kinetics.

TARPmodulation of recovery from desensitization
Rate of recovery from desensitization also influences receptor-
mediated paired-pulse depression. Previous reports have noted
that g–2 speeds recovery and destabilizes the desensitized states
of the receptor (Priel et al., 2005; Turetsky et al., 2005). In addi-
tion, we have shown that g–2 and g–8 reduce paired-pulse
depression in response to brief applications of glutamate at inter-
pulse intervals which are too long to be influenced by the rate at
which the receptors desensitize (Cho et al., 2007).

To further investigate the effect of TARPs on receptor recov-
ery from desensitization, we performed conventional two-pulse
protocols (Fig. 2A–E). Briefly, an initial sustained application of
10 mM glutamate (50 or 100ms) was used to establish steady-
state desensitization. This application was subsequently repeated
at various intervals after completing the first application. The en-
velope of the peak currents evoked by the second application
potentially indicate the rate at which the receptors recover from
desensitization. However, changes in other rate constants can
also influence the envelope of the peak currents. In order to pool
results from multiple patches, the amplitude of the peak current
evoked by the second application (measured from the steady-
state current at the end of the first response) was expressed as a
fraction of the amplitude of the peak current evoked by the first
application with which it was paired. Mean results for GluA1
alone and for GluA1 co-expressed with each of the four TARP
isoforms are shown in Figure 2F. All four TARPs significantly
hastened recovery from desensitization. When the data for

Figure 1. The effects of all Type I TARPs on receptor-mediated paired-pulse depression.
A, Responses to brief (2 ms) pulses of 10 mM glutamate applied (indicated with arrows) at
an interval of 10ms to individual outside-out patches from cells expressing GluA1 alone or
cells co-transfected with GluA1 and the indicated Type I TARP. B, Results for receptor-medi-
ated paired-pulse depression at various interpulse intervals. Two brief (2 ms) applications of
10 mM glutamate were made at intervals varying from 10 to 500 ms to patches from cells
expressing GluA1 alone (no TARP) or co-expressing GluA1 with the indicated Type I TARP.
The results (mean 6 SEM, n= 5–9 per data point) are expressed as the ratio of the peak
amplitude (measured from baseline) of the second and first responses (P2/P1). The mean
values obtained at each interval were compared with one-way ANOVA. At all of the intervals
tested, the mean value for GluA1 alone (without TARP) significantly differed from the corre-
sponding values for GluA1 expressed with each of the four TARPs (20 comparisons: p, 0.05
for A1 vs A1 coexpressed with g�2 at 20 and 200 ms, p, 0.01 for the 18 remaining com-
parisons). For the interpulse intervals, the g�2 and g�3 values significantly differed from
the g�4 values at all of the intervals (p, 0.05 at 200 ms for g�3; p, 0.01 for the
other nine comparisons) and from the g–8 value at the 50-ms interval (p, 0.05). The
g�2 and g–8 values also significantly differed at the intervals ranging from 20 to 200 ms
(p, 0.01). The values obtained for GluA1 with g�2 or g�3, or with g�4 or g–8, did
not differ within each set. There were no significant differences between the TARPs at an
interpulse interval of 500 ms.
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specific interpulse intervals were compared with one-way
ANOVA, the recovery associated with each Type I TARP was
found to be greater than the recovery achieved with GluA1 alone
at intervals longer than 20ms and shorter than 200ms
(p, 0.05). In addition, the recovery time courses for g–2 and
g–3 were nearly identical, while TARPs g–4 and g–8 similarly
mediated significantly faster recovery than g–2 or g–3 (Fig. 2).
These results are consistent with desensitization and deactivation
data previously reported for each TARP isoform (Cho et al.,
2007). As a result, the four Type I TARPs have been divided into
two subgroups based on their speed of receptor recovery from
desensitization. However, while several traces of GluA1 with
TARPs showed rebounding of current (Fig. 2), rebounding was
not consistently observed in this study. For example, a total of
246 9% of the traces showed rebounding events, and their inci-
dence was random. The latter result is consistent with modal gat-
ing (Zhang et al., 2014) than superactivation, which occurs more
consistently with prolonged glutamate application (Carbone and
Plested, 2016).

We previously reported that the recovery time course
for GluA1 is sigmoidal in shape, and is adequately fitted by a

H-H-type equation. For the latter, the current at time t is It =
(Imax

1/m – (Imax
1/m – I0

1/m)exp(-t/t ))m, where I0 is the current at
t= 0, Imax is the peak current at long interpulse intervals, t is the
recovery time constant, and the exponent, m, represents the
number of equivalent independent steps along the recovery path-
way. In Figure 2, the fit to the mean data for GluA1 alone pro-
duced a time constant of 196ms and an m value of 1.4,
consistent with previous results (Robert et al., 2001). When
GluA1 receptors were co-expressed with TARPs, the recovery
time courses still exhibited a good fit with the double H-H-type
equation, especially for the short interpulse intervals (Fig. 3). The
data are also similar to those reported for GluA2 in a previous
study (Zhang et al., 2006). The expanded time-scaled insets (Fig.
3A) illustrate where differences in the double H-H-type equation
fit were observed. This fit estimates both fast (t1) and slow time
(t 2) constants, as well as the fraction of fast (R1) and slow (R2,
R11R2=1) components. Weighted t recovery (t recovery) was
calculated with the equation: R1 * t1 1 R2 * t 2. As shown in
Figure 2F, the four Type I TARPs can be categorized according
to weighted t values to form two subgroups. While all of the
TARP subtypes exhibited reduced weighted t values compared

Figure 2. Distinct effects of TARP isoforms on recovery from desensitization. A–E, Results obtained by using two-pulse recovery protocols for GluA1 alone (no TARP) and GluA1 co-expressed
with the indicated TARPs. Sustained applications of 10 mM glutamate (100ms for A–C, E, or 50 ms for D; indicated with black bars above traces) were followed by a second application of 10
mM glutamate that was made at increasing interpulse intervals. F, Quantification of recovery from desensitization data are presented in panels A–E. The results are expressed as the peak ampli-
tude of the second response relative to the first response (P2/P1). The peak amplitudes were measured from the steady-state current at the end of the first application of glutamate. The data
(mean6 SEM) for each group were pooled (n= 5 or 6 patches per group). The fitting curves are composed of double H-H-type components.
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with GluA1 without TARP (no TARP; Fig. 3E), the weighted t
values for g–4 and g–8 were significantly smaller than those for
g–2 and g–3 (Fig. 3E). Similarly, all four TARP isoforms signifi-
cantly increased the proportion of the fast component of recov-
ery compared with the GluA1 receptor (Fig. 3H), although g–4

and g–8 significantly increased both the fast and slow time con-
stants of recovery more than g–2 and g–3 (Fig. 3F,G). These
results suggest that the proportion of each component for each
TARP defines two subgroups, g–2 and g–3 versus g–4 and g–
8, for determining AMPAR recovery kinetics.

Figure 3. TARP isoforms enhance a fast component of recovery. A–D, Recovery data obtained following sustained 100-ms applications of 10 mM glutamate to individual patches from cells
co-transfected with GluA1 and g�2 (A), g�3 (B), or g�4 (C), or transfected with GluA1_g�2 tandem (D). The red and black curves in each panel are one- and two-component H-H-
type fits of the results, respectively. The data deviate systematically from the one-component fits (arrows in panel B point to such crossing points). In panel A, the time scale of the inset is
expanded to better show the results obtained at short interpulse intervals. The time constants (relative amplitudes) from the two component fits are shown. E–H, Quantification of the recovery
data for GluA1 alone (without TARP), GluA1 co-expressed with each of the Type I TARPs, and the two GluA1_TARP tandems (n= 5–7 patches per group). Data are presented as the mean6
SEM for the weighted t of recovery (E), time constants (F, G), and the relative amplitude of the fast recovery component (H). For each parameter, the values were compared with one-way
ANOVA followed post hoc with Bonferroni’s multiple comparisons (E–H); *p, 0.05, **p, 0.01, ***p, 0.001. Different colored asterisks indicate a significant difference compared with “no
TARP” (black), g�2 (red), and g�4 (blue).
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We previously reported that exposure to glutamate causes
rapid functional uncoupling of TARP-receptor complexes and a
reduction in TARP modulation of receptor gating (Morimoto-
Tomita et al., 2009). Moreover, these effects occur secondary to
the conformational changes that accompany glutamate-induced
desensitization (Morimoto-Tomita et al., 2009). Therefore, we
hypothesized that TARPs mediate distinct effects on recovery
from desensitization which are reflected in differences in desensi-
tization-induced functional uncoupling of TARP and receptors.
To test this hypothesis, we used tandem constructs with the C
terminus of GluA1 fused directly to the N terminus of either g–
2 or g–3. Previous studies of a GluA1-g–2 tandem construct
showed that the resulting receptors exhibited many of the signa-
ture features of receptor gating modulated by g–2 (Morimoto-
Tomita et al., 2009). For example, the GluA1-g–2 tandem
slowed desensitization and enhanced steady-states to a similar
extent as GluA1 co-expressed with g–2. In Figure 3D–H, recov-
ery from desensitization for the two GluA1 tandem constructs
tested in the present study is shown. Both tandems enhanced re-
covery from desensitization similar to co-expression of GluA1
with g–2 and g–3, and the results from each tandem did not dif-
fer from each other (Fig. 3E–H).

TARPs speed recovery from desensitization more effectively
for brief applications of glutamate than for sustained
applications of glutamate
Presynaptic spike rate and release probability are two factors
which primarily determine the frequency of fast synaptic trans-
mission. As an important property of AMPAR, recovery from
desensitization also contributes to the frequency of fast synaptic
transmission during repeated glutamate release from presynaptic
terminals (Trussell and Fischbach, 1989; Trussell et al., 1993;
Chen et al., 2002; DiGregorio et al., 2007; Devi et al., 2016; Lu et
al., 2017). It has been demonstrated that fast synaptic transmis-
sion can be mimicked with brief applications of glutamate to
receptors. In a previous study, both g–2 and g–8 were able to
reduce paired-pulse depression in response to brief applications
of glutamate (Cho et al., 2007). In the present study, all four
TARPs were able to speed recovery from desensitization induced
by sustained glutamate applications (Figs. 2, 3). In contrast, brief
applications of glutamate did not achieve complete desensitiza-
tion of all channels. Therefore, we compared the effect of g–2
and g–3 on GluA1 recovery following both brief and sustained
applications of glutamate. Both g–2 and g–3 were able to speed
recovery following a brief application of glutamate more effec-
tively than following a sustained application of glutamate (Fig.
4). When recovery of GluA1 with g–2 was compared between
the two application protocols, the receptors appeared to begin re-
covery following a brief application of glutamate, while the major
proportion of receptors remained in a desensitized state follow-
ing a sustained application of glutamate (Fig. 4A, right panel).
To directly compare recovery from brief and sustained applica-
tions of glutamate, we measured both recoveries from the same
patch of GluA1 with g–3. Faster receptor recovery was observed
following brief applications of glutamate rather than following
sustained applications when different time points were compared
(Fig. 4B). Each plot of mean g–2 and g–3 data fit well with the
double H-H-type equation (Fig. 4C). In addition, when recovery
time courses from these two protocols were fitted with the dou-
ble H-H-type equation, the time constants for both the slow and
fast components were significantly faster for the brief applica-
tions of glutamate than for the sustained applications of gluta-
mate (Fig. 4D). However, the proportion of the fast component

of recovery (R1) did not statistically differ between the brief and
sustained applications of glutamate (Fig. 4D). The mean data
obtained for g–2 and g–3 also did not significantly differ
(p. 0.05; two-tailed Student’s t test). Similarly, the mean plot of
g–2 and g–3 pooled data showed faster recovery from brief glu-
tamate applications than from sustained applications of gluta-
mate (Fig. 4E). Taken together, these results suggest that TARP
speeds the release of a large number of channels from desensiti-
zation states during a brief application of glutamate.
Furthermore, the proportion of fast component which escapes
desensitization and is available to open and respond to the next
glutamate pulse appears to be TARP isoform dependent, yet is
independent of the initial duration of glutamate, despite the
speed of recovery being faster with a brief pulse.

To validate the above hypothesis, we tested varying durations
of glutamate applications on receptors co-expressed with g–2
and g–3 (Fig. 5). Our results demonstrate that the longer the
receptors are subjected to glutamate, the higher the proportion
of receptors that are in a desensitized state at the end of the appli-
cation. In addition, recovery from desensitization appears to be
influenced by the duration of the first application of glutamate.
For example, for the same interpulse interval, the recovery pro-
portion was much larger for a 2-ms preapplication than for a 10-
ms application (Fig. 5A,B, pink and blue lines, respectively). The
largest proportion was observed at 10- and 20-ms interpulse
intervals (the time intervals between glutamate-off timing of the
first pulse and glutamate-on timing of the second pulse) for
receptors expressed with g–2 and g–3 (Fig. 5A,B). However,
when the duration of the first pulse was longer than 20ms, the
proportion of channel recovery was similar (Fig. 5C). These
results indicate that most of the channels entered a desensitiza-
tion state, and then a similar recovery from desensitization was
observed when the duration of the first pulse was 50ms, 100ms,
or longer (Fig. 5C). When the paired-pulse ratio with different
glutamate application times for the first pulse was fitted by an ex-
ponential function, the time constants (tP1) were;4ms for g–2
and g–3 at the 10-ms interpulse interval (Fig. 5C,D). These
results indicate that the shorter the duration of the first gluta-
mate application, the greater the number of receptors which will
respond to glutamate re-stimulation at the same interpulse inter-
val (Fig. 5C). At 10-ms interpulse intervals, only 10% of the
receptors recovered from desensitization when the first applica-
tion time exceeded 20ms (Fig. 5C). Time constants (tP1) were
also found to be independent of the interpulse interval (Fig. 5D).
Taken together, these data indicate that the proportion of chan-
nels entering different desensitization states is independent of
the duration of glutamate exposure.

Role of the Ex1 domain in TARP isoform-specific
modulation of recovery
Previous studies of chimeric receptors have shown that TARP
modulation of activation gating is largely determined by
sequence elements present within their first extracellular domain
(Ex1; (Tomita et al., 2005; Cho et al., 2007; Milstein et al., 2007).
Given the above-noted differences between the two TARP subfa-
milies in modulating desensitization and deactivation gating, our
recovery data further suggest that the two TARP subfamilies (g–
2, g–3 and g–4, g–8) also differ with respect to TARP modula-
tion of recovery from desensitization (Figs. 2, 3). To test whether
isoform-specific differences in modulation of recovery also
depend on sequence elements within Ex1, we compared recovery
when GluA1 was co-expressed with g–2 or g–4, and when the
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Figure 4. Duration of glutamate application contributes to the time constants of recovery. A, Data obtained from a two-pulse recovery protocol (black traces) with 2- and 100-ms applica-
tions of 10 mM glutamate (indicated with black bars above traces on the right), respectively. The patch was excised from a cell co-transfected with GluA1 and g�2. The left panel shows the
complete dataset, while the right panel shows the results for the first seven interpulse intervals on an expanded time scale (arrows indicate the onset of the second glutamate application). In
each panel, the red traces show the inward current (average of 20 responses) elicited by a single 100-ms application of 10 mM glutamate (indicated with red bars above the traces on the right)
to the same patch immediately before the recovery protocol was run. B, A more rapid recovery is observed when the first glutamate application is short. Recovery data were obtained from the
same patch co-expressing GluA1 with g�3 from protocols in which the first application of glutamate was either 2 ms (gray circles) or 100 ms (black circles) in duration. For interpulse intervals
shorter than 100 ms, the peak amplitude of the second response was estimated from the amplitude evoked by a 100-ms application at the same postapplication time. For intervals of 100 ms
or more, the peak amplitude of the second response was measured from the amplitude of the steady-state current. C, The mean plot for g�2 and g�3 for the first 2-ms application of glu-
tamate is provided in the inset with an expanded initial time scale. The curve fits to each set of results contain two H-H components. Values from the fit are provided under their respective
trace symbols. D, Quantification of recovery data from GluA1 with either g�2 or g�3 as the time constants (t 1, t 2) of the fast and slow components, and the relative proportion of the
fast component (R1). Comparison of data for the brief 2-ms (n= 4 for g�2 and n= 6 for g�3) and 100-ms sustained (n= 9 for g�2 and n= 6 for g�3) first applications of glutamate
to GluA1 with either g�2 or g�3. The time constant for each component is faster when the first application is short. However, the proportion of the fast component (R1) did not vary with
the duration of the first application. E, The mean plot of recovery following brief and sustained applications of glutamate of pooled data from g�2 and g�3 (n= 10–15). Since the mean
parameters were similar between g�2 and g�3, both sets of data were pooled for comparison of brief and sustained pulses of initial glutamate application. Data are presented as mean6
SEM; **p, 0.01, ***p 0.001, two-tailed Student’s t test.
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Ex1 domains of TARPs g–2 and g–4 were interchanged in two
chimera constructs.

Swapping the Ex1 domain of g–4 with that of g–2 to form
g–4(g–2Ex1) resulted in slower recovery from desensitization
and a recovery time course similar to that for g–2 (Fig. 6).
Similarly, replacement of the Ex1 domain of g–2 with the Ex1
domain from g–4 to create g–2(g–4Ex1) also slowed recov-
ery from desensitization (rather than speeding it; Fig. 6A,B).
However, g–2(g–4Ex1) exhibited a recovery time course
which differed from those of native g–4 and g–2 (Fig. 6A,B).
These results indicate that glutamate receptor recovery is not
only modulated by the Ex1 domain, but also by other regions
of TARPs. This is an unexpected result since the two chimeras
studied, g–2(g–4Ex1) and g–4(g–2Ex1), were predicted to
show inverse differences in modulation of desensitization gat-
ing based on our previous characterization of g–2 and g–4
(Cho et al., 2007).

Both Ex1 and Ex2 domains contribute to TARP isoform-
specific modulation of recovery
TARPs are transmembrane proteins which contain two extracel-
lular domains (Ex1 and Ex2; Tomita et al., 2005). Both Ex1 and
Ex2 of g–2 have been shown to contribute to regulation of
AMPA receptor gating (Twomey et al., 2016; Zhao et al., 2016;
Ben-Yaacov et al., 2017; Riva et al., 2017). The results presented
above indicate that speeding of recovery by TARPs is not deter-
mined by the Ex1 domain alone. To further investigate the
observed difference in recovery for the two kinds of TARPs, two

additional chimera constructs were assembled with the extracel-
lular domains of g–2 and g–4 swapped. These double chimeras
were co-expressed with GluA1 to compare recovery from desen-
sitization. The g–2 double chimera with the Ex1 and Ex2
domains of g–4 [g–2(g–4Ex1Ex2)] did speed recovery from
desensitization. Moreover, the recovery time course was similar
to that of g–4. When the Ex1 and Ex2 domains of g–4 were
replaced with the Ex1 and Ex2 domains of g–2 [g–4(g–
2Ex1Ex2)], recovery from desensitization was also slowed, and
the recovery time course was similar to that observed with co-
expression of g–2 (Fig. 6C–F).

As described above, a brief application of glutamate was
found to speed recovery from desensitization for receptors co-
expressed with g–2 and g–3 (Fig. 4). Therefore, we wanted to
investigate whether the g–2(g–4Ex1Ex2) and g–4(g–2Ex1Ex2)
double chimeras would also exhibit the same characteristic.
Following expression of GluA1 and g–4(g–2Ex1Ex2), ;80% of
the receptors recovered from desensitization after a short pulse of
glutamate (Fig. 7A–C), whereas only ;50% of the receptors recov-
ered following a sustained pulse of glutamate (Figs. 7C, dashed line,
6E) at the 100-ms interpulse interval. Similar to g–2 and g–3 (Fig.
4C), the proportion of the fast recovery component was similar for
both chimeras with brief and sustained applications of glutamate.
However, for g–2(g–4Ex1Ex2), the proportion of the fast compo-
nent of recovery for both the brief and sustained pulses reached
;80% (similar to g–4), while the proportions for g–4(g–
2Ex1Ex2) were ;40% (similar to g–2; Fig. 7D). Thus, exchanging
both the Ex1 and Ex2 domains swapped the recovery phenotypes of
g–2 and g–4.

Figure 5. Recovery from desensitization depends on the duration of glutamate exposure, but not on the interpulse interval. A, B, Representative responses of GluA1 co-expressed with either
g�2 (A, 10-ms interpulse interval) or g�3 (B, 20-ms interpulse interval) to paired-pulse (each trace shown in different colors) or sustained (red traces) glutamate applications. Paired-pulse
protocols varied the duration of the first application of 10 mM glutamate while keeping the interval between the first and second applications constant. The peak amplitude of the second
response declined as the duration of the first application increased. C, Quantification of a 10-ms interpulse interval trace for g�2 and g�3 shows relative current (ratio of the second and
first peak amplitudes) plotted as a function of the duration of the first application. The peak amplitude of the second response was estimated by subtracting the current evoked by a 100-ms
application of glutamate as the baseline (similar to the red traces in A, B). The results were fitted with exponential functions to determine the indicated time constants (t P1). D, Time constants
(t P1) obtained for g�2 and g�3 (which did not significantly differ) at four different interpulse intervals (n= 3 or 4 values per group). Data are presented as mean6 SEM.
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The Ex2 domain determines the proportion of different
components of recovery
We observed that the recovery time courses of the double chime-
ras, g–2(g–4Ex1Ex2) and g–4(g–2Ex1Ex2), closely approxi-
mate those of g–4 and g–2, respectively. In contrast, an
exchange of the Ex1 domain alone did not produce a similar
effect. To test the hypothesis that the Ex2 domain is responsible

for modulating AMPA receptor recovery from desensitization,
the Ex2 domain was exchanged between g–2 and g–4, and then
recovery from desensitization was examined for each chimera.
Recovery data following a sustained pulse of glutamate is shown
in Figure 8 for g–2(g–4Ex2) and g–4(g–2Ex2). Indeed, replac-
ing the Ex2 domain of g–2 with that of g–4 to form g–2(g–
4Ex2) did speed recovery from desensitization (Table 1; Fig. 8A,

Figure 6. TARP extracellular loops 1 and 2 dictate isoform-specific speeding of recovery from desensitization. A, B, Recovery from desensitization for GluA1 with TARPg�2, g�4, and their
chimeras. TARP chimeras were constructed by swapping the first extracellular loop (Ex1) of g�2 and g�4. The chimeras were then co-expressed with GluA1 and recovery from desensitiza-
tion was measured from the start of a 100-ms preapplication of 10 mM glutamate. The red and blue smooth solid curves are the two-component fits to the data for GluA1 with the g�2 carry-
ing g�4Ex1 chimera (red circles, blue border, n= 5) and for GluA1 with the g�4 carrying g�2Ex1 chimera (blue circles, red border, n= 7), respectively. Inserting the Ex1 domain of
g�2 into g�4 slows recovery and produces a recovery time course which is more similar to g�2. Inserting the g�4 Ex1 domain into g�2 slows recovery as well. GluA1 with
TARPg�4 (blue dotted curves) and GluA1 with TARPg�2 (red dotted curves) from Figure 2 are shown. B, Quantification of the weighted time constant of recovery (t recov) for g�2, g�4,
and the two Ex1 chimeras. C, D, Representative two-pulse recovery protocols performed on patches excised from cells co-expressing GluA1 and TARP chimeras in which both extracellular
domains (Ex1 and Ex2) were swapped between g�2 and g�4. E, Recovery data in C, D were fitted with two-component H-H-type equations. Co-expression of the g�2(g�4 Ex1Ex2) chi-
mera results in faster recovery than co-expression of the g�4 chimera containing the two extracellular domains of g�2. g�4 (blue dotted curves), g�2 (red dotted curves). Comparison
data are from Figure 2. F, Summary of weighted recovery time constants for GluA1 receptors co-expressed with g�2, g�4, or one of the two TARP double chimeras (n= 5–8 values per
group). Data are presented as mean6 SEM; *p, 0.05, **p, 0.01, ***p, 0.001, one-way ANOVA followed post hoc by Bonferroni’s multiple comparisons. Different colored asterisks indi-
cate a significant difference compared with g�2 (red), g�4 (blue), and g�4(g�2 Ex1) in B or g�4(g�2 Ex1Ex2) in F (black).
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C). Furthermore, the recovery time course was much faster than
that observed with g–2. Conversely, the chimera with the Ex2
domain of g–2 slowed the recovery from desensitization, with a
recovery time course similar to g–2 (Table 1; Fig. 8B,C). While
the time constants of recovery (weighted t ; Table 1) were not
fully swapped, the proportion of fast component of recovery
(R1) for the Ex2 domain exchange approximated that of g–2
and g–4. In particular, the R1 value of the g–4(g–2Ex2) chi-
mera was nearly the same as g–2 (Table 1; Fig. 8C,D). These
results suggest that the Ex2 domain determines the proportion of
fast and slow components.

Kinetic model for GluA1 alone and GluA1 with TARPs
When the onset of desensitization was analyzed (Table 2), the
slow phase of the onset of desensitization, as well as recovery
from desensitization, were both observed to correlate well, except
for the chimeric mutant, g–2(g–4Ex1). The latter had a Pearson
coefficient value of –0.83, which suggests that its slow phase of
desensitization relates to its recovery kinetics. For the 100-ms
pulses, the slow phase of desensitization varied between 7.3 and
18ms (Table 2), while the slow rate of recovery varied between
80 and 200ms (Fig. 3G). Since these two aspects significantly dif-
fer, we conclude that the slow phase of desensitization does not
correspond to a slow rate of recovery.

Next, we aimed to establish kinetic models for GluA1 alone
and GluA1 with TARPs by modifying our previous model to
include 16 states (Fig. 9A; 2003 Howe model; Robert and Howe,

2003). When we modeled the recovery of GluA1 alone with 2-
and 100-ms applications of glutamate in the 2003 Howe model, a
faster recovery was predicted for the shorter glutamate applica-
tion (Fig. 9B). However, when the curves were compared with
the experimental values obtained (Fig. 9B), there were differen-
ces. To address these differences, we modified the rate constants
of the 2003 Howe model. The rate constants in the 2003 Howe
model were originally estimated from recovery data fitted with a
single H-H-type equation (Robert and Howe, 2003). However,
our recovery kinetics fit well with double H-H-type equations
(Figs. 3, 4). In addition, we compared both desensitization and
deactivation kinetics. Thus, we modified the rate constants
(delta1, from 1800 to 2500; delta2 from 200 to 50; K-2 from 0.41
to 1.5) to better fit the double H-H-type equations (Table 3), and
this is referred to as the 2020 Howe model (M2020). With this
revised model, we were able to better simulate GluA1 kinetics
(Fig. 9C).

We next modeled TARPed AMPARs. We observed that
TARPg–2 hastened recovery from both brief and sustained
pulses of glutamate (Figs. 2-4). To determine which rate con-
stants can reduce both recovery time constants, we altered each
of the rate constants in the 2003 Howe model to represent 10-
fold increases and 10-fold decreases as extreme cases (Table 4).
These systematic changes were used to examine possible effects
of the values on the kinetics of desensitization, recovery, and
deactivation. Only an increase in gamma1 reduced substantially
recovery following the 100-ms pulse. Therefore, we predict that

Figure 7. The effect of TARP extracellular domains on recovery from brief glutamate exposure. Responses of patches co-transfected with GluA1 and TARP chimeras to brief (2 ms) and sus-
tained (100ms) glutamate applications were measured. A, B, Two-pulse recovery protocols for the TARP double Ex chimeras [g�2(g�4 Ex1Ex2) and g�4(g�2 Ex1Ex2)] to a 2-ms appli-
cation of 10 mM glutamate. Red traces represent the current evoked in the respective patches by a 100-ms application of 10 mM glutamate just before collecting the recovery data. An average
of 20 responses were used as the baseline current for measuring peak current amplitudes evoked by brief pulses at short interpulse intervals. C, Recovery data from the traces in A, B fitted
with two-component H-H equations (shown as curves). Recovery data in response to 2-ms applications of glutamate are represented by solid lines. Recovery data in response to 100-ms appli-
cations of glutamate (shown as dashed lines) were taken from Figure 6 for comparison. D, Quantification of the proportion of the fast component of recovery (R1) obtained from fitting recovery
data from protocols with brief (2 ms) and sustained (100ms) first applications of glutamate for the two TARP chimeras and the corresponding values from sustained first application protocols
for wild-type g�2 and g�4 (n= 3–8). Data are presented as mean6 SEM; **p, 0.01, one-way ANOVA followed post hoc by Bonferroni’s multiple comparisons. Different colored asterisks
indicate a significant difference compared with g�2 (red), g�4 (blue), and g�4(g�2 Ex1Ex2) (black).
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TARPg–2 increases gamma1 to affect recovery from desensi-
tized states. Furthermore, a 2-fold increase in gamma1 (from 7.6
to 15.0 s–1) mimicked a change in the recovery kinetics observed
for TARP co-expression (Tables 3, 5; Fig. 9D).

We previously observed that TARP can accelerate the gating
of AMPARs (Tomita et al., 2005), and this increase in gating
kinetics is referred to as “b ”. Therefore, we decided to further
model GluA1 with TARPg–2 with respect to b . We
observed that a 3.1-fold increase in b successfully repli-
cated the onset of desensitization (Tables 3, 5; Fig. 9D).
This result is consistent with the ability of TARPs to slow
both desensitization and deactivation. To mimic the shape

of the recovery curve of GluA1 with TARPg–2, a modest
increase in g–2 (35–50 s–1) was required. g–2 represents
another rate constant of the recovery from desensitized
states. Thus, the present data indicate that GluA1 recovers faster
following a shorter pulse of glutamate, and TARPg–2 accelerates
both gating and recovery from desensitization.

Discussion
There are two factors which affect frequency-dependent gluta-
matergic synaptic transmission: the frequency of presynaptic glu-
tamate release and the sensitivity of postsynaptic glutamate
receptors to glutamate in short intervals. Recovery from

Figure 8. The effect of the Ex2 domain on TARP speeding of recovery from desensitization. TARP chimeras were coexpressed with GluA1 and recovery from desensitization was measured
from the start of a 100-ms preapplication of 10 mM glutamate. A, B, Two-pulse recovery protocols for g�2/g�4 chimeras in which the Ex2 domain was swapped. C, Recovery data from the
protocols in A, B which were fitted (curves) with two-component H-H-type equations. D, Bar graphs of mean (6SEM) values for the proportion of the fast component of recovery (R1) obtained
for wild-type g�2 and g�4 compared with the corresponding values for the two Ex2 chimeras. Data are presented as mean 6 SEM; **p, 0.01, one-way ANOVA followed post hoc by
Bonferroni’s multiple comparisons. Different colored asterisks indicate significant differences compared with g�2 (red), g�4 (blue), and g�4(g�2 Ex2) (black).

Table 2. Time constants of desensitization (mean 6 SEM) for GluA1 co-
expressed with various TARPs

Desensitization decay t 1 (ms) t 2 (ms) Slow component (%)

A1 2.06 0.1 10.36 1.2 10.26 3.2
A11g–2 2.26 0.2 7.66 0.6 31.86 4.0
A11g–3 2.16 0.1 7.36 0.4 38.06 4.5
A11g–4 3.96 0.5 18.06 1.9 39.56 3.2
A11g–8 3.16 0.1 14.86 1.4 43.26 4.3
A1_g–2 tandem 3.86 0.9 10.06 1.6 37.86 4.5
A1_g–3 tandem 3.66 0.2 13.06 1.2 40.76 9.4
A11g�2(g�4Ex1) 4.56 0.8 18.06 3.4 40.06 3.1
A11g�4(g�2Ex1) 2.96 0.3 12.46 1.9 44.16 7.2
A11g�2(g�4Ex1Ex2) 4.36 0.3 16.06 0.6 52.06 6.9
A11g�4(g�2Ex1Ex2) 2.36 0.2 7.36 0.5 32.06 2.9
A11g�2(g�4Ex2) 3.46 0.3 9.96 0.7 31.06 2.3
A11g�4(g�2Ex2) 3.46 0.2 12.76 0.4 37.46 3.3

Mean (6SEM) values from biexponential fits to the individual data (n= 4–11 patches per construct).

Table 1. Time constants of recovery from desensitization (mean 6 SEM) for
GluA1 co-expressed with various TARPs

Weighted t (ms) Fast component (%)

A1 166.86 19.9 14.26 2.2
A11g–2 99.76 4.3 42.36 4.4
A11g–3 108.76 11.7 42.96 1.4
A11g–4 36.46 4.4 71.96 2.1
A11g–8 53.36 2.3 75.66 4.6
A1_g–2 tandem 96.56 12.9 52.06 7.3
A1_g–3 tandem 81.96 12.6 43.26 5.3
A11g�2(g�4Ex1) 121.76 11.2 30.56 2.6
A11g�4(g�2Ex1) 70.26 4.4 43.06 2.4
A11g�2(g�4-Ex1Ex2) 39.56 3.6 74.66 2.8
A11g�4(g�2-Ex1Ex2) 84.86 10.4 34.16 3.5
A11g�2(g�4Ex2) 63.16 3.8 60.66 2.1
A11g�4(g�2Ex2) 89.36 10.4 41.46 5.0

Mean (6SEM) values from double H-H-type fits to the individual data (n= 4–9 patches per construct).
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desensitization determines the time of a glutamate receptor’s
response to glutamate. Here, we tested the role of TARPs in the
recovery of glutamate receptors. All four Type I TARP isoforms
significantly reduced receptor-mediated paired-pulse depression
and sped recovery from desensitization. Furthermore, in the
presence of TARPs, recovery from desensitization was even

more rapid and was modulated in an isoform-specific manner
when brief synaptic-like applications of glutamate were applied.
Our studies with TARP chimeras also indicate that sequence ele-
ments within both the first and second extracellular loops play
important roles in TARP modulation of activation gating and
recovery.

At short paired-pulse intervals, we anticipated that the effects
of TARPs on activation gating would predominate and account
for any quantitative differences between the isoforms. Following
a short 2-ms application, the decay of the peak currents at the
end of the glutamate application was faster than the rate of
desensitization. However, because the receptors become desensi-
tized from closed states, and all four subunits in the tetramer
must lose glutamate before the receptors are desensitized, most
receptors desensitize before the next brief application of gluta-
mate (Raman and Trussell, 1995; Cho et al., 2007). TARPs
selectively increase the apparent rate constant for receptor-
channel opening to slow entry into desensitization, because on
average, there are more openings before receptors enter stable,
long-lived, desensitized states (Tomita et al., 2005; Cho et al.,
2007). It was previously demonstrated that g–2 and g–3 medi-
ate approximately a 2-fold slowing in desensitization, whereas
g–4 and g–8 mediate a 4-fold slowing (Cho et al., 2007;
Milstein et al., 2007).

Figure 9. Kinetic models for GluA1 alone and GluA1 with TARPs. A, A kinetic model for TARPless and TARPed AMPAR. This 16 state-model proposed by Robert and Howe (2003) incorporates
multiple desensitized states. B–D, Simulated currents of recovery (colored dots) from brief (2 ms) and sustained (100 ms) applications of 10 mM glutamate are shown with experimental data
(black) obtained from Figures 1, 2, 4. Simulated recovery kinetics of GluA1 according to the Howe 2003 model (B, green) and the 2020 Howe model (M2020; C, red). D, Simulated recovery of
GluA1 with g�2 (red) was estimated according to the M2020 model which had rate constants for g and b increased, and was also compared with the experimental data from Figure 4
(black). The simulations performed with the M2020 model more closely approximate the experimental data.

Table 3. Rate constants for GluA1 and GluA1 with TARPc–2 in Figure 9

GluA1
(Howe 2003)

GluA1
(M2020)

GluA11g–2
(M2020)

a 3100 s�1 3100 s�1 3100 s�1

b 8000 s�1 8000 s�1 25000 s�1

k1 2� 107 m�1/s�1 2� 107 m�1/s�1 2� 107 m�1/s�1

k�1 9000 s�1 9000 s�1 9000 s�1

k2 910 M�1/S–1 910 M�1/S–1 910 M�1/S–1

k�2 0.41 s�1 1.5 s21 1.5 s21

d 0 3.3� 10�3 s�1 3.3� 10�3 s�1 3.3� 10�3 s�1

g 0 1 s�1 1 s�1 1 s�1

d 1 1800 s�1 2500 s21 2500 s21

g 1 7.6 s�1 7.6 s�1 15 s21

d 2 200 s�1 50 s21 50 s21

g 2 35 s�1 35 s�1 50 s21

The rate constants above refer to the kinetic model published by Robert and Howe (2003) and the simula-
tion models used in the present study.
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Interestingly, paired-pulse depression was no longer evident at
an interpulse interval of 500ms, a time when recovery from desensi-
tization is incomplete for GluA1 alone (Fig. 1). As previously
described, recombinant receptors are formed from four core subu-
nits (GluA1-4) and they recover from desensitization in two phases:
an early phase that follows a sigmoidal time course, and a slower ex-
ponential phase which proceeds with a time constant of seconds
(Robert and Howe, 2003). It has been demonstrated that GluA1
homomeric receptors account for 80–90% of the early phase of re-
covery. In addition, the early phase appears to be determined by
two sequential rate-limiting steps. These steps may correspond to
reassembly of the monomer-monomer interface in each of the two
dimers (Sun et al., 2002; Robert and Howe, 2003; Armstrong et al.,
2006). Possible structural correlates of the later exponential phase
remain unknown. However, the desensitized states which give rise
to the slow phase of recovery do not appear to be populated during
a brief 2-ms pulse of glutamate, since paired-pulse depression is
undetectable at 500ms.

Similar to TARP modulation of activation gating (Cho et al.,
2007; Milstein et al., 2007; Jackson et al., 2011), the effects of the
four TARPs on recovery from desensitization differed, with g–2
and g–3, and g–4 and g–8, behaving similarly (at least at long
intervals). The faster recovery observed with the latter two
TARPs accounts for the greater reductions in paired-pulse
depression observed for these two isoforms at short intervals.
For example, g–4 produced least paired-pulse depression, a con-
dition consistent with g–4 exhibiting faster recovery compared
with the other TARPs.

In agreement with previous studies, recovery from desensiti-
zation was faster with brief application protocols, and relative
peak currents decreased with longer initial application times
(Raman and Trussell, 1995; Robert and Howe, 2003; Zhang et al.,
2006). These results suggest the existence of multiple desensitiza-
tion states, and that increases in the rate of receptor escape from
the first desensitization state increase with TARP co-expression.
These results also suggest that TARPs speed the fast components
of recovery to a greater extent following a brief application of
glutamate. However, the proportion of the fast component of re-
covery remains stable. Despite the potential for TARPs to
increase the rate of receptor escape from desensitization, we
observed that the receptors eventually entered a desensitization
state with increased duration of glutamate application.

Structural biological studies have revealed that the Ex1 do-
main slows AMPA receptor desensitization by interacting with
the AMPAR LBD domain and stabilizing channels in an open
state (Twomey et al., 2016; Zhao et al., 2016; Ben-Yaacov et al.,
2017). In our previous studies, isoform-specificity was shown to
contribute to TARP modulation of AMPAR gating. Specifically,
the Ex1 domain accounted for differences in the modulation of
desensitization and deactivation by TARPs (Tomita et al., 2005;
Cho et al., 2007). Recovery from desensitization is associated
with dissociation of receptors from glutamate and subunit rear-
rangements. This process is accelerated on TARP binding. In
contrast to Ex1 modulation of activation gating, we demon-
strated that exchange of the Ex1 domain alone did not invert the
recovery phenotypes of g–2 and g–4. While our results do not

Table 4. Effects of each rate constant in modulating receptor kinetics

Rate constant change Desensitization (ms) Recovery time constant for 100 ms (ms) Recovery time constant for 2 ms (ms) Plateau/peak (%) Deactivation(ms)

Howe 2003 1.9 154 130 0.08 0.9
a 10� higher 0.35 148 110 0.00 0.13

10� lower 15.2 152 88 0.63 9.2
b 10� higher 10.8 150 71 0.54 5.8

10� lower 0.5 149 91 0.00 0.3
k 1 10� higher 1.9 159 105 0.17 1.0

10� lower 1.6 157 123 0.15 0.8
k�1 10� higher 3.8 149 94 0.16 0.4

10� lower 1.8 284# 280# 0.09 6.8
d 1 10� higher 0.5 368# 358# 0.00 0.9

10� lower 12.0 131 48 0.80 1.0
g 1 10� higher 1.8 24 15 1.02 0.94

10� lower 1.8 953# 825# 0.00 0.93
d 2 10� higher 1.9 163 134 0.00 0.92

10� lower 1.8 144 131 0.79 0.95
g 2 10� higher 1.8 138 91 0.76 0.94

10� lower 1.8 470# 149 0.00 0.93
k�2 10� higher 1.9 123# 113# 0.05 0.93

10� lower 1.9 149 124 0.03 0.93
g 0 10� higher 2.0 154 93 0.08 0.93

10� lower 2.2 128 80 0.03 0.93
# indicates R values, 0.95 to fit to double H-H-type equation.
Bold indicate changes in direction that are consistent with TARP-mediated modulation.

Table 5. Comparisons of models and empirical values

Desensitization (ms) Recovery from 100 ms (ms) Recovery from 2 ms (ms) Plateau/peak (%) Deactivation (ms)

GluA1(exp.) 2.76 0.2 1676 20 1276 9.9 0.46 0.1 0.96 0.2
Howe 2003 2.0 155 130 0.08 0.9
M2020 1.9 164 136 0.35 0.9
M20201 g–2 4.1 99.4 77 2.4 1.8
GluA11TARP g–2 (exp.) 5.06 0.6 98.86 5.2 79.76 5.0 3.56 0.8 1.76 0.3

Values estimated from biexponential fits (desensitization and deactivation) and the double H-H-type equation fit (recovery from 100 or 2 ms).
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exclude a role for the Ex1 domain in TARP modulation of recov-
ery, they do indicate that other TARP regions contribute to the
isoform-specific differences we report here. In fact, in another
study, it was demonstrated that TARPs functionally modulate
AMPA receptors, even when interactions between Ex1 and LBD
were disrupted. Taken together, these results suggest that other
interactions exist between TARPs and AMPA receptors (Dawe et
al., 2016).

In addition to Ex1 modulating AMPA receptor gating, recent
studies have proposed that Ex2 also interacts with AMPA recep-
tors and modulates their gating (Zhao et al., 2016; Ben-Yaacov et
al., 2017; Riva et al., 2017; Twomey et al., 2016). Here, we
swapped the Ex2 domain of g–2 and g–4 and tested the recov-
ery of these chimeras. We observed that the recovery profiles of
g–2 and g–4 were reproduced following a sustained application
of glutamate. These results suggest that the Ex2 domain is a key
site for modulation of recovery function by TARPs. Moreover,
the results from our Ex2 domain chimera suggest that the Ex2
domain determines the proportion of the channels which escape
from various desensitization states. Our previous study showed
that desensitization promotes the functional decoupling of
TARPs from AMPA receptors (Morimoto-Tomita et al., 2009).
Other studies have revealed that TARPs stabilize the open state,
with Ex2 interacting with a LBD-TMD linker (Ben-Yaacov et al.,
2017; Riva et al., 2017). These results, in combination with those
of the present study, suggest that Ex2 can easily interact with the
LBD-TMD linker because of its close spatial proximity, and this
would account for the observed isoform-specific modulation of
recovery.

The frequency and shape of EPSCs are determined by several
factors: presynaptic glutamate release, rate of glutamate clearance,
and postsynaptic glutamate receptor properties. Clearly, the shapes
of EPSCs are controlled by desensitization and deactivation, and
thus could be modulated by TARPs. The postsynaptic AMPA re-
ceptor response to glutamate, as well as the rate of presynaptic glu-
tamate release, are key factors for the frequency of EPSCs. In the
presence of TARP expression, AMPA receptors exhibit faster re-
covery from desensitization in an isoform-specific manner at syn-
apses responding to frequent glutamate release. In addition, we
observed that TARPs are able to modulate the recovery of
AMPARs in milliseconds, especially the fast component, which
supports a role for AMPA receptors in achieving fast synaptic
transmission.

In conclusion, the ability of TARPs to affect deactivation and
desensitization of AMPA receptor is accompanied by a capacity
to reduce receptor-mediated paired-pulse depression and hasten
recovery from desensitization in an isoform-specific manner.
The fast component of recovery was ;4- to 5-fold faster in the
presence of TARPs compared with in their absence, especially
for repeated brief applications of glutamate. Our TARP chimera
results further indicate that sequence elements within the second
extracellular loop play an important role in TARP modulation of
recovery. Consequently, it is predicted that TARP isoform-spe-
cific modulations impact frequency-dependent synaptic signal-
ing in the mammalian CNS.
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