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SUMMARY

It is well established that long-term depression (LTD) can be initiated by either
NMDA or mGluR activation. Here we report that sustained activation of
GluK2 subunit-containing kainate receptors (KARs) leads to a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor (AMPAR) endocytosis and induces
LTD of AMPARs (KAR-LTDAMPAR) in hippocampal neurons. The KAR-evoked loss
of surface AMPARs is blocked by the ionotropic KAR inhibitor UBP 310 indicating
that KAR-LTDAMPAR requires KAR channel activity. Interestingly, however,
blockade of PKC or PKA also reduces GluA2 surface expression and occludes
the effect of KAR activation. In acute hippocampal slices, kainate application
caused a significant loss of GluA2-containing AMPARs from synapses and long-
lasting depression of AMPAR excitatory postsynaptic currents in CA1. These
data, together with our previously reported KAR-LTPAMPAR, demonstrate that
KARs can bidirectionally regulate synaptic AMPARs and synaptic plasticity via
different signaling pathways.

INTRODUCTION

By activating distinct classes of both ionotropic andmetabotropic receptors, glutamatemediates the over-

whelming majority of excitatory neurotransmission in the mammalian central nervous system (CNS) and is

critical for nearly all aspects of brain function. Ionotropic glutamate receptors comprise N-methyl-D-aspar-

tate receptor (NMDAR), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), and

kainate receptor (KAR) subtypes, whereas metabotropic glutamate receptors comprise 3 subfamilies of

8 mGluRs (groups I-III; mGluR1-8) (Collingridge et al., 2009).

Each of these receptor subtypes has been implicated in forms of synaptic plasticity that enhance or

decrease the efficiency of synaptic transmission; long-term potentiation (LTP) and long-term depression

(LTD), respectively. LTP and LTD occur at many different synapses across the CNS and are critical

throughout life for processes ranging from synaptic formation and maturation during development,

through to high level cognitive functioning and multiple aspects of learning and memory (Citri and Mal-

enka, 2008; Malenka and Bear, 2004).

In part due to their fundamental roles in learning andmemory, dysregulation of LTP and LTD is a prominent

feature of cognitive decline in aging and a wide range of neurological and neurodegenerative disorders

(Cuestas Torres and Cardenas, 2020; Kauer and Malenka, 2007). While the best characterized forms of

LTP and LTD are initiated by activation of postsynaptic NMDARs (Collingridge et al., 2013; Hardingham,

2019), other induction pathways also exist. For example, there are mGluR-dependent forms of both LTP

and LTD (Anwyl, 2009; Gladding et al., 2009), and more recently, it has been shown that activation of

KARs can induce of LTP of AMPARs (Petrovic et al., 2017).

Regardless of the induction pathway, changes in the numbers and properties of surface-expressed post-

synaptic AMPARs, and the consequent persistent strengthening or weakening of AMPAR-mediated trans-

mission, underpin LTP and LTD (Henley and Wilkinson, 2016; Malenka and Nicoll, 1999). In summary,

increases in surface-expressed synaptic AMPARs lead to functional and structural LTP, whereas decreases

in surface-expressed synaptic AMPARs lead to LTD (Diering and Huganir, 2018; Huganir and Nicoll, 2013).
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Compared with NMDARs and AMPARs, the functional roles of synaptic KARs have been enigmatic, but

accumulating evidence demonstrates that KARs are key regulators of synaptic function (Evans et al.,

2019). KARs can be expressed at both pre- and postsynaptic sites throughout the brain, where they

contribute to the regulation of transmission, neuronal excitability, and network activity (Lerma and Mar-

ques, 2013). Intriguingly, in addition to operating as an ionotropic receptor, KARs can also signal through

a non-canonical pertussis toxin-sensitive G protein-dependent pathway that is independent of ion flow

through the channel (Melyan and Wheal, 2011; Rodriguez-Moreno and Sihra, 2007).

Previous work has demonstrated that relatively low level stimulation of KARs (10 mM KA for 3 min) in

cultured neurons and hippocampal slices increases surface expression of KARs (Carta et al., 2013; Martin

et al., 2008; Rivera et al., 2007; Selak et al., 2009) and leads to spine growth mediated by changes in

post-endocytic sorting and enhanced recycling (Gonzalez-Gonzalez and Henley, 2013). Building on these

observations, we examined whether transient KAR activation also impacts on AMPARs. We found that

metabotropic KAR signaling can promote AMPAR surface expression and increases both AMPAR colocal-

ization with PSD95 and AMPAR mEPSCs in hippocampal neurons and slices, revealing a physiologically

relevant form of postsynaptic KAR-dependent, NMDAR-independent, LTP (KAR-LTPAMPAR) (Petrovic

et al., 2017).

In contrast with transient KA stimulation, sustained stimulation of KARs (10 mM KA for 20 min) leads to their

long-lasting loss from the cell surface (Gonzalez-Gonzalez and Henley, 2013; Martin et al., 2008; Martin and

Henley, 2004). However, whether sustained KAR stimulation can also induce plasticity of AMPARs has not

been investigated. Here we report a form of AMPAR LTD that can be induced by sustained stimulation of

KARs (KAR-LTDAMPAR).

RESULTS

Sustained KA treatment decreases surface levels of both AMPARs and KARs

Most AMPARs are heterotetramers of GluA1/GluA2 subunits or GluA2/GluA3 subunits (Zhao et al., 2019).

Therefore, we first tested the effects of sustained KA application (10 mM KA for 20 min) on surface expres-

sion levels of the AMPAR subunits GluA1 and GluA2, and the KAR subunit GluK2, in cultured hippocampal

neurons. Neurons were pre-treated for 30 min with 1 mM tetrodotoxin (TTX), to prevent depolarization-

evoked presynaptic glutamate release, and 40 mM GYKI 53655, an AMPAR-specific antagonist (Partin

and Mayer, 1996; Paternain et al., 1995), to prevent direct activation of AMPARs by KA. In parallel, on neu-

rons from the same dissection, we used a well-established NMDAR-mediated chem-LTD protocol

comprising 20 mM NMDA and 20 mM glycine for 3 min, followed by a 17-min incubation in the absence

of NMDA, to allow receptor internalization (Ashby et al., 2004; Glebov et al., 2015; Lee et al., 1998). Surface

proteins were then labeled by biotinylation and isolated by streptavidin pulldown. Surface proteins and

whole-cell lysates (total protein) were analyzed by Western blotting for GluA2, GluA1, and GluK2 (Fig-

ure 1A). Surface expression of GluA2, GluA1, and GluK2 were all significantly reduced to similar levels

by both KA and NMDA treatment. Importantly, these effects are selective since there was no change in

the surface expression of EGFR, a non-iGluR protein used as a control.

KA is a partial, weakly desensitizing agonist at AMPARs (Levchenko-Lambert et al., 2011). Therefore, to

further validate that activation of KARs, rather than direct KA agonism of AMPARs, evokes the loss of sur-

face AMPARs we also tested 1 mMKA, a concentration below the threshold for AMPAR activation (Dai et al.,

2001) so inclusion of the AMPAR inhibitor GYKI 53655 was not required. In these, and subsequent exper-

iments, we focused on surface expression of GluA2, which is routinely used as a reporter for AMPAR endo-

cytosis (Evers et al., 2010; Nishimune et al., 1998). As for 10 mM KA stimulation, surface levels of GluA2,

assessed by surface biotinylation followed by Western blotting, were significantly reduced by 1 mM KA

application (Figure 1B).

KA application decreases surface GluA2 in dendrites

We next used live cell surface staining and fixed confocal imaging to monitor GluA2 surface expression in

control and KA-treated hippocampal neurons. Neurons were pre-treated with 40 mMGYKI 53655 and 1 mM

TTX for 30 min prior to application of 10 mMKA for 20 min, followed by live surface labeling of AMPARs with

an N-terminal anti-GluA2 antibody. Consistent with the biochemical data, our imaging showed a significant

reduction in the surface levels of GluA2 in segments of both proximal and branched secondary dendrites

(Figure 2A).
2 iScience 24, 103029, September 24, 2021
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Figure 1. KAR activation reduces surface expression of AMPARs and KARs

DIV 18 cultured hippocampal neurons were pre-treated for 30min with 1 mMTTX and 40 mMGYKI 53655 before treatment with vehicle or 10 mMor 1 mMKA for

20 min. For NMDA treatment neurons were pre-treated with 1 mM TTX for 30 min followed by 3 min of treatment with 20 mM NMDA and 20 mM glycine.

Surface proteins were biotin labeled and isolated by streptavidin pulldown, and lysates and surface fractions Western blotted.

(A) (Ai) Representative Western blots of surface and total levels of GluA2, GluA1, GluK2, and EGFR. EGFR was used as a non-glutamate receptor expressed

on the neuronal surface. GAPDH was used as a control to ensure no internal proteins were biotinylated. The surface to total ratio was calculated and

expressed as a percentage of the control for (Aii) GluA2, (Aiii) GluA1, (Aiv) GluK2, and (Av) EGFR. N = 6 experiments from independent dissections, *p < 0.05,

**p < 0.01, ***p < 0.001; one-way ANOVA with Dunnett’s multiple comparisons test, error bars = SEM.

(B) 1 mM KA effectively reduces surface expression of GluA2-containing AMPARs. (Bi) Representative Western blots of surface and total levels of GluA2. (Bii)

Quantification of the surface to total ratio of GluA2 expressed as a percentage of control. N = 4 experiments from independent dissections, **p < 0.01,

Un-paired t test with Welch’s correction, error bar = SEM.
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Figure 2. Imaging of DIV 18 hippocampal neurons shows a significant reduction in GluA2 surface expression after 10 mM KA for 20 min

(A) Surface GluA2 in dendrites. (Ai) Representative images of control and KA-treated neurons showing proximal and first branch dendrites. Scale bar = 20 mm.

(Aii) Expanded images of ROIs indicated in boxes in (Ai). Scale bar = 10 mm. (Aiii) Quantification of the intensity of surface GluA2 staining in proximal

dendrites. (Aiv) Quantification of the intensity of surface GluA2 staining after the first dendritic branch. In all cases n = 32 cells, N = 3 independent dissections,

*p < 0.05, Un-paired t test with Welch’s correction, error bars = SEM.

(B) GluA2 surface expressed at synapses. Representative images of control and KA-treated neurons of surface GluA2 colocalised with the postsynaptic

marker Homer. (Bii and Biv) are zooms of the ROI areas indicated in (Bi) and (Biii). Scale bars = 20 mm and 10 mm, respectively. (Bv) Quantification of the

number of surface-expressed synaptic GluA2 G KA treatment expressed as percentage of control. (Bvi) quantification of Homer (marker of synapse)

fluorescence expressed as percentage of control G KA treatment. (Bvi) area of Homer fluorescence G KA treatment. In each condition n = 10 ROIs,

each containing between 47 and 461 particles, were analyzed and averaged. Data from N = 3 independent dissections, *p < 0.05, Un-paired t test, error

bars = SEM.
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KA application decreases synaptic surface-expressed GluA2

To determine if the decrease in GluA2-containing AMPARs occurred at synapses, we monitored surface

GluA2 expression specifically at puncta positive for the synaptic marker Homer (Hayashi et al., 2009;

Tao-Cheng et al., 2014). As expected, the mean fluorescence of surface-expressed GluA2 specifically at

Homer puncta was a significantly decreased (Figures 2Bi–Biv). Quantification of the data show that surface

GluA2-containing AMPARs are decreased at synapses, but that the mean fluorescence and area of Homer

puncta are not altered by KAR activation (Figures 2Bv–Bvii).
KA-induced decreases in AMPAR surface expression are independent of NMDARs and

mGluRs

To exclude any indirect effect mediated by either NMDARs or mGluRs, we pre-treated neurons with the

NMDAR antagonist D-APV (50 mM) (Morris, 1989) or a combination of the mGluR5 antagonist (MPEP)

(Lea and Faden, 2006) and the mGluR1 antagonist YM298198 (Kohara et al., 2005) (10 mM and 1 mM, respec-

tively). As shown in Figure 3, 10 mMKA still caused a significant decrease in GluA2 surface expression in the

presence of these drugs, whereas there was no change in surface EGFR levels under any condition, indi-

cating the KA-induced decrease in surface GluA2 occurs in the absence of NMDAR and mGluR activity.
GluK2 is required for the KA-evoked decrease in AMPAR surface expression

We have shown previously that the GluK2 KAR subunit is required for induction of KAR-LTPAMPAR in the hip-

pocampus (Petrovic et al., 2017). We therefore explored the role of GluK2-containing KARs in the KA-

dependent reduction of surface GluA2 levels. Neurons were infected with lentiviruses either expressing

a GluK2-targeting shRNA or a control virus expressing a non-targeting control shRNA. Consistent with

our previous reports (Evans et al., 2017; Gurung et al., 2018), the GluK2 shRNA reduced total GluK2 levels

by �70% (Figures 4A and 4B), but there was no significant difference in levels of total or surface GluA2 be-

tween control and GluK2 knockdown conditions (Figures 4A and 4C).

7 days post-transduction, neurons were pre-treated with 40 mMGYKI 53655 and 1 mM TTX for 30 min, prior

to application of 10 mM KA for 20 min. Following the KA challenge neurons were subjected to surface

biotinylation, streptavidin pulldown, and Western blotting (Figures 4A and 4D). As expected, in neurons

expressing the control shRNA, KAR activation significantly decreased GluA2 surface expression. The KA-in-

duced reduction in surface GluA2 did not occur in GluK2 knockdown neurons, indicating that the KA-medi-

ated reduction in GluA2 surface expression requires the GluK2 KAR subunit.
KA-evoked downregulation of surface AMPARs requires ionotropic KAR signaling

To investigate the signaling pathway required for the KAR-induced decrease in surface GluA2-containing

AMPARs, we used the ionotropic KAR blocker UBP 310 (Dolman et al., 2005; Grosenbaugh et al., 2018; Pet-

rovic et al., 2017; Pinheiro et al., 2013) and the Gai/o protein inhibitor pertussis toxin (PTx) (Petrovic et al.,

2017). In contrast to KAR-LTPAMPAR, blocking KARmetabotropic signaling for 1 hr with 1 mg/mL PTx prior to

KA stimulation did not prevent the KA-induced reduction in GluA2 surface expression (Figures 5A and S1).

However, 10 mM UBP 310, an antagonist of postsynaptic ionotropic signaling through GluK2/GluK5-con-

taining KARs did block the KA-evoked reduction in surface GluA2. Thus, our data indicate that KAR channel

activity, but not G-protein mediated signaling, is required to initiate the downregulation of AMPAR surface

expression. We note, however, that UBP 310 caused a significant reduction in surface GluA2 levels in

the absence of KA stimulation, suggesting KAR activity may be required to maintain surface AMPAR
iScience 24, 103029, September 24, 2021 5
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Figure 3. KA-induced decreases in AMPAR surface expression are independent of NMDAR or mGluR1/mGluR5

activation

DIV18 hippocampal neurons were pre-treated for 30 min with 50 mMD-APV (NMDAR antagonist) or 10 mMMPEP (mGluR5

antagonist) along with 1 mMYM298198 (mGluR1 antagonist) in addition to 1 mMTTX and 40 mMGYKI53655. Neurons were

then incubated for a further 20 min with vehicle or 10 mM KA. Surface proteins were biotinylated, isolated, and Western

blotted.

(A) Representative blot of surface and total levels of GluA2 and EGFR. GAPDH was used as a control to ensure no internal

proteins were biotinylated.

(B and C) Quantification of the surface to total ratio of GluA2 (B) and EGFR (C) expressed as a percentage of control. N = 3

independent dissections, ns p > 0.05, *p < 0.05, **p < 0.01; two-way ANOVAwith Tukey’s multiple comparisons test, error

bars = SEM.
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expression. Consequently, the lack of KA-induced loss of surface GluA2 in the presence of UBP 310 may

represent an occlusion effect.

Effects of PKA and PKC on KA regulation of surface GluA2

Phosphorylation cascades play key roles in all identified forms of synaptic plasticity (Lu and Roche, 2012),

and kinase activation is an integral downstream component of both ionotropic and metabotropic KAR

signaling pathways (Evans et al., 2019). We therefore explored the role of the protein kinases PKA and

PKC in modulating surface expression of GluA2-containing AMPARs in response to KA treatment because

of their well-established roles in AMPAR trafficking and KAR signaling (Gonzalez-Gonzalez and Henley,

2013; Konopacki et al., 2011; Martin et al., 2008; Martin and Henley, 2004). AMPAR surface expression

was assessed by surface biotinylation after 30 min pre-treatment of cultured hippocampal neurons with

TTX (1 mM), GYKI 53655 (40 mM), and the PKA or PKC-specific inhibitors H89 (10 mM) or chelerythrine
6 iScience 24, 103029, September 24, 2021
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Figure 4. GluK2-containing KARs mediate the reduction in surface expression of AMPARs

(A) DIV 10 hippocampal neurons were transduced with lentivirus expressing either control or GluK2 shRNA. After 7 days

neurons were pre-treated for 30 min with 1 mM TTX and 40 mM GYKI 53655. Neurons were then treated with 10 mM KA or

vehicle for another 20 min. Surface proteins were biotinylated, isolated, and Western blotted. Representative Western

blots of surface and total levels of GluA2 and GluK2

(B) Total GluK2 levels following infection with GluK2 shRNA knockdown lentivirus.
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Figure 4. Continued

(C) Total (Ci) and surface (Cii) expressed GluA2 levels following GluK2 knockdown lentivirus. N = 4 independent

dissections, ns = p > 0.05, **p < 0.01, Un-paired t test with Welch’s correction, error bars = SEM.

(D) Quantification of the surface to total ratio of GluA2 expressed as a percentage of control. N = 4 independent

dissections, ns = p > 0.05, *p < 0.05, **p < 0.01, two-way ANOVA with Tukey’s multiple comparisons test, error

bars = SEM.
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(5 mM), respectively. Neurons were then subjected to 20 min of sustained 10 mMKA stimulation. Both kinase

inhibitors trended toward reduced basal surface levels of GluA2 suggesting that PKA/PKC signaling

pathways support the surface expression of GluA2-containing AMPARs. We hypothesize that H89 and che-

lerythrine, like UBP 310, may lead to the loss of ‘removable’ AMPARs from the neuronal surface to a ‘floor

level’ so that KA stimulation cannot decrease them any further. Thus, blocking PKA or PKC occludes the

KA-induced reduction in GluA2 surface expression (Figure 5B).

In addition to kinases, the protein phosphatases PP1, PP2A, and PP2B (calcineurin) have been reported to

be involved in forms of LTD (Belmeguenai and Hansel, 2005; Groth et al., 2003). We therefore investigated

the effects of pre-treatment with inhibitors of these phosphatases (Figure 5C). We tested the effects of 1 mM

okadaic acid to inhibit PP1 and PP2A (Schnabel et al., 2001), or 50 mM FK506 to inhibit calcineurin/PP2B

(Beattie et al., 2000), on the KA-evoked decrease in GluA2 surface expression. Okadaic acid reduced sur-

face levels of GluA2 in non-stimulated conditions, indicating roles for the protein phosphatases PP1/PP2A

in regulating basal surface expression of AMPARs. These data suggest that okadaic acid occludes, whereas

FK506 blocks the KA-evoked decrease in GluA2 surface expression.

Together, these data indicate that the KAR-induced decrease in surface GluA2-containing AMPARs does

not occur in the absence of KAR channel opening. Moreover, blockade of PKC or PKA, which are acti-

vated downstream of ionotropic as well as metabotropic signaling, also reduces GluA2 surface expres-

sion and occludes the effect of KAR activation, demonstrating that PKA/PKC signaling support the

surface targeting of GluA2. Interestingly, blocking dephosphorylation with phosphatase inhibitors also

prevents the KAR-mediated decrease in GluA2 surface expression. The multiple phosphatase pathways

involved in plasticity are complex (Foley et al., 2021), and our results indicate that both phosphorylation

and dephosphorylation play key roles both in supplying surface AMPARs and allowing their removal in

response to KA.
KAR stimulation induces both short-term and long-term synaptic depression

We next investigated the effects of KA stimulation on synaptic function by monitoring AMPAR excitatory

postsynaptic currents (EPSCs) in the CA1 region of acute rat hippocampal slices. Here, where key cir-

cuitry remains intact, we bath applied 1 mM KA for 10 min to avoid non-specific activation of AMPARs

without the need for perfusion of GYKI 53655. Also included in the perfusate was 50 mM picrotoxin to

prevent any confounding effect of KAR-induced GABA release from inhibitory interneurons and 50 mM

D-AP5 to block NMDARs. Consistent with our biochemistry and imaging, AMPAR EPSCs were signifi-

cantly reduced for 20 min after KA washout (Figure 6A-D). These results demonstrate that sustained

KA application causes a long-term, NMDAR-independent reduction in synaptic AMPAR currents at

CA1 synapses.

We also measured the paired pulse ratio (PPR) following KA stimulation to assess any changes in the

probability of glutamate release (Debanne et al., 1996; Manabe et al., 1993). Immediately following

KA stimulation, we observed an increase in PPR, indicating a decrease in the release probability charac-

teristic of presynaptic short-term depression (Figure 6E-G) (Lauri et al., 2006). Importantly, however, the

PPR returned to baseline levels within 10–20 min after KA washout, whereas AMPAR EPSCs remained

depressed, suggesting the existence of a postsynaptic LTD of AMPAR transmission. We interpret these

data to indicate that 1 mM KA for 10 min mediates both pre- and postsynaptically expressed depression

of AMPAR EPSCs.
DISCUSSION

Both ionotropic and metabotropic KAR signaling pathways are important regulators of excitatory and

inhibitory neurotransmission (Evans et al., 2019). We have shown previously that sustained KAR activation

causes a PKC-dependent, PKA-independent, internalization of GluK2-containing KARs (Martin and
8 iScience 24, 103029, September 24, 2021
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Figure 5. KA-induced decreases in AMPAR surface expression require ionotropic KAR signaling, PKA, and PKC

(A) DIV 18 hippocampal neurons were pre-treated for 1 hr with 1 mg/mL PTx, or 30 min with 10 mM UBP 310 in addition to

1 mM TTX and 40 mM GYKI53655, then for a further 20 min with vehicle or 10 mM KA. Surface proteins were biotinylated,

isolated, and Western blotted. (Ai) Representative blot of surface and total levels of GluA2. GAPDH was used as a control

to ensure no internal proteins were biotinylated. (Aii) Surface to total ratio of GluA2. N = 5 independent dissections. See

also Figure S1.

(B) As (A), except neurons were pre-treated 40 mMGYKI 53655 and either 10 mMH89 or 5 mMChelerythrine prior to 10 mM

KA. (Bi) Representative blots of GluA2. (Bii) Quantification of the surface to total ratio of GluA2 expressed as a percentage

of control. N = 4 independent dissections.

(C) As (A), except neurons were pre-treated were pre-treated for 30 min with 1 mMOkadaic acid (PP1A and PP2A inhibitor)

or 50 mM FK506 (calcineurin inhibitor) prior to 10 mM KA. (Ci) Representative blots of GluA2. (Cii) Quantification of the

surface to total ratio of GluA2 expressed as a percentage of control. N = 3 independent dissections. In all cases ns

p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001; two-way ANOVA with Tukey’s multiple comparisons test, error

bars = SEM.
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Figure 6. Sustained KAR activation induces depression of AMPAR EPSCs at hippocampal CA1 synapses

(A) Example AMPAR EPSC traces in the presence or absence of 1 mMKA recorded at time points indicated in (B) in the CA1

region of acute hippocampal slices.

(B) Plot of AMPAR EPSC amplitude. EPSCs were normalized to baseline corresponding to an initial 10 min prior to KA

application. The traces were recorded in the presence of 50 mMD-AP5 and 50 mMpicrotoxin. n = 14 and 18 cells for control

and KA, respectively, from at least 4 different animals.

(C and D) Quantification of mean AMPAR EPSC amplitudes in 5 min (C) and 20 min (D) after KA washout. Un-paired t test

with Welch’s correction, error bars = SEM. n = 14 and 18 cells for control and KA, respectively, from at least 4 different

animals.

(E) Example AMPAR paired pulse EPSC traces in the presence or absence of 1 mM KA, recorded at time points

indicated in (F).
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Figure 6. Continued

(F) Plot of paired pulse facilitation expressed as a percentage of control after 10min of sustained stimulation with 1 mMKA.

N = 10 cells from at least 4 different animals. Error bars = SEM.

(G) Quantification of paired pulse ratio after 10 min of stimulation with 1 mM KA. N = 10 cells, ns = p > 0.05, *p < 0.05,

**p < 0.01,***p < 0.001, ****p < 0.0001, paired t test.
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Henley, 2004). Surprisingly, however, we observed that following an initial loss of surface KARs, a short

kainate application elicited a long-lasting increase in surface-expressed KARs to levels significantly

greater than those prior to the agonist challenge (Martin et al., 2008). We further showed that after initial

endocytosis, transient agonist activation evokes increased KAR exocytosis via metabotropic signaling,

which recruits Rab11-dependent, transferrin-positive endosomes to synapses and increases KAR recy-

cling (Gonzalez-Gonzalez and Henley, 2013). Overall, these data suggest that KARs are subject to bidi-

rectional regulation, allowing neurons to adapt their physiological responses to changes in synaptic

activation.

These findings raised the question as to whether the KAR-initiated signaling was limited to the regulation of

KARs themselves or whether KAR-mediated signaling also impacts on other synaptic proteins. Therefore,

building on our KAR work we investigated if transient KAR activation also affected AMPARs. We demon-

strated that both pharmacological and synaptic activation of KARs induced increased surface

expression of AMPARs and evoked a KAR-dependent, NMDAR-independent, form of hippocampal LTP

(KAR-LTPAMPAR) through a metabotropic signaling pathway (Petrovic et al., 2017).

In the current study, we show that prolonged KAR signaling can also downregulate AMPAR surface expres-

sion and evoke KAR-dependent, NMDAR-independent LTD (KAR-LTDAMPAR). Moreover, the KA-evoked

reduction in surface AMPARs did not occur in GluK2 knock down neurons, indicating that GluK2-containing

KARsmediate this effect. In contrast to KAR-LTPAMPAR, inhibition of metabotropic signaling did not prevent

KAR-LTDAMPAR, whereas UBP 310, an antagonist of postsynaptic ionotropic signaling through GluK2/

GluK5-containing KARs (Grosenbaugh et al., 2018; Petrovic et al., 2017; Pinheiro et al., 2013), did. The basal

surface expression of GluA2 appeared to be reduced in the presence of metabotropic and/or ionotropic

inhibitors, although this was not significant for PTx. It should be noted that PTx inhibits the signaling of mul-

tiple G protein-coupled receptors in addition to the metabotropic actions of KARs. The significant

decrease in basal GluA2 surface levels in the presence of UBP 310 suggests KARs may also be required

for maintaining tonic activity of AMPARs. Thus, through a yet unidentified pathway, UBP 310 can occlude

LTD by decreasing the population of ‘‘endocysosable’’ AMPARs at the cell surface thereby diminishing the

pool available for removal by KAR activation.

The mechanisms and roles of AMPAR subunit phosphorylation have been an area of intense study for

many years (for reviews see Lu and Roche (2012) and Wang et al. (2014)). Phosphorylation of the

GluA1 subunit, which contains phosphorylation sites for PKC and PKA, as well as sites for other kinases,

has been most extensively investigated. The functional implications of AMPAR subunit phosphorylation

have been questioned by one study which reported almost no phosphorylated GluA1 in vivo (Hosokawa

et al., 2015). However, a subsequent study directly refuted that finding, showing that 12%–50% of the to-

tal population of GluA1 is phosphorylated under basal and stimulated conditions in vitro and in vivo (Di-

ering et al., 2016). Moreover, it has been reported previously that activation of PKA with forskolin pro-

motes surface trafficking of GluA1-containing AMPARs without affecting rates of endocytosis, resulting

in increased AMPAR surface expression (Man et al., 2007). Our experiments using the PKA inhibitor

H89 decreased AMPAR surface expression, consistent with reduced surface trafficking but unaffected

endocytosis. Thus, similar to our data using UBP 310, we propose that a lack of ‘readily endocytosable’

AMPARs at the cell surface in the presence of H89 or chelerythrine occludes the KA-evoked reduction in

surface AMPARs.

The GluA2 subunit contains a PKC site at Ser880 (Matsuda et al., 1999), located within the PDZ ligand at the

extreme C-terminus, which selectively controls interactions with the PDZ domain containing protein GRIP1

(glutamate receptor-interacting protein) but not PICK1 (protein interacting with C kinase 1), which also

binds the GluA2 PDZ ligand (Chung et al., 2000). It has been reported that PKC phosphorylation of

Ser880 releases GRIP1, favoring PICK1 binding and leading to internalization of surface GluA2 (Chung

et al., 2000). Moreover, a phosphomimetic mutant of Ser880 excludes GluA2-containing AMPARs from
iScience 24, 103029, September 24, 2021 11
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synapses, depresses transmission, and partially occludes LTD. Conversely, a phosphonull mutation at

Ser880 reduces LTD (Seidenman et al., 2003). However, the situation is complex, and it has also been re-

ported that GRIP, rather than holding AMPARs at the surface, stabilizes internalized receptors in an intra-

cellular pool, and prevents them from recycling back to the plasma membrane or entering a degradative

pathway (Braithwaite et al., 2002; Daw et al., 2000). Moreover, KAR endocytosis involves PKC activation,

whereas PKC phosphorylation promotes surface expression of GluA1-containing AMPARs, and these ef-

fects have been linked to regulation of interactions of GluK2 and GluA1 subunits with the cytoskeletal

adaptor protein 4.1N (Copits and Swanson, 2013; Shen et al., 2000).

Our data suggest that blocking PKC or PKA reduce GluA2-containing AMPAR surface expression and

occlude KAR-evoked LTD suggesting tonic PKC and PKA activity are required to maintain surface AM-

PAR levels under control conditions. Moreover, our results raise the possibility that KAR activation

potentially causes LTD by reducing PKC/PKA activity. However, it is important to note that our exper-

iments blocking PKC and PKA do not specifically target GluA2, and the effects we observe could be

mediated via altering phosphorylation of other core or auxiliary subunits in the AMPAR complex and/

or by actions on interacting proteins. Interestingly, it has been reported recently that KAR activation

causes a Ca2+- and PKC-dependent endocytosis of glycine receptors (GlyRs) and reduced GlyR-medi-

ated synaptic activity (Sun et al., 2014). The proposed mechanism involves deSUMOylation of PKC and

it is possible that an analogous PKC-deSUMOylation pathway may exist for the cross talk between

KARs and AMPARs.

We also tested the effect of phosphatase inhibitor okadaic acid (PP1A and PP2A) and FK506 (calcineurin/

PP2A). These too prevented the KA-evoked decrease in surface GluA2-containing AMPARs. Interestingly,

okadaic acid reduced the basal levels of surface GluA2, indicating roles for the protein phosphatases PP1/

PP2A in regulating basal surface expression of AMPARs. Together, we interpret these results to suggest

that the dynamics of phosphorylation and dephosphorylation are clearly important both for maintaining

the delivery of surface AMPARs and in their KAR-initiated removal.

The current consensus is that AMPAR surface expression and plasticity is mediated via phosphorylation

(and other modifications) of the C-terminal domains of AMPAR subunits regulating the trapping or

release of receptors at pre-existing ‘‘slots’’ in the postsynaptic density (PSD) (Hayashi et al., 2000; Henley

and Wilkinson, 2016). However, in conditional knockout experiments in which GluA1, GluA2, and GluA3

subunits were ablated and replaced with either GluA1 or GluA2 subunits lacking a C-terminal domain,

basal AMPAR trafficking and LTP were shown to be normal (Granger et al., 2013) (but see Zhou et al.

(2018)). Most recently, a knock-in mouse study in which the C-terminal domain of endogenous GluA1

was truncated reported no deficit in basal synaptic transmission, LTP, or spatial memory (Diaz-Alonso

et al., 2020). These authors propose an alternative model in which it is the number of slots rather than

the C-terminal domains of the AMPAR subunits themselves that regulate the extent of AMPAR surface

expression and plasticity at synapses (Diaz-Alonso et al., 2020). Thus, it is possible that phosphorylation

is required to overcome a yet unidentified, negative modulatory effect, which is lacking in phosphode-

ficient AMPAR subunits. Overall, the currently available evidence suggests that plasticity involves the for-

mation/unmasking or removal/masking of slots in the PSD to snare or release passively diffusing AM-

PARs, potentially irrespective of their phosphorylation or other posttranslational modifications (Diaz-

Alonso et al., 2020).

In terms of our results, what then does this ‘‘slot availability’’ model predict? We suggest that constitutive

PKC and PKA activity may be required to maintain slots, and thus blocking these kinases leads to a

decrease in slot number, which may explain why blocking PKC and PKA occludes KAR-LTDAMPAR. We

note, however, that our data demonstrate that PKA/PKC signaling is required to sustain surface GluA2

levels, and we do not directly address whether these kinases regulate incorporation of GluA2 into synaptic

slots, although we do show that synaptic GluA2 levels are decreased by KA stimulation.

Consistent with these biochemical data, synaptic electrophysiology revealed two phases to the depression

of AMPAR EPSC responses following KA activation and washout. The initial depression in EPSCs correlated

with a rise in the PPR, which returned to baseline after 10 min of KA washout. However, after this initial

short-term change in PPR returned to control levels, AMPAR EPSCs remained depressed, indicating a post-

synaptic locus of KAR-LTDAMPAR. Thus, KA application reduces synaptic activity via an initial presynaptic
12 iScience 24, 103029, September 24, 2021
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mechanismwhich contributes to the early stages of depression in AMPAR EPSCs, but KAR-mediated loss of

postsynaptic surface-expressed AMPARs maintains KAR-LTDAMPAR.

In summary, we show that in addition to transient KAR activation evoking KAR-LTPAMPAR, sustained KAR

activation can induce KAR-LTDAMPAR. The underlying mechanisms appear to differ since KAR-LTPAMPAR

is mediated via a metabotropic signaling pathway, whereas KAR-LTDAMPAR is blocked by the ionotropic

KAR signaling blocker UBP 310. The physiological/pathological roles of KAR-mediated regulation of

AMPAR surface expression at synapses and synaptic plasticity, and how they fit into the larger picture

of NMDAR- and mGluR-mediated forms of plasticity remain to be elucidated. However, since KAR

abundance and dysfunction is strongly linked to epilepsy (Crepel and Mulle, 2015; Peret et al., 2014),

it is tempting to speculate that dysfunctional KAR-mediated plasticity of AMPARs, either directly or

through affecting the availability of AMPAR slot proteins, could play important roles in neurological

diseases.
Limitations of the study

We are mindful that the pharmacological inhibition of metabotropic (pertussis toxin) or ionotropic (UBP

310) signaling through KARs, as well as the inhibition of PKC (chelerythrine), PKA (H89), PP1A and PP2A

(okadaic acid), and calcineurin/PP2B (FK506), although selective for their targets, will have wider effects

than on solely KAR signaling. Nonetheless, we contend that the key point is that these drugs have distinct

effects on the KA-evoked changes in surface GluA2, strongly implicating their target proteins in the under-

pinning mechanisms of KAR-evoked LTDAMPAR. However, as noted above, inhibition of several of these

pathways leads to a decrease in surface AMPARs under basal conditions, suggesting their blockade may

occlude the KA-induced loss of surface GluA2. Potentially, these pathways could be involved in ‘‘priming’’

KAR-LTDAMPAR by suppling removable AMPARs to the cell surface, rather than in the direct mechanism of

KAR-mediated AMPAR removal. Further work will therefore be required to distinguish between these

possibilities.

We believe the data we present provide compelling evidence that GluK2-containing KARs can mediate

LTD of AMPARs in cultured neuronal systems. This work, however, is restricted to pharmacological ap-

proaches using the application of kainate to induce this form of plasticity. We have not yet identified the

physiological/pathological conditions under which KAR-LTDAMPAR occurs in intact hippocampal slices or

in vivo. Experiments to define the precise physiological induction conditions, roles, and consequences

of KAR-LTDAMPAR, and the relationship of this to other forms of LTD represent exciting avenues for future

investigation.
STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Dissociated primary neuronal culture

B Acute hippocampal slice preparation from postnatal male and female Han Wistar rats for

electrophysiology

B Data and code availability

d METHOD DETAILS

B Lentivirus production and transduction

B Sustained KA stimulation

B Neuronal surface biotinylation

B Immunocytochemistry

B Electrophysiology

d QUANTIFICATION AND STATISTICAL ANALYSIS
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.103029.
iScience 24, 103029, September 24, 2021 13

https://doi.org/10.1016/j.isci.2021.103029


ll
OPEN ACCESS

iScience
Article
ACKNOWLEDGMENTS

We are grateful to the Wolfson Bioimaging Facility (University of Bristol). We also thank the BBSRC

(BB/R00787X/1), MRC (MR/L003791/1), Leverhulme Trust (RPG-2019-191), and Wellcome Trust (105384/

Z/14/A) for financial support. The Graphical abstract in this article was made using BioRender.com

software.

AUTHOR CONTRIBUTIONS

J.D.N. performed all the biochemistry and neuronal live surface staining experiments with help from

A.F.-J., R.S., and B.P.Y. E.B. performed the electrophysiology guided by Z.I.B. DNA constructs were

made by K.A.W. J.M.H. and K.A.W. supervised the study. J.D.N., K.A.W., and J.M.H. wrote, and all authors

contributed to reading and editing the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: December 28, 2020

Revised: July 27, 2021

Accepted: August 20, 2021

Published: September 24, 2021
REFERENCES

Anderson, W.W., and Collingridge, G.L. (2007).
Capabilities of the WinLTP data acquisition
program extending beyond basic LTP
experimental functions. J. Neurosci. Methods
162, 346–356.

Anwyl, R. (2009). Metabotropic glutamate
receptor-dependent long-term potentiation.
Neuropharmacology 56, 735–740.

Ashby, M.C., De La Rue, S.A., Ralph, G.S., Uney,
J., Collingridge, G.L., and Henley, J.M. (2004).
Removal of AMPA receptors (AMPARs) from
synapses is preceded by transient endocytosis of
extrasynaptic AMPARs. J. Neurosci. 24, 5172–
5176.

Beattie, E.C., Carroll, R.C., Yu, X., Morishita, W.,
Yasuda, H., von Zastrow, M., and Malenka, R.C.
(2000). Regulation of AMPA receptor endocytosis
by a signaling mechanism shared with LTD. Nat.
Neurosci. 3, 1291–1300.

Belmeguenai, A., and Hansel, C. (2005). A role for
protein phosphatases 1, 2A, and 2B in cerebellar
long-term potentiation. J. Neurosci. 25, 10768–
10772.

Braithwaite, S.P., Xia, H., and Malenka, R.C.
(2002). Differential roles for NSF and GRIP/ABP in
AMPA receptor cycling. Proc. Natl. Acad. Sci.
U S A 99, 7096–7101.

Carta, M., Opazo, P., Veran, J., Athane, A.,
Choquet, D., Coussen, F., and Mulle, C. (2013).
CaMKII-dependent phosphorylation of GluK5
mediates plasticity of kainate receptors. EMBO J.
32, 496–510.

Chung, H.J., Xia, J., Scannevin, R.H., Zhang, X.,
and Huganir, R.L. (2000). Phosphorylation of the
AMPA receptor subunit GluR2 differentially
regulates its interaction with PDZ domain-
containing proteins. J. Neurosci. 20, 7258–7267.

Citri, A., and Malenka, R.C. (2008). Synaptic
plasticity: multiple forms, functions, and
14 iScience 24, 103029, September 24, 2021
mechanisms. Neuropsychopharmacology 33,
18–41.

Collingridge, G.L., Olsen, R.W., Peters, J., and
Spedding, M. (2009). A nomenclature for ligand-
gated ion channels. Neuropharmacology 56, 2–5.

Collingridge, G.L., Volianskis, A., Bannister, N.,
France, G., Hanna, L., Mercier, M., Tidball, P.,
Fang, G., Irvine, M.W., Costa, B.M., et al. (2013).
The NMDA receptor as a target for cognitive
enhancement. Neuropharmacology 64, 13–26.

Copits, B.A., and Swanson, G.T. (2013). Kainate
receptor post-translational modifications
differentially regulate association with 4.1N to
control activity-dependent receptor endocytosis.
J. Biol. Chem. 288, 8952–8965.

Crepel, V., and Mulle, C. (2015). Physiopathology
of kainate receptors in epilepsy. Curr. Opin.
Pharmacol. 20, 83–88.

Cuestas Torres, D.M., and Cardenas, F.P. (2020).
Synaptic plasticity in Alzheimer’s disease and
healthy aging. Rev. Neurosci. 31, 245–268.

Dai, W.M., Egebjerg, J., and Lambert, J.D. (2001).
Characteristics of AMPA receptor-mediated
responses of cultured cortical and spinal cord
neurones and their correlation to the expression
of glutamate receptor subunits, GluR1-4. Br. J.
Pharmacol. 132, 1859–1875.

Daw, M.I., Chittajallu, R., Bortolotto, Z.A., Dev,
K.K., Duprat, F., Henley, J.M., Collingridge, G.L.,
and Isaac, J.T. (2000). PDZ proteins interacting
with C-terminal GluR2/3 are involved in a PKC-
dependent regulation of AMPA receptors at
hippocampal synapses. Neuron 28, 873–886.

Debanne, D., Guerineau, N.C., Gahwiler, B.H.,
and Thompson, S.M. (1996). Paired-pulse
facilitation and depression at unitary synapses in
rat hippocampus: quantal fluctuation affects
subsequent release. J. Physiol. 491, 163–176.
Diaz-Alonso, J., Morishita, W., Incontro, S.,
Simms, J., Holtzman, J., Gill, M., Mucke, L.,
Malenka, R.C., and Nicoll, R.A. (2020). Long-term
potentiation is independent of the C-tail of the
GluA1 AMPA receptor subunit. Elife 9, e58042.

Diering, G.H., Heo, S., Hussain, N.K., Liu, B., and
Huganir, R.L. (2016). Extensive phosphorylation of
AMPA receptors in neurons. Proc. Natl. Acad. Sci.
U S A 113, E4920–E4927.

Diering, G.H., and Huganir, R.L. (2018). The
AMPA receptor code of synaptic plasticity.
Neuron 100, 314–329.

Dolman, N.P., Troop, H.M., More, J.C., Alt, A.,
Knauss, J.L., Nistico, R., Jack, S., Morley, R.M.,
Bortolotto, Z.A., Roberts, P.J., et al. (2005).
Synthesis and pharmacology of willardiine
derivatives acting as antagonists of kainate
receptors. J. Med. Chem. 48, 7867–7881.

Evans, A.J., Gurung, S., Henley, J.M., Nakamura,
Y., andWilkinson, K.A. (2019). Exciting times: new
advances towards understanding the regulation
and roles of kainate receptors. Neurochem. Res.
44, 572–584.

Evans, A.J., Gurung, S., Wilkinson, K.A.,
Stephens, D.J., and Henley, J.M. (2017).
Assembly, secretory pathway trafficking, and
surface delivery of kainate receptors is regulated
by neuronal activity. Cell Rep. 19, 2613–2626.

Evers, D.M., Matta, J.A., Hoe, H.S., Zarkowsky, D.,
Lee, S.H., Isaac, J.T., and Pak, D.T. (2010). Plk2
attachment to NSF induces homeostatic removal
of GluA2 during chronic overexcitation. Nat.
Neurosci. 13, 1199–1207.

Fletcher-Jones, A., Hildick, K.L., Evans, A.J.,
Nakamura, Y., Wilkinson, K.A., and Henley, J.M.
(2019). The C-terminal helix 9 motif in rat
cannabinoid receptor type 1 regulates axonal
trafficking and surface expression. Elife 8, e44252.

http://BioRender.com
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref1
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref1
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref1
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref1
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref1
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref2
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref2
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref2
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref3
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref3
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref3
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref3
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref3
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref3
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref4
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref4
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref4
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref4
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref4
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref5
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref5
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref5
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref5
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref6
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref6
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref6
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref6
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref7
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref7
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref7
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref7
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref7
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref8
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref8
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref8
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref8
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref8
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref9
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref9
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref9
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref9
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref10
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref10
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref10
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref11
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref11
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref11
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref11
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref11
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref12
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref12
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref12
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref12
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref12
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref13
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref13
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref13
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref14
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref14
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref14
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref15
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref15
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref15
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref15
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref15
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref15
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref16
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref16
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref16
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref16
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref16
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref16
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref17
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref17
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref17
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref17
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref17
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref18
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref18
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref18
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref18
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref18
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref19
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref19
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref19
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref19
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref20
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref20
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref20
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref21
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref21
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref21
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref21
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref21
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref21
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref22
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref22
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref22
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref22
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref22
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref23
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref23
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref23
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref23
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref23
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref24
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref24
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref24
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref24
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref24
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref25
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref25
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref25
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref25
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref25


ll
OPEN ACCESS

iScience
Article
Foley, K., McKee, C., Nairn, A.C., and Xia, H.
(2021). Regulation of synaptic transmission and
plasticity by protein phosphatase 1. J. Neurosci.
41, 3040–3050.

Gladding, C.M., Fitzjohn, S.M., and Molnar, E.
(2009). Metabotropic glutamate receptor-
mediated long-term depression: molecular
mechanisms. Pharmacol. Rev. 61, 395–412.

Glebov, O.O., Tigaret, C.M., Mellor, J.R., and
Henley, J.M. (2015). Clathrin-independent
trafficking of AMPA receptors. J. Neurosci. 35,
4830–4836.

Gonzalez-Gonzalez, I.M., and Henley, J.M. (2013).
Postsynaptic kainate receptor recycling and
surface expression are regulated by metabotropic
autoreceptor signalling. Traffic 14, 810–822.

Granger, A.J., Shi, Y., Lu, W., Cerpas, M., and
Nicoll, R.A. (2013). LTP requires a reserve pool of
glutamate receptors independent of subunit
type. Nature 493, 495–500.

Grosenbaugh, D.K., Ross, B.M., Wagley, P.,
and Zanelli, S.A. (2018). The role of Kainate
receptors in the pathophysiology of hypoxia-
induced seizures in the neonatal mouse. Sci.
Rep. 8, 7035.

Groth, R.D., Dunbar, R.L., and Mermelstein, P.G.
(2003). Calcineurin regulation of neuronal
plasticity. Biochem. Biophys. Res. Commun. 311,
1159–1171.

Gurung, S., Evans, A.J., Wilkinson, K.A., and
Henley, J.M. (2018). ADAR2-mediated Q/R
editing of GluK2 regulates kainate receptor
upscaling in response to suppression of synaptic
activity. J. Cell Sci 131, jcs222273.

Hardingham, G. (2019). NMDA receptor
C-terminal signaling in development, plasticity,
and disease. F1000Res 8, F1000.

Hayashi, M.K., Tang, C., Verpelli, C., Narayanan,
R., Stearns, M.H., Xu, R.M., Li, H., Sala, C., and
Hayashi, Y. (2009). The postsynaptic density
proteins Homer and Shank form a polymeric
network structure. Cell 137, 159–171.

Hayashi, Y., Shi, S.H., Esteban, J.A., Piccini, A.,
Poncer, J.C., and Malinow, R. (2000).
Driving AMPA receptors into synapses by
LTP and CaMKII: requirement for GluR1 and
PDZ domain interaction. Science 287, 2262–
2267.

Henley, J.M., and Wilkinson, K.A. (2016). Synaptic
AMPA receptor composition in development,
plasticity and disease. Nat. Rev. Neurosci. 17,
337–350.

Hosokawa, T., Mitsushima, D., Kaneko, R., and
Hayashi, Y. (2015). Stoichiometry and
phosphoisotypes of hippocampal AMPA-type
glutamate receptor phosphorylation. Neuron 85,
60–67.

Huganir, R.L., and Nicoll, R.A. (2013). AMPARs
and synaptic plasticity: the last 25 years. Neuron
80, 704–717.

Kauer, J.A., and Malenka, R.C. (2007). Synaptic
plasticity and addiction. Nat. Rev. Neurosci. 8,
844–858.
Kohara, A., Toya, T., Tamura, S., Watabiki, T.,
Nagakura, Y., Shitaka, Y., Hayashibe, S.,
Kawabata, S., and Okada, M. (2005). Radioligand
binding properties and pharmacological
characterization of 6-amino-N-cyclohexyl-N,3-
dimethylthiazolo[3,2-a]benzimidazole-2-
carboxamide (YM-298198), a high-affinity,
selective, and noncompetitive antagonist of
metabotropic glutamate receptor type 1.
J. Pharmacol. Exp. Ther. 315, 163–169.

Konopacki, F.A., Jaafari, N., Rocca, D.L.,
Wilkinson, K.A., Chamberlain, S., Rubin, P.,
Kantamneni, S., Mellor, J.R., and Henley, J.M.
(2011). Agonist-induced PKC phosphorylation
regulates GluK2 SUMOylation and kainate
receptor endocytosis. Proc. Natl. Acad. Sci. U. S.
A. 108, 19772–19777.

Lauri, S.E., Vesikansa, A., Segerstrale, M.,
Collingridge, G.L., Isaac, J.T., and Taira, T. (2006).
Functional maturation of CA1 synapses involves
activity-dependent loss of tonic kainate receptor-
mediated inhibition of glutamate release.
Neuron 50, 415–429.

Lea, P.M.t., and Faden, A.I. (2006).
Metabotropic glutamate receptor subtype 5
antagonists MPEP and MTEP. CNS Drug Rev.
12, 149–166.

Lee, H.K., Kameyama, K., Huganir, R.L., and Bear,
M.F. (1998). NMDA induces long-term synaptic
depression and dephosphorylation of the GluR1
subunit of AMPA receptors in hippocampus.
Neuron 21, 1151–1162.

Lerma, J., and Marques, J.M. (2013). Kainate
receptors in health and disease. Neuron 80,
292–311.

Levchenko-Lambert, Y., Turetsky, D.M., and
Patneau, D.K. (2011). Not all desensitizations
are created equal: physiological evidence that
AMPA receptor desensitization differs for
kainate and glutamate. J. Neurosci. 31, 9359–
9367.

Lu, W., and Roche, K.W. (2012).
Posttranslational regulation of AMPA receptor
trafficking and function. Curr. Opin. Neurobiol.
22, 470–479.

Malenka, R.C., and Bear, M.F. (2004). LTP and
LTD: an embarrassment of riches. Neuron 44,
5–21.

Malenka, R.C., and Nicoll, R.A. (1999). Long-term
potentiation—a decade of progress? Science
285, 1870–1874.

Man, H.Y., Sekine-Aizawa, Y., and Huganir, R.L.
(2007). Regulation of {alpha}-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor
trafficking through PKA phosphorylation of the
Glu receptor 1 subunit. Proc. Natl. Acad. Sci. U. S.
A. 104, 3579–3584.

Manabe, T., Wyllie, D.J., Perkel, D.J., and Nicoll,
R.A. (1993). Modulation of synaptic transmission
and long-term potentiation: effects on paired
pulse facilitation and EPSC variance in the CA1
region of the hippocampus. J. Neurophysiol. 70,
1451–1459.

Martin, S., Bouschet, T., Jenkins, E.L., Nishimune,
A., and Henley, J.M. (2008). Bidirectional
regulation of kainate receptor surface expression
in hippocampal neurons. J. Biol. Chem. 283,
36435–36440.

Martin, S., and Henley, J.M. (2004). Activity-
dependent endocytic sorting of kainate receptors
to recycling or degradation pathways. EMBO J.
23, 4749–4759.

Matsuda, S., Mikawa, S., and Hirai, H. (1999).
Phosphorylation of serine-880 in GluR2 by protein
kinase C prevents its C terminus from binding
with glutamate receptor-interacting protein.
J. Neurochem. 73, 1765–1768.

Melyan, Z., and Wheal, H.V. (2011). Metabotropic
actions of kainate receptors in the regulation of
I(sAHP) and excitability in CA1 pyramidal cells.
Adv. Exp. Med. Biol. 717, 49–58.

Morris, R.G. (1989). Synaptic plasticity and
learning: selective impairment of learning
rats and blockade of long-term potentiation
in vivo by the N-methyl-D-aspartate
receptor antagonist AP5. J. Neurosci. 9, 3040–
3057.

Nishimune, A., Isaac, J.T., Molnar, E., Noel, J.,
Nash, S.R., Tagaya, M., Collingridge, G.L.,
Nakanishi, S., and Henley, J.M. (1998). NSF
binding to GluR2 regulates synaptic transmission.
Neuron 21, 87–97.

Partin, K.M., and Mayer, M.L. (1996). Negative
allosteric modulation of wild-type and mutant
AMPA receptors by GYKI 53655. Mol. Pharmacol.
49, 142–148.

Paternain, A.V., Morales, M., and Lerma, J.
(1995). Selective antagonism of AMPA
receptors unmasks kainate receptor-mediated
responses in hippocampal neurons. Neuron 14,
185–189.

Peret, A., Christie, L.A., Ouedraogo, D.W.,
Gorlewicz, A., Epsztein, J., Mulle, C., and
Crepel, V. (2014). Contribution of aberrant
GluK2-containing kainate receptors to chronic
seizures in temporal lobe epilepsy. Cell Rep. 8,
347–354.

Petrovic, M.M., Viana da Silva, S., Clement, J.P.,
Vyklicky, L., Mulle, C., Gonzalez-Gonzalez, I.M.,
and Henley, J.M. (2017). Metabotropic action of
postsynaptic kainate receptors triggers
hippocampal long-term potentiation. Nat.
Neurosci. 20, 529–539.

Pinheiro, P.S., Lanore, F., Veran, J., Artinian, J.,
Blanchet, C., Crepel, V., Perrais, D., and Mulle,
C. (2013). Selective block of postsynaptic
kainate receptors reveals their function at
hippocampal mossy fiber synapses. Cereb.
Cortex 23, 323–331.

Rivera, R., Rozas, J.L., and Lerma, J. (2007). PKC-
dependent autoregulation of membrane kainate
receptors. EMBO J. 26, 4359–4367.

Rocca, D.L., Wilkinson, K.A., and Henley, J.M.
(2017). SUMOylation of FOXP1
regulates transcriptional repression via CtBP1
to drive dendritic morphogenesis. Sci. Rep. 7,
877.

Rodriguez-Moreno, A., and Sihra, T.S. (2007).
Kainate receptors with a metabotropic
modus operandi. Trends Neurosci. 30,
630–637.
iScience 24, 103029, September 24, 2021 15

http://refhub.elsevier.com/S2589-0042(21)00997-4/sref26
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref26
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref26
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref26
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref27
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref27
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref27
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref27
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref28
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref28
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref28
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref28
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref29
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref29
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref29
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref29
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref30
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref30
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref30
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref30
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref31
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref31
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref31
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref31
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref31
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref32
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref32
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref32
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref32
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref33
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref33
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref33
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref33
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref33
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref34
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref34
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref34
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref35
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref35
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref35
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref35
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref35
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref36
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref36
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref36
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref36
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref36
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref36
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref37
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref37
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref37
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref37
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref38
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref38
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref38
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref38
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref38
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref39
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref39
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref39
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref41
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref41
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref41
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref42
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref42
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref42
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref42
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref42
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref42
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref42
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref42
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref42
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref42
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref43
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref43
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref43
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref43
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref43
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref43
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref43
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref44
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref44
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref44
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref44
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref44
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref44
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref45
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref45
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref45
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref45
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref46
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref46
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref46
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref46
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref46
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref47
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref47
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref47
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref48
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref48
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref48
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref48
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref48
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref48
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref49
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref49
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref49
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref49
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref50
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref50
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref50
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref51
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref51
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref51
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref52
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref52
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref52
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref52
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref52
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref52
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref53
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref53
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref53
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref53
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref53
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref53
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref54
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref54
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref54
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref54
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref54
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref55
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref55
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref55
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref55
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref56
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref56
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref56
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref56
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref56
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref57
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref57
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref57
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref57
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref58
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref58
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref58
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref58
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref58
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref58
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref59
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref59
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref59
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref59
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref59
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref60
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref60
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref60
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref60
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref61
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref61
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref61
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref61
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref61
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref62
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref62
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref62
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref62
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref62
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref62
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref63
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref63
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref63
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref63
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref63
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref63
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref64
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref64
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref64
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref64
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref64
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref64
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref65
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref65
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref65
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref66
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref66
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref66
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref66
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref66
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref67
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref67
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref67
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref67


ll
OPEN ACCESS

iScience
Article
Schnabel, R., Kilpatrick, I.C., and Collingridge,
G.L. (2001). Protein phosphatase inhibitors
facilitate DHPG-induced LTD in the CA1 region of
the hippocampus. Br. J. Pharmacol. 132, 1095–
1101.

Seidenman, K.J., Steinberg, J.P., Huganir, R.,
and Malinow, R. (2003). Glutamate receptor
subunit 2 Serine 880 phosphorylation
modulates synaptic transmission and mediates
plasticity in CA1 pyramidal cells. J. Neurosci.
23, 9220–9228.

Selak, S., Paternain, A.V., Aller, M.I., Pico, E.,
Rivera, R., and Lerma, J. (2009). A role for SNAP25
in internalization of kainate receptors and
synaptic plasticity. Neuron 63, 357–371.
16 iScience 24, 103029, September 24, 2021
Shen, L., Liang, F., Walensky, L.D., and Huganir,
R.L. (2000). Regulation of AMPA receptor GluR1
subunit surface expression by a 4. 1N-linked actin
cytoskeletal association. J. Neurosci. 20, 7932–
7940.

Sun, H., Lu, L., Zuo, Y., Wang, Y., Jiao, Y.,
Zeng, W.Z., Huang, C., Zhu, M.X., Zamponi,
G.W., Zhou, T., et al. (2014). Kainate receptor
activation induces glycine receptor endocytosis
through PKC deSUMOylation. Nat. Commun.
5, 4980.

Tao-Cheng, J.H., Thein, S., Yang, Y., Reese, T.S.,
and Gallant, P.E. (2014). Homer is concentrated at
the postsynaptic density and does not
redistribute after acute synaptic stimulation.
Neuroscience 266, 80–90.
Wang, J.Q., Guo, M.L., Jin, D.Z., Xue, B., Fibuch,
E.E., and Mao, L.M. (2014). Roles of subunit
phosphorylation in regulating glutamate
receptor function. Eur. J. Pharmacol. 728,
183–187.

Zhao, Y., Chen, S., Swensen, A.C., Qian, W.J., and
Gouaux, E. (2019). Architecture and subunit
arrangement of native AMPA receptors
elucidated by cryo-EM. Science 364, 355–362.

Zhou, Z., Liu, A., Xia, S., Leung, C., Qi, J., Meng,
Y., Xie, W., Park, P., Collingridge, G.L., and Jia, Z.
(2018). The C-terminal tails of endogenous GluA1
and GluA2 differentially contribute to
hippocampal synaptic plasticity and learning.
Nat. Neurosci. 21, 50–62.

http://refhub.elsevier.com/S2589-0042(21)00997-4/sref68
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref68
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref68
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref68
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref68
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref69
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref69
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref69
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref69
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref69
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref69
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref70
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref70
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref70
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref70
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref71
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref71
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref71
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref71
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref71
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref72
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref72
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref72
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref72
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref72
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref72
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref73
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref73
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref73
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref73
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref73
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref74
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref74
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref74
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref74
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref74
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref75
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref75
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref75
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref75
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref76
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref76
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref76
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref76
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref76
http://refhub.elsevier.com/S2589-0042(21)00997-4/sref76


ll
OPEN ACCESS

iScience
Article
STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Polyclonal Anti-Glutamate receptor 1 Millipore AB1504

Mouse Monoclonal Anti-Glutamate receptor 2, extracellular

clone,6C4

Millipore MAB397

Rabbit Monoclonal Anti-GluR6/7, clone NL9 Millipore 04-921

Mouse Monoclonal Anti-Glutamate Receptor BD Pharmingen 556341

Rabbit Monoclonal Anti EGFR Abcam Ab52894

Mouse Monoclonal Anti GAPDH Abcam Ab8245

Donkey Anti-Mouse Cy3 Jackson immuno 715-165-150

Chicken Polyclonal Anti-Homer 1 Synaptic Systems 160 006

Chemicals, Peptides, and Recombinant Proteins

Chelerythrine Sigma-Aldrich C2932, CAS Number: 3895-92-9

CNQX Sigma-Aldrich C127, CAS Number: 115066-14-3

D-AP5 Tocris Catalog Number: 0106

Glycine Sigma-Aldrich G8790, CAS Number: 56-40-6

GYKI 53655 Tocris Catalog Number:2555

H89 Tocris Catalog Number: 2910

Kainate Tocris Catalog Number: 0222

NMDA Tocris Catalog Number: 0114

Pertussis Toxin (PTx) Tocris Catalog Number: 3097

TTX Tocris Catalog Number: 1069

UBP 310 Tocris Catalog Number: 2079

Picrotoxin Sigma-Aldrich P1675, CAS Number124-87-8

EZ-LinkTM Sulfo-NHS-SS-Biotin Thermo Fisher Catalog Number: 21331

Streptavidin-Agarose from Streptomyces Avidinii Sigma-Aldrich S1638-5ML

Experimental models: cell lines

Primary Rat Hippocampal Neuronal Cell cultures (Fletcher-Jones et al., 2019;

Konopacki et al., 2011).

N/A

Experimental Models: Organisms/Strains

Wistar rat University of Bristol Animal Services N/A

Recombinant DNA

GluK2 shRNA targeting: GCCGTTTATGACACTTGGA

(pXLG3-GFP vector)

(Rocca et al., 2017) N/A

Non-targeting shRNA: AATTCTCCGAACGTGTCAC

(pXLG3-GFP vector)

(Rocca et al., 2017) N/A

Software and Algorithms

WinLTP v1.11 acquisition software (Anderson and Collingridge, 2007) https://www.winltp.com/

GraphPad Prism version 8.0 This paper https://www.graphpad.com/

scientific-software/prism/

LI-COR Biosciences ImageStudio Lite Version 5.2 (Evans et al., 2019) https://www.licor.com/bio/image-

studio-lite/download
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Jeremy Henley (j.m.henley@bristol.ac.uk).
Materials availability

This study did not generate new unique reagents.
Dissociated primary neuronal culture

Pregnant E18 (Embryonic Day 18) Han Wistar rats were anesthetised with isoflurane and humanely sacri-

ficed using schedule 1 method (cervical dislocation) after checking for reflexes. Brains of male and female

embryos were removed under a dissection microscope, and the hippocampi excised for hippocampal cul-

tures and the rest of the cortex was used for preparation of cortical cultures.

Dissected hippocampi and cortices were transferred to 15ml and 50ml falcon tubes respectively under a laminar

airflow chamber and cortices were further dissociated using a sterile scalpel blade. Tissues were washed three

times with 10ml HBSS for hippocampi and 30ml for cortices. Cortices were incubated for 15 mins in 30ml HBSS

containing 0.005% trypsin/EDTA and hippocampi for 9 mins in 30ml HBSS containing 0.005% trypsin/EDTA at

37�Cwith frequent inverting. The trypsinised tissues were washed three times with HBSS and one wash with 1ml

plating media for hippocampi and 5ml plating media for cortices. The cell suspensions were triturated with 1ml

pipette for hippocampus and 5ml serological pipette for cortical tissues. Hippocampal and cortical cell suspen-

sion were diluted up to 4ml and 20ml respectively with plating media.

The cells were counted in a hemocytometer. For biochemistry experiments, 500,000 cells per well and for

imagining 110,000 cells per well were plated in pre-treated 6 well tissue culture dish containing plating me-

dia and incubated in a 37�C incubator. 2 hrs after seeding the cells, the platingmedia was replaced with 2ml

of feeding media (Neurobasal� medium supplemented with 2% B27 and 1% glutamax) and replaced in a

37�C incubator. 7 days later the neurones were fed with a further 1ml of feeding media and stored until use.
Acute hippocampal slice preparation from postnatal male and female Han Wistar rats for

electrophysiology

Postnatal day 13-15 male and female Han Wistar rats were anaesthetized with 4% isoflurane and decapi-

tated. Brains were rapidly removed and placed in 4�C oxygenated (95% O2, 5% CO2) sucrose solution

(in mM: sucrose 189, D-glucose 10, NaHCO3 26, KCl 3, MgSO4 5, CaCl2 0.1 and NaH2PO4 1.25). Parasagittal

hippocampal slices 400mm thick were prepared using a vibratome (7000smz-2, Campden Instruments).

Slices were kept in a slices holder containing artificial cerebrospinal fluid (aCSF in mM): NaCl 124, NaHCO3

26, KCl 3, NaH2PO4 1, MgSO4 1, D-glucose 10 and CaCl2 2; and incubated for 30 mins at 35�C and then for a

further 30 mins at room temperature before use.

Data and code availability

d Data: All data reported in this paper will be shared by the lead contact upon request.

d Code: This paper does not report original code.

d Experimental model and subject details: The following animals were obtained from animal services fa-

cility at the University of Bristol.

All the animal experiments and procedures were performed in compliance with the UK Animal Scientific

Procedures act (1986) and were guided by the Home Office Licensing Team at the University of Bristol.

All animal procedures relating to this study were approved by the Animal Welfare and Ethics Review Board

at the University of Bristol.
METHOD DETAILS

Lentivirus production and transduction

DMEMwas filter sterilized using a 0.2mM syringe filter and 2.5ml of plain DMEMwas mixed with 20ml of XLG

viral vector consisting of shRNA expressed under H1 promoter (pXLG3-100bp stuffer), 5mg pDMD2.G
18 iScience 24, 103029, September 24, 2021
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packaging vector (Addgene) and 15mg of p8.91 helper vector (Addgene). The shRNA target sequences

were Control, non-targeting shRNA: AATTCTCCGAACGTGTCAC; GluK2-targeting shRNA: GCCGTTTAT

GACACTTGGA. 2.5ml of plain DMEMmedia was mixed with 4.8% 1mg/ml polyethylenimide (PEI) in a ster-

ile 15ml falcon tube. The mixture was mixed thoroughly, and filter sterilized into a fresh 15ml falcon tube

with a 0.2mM syringe filter. This was left at RT for 2-3 mins with occasional mixing. The transfection media

was prepared by mixing PEI-DMEM with the DNA mixture. Culture plates containing HEK293T cells were

washed twice with 6ml of plain media and 5ml of transfectionmedia was slowly added and left for 4 hours at

37�C. After incubation, the transfection media was aspirated and supplied with 7ml of pre-warmed

neuronal feeding media or DMEM. The cells were placed back in the incubator for 2-3 days to produce vi-

rus. Media containing the virus was transferred into a fresh 15ml falcon tube and centrifuged at to 3000g for

10 minutes at 4�C to pellet cellular debris. The virus containing supernatant was syringe filtered (0.45mM)

into a fresh 15ml falcon, aliquoted and stored at -80�C until further use.
Sustained KA stimulation

Hippocampal neurons were plated in a 6 well culture dish (500,000 cells per well) and maintained in a 37�C
incubator. On DIV 17-18, the neurons were pre-treated with 1mM TTX (Tocris) and GYKI 53655 (Tocris), with

or without additional drugs in Earle’s Buffer (140mM NaCl, 5mM KCl, 1.8mM CaCl2, 0.8mM MgCl2, 25mM

HEPES, 0.9g/L D-Glucose, pH 7.4) and placed back in the incubator for 30 mins. After the incubation, 10mM

KA was added to the wells and incubated for 20 mins at 37�C.
Neuronal surface biotinylation

After KA stimulation, neurones were cooled down to 4�C post treatment to prevent further trafficking of

receptors. The wells were washed twice with 2ml of cold Earle’s Buffer (EBS) (140mM NaCl, 5mM KCl,

1.8mM CaCl2, 0.8mM MgCl2, 25mM HEPES and 0.9g/L D-glucose). The surface proteins were tagged

with 1.5ml of Sulfo-NHS-SS-Biotin (0.3mg/ml diluted in 1X EBSS) (Thermo Fisher, Cat No.21331), for

10 mins with gentle movement every 2 mins and washed three times with 2ml of EBSS. 2ml of 100mM

NH4Cl was added to scavenge the free biotin for 1 min. The cells were washed with 2ml of EBSS and

were lysed in 200 mL lysis buffer (50mM Tris pH 7.4, 150mM NaCl, 1% triton X-100, 0.1% SDS, 1X protease

inhibitor in ddH2O), scraped and transferred to a 1.5ml eppendorf. The cells were sonicated briefly with 3

pulses and were incubated on ice for 30 mins. After incubation cells were centrifuged at 20,000g at 4�C for

30 mins to get rid of cell debris.

The surface proteins were pulled downwith 150ml PierceTM Streptavidin UltraLinkTM resin beads. The beads

were washed twice with Lysis buffer devoid of protease inhibitor cocktail by centrifuging at 1500g at 4�C for

2 mins followed by aspirating the buffer containing supernatant. 80ml of lysate was added to the beads and

mixed on a rotating wheel at 4�C for 1 hr. Following incubation, the beads were washed three times in lysis

buffer and the supernatant was aspirated. The beads were re-suspended in 2X sample buffer and were

heated at 95�C for 10 min on a heating block before western blotting.
Immunocytochemistry

Cells were incubated for 20 min in the primary antibody at RT. GluA2 N-Terminal Antibody (MAB397, Milli-

pore, 1:70) was mixed in a 1.5mL Eppendorf containing 100mL of conditioned media (per coverslip). 90mL of

the antibody containing media pipetted onto parafilm and the coverslips were gently placed with cells fac-

ing down on to the primary antibody. After incubation, the coverslips were placed back into a 6 well plate

containing 2ml of DPBS (cells side facing up). The coverslips were washed 3-5 times in DPBS and fixed with

1ml of pre-warmed 4% formaldehyde + 5% sucrose for 12 mins. The cells were again washed 3 times in

DPBS followed by a wash with 1ml of 100mM glycine dissolved in DPBS to quench residual formaldehyde.

To remove glycine, the coverslips were again washed 3 times with DPBS. The cells were permeabilised and

blocked using 3% BSA in DPBS containing 0.1% Triton-X 100 for 20 mins with gentle shaking at RT. Anti-

mouse Cy3 antibody (Jackson ImmunoResearch, 1:400) secondary antibodies were diluted 1:400 in 3%

BSA in 1XDPBS and were incubated for 1 hr (same as primary antibody incubation). After the incubation,

the coverslips were placed back into the wells and were washed 3 times with DPBS. 40mL of mounting me-

dia (Fluoromount-GTM with DAPI (Thermo Fisher)) was pipetted on to slides and the coverslips were

mounted (cells facing down) after gently dipping into ddH2O (to prevent salt crystal formation). The slides

were left overnight to dry before imaging or storage at 4�C.
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To measure the dendritic GluA2 distribution, random but clearly selectable and isolated dendrites were

selected from initial dendrites (starting after cell body to first branch point) and first branch dendrites

(from initial branch point to the subsequent branch point). For both categories, at least 4 dendrites were

selected, and the branches were traced using the ‘Simple Neurite Tracer’ tool, filled automatically to the

thickness of the neurite to create masks of the dendritic structure within the Region of Interest (ROI).

The mean values of surface GluA2 intensity were measured from the masks by using Fiji software and

the intensity values were averaged for each ROI of each neuron and analyzed in Graph Prism version 9.1.2.

For assessment of synaptic GluA2, cells were additionally stained for the postsynaptic marker Homer (anti-

Homer, Synaptic Systems, 1:500) for 1 hr at RT following fixation and permeabilisation. Confocal imaging

was carried out on a Leica SP8 with a 100x objective, 2x zoom, 10 ROIs per condition. Homer-stained ROIs

were background subtracted, filtered (median), and auto thresholded (Otsu) in FIJI. Particles 20 pixels or

larger were analyzed for mean GluA2 and Homer fluorescence. For each ROI, between 47 and 461 particles

were analyzed and averaged together. 10 ROIs per independent experiment, 3 independent dissections.
Electrophysiology

Hippocampal slices were placed in a submerged holding chamber and perfused with 30�C oxygenated

aCSF at 2ml min-1. Excitatory postsynaptic currents (EPSCs) of AMPA transmission were evoked at

-70mV by stimulating the Schaffer collateral pathway and recorded fromCA1 pyramidal neurons. Pyramidal

neurons were patch-clamped in the whole-cell configuration using borosilicate glass (Harvard Apparatus)

electrodes with a resistance of 2-5 MU and were backfilled with a solution containing (in mM): CsMeSO4

130, NaCl 8, Mg-ATP 4, Na-GTP 0.3, EGTA 0.5, HEPES 10, QX-314-Cl 5; pH 7.2. The CA3 area of the hip-

pocampal slices was removed using a scalpel blade in order to minimize epileptic activity. D-AP5 (50mM)

and picrotoxin (50mM) were bath applied to isolate AMPA-mediated EPSCs. Cells in which the series resis-

tance changed above 20 MU or deviated by 20% were discarded.

After a 10 min stable baseline was achieved, 1mM kainic acid was bath applied for 10 mins followed by a

30 min washout period.

Signals were low-pass filtered at 2 kHz and digitized at 10 kHz using a Axopatch 200B amplifier (Molecular

Devices) and WinLTP v1.11 acquisition software (Anderson and Collingridge, 2007).
QUANTIFICATION AND STATISTICAL ANALYSIS

For each experiment, the signal for each condition was divided by the mean overall signal from that exper-

iment. This analysis was performed for each replicate experiment, and for presentation purposes, themean

of the control condition set to 100.

All graphs were generated, and statistical tests performed, using GraphPad Prism version 9.1.2. Our sam-

ple sizes correspond to previous published results and no statistical tests were performed to predetermine

the sample size (Gonzalez-Gonzalez and Henley, 2013; Petrovic et al., 2017). The details of the statistical

tests performed on each experiment are explained in the figure legend along with p-values and error

bars. Number of cells = n and number of independent dissections/number of animals = N.
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