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We first explore the features of GluK2 endocytosis during
kainate excitotoxicity and then explore the role of Ca2+

in the regulation of GluK2 endocytosis. The roles of Ca2+

were examined by treating cells with Ca2+ inhibitors or
chelators. Surface biotinylation was used to examine the
surface localization of GluK2. Immunoprecipitation fol-
lowed by immunoblotting was used to identify the inter-
action of GluK2 with the endocytosis regulator protein-
interacting with C kinase 1 and dynamin. Dynamin phos-
phorylation was examined by immunoblotting with the cor-
responding antibodies. Our results show that GluK2 inter-
nalization is blocked by inhibitors of clathrin-independent
endocytosis and relies on intracellular Ca2+/calcineurin
signaling. Protein-interacting with C kinase 1-GluK2 in-
teraction is regulated by Ca2+/calcineurin signaling. Dy-
namin participates in the regulation of GluK2 surface lo-
calization. Also, calcineurin activation is related to dy-
namin function during kainate excitotoxicity. In conclu-
sion, GluK2 receptor endocytosis is probably a clathrin-
independent and dynamin-dependent process regulated
by the peak Ca2+ transient. This work indicates the roles
of the Ca2+ network in the regulation of GluK2 endocyto-
sis during kainate excitotoxicity.
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1. Introduction
Glutamate receptors include theα-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid receptor (AMPAR), the N-methyl-d-
aspartate receptor (NMDAR), and the kainate receptor (KAR).
KARs are localized both presynaptically and postsynaptically, af-
fecting transmitter release and are responsible for slow excitatory
postsynaptic currents (EPSCs) (Huettner, 2003; Kerchner et al.,
2002; Lerma, 2003; Vignes and Collingridge, 1997). There are
five types of subunits in KARs: GluK1-5. The GluK1-3 subunits
constitute the functional KAR,whereas theGluK4 andGluK5 sub-
units need to combine with GluK1-3. The GluK2 subunit has
been proven to control synaptic integration and spike transmis-

sion at hippocampal mossy fiber synapses (Sachidhanandam et
al., 2009). In GluK2-deficient mice, the presynaptic action of
KAR is lost (Contractor et al., 2001), and the KAR component
of EPSC is absent (Mulle et al., 1998). The GluK2 antisense
oligodeoxynucleotides exert neuroprotective effects on neuronal
death in the rat hippocampal CA1 region after transient brain is-
chemia/reperfusion (Pei et al., 2006). All of these findings suggest
a critical role of GluK2 in physiological and pathological neuronal
functions.

As arborized and polarized cells, neurons exhibit endocytic
features related to their specific physiological and pathological
functions. Studies have demonstrated that the process of gluta-
mate receptor endocytosis is crucial for neuronal function and ex-
citotoxicity (Malinow and Malenka, 2002; Man et al., 2000; Wang
et al., 2004; Zhu et al., 2012). The surface localization of GluK2
determines the responsiveness of neurons and profoundly influ-
ences signal transduction of neurons (Martin et al., 2007; Zhu et
al., 2012). Evidence shows that GluK2 receptor endocytosis is reg-
ulated by posttranslational modification (Konopacki et al., 2011;
Nasu-Nishimura et al., 2010; Zhu et al., 2014, 2012). However, the
molecular events in the GluK2 endocytic process have not been
defined.

Calcium (Ca2+) imbalance is a significant trigger that leads to
neuronal cell death during brain damage, and its inhibition directly
correlates with ischemic neuroprotection (Berliocchi et al., 2006;
Choi, 1995; Tymianski et al., 1993). Different synaptic preparation
studies have shown that Ca2+ can accelerate or inhibit endocytosis
at nerve terminals (Balaji et al., 2008; Wu et al., 2009, 2014; Yao
and Sakaba, 2012); nevertheless, the precise steps by which Ca2+

acts in this process have not been identified. Calcineurin (CaN), a
calcium/calmodulin-activated phosphatase that dephosphorylates
endocytosis-related proteins, has long been suspected of medi-
ating this Ca2+-regulated process (Cousin and Robinson, 2001).
However, whether CaN mediates endocytic processes is highly
controversial (Wu et al., 2014). KAR desensitization plays a vital
role in kainate-induced increases in intracellular free Ca2+, and
GluK2 subunits are Ca2+-permeable (Ouardouz et al., 2009; Silva
et al., 2001). In cells expressing the tyrosine phosphorylation-
deficient GluK2mutant Y590F, both GluK2 endocytosis and peak
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Fig. 1. GluK2 endocytosis is prevented by genistein or MβCD but not by CPZ or pitstop2. Cultured cortical neurons were pretreated with CPZ (10
µmol/L), pitstop2 (25 µmol/L), genistein (200 µmol/L), or MβCD (3 mmol/L) for 30 min before kainate stimulation (300 µmol/L, 10 min) or transferrin
binding (20 µg/ml, 10 min). (A) The surface and total GluK2 were immunoblotted with an anti-GluK2/3 antibody. The surface/total ratios of GluK2 are
normalized to that of the control (without kainate stimulation) and expressed as the mean ± SD (n = 3). *P < 0.05 vs. no kainate. #P < 0.05 vs. no
inhibitor in kainate stimulation. Neuron cultures for replicates were made from different animals. (B) The endocytosis assay of Alexa 488-conjugated
transferrin in cortical neurons confirms the specificity of the inhibitors. Neuron cultures for replicates were made from different animals.

transients of intracellular Ca2+ are inhibited (Zhu et al., 2014).
Therefore, a better understanding of the dysregulation of Ca2+ and
its roles in GluK2 endocytosis can provide evidence about the role
of Ca2+ during GluK2-mediated excitotoxicity.

2. Materials and methods
2.1 Antibodies and reagents

Rabbit polyclonal anti-protein-interacting with C kinase
1 (PICK1) (ab3420), anti-dynamin1 (ab3456), anti-dynamin1
phospho-Ser-774 (ab55324) and pitstop2 were obtained from Ab-
cam Biotechnology (Cambridge, UK). Sheep polyclonal anti-
dynamin phospho-Ser-778 (NB300-210) was obtained fromNovus
Biotechnology (Littleton, CO, USA). Rabbit monoclonal anti-
GluK2/3 (clone NL9, #04-921) antibodies were purchased from
Millipore Biotechnology (Temecula, CA, USA). Rabbit polyclonal
anti-actin (sc-10731) was obtained fromSanta Cruz Biotechnology
(Dallas, TX, USA). Rabbit polyclonal Na+/K+-ATPase (#3010)
was purchased from Cell Signaling Biotechnology. Kainate re-
ceptor agonist was purchased from Enzo life sciences (Farming-
dale, NY, USA). Chlorpromazine hydrochloride (CPZ), genis-
tein, methyl-β-cyclodextrin (MβCD), dynasore (D7693), dantro-
lene (Dan), ryanodine (Rya), FK506, and Fura-2/AM were from
Sigma-Aldrich Biotechnology (St. Louis, MO, USA). Cy-
closporine A (CsA) was obtained from EMDMillipore (Billerica,
MA, USA). Alexa Fluor 488-conjugated transferrin (T13342) and
EZ link sulfo-NHS-SS-Biotin (21331) was from Thermo Scientific

(Rockford, IL, USA).

2.2 Plasmid transfection and drug administration
HEK293T cells were obtained from the American Type Cul-

ture Collection (Manassas, VA,USA) andwere cultured inDMEM
supplementedwith 10%FBS. The recombinant plasmids encoding
GluK2 (the wild-type protein and the tyrosine phosphorylation-
deficient mutant Y590F) were introduced into the cells with
polyethyleneimine (PEI; Invitrogen). After transfection (24 h),
drugs were administered to the transfected cells.

2.3 Calcium imaging
Intracellular Ca2+ ([Ca2+]i) was measured using the Ca2+-

sensitive fluorescent dye Fura-2/AM (Sigma), which is a UV-
excited Ca2+ indicator that allows for ratiometric measurements.
Fura-2/AM was dissolved in DMSO as a stock solution and di-
rectly added to the cell culture medium at a final concentration of 2
µM. After GluK2 transfection (24 h), HEK293T cells were loaded
with Fura-2/AM for 30 min at room temperature and then washed
three times to remove the extracellular dye. The Fura-2 fluores-
cence was alternately excited at 340 and 380 nm using the Lambda
DG-4 Ultra-High-Speed Wavelength Switcher, and the excitation
light was focused on the cells via a 20× objective. The emitted flu-
orescence was collected at 510 nm by a high-speed EMCCD cam-
era. The ratio of the fluorescence at 340 nm to 380 nmwas directly
recorded with Meta Fluor software, indicating [Ca2+]i) fluctu-
ations. The intracellular free calcium concentration ([Ca2+]i))
was calculated as follows: [Ca2+]i) = Kd[(R-Rmin)/(Rmax-R)]β
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(Grynkiewicz et al., 1985; Xu et al., 2012), where R is the ratio
of fluorescence emitted at 510 nm after excitation at 340 and 380
nm; Rmin is the ratio of fluorescence at zero calcium, and Rmax
is the ratio at saturating calcium. Kd is the effective dissociation
constant of Fura-2 for calcium and is equal to 224 nmol/L. β is the
ratio of fluorescence of Fura-2 at 380 nm in the presence of EGTA
to that in the presence of ionomycin and is equal to 1.53. Rmax
and Rmin were determined by the ionomycin method.

2.4 Cortical neuron culture
Primary cortical neurons from 18-d-old embryonic Sprague

Dawley rats were seeded in poly-D-lysine-coated culture dishes at
0.8× 105 cells/cm2 as previously described (Xu et al., 2009). The
culture medium (Neuro-basal medium supplemented with 2%B27
and 0.5 mM glutamine) was replaced every 3 days. After 14 days
of in vitro culture, the neurons were harvested and lysed in ice-
cold homogenization buffer [in mmol/L: MOPS (pH 7.4) 50, su-
crose 320, KCl 100, MgCl2 0.5, and protease and phosphatase in-
hibitors (β-glycerophosphate 20; sodium pyrophosphate 20; NaF
50; 1 mmol/L each of EDTA, EGTA, phenylmethylsulfonyl fluo-
ride, benzamidine, sodium orthovanadate, and p-nitrophenyl phos-
phate; and 5 µg/mL each of aprotinin, leupeptin, and pepstatin A)]
to be used for the experiments.

2.5 Transferrin uptake assay
The transferrin-endocytosis assay was performed as previously

described (Fu et al., 2011; Lu et al., 2016; Mackenzie et al., 2017).
After 7 days of in vitro culture, the primary cortical neurons were
starved in a neuro-basal medium for 2 h. For the uptake assays,
the starved cells were transferred to a binding media (neuro-basal
medium with 0.2% bovine serum albumin, 20 mMHEPES-NaOH
[pH 7.5]) containing 20 µg/ml human transferrin-Alexa Fluor 488
(Thermo, Waltham, MA USA) and placed in an incubator with
95% O2, 5% CO2 for 30 min. The neurons were washed with ice-
cold PBS three times and then fixed with 4% paraformaldehyde in
1× PBS. Confocal images were acquired using a Zeiss LSM710
laser-scanning confocal microscope (Zeiss, Germany).

2.6 Surface biotinylation
Live transfected HEK293T cells, and primary cortical neu-

rons were surface-biotinylated on ice using EZ link sulfo-NHS-
SS-Biotin (Pierce) (Rockford, IL) after kainate stimulation with
or without inhibitor treatments. The harvested cells were lysed in
TNE buffer [50 mmol/L Tris·HCl (pH 8.0), 50 mmol/L NaF, 1%
Nonidet P-40, 20 mmol/L EDTA, and 0.1% SDS]. The cell lysates
(200 µg) were incubated with 30 µL of immobilized NeutrAvidin
(Pierce), which binds specifically to sulfo-NHS-SS-Biotin, at 4 ◦C
for 2 h to precipitate the biotinylated proteins. The immobilized
NeutrAvidin were washed three times to remove the nonspecif-
ically bound proteins and collect the surface proteins. The sur-
face proteins bound to the immobilized NeutrAvidin and the total
cell lysates were boiled at 100 ◦C for 5 min and subjected to im-
munoblot analysis with anti-GluK2 antibodies.

2.7 Immunoprecipitation
The sample proteins were incubated with the appropriate an-

tibodies diluted in immunoprecipitation buffer (the ratio was 1
µg antibody per 400 µg protein in 400 µl buffer) containing
50 mmol/L HEPES (pH 7.4), 150 mmol/L NaCl, 10% glycerol
(vol/vol), 1 mmol/L ZnCl2, 1.5 mmol/L MgCl2, 1% Triton X-100,
0.5% Nonidet P-40, and the phosphatase and protease inhibitors

mentioned above overnight at 4 ◦C (Zhu et al., 2012). The mixture
was incubated at 4 ◦C for an additional 2 h after the addition of
protein A/G. The samples were washed with immunoprecipitation
buffer three times and eluted by boiling for 5 min at 100 ◦C in 4×
Laemmli sample buffer.

2.8 Immunoblot
After boiling at 100 ◦C for 5 min, the immuno-precipitates

or equal amounts of the sample proteins were separated by SDS-
PAGE and then electrotransferred onto a nitrocellulose membrane
(pore size: 0.22 µm). After blocking in 3% bovine serum albumin
(BSA), the membrane was incubated with the indicated primary
antibodies overnight at 4 ◦C.Detectionwas performedwith the ap-
propriate HRP-conjugated IgG and developed with the SuperSig-
nal™ West Pico Chemiluminescent Substrate assay kit (#34087)
(Thermo Fisher Scientific). The bands on the membranes were
scanned and analyzed with Quantity One 1-D Analysis Software
(Bio-Rad).

2.9 Statistical analysis
For each type of experiment, the data were obtained from at

least three independent measurements. Except for peak Ca2+ tran-
sient in calcium imaging, data were normalized to the correspond-
ing control in each experiment before statistical analysis. The
student's t-test evaluated differences between the means of two
groups. Multiple groups were compared by one-way ANOVA, fol-
lowed by Fisher's least significant difference test. P < 0.05 was
considered significant.

3. Results
3.1 GluK2 receptor endocytosis is likely a
clathrin-independent process

There are multiple pathways of internalization from the sur-
face of eukaryotic cells that utilize different mechanisms. Based
on the requirement for the coat protein clathrin, these pathways
can be divided into clathrin-dependent and clathrin-independent
pathways (Mayor and Pagano, 2007; Mousavi et al., 2004). Genis-
tein (Kumar et al., 2019; Li et al., 2020; Pooja et al., 2015; Ver-
cauteren et al., 2010) and MβCD (Guo et al., 2015; Li et al., 2020;
Vercauteren et al., 2010; Zhang et al., 2018) are inhibitors of the
clathrin-independent pathway; Pitstop2 (Guo et al., 2015; Kumar
et al., 2019; von Kleist et al., 2011) and CPZ (Li et al., 2020; Pooja
et al., 2015; Vercauteren et al., 2010; Zhang et al., 2018) are com-
monly used as inhibitors of clathrin-dependent endocytosis. To
identify the features of GluK2 endocytosis, cultured primary cor-
tical neurons were pretreated with the above endocytosis inhibitors
before kainate stimulation. The concentration of each compound
has been justified based on similar applications in the above pa-
pers. As shown in Fig. 1A, the kainate-induced reduction in sur-
face GluK2 was prevented by genistein (200 µmol/L) or MβCD
(3 mmol/L) but not by pitstop2 (25 µmol/L) or CPZ (10 µmol/L).
Genistein treatment and MβCD treatment increased the surface
GluK2 by 79.1% and 96.6%, respectively. Endocytosis of trans-
ferrin (a marker of the clathrin-dependent process) was used as a
control to confirm the specificity and selectivity of these endocy-
tosis inhibitors. As shown in Fig. 1B, MβCD, or genistein treat-
ment did not impair transferrin uptake, but pitstop2 and CPZ did.
These results indicate that GluK2 endocytosis is less likely to be a
clathrin-mediated process.

Volume 19, Number 3, 2020 451



Fig. 2. Ca2+ influx and intracellular Ca2+ release facilitate GluK2 endocytosis. (A) Membrane localization of GluK2 in transfected HEK293T
cells (with or without BAPTA-AM pretreatment). The surface and total GluK2 were examined by immunoblotting with anti-GluK2/3 antibodies. The
surface/total ratios of GluK2 are normalized to that of the control (without kainate stimulation) and expressed as the mean ± SD (n = 3). *P < 0.05 vs.
no kainate. #P < 0.05 vs. no inhibitor in kainate stimulation. (B) Calcium imaging analysis in GluK2-transfected HEK293T cells. Dan (10 µmol/L) or
Rya (10 µmol/L) was used to prevent ryanodine receptor opening; Ca2+-free/EGTA buffer was used to block Ca2+ influx. All the inhibitors were added
30 min before kainate stimulation (300 µmol/L, 10 min). Data are the mean ± SEM (n = 10); *P < 0.05 vs. Control (no kainate). #P < 0.05 vs. no
inhibitor in kainate stimulation. (C) Surface biotinylation of GluK2-transfected HEK293T cells (with or without Ca2+inhibition). All the inhibitors were
added 30 min before kainate stimulation (300 µmol/L, 10 min). The surface/total ratios are normalized to that of the control (untreated cells expressing
wild-type GluK2) and expressed as the mean ± SD (n = 3). *P < 0.05 vs. no kainate. #P < 0.05 vs. no inhibitor in kainate stimulation.

3.2 Both Ca2+ influx and intracellular Ca2+ release
facilitate GluK2 endocytosis.

Our previous research has reported that GluK2 tyrosine phos-
phorylation changes both intracellular Ca2+ and GluK2 endocy-
tosis in HEK293T cells (Zhu et al., 2014). Here, we attempted to
explore whether there is a correlation between Ca2+ and GluK2
endocytosis following kainate stimulation in HEK293T cells.
BAPTA-AM, a permeable chelator of free Ca2+, was first used
to restrict the intracellular Ca2+ concentration. The applied con-
centration of BAPTA-AM was decided according to similar ap-
plications (Brown et al., 2008; Tang et al., 2007; Vomaske et al.,
2010). The reduction in the membrane expression of GluK2 was

prevented when the cells were pretreated with BAPTA-AM (25
µmol/L) before kainate stimulation compared with non-BAPTA-
AM treatment Fig. 2A. The relative surface/total GluK2 in the
BAPTA-AM group is 188.7% of the non-BAPTA group. This re-
sult suggests the potential roles of intracellular Ca2+ in facilitat-
ing GluK2 endocytosis. Next, we investigated the mechanism of
the peak Ca2+ transient after kainate stimulation. The GluK2-
transfected HEK293T cells were pretreated with inhibitors of the
Rya receptor (dantrolene [Dan] or ryanodine [Rya]). Ca2+-free
buffer (LiCl 140 mmol/L, KCl 4 mmol/L, EGTA 10 mmol/L,
MgCl2 1 mmol/L, glucose 10 mmol/L, HEPES 5 mmol/L) was
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Fig. 3. PICK1 interaction with GluK2 changes and is affected by intracellular Ca2+signaling in kainate stimulation. (A) The interaction of PICK1
with GluK2 increases during kainate stimulation (300 µmol/L for 10 min, 20 min, and 30min) in cultured cortical neurons. (B) The PICK1 interaction
with GluK2 in HEK293 cells expressing the wild-type GluK2 (WT) or the tyrosine phosphorylation-deficient mutant Y590F. (C) PICK1-GluK2 binding
in cortical neurons is decreased in the presence of calcium inhibitors. ∗P < 0.05 vs. no kainate.#P < 0.05 vs. GluK2 WT without calcium inhibition.
The PICK1-GluK2 interactions are normalized to that of the control (without kainate stimulation) and expressed as the mean ± SD (n = 3). ∗P < 0.05
vs. no kainate. #P < 0.05 vs. no inhibitor in kainate stimulation. Neuron cultures for replicates were made from different animals.

Fig. 4. Calcineurin promotes GluK2 endocytosis. A calcineurin inhibitor (CsA or FK506) prevents the reduction in GluK2 membrane localization
during kainate stimulation in GluK2-transfected HEK293T cells (A) and cultured cortical neurons (B). The surface/total ratios are normalized to that of
the control and expressed as the mean ± SD (n = 3). *P < 0.05 vs. no kainate. #P < 0.05 vs. no inhibitor in kainate stimulation. Neuron cultures for
replicates were made from different animals.

used to reduce extracellular Ca2+ and impair Ca2+ influx. As
shown in Fig. 2B, the calcium image analysis showed that the peak
Ca2+ transient after kainate stimulation was almost abolished in
the Ca2+-free group. No significant differences were observed
compared with the control group (no kainate stimulation). The
peak Ca2+ transient was prevented to 404.43± 55.72 nmol/L and
280.95 ± 62.08 nmol/L by Dan treatment and Rya treatment, re-
spectively. The peak Ca2+ transient in Dan treatment and Rya
treatment decreased to 44.8% and 31.2% of that in the kainate
stimulation group, respectively. These data demonstrate that both
Ca2+ influxes from extracellular space and Ca2+ release from in-
tracellular stores are necessary for governing the peak Ca2+ tran-
sient after kainate activation of GluK2. Considering the sources of

intracellular Ca2+, the above inhibitors were used to determine the
effects of Ca2+ on GluK2 endocytosis. As shown in Fig. 2C, rel-
ative surface localization of GluK2 in transfected HEK293T cells
was 1.1867 ± 0.15567 with Rya treatment (10 µmol/L), 1.3033 ±
0.29092 with Dan treatment (10 µmol/L), and 1.3233 ± 0.19088
with Ca2+-free/EGTA solution treatment. The concentration of
Dan or Rya was chosen, referring to several references (Diszházi
et al., 2019; Shi et al., 2014; Shinohara et al., 2014; Verkhratsky,
2005). All the treatments significantly inhibited the reduction in
surface GluK2 compared to 0.4967± 0.05132 in the kainate treat-
ment. The relative surface localization of GluK2 in Rya, Dan, and
Ca2+-free/EGTA increased to 238.9%, 262.4%, and 266.4% of
that in the kainate stimulation group, respectively.
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3.3 PICK1-GluK2 interaction changes under different
states of GluK2 endocytosis.

The Ca2+ sensor PICK1, a protein with both a
PSD-95/Dlg/ZO1 (PDZ) domain and a C-terminal
Bin/amphiphysin/Rvs (BAR) domain, has been implicated
as a significant component of the machinery that regulates the
internalization and trafficking of NMDAR and AMPAR (Fiuza et
al., 2017; Hanley and Henley, 2005; Terashima et al., 2008). Here,
PICK1-GluK2 binding significantly increased during kainate
treatments (300 µmol/L for 10 min, 20 min, and 30 min) Fig. 3A.
GluK2 endocytosis was decreased in the group expressing the
tyrosine phosphorylation-deficient mutant Y590F (Zhu et al.,
2014). Consistent with this finding, the PICK1-GluK2 interaction
was reduced in the Y590F group compared with the WT group
Fig. 3B. PICK1-GluK2 interaction increased to 160.3% after
kainate stimulation. The PICK1-GluK2 interaction after kainate
stimulation in the Y590F group decreased to was 46.8% of the
WT group.

Peak Ca2+ transient is a critical change during kainate stimula-
tion of GluK2, and it is controlled by Y590 phosphorylation (Zhu
et al., 2014). Therefore, we attempted to explore whether Ca2+

regulates PICK1-GluK2 interaction. Extracellular Ca2+ deletion,
Rya, Dan, and BAPTA were applied to change the Ca2+sources
or intracellular Ca2+concentration. The PICK1-GluK2 interac-
tion was significantly reduced when the cells were pretreated with
extracellular Ca2+ deletion, Rya, Dan, or BAPTA before kainate
stimulation Fig. 3C. The relative levels of the PICK1-GluK2 inter-
action in the Rya, Dan, EGTA, and BAPTA groups were 0.9200±
0.1513, 1.020 ± 0.1873, 0.7200 ± 0.1300, and 0.9167 ± 0.04163,
respectively, lower than the level of 1.923 ± 0.1328 in the kainate
stimulation group. CaN, a calcium/calmodulin-activated phos-
phatase has been implicated in several Ca2+-sensitive pathways,
including endocytosis (Cousin and Robinson, 2001; Iida et al.,
2008). PICK1-GluK2 interaction was also downregulated when
CaN was inhibited by CaN inhibitors (CsA and FK-506) Fig. 3D.
The PICK1-GluK2 interaction decreased by 43.6% and 46.4% in
CsA treatment and FK-506 treatment, respectively. This find-
ing suggests that PICK1 serves as the pivotal effector of the el-
evated intracellular Ca2+ concentration and CaN activation to re-
cruit GluK2.

3.4 CaN activity changes dynamin-dependent GluK2
endocytosis

To study the roles of CaN in GluK2 receptor endocytosis, CaN
inhibitors (CsA and FK-506) were administered to inhibit the func-
tion of CaN during kainate stimulation. Their concentrations were
selected based on application in several references (Koppelstaet-
ter et al., 2018; Takadera and Ohyashiki, 2007; Xu et al., 2012).
GluK2 membrane expression was increased when CaN was in-
hibited Fig. 4A and 4B. CsA treatment and FK-506 treatment
caused 47.3% and 31.3% increase of surface GluK2 in HEK293
cells Fig. 4A, respectively. CsA treatment and FK-506 treatment
caused 65.5% and 63.1% increase of surface GluK2 in cultured
neurons, respectively Fig. 4B. These findings suggest a vital role
for CaN in contributing to GluK2 endocytosis.

Clathrin-independent endocytic pathways can either use the
scission GTPase dynamin or function independently of this

molecule. The surface localization of GluK2 was increased
when dynamin activity was inhibited by dynasore Fig. 5A, a cell-
permeable inhibitor of dynamin. Dynasore treatment (50 µM and
80 µM) increased the surface localization of GluK2 to 164.8% and
154.2% of that in the kainate stimulation group. Dynamin inhibi-
tion likely prevents the process of GluK2 endocytosis. Dynamin1
is expressed in the brain and is enriched in nerve terminals (Smil-
lie and Cousin, 2005). An obvious signal of the GluK2-dynamin1
interaction was observed in the cortical neurons, and the bind-
ing of these proteins was decreased in response to inhibition of
CaN activity Fig. 5B. CaN inhibition with CsA or FK506 exhib-
ited 65.6% or 72.3% reduction of GluK2-dynamin1 interaction.
These findings suggest that GluK2 endocytosis is probably depen-
dent on dynamin activity. Studies have shown that the acceleration
of endocytosis depends on the phosphorylation status of dynamin
at two specific amino acids, namely, S774 and S778 (Armbruster
et al., 2015; Tan et al., 2003). Dynamin phosphorylation at S774
and S778 was also detected when a CaN inhibitor was applied to
cultured primary cortical neurons. Dynamin phosphorylation at
Ser774 was respectively increased to 208.6% and 188.0% of that
in the kainate stimulation group when CsA and FK506 inhibited
caN activity, and Ser778 was increased to 213.9% and 195.0% of
that Fig. 5C. These results provide evidence that dynamin is the
key substrate of CaN in regulating GluK2 endocytosis.

4. Discussion

GluK2 receptor endocytosis has attracted attention because
of its roles in synaptic transmission and excitotoxicity, and di-
verse regulatory processes have been proven to affect this pro-
cess (Konopacki et al., 2011; Martin et al., 2007; Nasu-Nishimura
et al., 2010; Zhu et al., 2014, 2012). Our findings illustrate the
mechanisms of GluK2 endocytosis triggered by intracellular Ca2+

and Ca2+-activated CaN Fig. 6. Kainate activation induces Ca2+

elevation from extracellular and intracellular sources, and subse-
quently, Ca2+-activated CaN activation enhances PICK1-GluK2
interaction, dynamin-GluK2 binding, and dynamin activity to pro-
mote GluK2 endocytosis. These findings provide a detailed un-
derstanding of GluK2 receptor endocytosis and identify another
potential therapeutic target for treating diseases involving KAR
dysfunction, such as stroke.

Here, treatment with specific inhibitors provides important in-
sights into the initial events of GluK2 endocytosis. Both pit-
stop2 and CPZ inhibit the endocytosis of transferrin, a marker of
clathrin-mediated processes, but do not impact GluK2 endocyto-
sis. This finding confirmed that GluK2 endocytosis is different
from the clathrin-dependent endocytosis of transferrin. Genis-
tein, a broad-spectrum tyrosine kinase inhibitor, is widely used to
inhibit clathrin-independent endocytosis because it interrupts the
tyrosine phosphorylation of caveolin by Src kinase (Aoki et al.,
1999; Grande-García et al., 2007). GluK2 is also phosphorylated
by Src kinase (Zhu et al., 2014), and therefore, the inhibition of
GluK2 tyrosine phosphorylation at Y590 cannot be excluded when
genistein is applied. Furthermore, the inhibition of GluK2 tyrosine
phosphorylation at Y590 also causes a reduction in GluK2 endo-
cytosis (Zhu et al., 2014). MβCD removes cholesterol from cell
membranes, thereby disrupting the integrity of caveolae (Zhang et
al., 2018). MβCD is another inhibitor of clathrin-independent en-
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Fig. 5. Dynamin serves as the substrate of CaN and participates in the regulation of GluK2 endocytosis in cultured primary cortical neurons.
(A) GluK2 surface localization increases when dynamin activity is blocked by dynasore. The surface/total ratios are normalized to that of the control
(without kainate stimulation) and expressed as the mean ± SD (n = 3). *P < 0.05 vs. no kainate. #P < 0.05 vs. no dynasore in kainate stimulation.
(B) Dynamin binding with GluK2 increases and is decreased by CaN during GluK2 endocytosis. The dynamin-GluK2 interactions are normalized to that
of the control (without kainate stimulation) and expressed as the mean ± SD (n = 3). *P < 0.05 vs. no kainate. #P < 0.05 vs. no inhibitor in kainate
stimulation. Neuron cultures for replicates were made from different animals. (C) Dynamin1 is dephosphorylated at Ser774 and Ser778 by calcineurin.
The phosphorylation levels are normalized to that of the control (without kainate stimulation) and expressed as the mean± SD (n = 5). *P < 0.05 vs. no
kainate. #P < 0.05 vs. no inhibitor in kainate stimulation. Neuron cultures for replicates were made from different animals.

docytosis. MβCD treatment is necessary to confirm the clathrin-
independent process of GluK2 endocytosis. Together with these
results from various inhibitors of clathrin-dependent and clathrin-
independent endocytosis, our results suggest that GluK2 receptor
endocytosis is more likely a clathrin-independent process.

The opening of the channels on the cell surface enables a tran-
sient peak of Ca2+ influx (Verkhratsky, 2005). Ca2+ influx via
GluK2 is prevented when the GluK2 function is blocked in the
control group without kainate stimulation or other mutant GluK2
groups. Ca2+ influx is also blocked when a Ca2+ free/EGTA so-
lution replaces the DMEM medium. Dan and Rya do not block
surface Ca2+ channels but instead reduce intracellular Ca2+ re-
lease by blocking ryanodine receptors (Adasme et al., 2015; Shi et
al., 2014). However, Ca2+ entry and intracellular Ca2+ release are
difficult to separate, since a communication exists between inter-
nal compartments and the external Ca2+. Ca2+ influx may serve
as a trigger to open intracellular Ca2+ stores for Ca2+-induced
Ca2+ release (CICR) during kainate activation, both of which have
a contribution to GluK2 endocytosis. There is a limitation to our
findings in that the roles of Ca2+ in GluK2 endocytosis are illus-
trated here only in HEK293T cells; however, it is possible that
similar results can also be observed in neurons because CaN ac-
tivation exerts similar effects on GluK2 endocytosis in these two
different cell systems Fig. 4A and 4B.

Endophilin and PICK1, BAR domain protein family members,

have previously been implicated in clathrin-dependent endocytosis
(Fiuza et al., 2017; Vehlow et al., 2013). Especially for ionic glu-
tamate receptor endocytosis, PICK1 has been shown to play a role
in the clathrin-mediated endocytosis of GluA2-containing AM-
PARs (Fiuza et al., 2017). Recently, a role for BAR domain pro-
teins, primarily endophilin, has also emerged in multiple clathrin-
independent endocytosis (CIE) pathways (Boucrot et al., 2015; Re-
nard et al., 2015). Our findings reveal a potential role of PICK1 in
clathrin-independent GluK2 receptor trafficking.

Dynasore inhibition of dynamin activity increases the surface
localization of GluK2, which implies vital roles for dynamin in
GluK2 endocytosis. CaN is an obvious candidate for the dynamin
phosphatase (Smillie and Cousin, 2005). Ser774 and Ser778 are
the phosphorylation sites by which CaN phosphatase regulates dy-
namin activity. However, dynamin phosphorylation is regulated
by a network of phosphatases and protein kinases (Smillie and
Cousin, 2005). Ca2+-activated kinases have the potential to form a
network with CaN to regulate the dynamin phosphorylation status
and GluK2 endocytosis. Therefore, the specific kinases involved
in regulating dynamin phosphorylation for GluK2 endocytosis re-
mains to be identified.

The internalized GluK2 can be sorted to recycling or degra-
dation pathways depending on the endocytotic stimulus (Martin
and Henley, 2004). It has been speculated that perhaps the inter-
nalized GluK2 receptors are recycled for sustained signal trans-
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Fig. 6. The Ca2+−elicited pathway mediates a possible mechanism for the regulation of GluK2 endocytosis. GluK2-mediated Ca2+ elevation
from the influx and intracellular release is involved in GluK2 endocytosis. Ca2+transient and activated CaN activation promotes PICK1 interaction with
GluK2. CaN dephosphorylates dynamin and changes dynamin-GluK2 interaction to regulate GluK2 endocytosis.

duction under this stimulus. When exploring GluK2 endocytosis,
we just detected the changes in surface GluK2. It is not possible
to distinguish endocytosis from recycling in our work, and thus,
the trafficking of GluK2 in this process requires additional explo-
ration.

In conclusion, our results demonstrate that the initial events
in GluK2 endocytosis. GluK2 is recruited by PICK1, which is
elicited by Ca2+/ CaN. CaN activation dephosphorylates the criti-
cal GTPase dynamin, promotes GluK2-dynamin binding when fa-
cilitating GluK2 endocytosis in excitotoxicity. Our results also
provide a theoretical basis for understanding Ca2+/calcineurin sig-
naling in GluK2 receptor endocytosis and will assist in designing
drug targets for stroke treatment.
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