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Although kainate receptors play important roles in ischemic stroke,
the molecular mechanisms underlying postischemic regulation of
kainate receptors remain unclear. In this studywe demonstrate that
Src family kinases contribute to the potentiation of kainate receptor
function. Brain ischemia and reperfusion induce rapid and sustained
phosphorylation of the kainate receptor subunit GluK2 by Src in the
rat hippocampus, implicating a critical role for Src-mediated GluK2
phosphorylation in ischemic brain injury. The NMDA and kainate
receptors are involved in the tyrosine phosphorylation of GluK2.
GluK2 binds to Src, and the tyrosine residue at position 590 (Y590)
on GluK2 is a major site of phosphorylation by Src kinases. GluK2
phosphorylation at Y590 is responsible for increases in whole-cell
currents and calcium influx in response to transient kainate stimu-
lation. In addition, GluK2 phosphorylation at Y590 facilitates the
endocytosis of GluK2 subunits, and the activation of JNK3 and its
substrate c-Jun after long-term kainate treatment. Thus, Src phos-
phorylation of GluK2 plays an important role in the opening of kai-
nate receptor channels and downstream proapoptosis signaling
after brain ischemia. The present study reveals an additional mech-
anism for the regulation of GluK2-containing kainate receptors by
Src family kinases, which may be of pathological significance in
ischemic stroke.

Kainate receptors are widely expressed in the mammalian
central nervous system, particularly in the hippocampus, where

they are involved in synaptic transmission (1), neuronal plasticity
(2), and excitotoxic lesions (3). Overactivation of postsynaptic
kainate receptor-mediated responses is associated with neuro-
logical disorders resulting from ischemic stroke (4). However, the
intracellular processes responsible for the postischemic up-regu-
lation of kainate receptors, and its molecular consequences, have
not yet been elucidated.
Reversible phosphorylation is one of the most common mech-

anisms regulating the function of receptor proteins. In particular,
serine/threonine phosphorylation is important in the functional
regulation of NMDA (5), AMPA (6), and kainate receptors (6–9),
with tyrosine phosphorylation of NMDA receptors the most ex-
tensively studied (10, 11). There is accumulating evidence to show
that tyrosine phosphorylation ofNMDA receptorsmodulates their
assembly at synapses after brain ischemia (12–15). However, less is
known about the regulation of kainate receptor activity by tyrosine
phosphorylation. Src is an important member of Src family kinases,
the largest family of nonreceptor protein tyrosine kinases, and is
highly expressed in the brain. Brain ischemia increases Src kinase
activity in vulnerable brain regions, including the hippocampus
(15–18), but it is not known whether Src phosphorylates kainate
receptors.
Kainate receptors are tetrameric glutamate-gated ion channels

consisting of GluK1–GluK5 subunits, formerly known as GluR5–
GluR7, KA1, and KA2, respectively. Functional kainate receptors
can be expressed as homomers and heteromers of GluK1–3 sub-
units, whereas GluK4 and GluK5 subunits combine with GluK1–3
to form functional channels. It has been reported that GluK2-
deficient mice are resistant to kainic acid-induced neuronal

degeneration and seizures (19), and GluK2 knockdown protects
against postischemic neuronal loss in the rat hippocampal CA1
region (20). In addition to sodium and potassium ions, GluK2-
containing kainate receptors are permeable to Ca2+ (21, 22).
Glutamate-induced intracellular Ca2+ ([Ca2+]i) overload is a
major mechanism underlying excitotoxicity and ischemic cell
death. Furthermore, excessive activation of GluK2-containing
kainate receptors triggers the proapoptotic JNK signal cascade,
which contributes to ischemic brain damage (23, 24). These
findings suggest that GluK2-containing kainate receptor-mediated
responses are critical events in the induction of neuronal cell
death after stroke.
In this study we found that Src family kinases are involved in

kainate-evoked whole-cell currents. In the vulnerable hippocam-
pal CA1 region, GluK2 is phosphorylated on tyrosine 590 (Y590)
by Src family kinases after brain ischemia. Conversely, the muta-
tion of the Y590 residue on GluK2 decreases whole-cell peak
currents and [Ca2+]i increases elicited by kainate, and deficiency of
GluK2 phosphorylation at Y590 attenuates the endocytosis of
GluK2 subunits and JNK3–c-Jun activation in response to kainate.
These data indicate that Src-mediated phosphorylation promotes
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Glutamate is the principal excitatory neurotransmitter in the
brain. Kainate receptors, a subfamily of the ionotropic glutamate
receptors, mediate the pre- and postsynaptic actions of gluta-
mate. Overactivation of postsynaptic kainate receptors plays an
important role in neurodegeneration after ischemic stroke. Be-
cause Src kinases show increased activity after brain ischemia, we
evaluated their roles in regulating kainate receptor function after
brain ischemia. Our results demonstrate that Src kinases bind to
and phosphorylate GluK2 at Y590 and facilitate kainate-evoked
whole-cell currents and calcium influx. Furthermore, long-term
kainate stimulation promotes apoptosis through the endocytosis
of GluK2 subunits and activation of JNK3–c-Jun signaling. In
summary, our results demonstrate that Src phosphorylation of
GluK2 regulates kainate receptor activity and downstream
excitatory signaling.

Author contributions: Q.-J.Z., F.-S.K., and X.-Y.H. designed research; Q.-J.Z., F.-S.K., H.X.,
Y.W., C.-P.D., and C.-C.S. performed research; H.X., C.-P.D., Y.L., and T.L. contributed new
reagents/analytic tools; Q.-J.Z., F.-S.K., H.X., and Y.W. analyzed data; and Q.-J.Z., H.X., and
X.-Y.H. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.
1Q.-J.Z. and F.-S.K. contributed equally to this work.
2Present address: Department of Biological Science and Technology and State Key Labo-
ratory of Pharmaceutical Biotechnology, School of Life Sciences, Nanjing University,
Jiangsu 210046, China.

3To whom correspondence should be addressed. Email: xyhou@xzmc.edu.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1403493111/-/DCSupplemental.

13990–13995 | PNAS | September 23, 2014 | vol. 111 | no. 38 www.pnas.org/cgi/doi/10.1073/pnas.1403493111

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1403493111&domain=pdf
mailto:xyhou@xzmc.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1403493111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1403493111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1403493111


the opening of GluK2-containing kainate receptor channels and
facilitates GluK2–JNK3 signaling. Our results contribute to the
elucidation of molecular mechanisms underlying brain ischemic
excitotoxicity.

Results
Src Family Kinases Strengthen Kainate Receptor Activity in Hippocampal
Neurons and GluK2-Overexpressing HEK293 Cells. To determine
whether Src family kinases are involved in the modulation of kai-
nate receptor function, we evaluated the effect of PP2, a specific
inhibitor of Src family kinases, on whole-cell currents evoked by
kainate in cultured primary hippocampal neurons. Transient ap-
plication of kainate (300 μmol/L) together with the AMPA re-
ceptor antagonist GYKI-52466 (100 μmol/L) was used to trigger
kainate receptor-mediated whole-cell currents. Whole-cell patch-
clamp recording showed that the kainate-triggered peak currents
decreased gradually after the addition of PP2 (1 μmol/L) (Fig. 1A)
and decreased to 42.7% ± 6.1% after 5 min (Fig. 1B). The current
amplitude recovered to 71.6% ± 8.3% after PP2 washout. In
contrast, treatment with PP3, an inactive PP2 analog, did not sig-
nificantly change kainate receptor-mediated currents (Fig. 1 A
and B). In addition, another Src family kinase inhibitor, SU6656
(1 μmol/L), significantly inhibited kainate-evoked currents (Fig. S1).
These data indicate that Src family kinases enhance kainate re-
ceptor activity in hippocampal neurons.
A selective antagonist of GluK2-containing receptors, NS-102

(3 μmol/L), markedly decreased the peak whole-cell current after
transient kainate application (Fig. 1C), suggesting a vital role for
GluK2 subunits in kainate-induced currents in hippocampal neu-
rons. To confirm the role of Src kinases in the functional regulation
of GluK2-containing kainate receptors, full-length wild-type
GluK2(Q)was overexpressed inHEK293 cells to form homologous
functional kainate receptors that could be activated by glutamate
or kainate. As shown in Fig. 1D, transient application of glutamate
(1 mmol/L) elicited a rapid-onset inward current at a membrane
voltage of −60 mV in transfected cells, which increased when wild-

type GluK2(Q) was coexpressed with constitutively active Src
(aSrc) but not with constitutively inactive form of Src (iSrc).
GluK2 subunits undergo editing at the Q/R site in the channel

pore loop, which controls the channel properties of GluK2-
containing receptors (25, 26). We found that coexpressing aSrc
had no effect on glutamate-induced currents in HEK293 cells
expressing homomeric channels composed of the edited form of
GluK2(R) (Fig. S2). These results suggest that activated Src up-
regulates the function of unedited GluK2(Q)-containing kainate
receptors.

Brain Ischemia and Reperfusion Increase GluK2 Phosphorylation by
Src Family Kinases in the Rat Hippocampal CA1 Region. Src kinase,
a central tyrosine kinase at the excitatory postsynaptic density in the
adult central nervous system, is significantly activated after brain
ischemia (15–18). Therefore, we investigated whether GluK2 sub-
units are phosphorylated by Src kinases during ischemia and
reperfusion (I/R) in the vulnerable hippocampal CA1 subfield.
Rats were subjected to global brain ischemia (15 min) followed by
6-h reperfusion. Hippocampal samples were then immunopreci-
pitated with an anti-phosphotyrosine antibody followed by immu-
noblotting with an anti-GluK2 antibody, or immunoprecipitated
with an anti-GluK2 antibody followed by immunoblotting with an
anti-phosphotyrosine antibody. The resulting 116-kDa protein band
corresponding to tyrosine phosphorylated GluK2 was more intense
in the hippocampus of rats that underwent I/R than in the sham
control group (Fig. 2A). No bands were observed after immuno-
precipitation with nonspecific IgG. Next, we found that tyrosine
phosphorylation of GluK2 increased during 5-min and 15-min
ischemia (Fig. 2B). After the 15-min brain ischemia, the level of
tyrosine-phosphorylated GluK2 was increased until 24 h of
reperfusion, peaking at 6 h (Fig. 2C), whereas the levels of total
GluK2 were unchanged during ischemia and reperfusion.
To investigate the role of Src kinases in tyrosine phosphory-

lation of GluK2, the interaction between Src and GluK2 was first
examined by coimmunoprecipitation after ischemia (15 min).
The binding between Src and GluK2 increased at 1 h, 6 h, and

Fig. 1. Src family kinases strengthen kainate receptor activity. (A) Time course of kainate-stimulated peak currents from two representative hippocampal
neurons treated with PP2 or PP3. After 6 min, the drugs were washed out. (B) Whole-cell patch-clamp recordings show an Src-dependent increase in kainate-
evoked currents. The representative traces show the kainate receptor-mediated currents before (Control), during treatment (PP2 or PP3), and after treatment
(recovery) in a single hippocampal neuron. The peak amplitudes are normalized to respective control and expressed as mean ± SEM (n = 8).*P < 0.05 vs.
Control. (C) Kainate receptor currents were blocked by the GluK2 inhibitor NS-102. The peak amplitudes are normalized to control and expressed as mean ±
SEM (n = 6). *P < 0.05 vs. control. (D) Constitutively active Src (aSrc), but not inactive Src (iSrc), increases GluK2(Q)-mediated currents induced by glutamate. The
current density is expressed as current amplitude divided by capacitance (pA/pF). Results are expressed as mean ± SEM (n = 20–25). *P < 0.05 vs. GluK2.
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24 h of reperfusion (Fig. 2D). In addition, pretreatment with PP2
(50 nmol per rat) or SU6656 (10 nmol per rat) attenuated the
GluK2-Src binding and tyrosine phosphorylation of GluK2 (Fig.
2E and Fig. S3). These results suggest that brain ischemia and
reperfusion promote Src kinase phosphorylation of GluK2 sub-
units in the hippocampus.
The overactivation of NMDA and kainate receptors is re-

sponsible for excitotoxic brain injury after ischemic stroke (27–
29). Both kainate (100 μmol/L) and NMDA (100 μmol/L) in-
creased the GluK2-Src binding and tyrosine phosphorylation of
GluK2 in primary cultured cortical neurons, indicating that Src
regulation of GluK2 may be associated with the postischemic
excitotoxicity elicited by NMDA and kainate receptors (Fig. S4).

Src Kinase Binds Directly to and Phosphorylates GluK2 Primarily at
Y590. Results of the GST pull-down assay confirmed a direct in-
teraction between Src and GluK2 in vitro (Fig. 3A). A biolumi-
nescence resonance energy transfer (BRET) assay was then
carried out to investigate the interaction of GluK2 and Src in live
HEK293 cells. NanoLuc luciferase (NLuc) fused to the C terminus
of Src (Src-C-NLuc) was the energy donor, and HaloTag-tagged
wild-type GluK2(Q) (GluK2-C-HT) was the energy acceptor. As
shown in Fig. 3B, coexpression of GluK2-C-HT and Src-C-NLuc
resulted in a significant NanoBRET ratio. The increased expres-
sion of untagged-GluK2, a competitor for the interaction between
GluK2-C-HT and Src-C-NLuc, gradually reduced the NanoBRET
ratio. These results demonstrate that GluK2 interacts directly with
Src in living cells.
In HEK293 cells, the construct for wild-type GluK2(Q) was

cotransfected with a plasmid encoding wild-type Src (wSrc), aSrc,
or iSrc. After 24 h, significant tyrosine phosphorylation of GluK2
was observed in cells carrying the aSrc construct (Fig. 3C), con-
firming that GluK2 is a substrate of activated Src. The 3D

structures of the GluK2 subunits have been elucidated (30), and
three tyrosine residues on the cytoplasmic side of GluK2 are
potential phosphorylation sites for intracellular Src kinases (Fig.
3D). To identify the sites phosphorylated by Src kinases, wild-
type GluK2(Q) and its single tyrosine mutants Y587F, Y590F, and
Y844F were coexpressed with aSrc. Compared with cells express-
ing wild-type GluK2(Q), tyrosine phosphorylation was significantly
lower in cells expressing the mutant Y590F. In contrast, single
tyrosine mutations at Y587, Y590, or Y844 did not affect binding
between Src and GluK2 (Fig. 3E). This result indicates that
Y590 is the major phosphorylation site of GluK2 by Src kina-
ses. The Y587/590/844F triple mutation nearly abolished
GluK2 tyrosine phosphorylation (Fig. S5) but simultaneously
compromised the binding of Src. This finding indicates that
residues Y587 and Y844 may also contribute to GluK2
tyrosine phosphorylation.

GluK2 Phosphorylation at Y590 Enhances Kainate Receptor Responses.
To further understand the role GluK2 phosphorylation at Y590
plays in the regulation of kainate receptors, whole-cell patch-
clamp recording was used to detect glutamate-triggered responses
in HEK293 cells cotransfected with constructs encoding aSrc with
the nonphosphorylatable mutants Y587F, Y590F, and Y844F.
Compared with cells expressing the wild-type GluK2 control, the
normalized current amplitude was decreased in cells expressing
Y590F but not in cells expressing Y587F or Y844F (Fig. 4A). No
difference in the surface localization of GluK2 was detected in
these cells expressing these constructs (Fig. S6).
Kainate receptors composed of GluK2(Q) are highly perme-

able to calcium (26), and exposure to kainate leads to in-
tracellular Ca2+ overload. Immediately after kainate (300 μmol/L)
stimulation, intracellular Ca2+ was significantly elevated in wild-
type GluK2(Q)-expressing HEK293 cells (Fig. 4B). These data

Fig. 2. Src family kinases are responsible for GluK2 tyrosine phosphorylation in rat hippocampal CA1 subfield after brain ischemia. Tyrosine phosphorylation
of GluK2 and GluK2-Src binding were examined by immunoprecipitation (IP) followed by immunoblot (IB). Results are normalized to their respective sham
controls and expressed as mean ± SD (n = 3). (A) GluK2 tyrosine phosphorylation after 6-h reperfusion (I/R6h) and in sham-operated rats. (B and C) Tyrosine
phosphorylation of GluK2 after ischemia (5, 15, or 30 min) (B) and reperfusion after 15-min ischemia (C). *P < 0.05 vs. sham control. (D) GluK2-Src interaction
during reperfusion after 15-min ischemia. *P < 0.05 vs. sham. (E) GluK2 tyrosine phosphorylation and GluK2-Src binding were prevented by Src family kinase
inhibitor PP2. *P < 0.05 vs. I/R6h.
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demonstrate that tyrosine phosphorylation at Y590 of GluK2-
containing kainate receptors increases opening of the channel and
calcium influx.

GluK2 Phosphorylation at Y590 Facilitates Kainate Receptor
Endocytosis and JNK3–c-Jun Activation. Excessive stimulation of
GluK2-containing kainate receptors mediates the activation of
proapoptotic JNK3 signaling, which is responsible for post-
ischemic delayed neuronal loss (24). It has been found that
sustained agonist treatment induces the endocytosis of GluK2-
containing kainate receptors (31). Our previous study in-
dicated that GluK2 endocytosis promotes MLK3-JNK3 acti-
vation in response to kainate incubation (32). In this study, we
investigate the association of Src phosphorylation of GluK2

with the endocytosis of GluK2-containing receptors and in-
tracellular activation of proapoptotic JNK3 signaling.
Long-term kainate incubation (300 μmol/L, 10 min) attenuated

the membrane expression of wild-type GluK2(Q) in transfected
HEK293 cells (Fig. 5A). In contrast, surface localization of the
phosphorylation-deficient mutant GluK2Y590F was unchanged by
kainate treatment. Membrane localization of the phosphomimetic
mutant GluK2Y590E, in which a single tyrosine was mutated to
glutamate, was low even in the absence of kainate. Under these
conditions, total protein levels were unchanged. These results
suggest that Src phosphorylation of GluK2 facilitates endocytosis
after kainate stimulation.
As expected, kainate incubation (300 μmol/L, 10 or 30 min)

promoted the phosphorylation (activation) of JNK3 and its

Fig. 3. GluK2(Q) Tyr590 is the principal phosphorylation site for active Src. (A) GST pull-down analysis of direct binding between Src and GluK2 in vitro. GluK2 in
HEK293 cells lysate was pulled down by GST-Src but not GST. (B) Results of the BRET assay demonstrate GluK2-Src binding in live HEK293 cells. (Upper) Schematic
diagram shows energy transfer upon binding of NanoLuc luciferase-tagged donor (Src-C-NLuc) and HaloTag-tagged acceptor (GluK2-C-HT) labeled with the fluo-
rescent ligand in HEK293 cells. The NanoBRET ratio was highest in cells expressing GluK2-C-HT and Src-C-NLuc, decreasing after untagged-GluK2 expression. Results
are expressed as mean ± SEM from a single experiment performed in triplicate and are representative of three independent experiments. (C) GluK2 tyrosine
phosphorylation in cells coexpressing wild-type (wSrc), constitutively active (aSrc), or inactive Src (iSrc). (D) Three tyrosine residues on the cytoplasmic side of GluK2
are potential phosphorylation sites for intracellular Src kinases. (E) Tyrosine phosphorylation of wild-type GluK2 (WT) and the single tyrosine mutants Y587F, Y590F,
and Y844F in HEK293 cells. GluK2 tyrosine phosphorylation and GluK2-Src binding results are normalized to that ofWT group. Data are mean ± SD (n = 3); *P < 0.05
vs. WT.

Fig. 4. Tyr590 phosphorylation on GluK2 enhances kainate receptor responses. (A) Whole-cell patch-clamp recordings of HEK293 cells expressing active Src
(aSrc) with wild-type GluK2 (WT) and the single tyrosine mutants Y587F, Y590F, and Y844F. Current density is expressed as current amplitude divided by
capacitance (pA/pF). Data are mean ± SEM (n = 12–26); *P < 0.05 vs. WT. (B) Kainate-induced increase in [Ca2+]i concentration in WT or Y590F-expressing
HEK293 cells. Data are mean ± SEM (n = 12); *P < 0.05 vs. Control (empty vector); #P < 0.05 vs. WT.
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substrate c-Jun in HEK293 cells overexpressing wild-type GluK2(Q)
but not in cells overexpressing GluK2Y590F (Fig. 5B). However,
in GluK2Y590E-overexpressing cells, JNK3 and c-Jun activation
was sustained in the absence of kainate (Fig. 5B). These results
indicate that Src phosphorylation of GluK2 contributes to the
activation of JNK3–c-Jun signaling.

Discussion
After an ischemic episode, overactivation of postsynaptic gluta-
mate receptors, mainly NMDA and kainate receptors, triggers
excessive intracellular signaling, eventually leading to neuronal cell
death. This process, collectively known as excitotoxicity, represents
a major mechanism underlying neurodegeneration after ischemic
stroke. However, the clinical application of glutamate receptor
antagonists is limited by severe side effects. A better understanding
of the regulation of postsynaptic glutamate receptors and molec-
ular consequences may reveal potential targets for ischemic stroke
therapy. In this article, we provide the first evidence (to our
knowledge) that the Src family of protein tyrosine kinases up-
regulates GluK2-containing kainate receptor function in hippo-
campal neurons. Src phosphorylation of GluK2 facilitates the
opening of the receptor channel, calcium overload, and proa-
poptotic JNK3–c-Jun signaling, which contributes to ischemic
brain damage.
Both kainate and NMDA receptors are agonist-specific gluta-

mate receptors. NMDA receptor activation increases Ca2+ influx
and activates Ca2+-dependent Pyk2 (33) and its substrate Src (33,
34), which in turn phosphorylates GluK2 and up-regulates kainate
receptor function. The tyrosine phosphorylation-induced opening
of GluK2-containing channels may be due to a conformational
change. On the other hand, kainate stimulates the opening of
calcium-permeable kainate receptor channels and increases in-
tracellular Ca2+ concentration, which may activate the Pyk2/Src
pathway, thereby promoting tyrosine phosphorylation of GluN2
subunits and the functional enhancement of NMDA receptors.
Our results suggest cross-talk between kainate and NMDA re-
ceptors based on Src-mediated tyrosine phosphorylation. Be-
cause the scaffold protein PSD-95 recruits more GluK2 and
Src after ischemia (24, 35), we reason that PSD-95 promotes

interaction between Src and GluK2, and GluK2 tyrosine
phosphorylation mediated by Src kinases.
Our results show that long-term kainate stimulation induces

GluK2 receptor endocytosis mediated by Src phosphorylation of
GluK2. Endocytosis, along with recycling, degradation, and lat-
eral diffusion, is responsible for changes in the surface expres-
sion and compartmentalization of membrane receptors. At low
concentration (10 μmol/L), kainate induces the endocytic sorting
of GluK2 to degradation pathways (36). However, in this study
we found that at high concentrations (300 μmol/L) of kainate,
GluK2 endocytosis resulted in downstream JNK3 signaling. We
speculate that postischemic internalization of GluK2 leads to
interactions between GluK2 subunits and intracellular proteins.
The small ubiquitin-like modifier (SUMO) conjugation of the
kainate receptor subunit GluK2 has been shown to enhance the
endocytosis of kainate receptors (32). Here we demonstrated
that tyrosine phosphorylation also regulates GluK2 surface ex-
pression. Thus, the relationship between tyrosine phosphoryla-
tion and SUMOylation of GluK2 requires further study.
Calcium signaling contributes greatly to cell death in excitotox-

icity. Our results indicate that Src phosphorylation of GluK2(Q)
promotes the opening of kainate receptor channels. The Q type of
GluK2, but not the edited R type, increases Ca2+ permeability and
single-channel conductance (26, 37). The extent of GluK2 Q/R
editing is significantly decreased in ischemic vulnerable regions,
including the hippocampus (38); therefore, calcium conductance
through kainate receptors increases after brain ischemia, contrib-
uting to ischemic cell damage. Furthermore, a transient but sub-
stantial [Ca2+]i increase and the subsequent sustained lower [Ca

2+]i
increase are observed after kainate stimulation in GluK2(Q)-
expressing cells. Immediate opening after kainate receptor acti-
vation causes the transient [Ca2+]i increase, which selectively
activates Ca2+/calmodulin-dependent protein kinase II (CaMKII)/
JNK, whereas the intracellular Ca2+ store release may contribute
to the sustained Ca2+ increase, which activates calcineurin/nuclear
factor of activated T cells (NFAT) (22, 39). CaMKII/JNK and
calcineurin/NFAT-induced up-regulation of Fas/FasL is involved
in cell apoptosis (40, 41). In addition, activated calcineurin may
be involved in the endocytosis of kainate receptors through the

Fig. 5. Tyr590 phosphorylation facilitates GluK2 endocytosis and JNK3–c-Jun activation. (A) Surface biotinylation of HEK293 cells expressing wild-type GluK2
(WT), Y590F, or Y590E (with or without kainate). The surface and total GluK2 were immunoblotted with an anti-GluK2/3 antibody. The surface/total ratio is normal-
ized to that of control (untreated cells expressing wild-type GluK2). Data are mean ± SD (n = 3); *P < 0.05. (B) Representative blot showing the JNK3 activation and
phosphorylation of c-Jun in HEK293 cells overexpressing WT, Y590F (kainate stimulation for indicated times), or Y590E. Data are mean ± SD (n = 3). *P < 0.05 vs.
0 min or WT.
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dephosphorylation of endocytic proteins such as amphiphysin I
and dynamin I (42, 43). In our experiments, kainate-evoked [Ca2+]i
and reduced membrane expression of GluK2 were observed
simultaneously; therefore, we speculate that Ca2+/calmodulin-
activated calcineurin may induce kainate receptor endocytosis.
Taken together, these findings indicate that tyrosine phosphoryla-
tion of GluK2(Q)-containing kainate receptors changes the in-
tracellular Ca2+ concentration, activates Ca2+ signaling, initiates
endocytosis, and plays critical roles in ischemic cell death.
In conclusion, this study revealed another target for GluK2

regulation. Our findings demonstrate that Src interacts with sub-
units of GluK2 and mediates its tyrosine phosphorylation. After
ischemia/reperfusion, GluK2 phosphorylation, primarily on Y590,
promotes opening of the channel, decreases receptor surface ex-
pression, and enhances JNK3 activation and c-Jun phosphoryla-
tion. These results reveal the molecular mechanisms underlying

the regulation of GluK2 function and provide a potential target
for the treatment for ischemic injury.

Materials and Methods
Brain ischemia was induced by the four-vessel occlusion method. Electro-
physiology was detected by whole-cell patch-clamp recording. Detailed
protocols regarding the brain ischemia experiments, neuron culture, surface
biotinylation, immunoprecipitation, immunoblot, electrophysiology, GST
pulldown assay, BRET assay, and calcium imaging can be found in SI
Materials and Methods.
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