
Jo
u

rn
al

 o
f P

hy
si

ol
og

y

Kainate receptors (KARs) are formed from heteromeric

assemblies of GluR5, 6, 7 and KA1, 2 subunits (Cui & Mayer,

1999), are widespread throughout the CNS (Petralia et al.
1994) and are located both postsynaptically and pre-

synaptically (see Chittajallu et al. 1999; Lerma, 2001 for

reviews). Activation of KARs can contribute to postsynaptic

EPSCs (Vignes et al. 1997; Castillo et al. 1997) and pre-

synaptic regulation of transmitter release (Lauri et al. 2001;

Schmitz et al. 2001). In addition, KARs are also involved in

synaptic plasticity (Bortolotto et al. 1999; Contractor et al.
2001) and generation of seizure activity (Mulle et al. 1998).

Therefore, probing molecular mechanisms that regulate

KARs is vital in further understanding the key roles of

KARs in the CNS.

Metabotropic glutamate receptors are composed of

eight subtypes (mGlu1–8) classified into groups I, II and

III. Group I receptors (mGlu1, 5) couple to an increase in

phosphoinositide metabolism and PKC activity (Conn &

Pin, 1997; Anwyl, 1999; De Blasi et al. 2001). The activation

of group I receptors can result in a multitude of different

consequences for neuronal function (Anwyl et al. 1999).

An interesting aspect of mGlu receptors is that different

subtypes can interact with one another and with other

receptors to regulate intracellular signalling (Nicoletti et
al. 1993; Schoepp et al. 1996; Cho et al. 2002).

Whilst it has been shown that NMDA receptor activation

can regulate expressed KARs (Ghetti & Heinemann, 2000)

it is not known whether other receptors can regulate native

KARs. Here we show that the GluR5 subunit of KARs is

phosphorylated by protein kinase A (PKA) and protein

kinase C (PKC). In perirhinal cortex neurones activation

of PKC resulted in an enhancement of KAR function and

mGlu5 receptor activation enhanced KAR-mediated

responses in a PKC-dependent manner. Finally, we

demonstrate that synaptically evoked KAR EPSCs are

enhanced by stimulation of mGlu5 receptors. These results

establish that KARs can be regulated by metabotropic

glutamate receptors that link to PKC signalling. This finding

has important implications for understanding mechanisms

controlling synaptic transmission, plasticity and epilepsy.

METHODS 
Calcium imaging
Wistar rat pups (2–3 days old) were decapitated, in accordance
with the UK Animals (Scientific Procedures) Act 1986. The
perirhinal cortex was removed from the rest of the brain.
Perirhinal cultures and imaging techniques were according to
methods previously described (Cho et al. 2000). Briefly, cells were
washed three times in HBS buffer (mM: NaCl, 119; KCl, 5; Hepes,
25; glucose, 33; CaCl2, 2; MgCl2, 2; TTX 500 nM; glycine, 1 mM;
picrotoxin, 100 mM; pH 7.4; osmolarity 300–310 mosmol l_1) and
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loaded with 5 mM of the membrane-permeant Ca2+ indicator
fluo-3 AM made up in 1 mg ml_1 bovine serum albumin/HBS at
37 °C for 30 min. Cells were then washed three times in HBS and
incubated for 20 min in a 5 % CO2 atmosphere at 22 °C to allow
de-esterification of the flurophore. Cells were viewed on a BioRad
MRC600 confocal microscope with an argon ion laser, using
green filter sets and perfused continuously with HBS buffer at
~2 ml min_1. All cells in the field that responded with an increase
in fluorescence to the application of (R,S)-2-amino-3-(3-hydroxy-
5-tert-butylisoxazol-4-yl propanoic acid (ATPA) were then
used in the subsequent analysis with co-application of other
agents. Integrations of five individual images were obtained every
10 s before, during and after agonist application. Fluorescence of
individual cells in each preparation was measured using the public
domain NIH program (http://rsb.info.nih.gov/nihimage/) and
expressed relative to baseline. The mean peak fluorescence was
calculated and expressed as mean ± S.E.M. Experiments were
carried out in the presence of the NMDA receptor antagonist AP5
(50 mM; Tocris), the AMPA receptor antagonist GYKI 53655 (50 mM)
and blockers of voltage-gated calcium channels (NiCl 20 mM,
nifedepine 50 mM, v-conotoxin MVIIC 1 mM; Tocris and Sigma).
In some experiments 50 mM KCl was applied. Cyclopiazonic acid
(CPA; 1 mM), which depletes calcium stores, was also used where
indicated.

Phosphorylation
Glutathione-S-transferase (GST) and  glutathione-S-transferase-
C-terminal (GST-Ct)-GluR52b were purified by cation exchange
chromatography. Five micrograms of fusion protein were used in
each reaction. Standard procedures for PKC phosphorylation
were used: reactions were performed at 30 °C for 30 min in
phosphorylation buffer (40 mM TRIS-HCl, pH 7.5, 20 mM MgCl2,
200 mg ml_1

L-a-phosphatidyl-L-serine, 40 mg ml_1 1, 2-dioleoyl-
sn-glycerol) supplemented with reagents and purified PKC a
(1.5 mg ml_1; Calbiochem) and ATP (100 mM). For PKA phos-
phorylation (Fig. 2) each reaction contained 20 units of PKA
(Sigma) and was performed in 20 mM Hepes (pH 7.0), 10 mM

MgCl2 and 250 mM ATP. All reactions included 5–10 mCi of
[g-32P]ATP and were stopped with SDS-PAGE  sample buffer.
The phosphorylated fusion proteins were resolved by SDS-PAGE
and visualised by autoradiography.

Electrophysiology
Slices of perirhinal cortex were prepared from adult male DA
rats (10 days of age, Bantin and Kingman, UK). Animals were
anaesthetised with halothane and decapitated in accordance with
the UK Animals (Scientific Procedures) Act 1986. The brain was
rapidly removed and placed in ice-cold artificial cerebrospinal
fluid (aCSF; bubbled with 95 % O2–5 % CO2) which comprised
(mM): NaCl, 124; KCl, 3; NaHCO3, 26; NaH2PO4, 1.25; CaCl2, 2;
MgSO4, 1; D-glucose, 10. A single slice was placed in a submerged
recording chamber (28–30 °C, flow rate ~2 ml min_1) when
required. Whole-cell recordings were obtained from neurones in
layer II–III. Pipette (4–7 MV) solutions (280 mosmol l_1, pH 7.2)
comprised (mM): KMeSO4, 130; NaCl, 8; Mg-ATP, 4; Na-GTP,
0.3; EGTA, 0.5; Hepes 10; QX-314, 6. Neurones were voltage
clamped at –70 mV. Data were analysed from one slice per rat
(number = n). The change in holding current following agonist
application was measured for each experiment and normalised.
Application of (R,S)-3,5-dihydroxyphenylglycine (DHPG)
produced a small inward current which was allowed to stabilise
and was then used as the baseline for measuring effects of

application of ATPA. Data pooled across slices are expressed as
means ± S.E.M. Kainate EPSCs were isolated in the presence of AP5
and GYKI 53655. The kainate agonist (2S, 4R)-4-methylglutamate
(SYM2081; 10 mM; Jones et al. 1997; DeVries, 2000) that produces
rapid desensitisation of kainate responses was used to confirm
that the EPSC evoked in response to five stimuli at 100 Hz was a
kainate-mediated synaptic response (see DeVries, 2000).

RESULTS
Activation of kainate receptors triggers a rise in
intracellular calcium
Bath application of 1 mM kainate increased intracellular

calcium in cultured perirhinal cortex neurones (185 ± 7 %

compared with baseline; P < 0.05, n = 35 cells, 5 dishes;

Fig. 1) in the presence of NMDA and AMPA receptor

antagonists, voltage-gated calcium channel blockers and

cyclopiazonic acid to deplete intracellular calcium stores

(see Methods for details). However, there was no increase

in intracellular calcium with application of kainate in

calcium-free aCSF (Fig. 1). Furthermore, activation of

GluR5-containing KARs using the selective agonist ATPA

also resulted in an increase in intracellular calcium (see

Fig. 2A; 168 ± 7 % compared with baseline; P < 0.05,

n = 18 cells, 3 dishes). KCl (50 mM) did not produce a rise

in intracellular calcium, unless calcium channel blockers

were absent from the bathing medium (data not shown).

Together, these results suggest that the kainate- and ATPA-

induced calcium signal relied on extracellular calcium and

furthermore indicated that the calcium signal was not

indirectly dependent on membrane depolarisation.

Therefore, all subsequent experiments were carried out

in the presence of the combination of pharmacological

antagonists described above.

Phosphorylation by PKC modulates GluR5-KAR
signalling
Phosphorylation of intracellular targets can modulate

receptor function. Therefore, we investigated whether

phosphorylation has any physiological consequences for

KAR signalling. Stimulation of protein kinase C (PKC) by

phorbol esters significantly enhanced (P < 0.01) the GluR5-

induced calcium rise (Fig. 2A and B; ATPA plus phorbol

12-myristate 13-acetate (PDA) gave a 56 ± 12 % increase

compared with ATPA alone, n = 18). Activation of PKC

could affect kainate receptors either indirectly or directly

through altering phosphorylation of the receptor itself.

Therefore, we examined whether the above effects on GluR5

function could potentially be due to direct phosphorylation

of the GluR5 subunit by PKC. As shown in Fig. 2C, PKC

can phosphorylate the C-terminal of GluR52b in an in
vitro assay and it has recently been shown that PKC

phosphorylates GluR52b at S880 and/or S886 (Hirbec et al.
2003). As a control we also demonstrated that PKC can

phosphorylate the C-terminal of GluR2 but has no effect

on GST alone (Fig. 2C). In both the GluR52b and GluR2

K. Cho and others724 J Physiol 548.3
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lanes there is a double band which is most probably due to

protein degradation, reflecting the labile nature of GST-

fusion proteins. These results raise the possibility that PKC-

dependent phosphorylation of GluR5 may be responsible

for enhancing the physiological GluR5-mediated calcium

signal.

Phosphorylation by PKA does not modulate GluR5-
KAR signalling
Previous evidence has shown that PKA-dependent

phosphorylation can alter properties of expressed GluR6

receptors (Raymond et al. 1993; Wang et al. 1993). The next

set of experiments was performed to examine whether

protein kinase A (PKA) also affects GluR5-KARs in a

similar manner to the effects mediated by PKC. However,

GluR5-stimulated calcium mobilisation was unaffected

by increasing cAMP levels (Fig. 3A; ATPA plus 8-bromo

cAMP: 2 ± 13 % increase compared with ATPA, P > 0.05).

To test whether this lack of effect was due to endogenous

basal PKA activity we utilised the PKA inhibitor KT5720.

However, PKA inhibition did not affect ATPA-induced

calcium signalling (Fig. 3B; ATPA plus PKA inhibitor

KT5720: 3 ± 4 % decrease compared with ATPA; P > 0.05.

n = 27 cells, 3 dishes). This lack of effect is not due to poor

penetration of these compounds since we have previously

shown these compounds to be effective under similar

conditions (Cho et al. 2002). Despite the finding that PKA

activation did not affect GluR5-containing KAR signalling,

the catalytic subunit of PKA did nevertheless phosphorylate

the C-terminal of GluR52b (Fig. 3C).

Metabotropic glutamate receptor activation
enhances GluR5-KAR signalling
We next examined whether activation of glutamate receptors

that positively couple to PKC might also enhance KAR

function. Therefore, the group I mGlu receptor agonist

DHPG was co-applied with ATPA. DHPG (in the presence

of cyclopiazonic acid) did not produce an increase in

intracellular calcium by itself (not shown), but resulted in

a significant enhancement (P < 0.05) of GluR5-stimulated

calcium signalling (Fig. 4A; ATPA plus DHPG: 35 ± 5 %

increase compared with ATPA alone). Crucially, the

Regulation of GluR5 receptorsJ Physiol 548.3 725

Figure 1. Kainate application results in an increase in intracellular calcium
A, single example of a field of neurones and B, analysed pooled data showing that the kainate (KA; 1 mM)-
induced increase in calcium is blocked by removing extracellular calcium. However, the calcium rise does not
rely on entry via NMDA, AMPA or voltage-gated calcium channels, nor on release from intracellular calcium
stores as evidenced by the KA-induced increase in calcium in the presence of the pharmacological cocktail
(see Methods for details). In this and subsequent figures, the enhancement above baseline by kainate
receptor agonists is normalised to 100 % and any subsequent changes expressed relative to the effects of
agonist alone. The pharmacological cocktail was applied for 15 min (indicated by dotted lines) prior to the
application of kainate.
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enhancement by group I mGlu receptor stimulation was

blocked by the PKC inhibitor BIM (Fig. 4A; ATPA plus

DHPG plus BIM: 6 ± 3 % increase compared with ATPA

alone, P > 0.05, n = 59 cells, 9 dishes).

To determine which of the group I receptor subtypes

(mGlu5 or mGlu1) was responsible for enhancing KAR

signalling we firstly used the mGlu5 agonist (R,S)-2-

chloro-5-hydroxyphenylglycine (CHPG). Like DHPG this

also enhanced (P < 0.001) the GluR5-mediated calcium

signal in a PKC-dependent manner (Fig. 4B; ATPA plus

CHPG: 30 ± 8 % increase compared with ATPA; ATPA

plus CHPG plus BIM: 9 ± 7 % increase compared with

ATPA, P > 0.05; n = 39 cells, 5 dishes). In contrast, however,

activation of mGlu1 (by DHPG in the presence of the

mGlu5 receptor antagonist 2-methyl-6-(phenylethynyl)

K. Cho and others726 J Physiol 548.3

Figure 2. Responses mediated by GluR5-containing KARs are modulated in a PKC-dependent
manner.  
A, single example of a field of neurones (top) and the analysed change in fluorescence (bottom) showing that
application of ATPA (2 mM), to selectively stimulate GluR5-containing KARs, results in an increase in
fluorescence of the calcium indicator fluo-3 AM. The co-application of phorbol esters (PDA; 1 mM), to
stimulate PKC, enhanced the GluR5-mediated calcium rise. B, pooled data showing that ATPA-induced
calcium signalling is significantly increased by stimulation of PKC in a reversible manner (n = 18 cells,
3 dishes; P < 0.01). Following washout of PDA, the response to ATPA returns to baseline levels (96 ± 10 %).
C, GluR52b is phosphorylated by PKC. A single representative example showing that GST (n = 10) is not
phosphorylated by PKC. However, GST-Ct-GluR52b (n = 10) and GST-Ct-GluR2 (n = 2) are both
phosphorylated by purified PKC.
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pyridine hydrochloride (MPEP)) did not enhance the

GluR5-stimulated calcium signal (ATPA plus DHPG in

MPEP: 5 ± 6 % decrease compared with ATPA, P > 0.05,

n = 32 neurones from 4 dishes; data not shown).

Interaction between mGlu5 and GluR5-KARs in
intact cortex
To examine whether an interaction between mGlu5 and

GluR5 also occurred in intact neuronal preparations,

whole-cell recordings were made from neurones in layer

II–III of perirhinal cortex slices. Application of the GluR5

agonist ATPA resulted in an inward current (Fig. 4C;

26 ± 3 pA, n = 4) that returned to baseline following

washout of ATPA. Co-application of the group I mGlu

receptor agonist DHPG resulted in a significant

enhancement (P < 0.05, n = 4) of the ATPA-induced

inward current (57 ± 11 pA). These results show that the

interaction between group I mGlu receptors and GluR5-

containing KARs is not confined to calcium signalling but

can regulate KAR-mediated electrophysiological properties

in intact cortical preparations.

We next investigated whether mGlu receptor activation

can modulate synaptically evoked KAR EPSCs. In the

presence of AP5 and GYKI 53655 (to block NMDA and

AMPA receptor transmission) a short burst of high

frequency stimulation evoked a slow inward current

(Fig. 5), reminiscent of previously described KAR EPSCs

(Vignes & Collingridge, 1997). That this was a KAR EPSC

was demonstrated by using the selective agonist SYM 2081

that activates and produces a rapid desensitization of

Regulation of GluR5 receptorsJ Physiol 548.3 727

Figure 3. Responses mediated by GluR5-containing KARs
are unaffected by activation or inhibition of PKA
A and B, ATPA-stimulated calcium rise is not affected by
application of 8-bromo cAMP (1 mM; A) (ATPA plus 8-bromo
cAMP: 2 ± 13 % increase compared with ATPA, P > 0.05. ATPA
after washout of 8-bromo cAMP: 2 ± 10 % decrease, n = 27
neurones, 3 dishes) nor by the PKA inhibitor KT5720 (1 mM; B)
(ATPA plus PKA inhibitor KT5720: 3 ± 4 % decrease compared
with ATPA; P > 0.05. ATPA after KT5720 washout: 7 ± 5 %
decrease; n = 27 cells, 3 dishes n = 21 neurones, 3 dishes).
C, a single example showing that the catalytic subunit of PKA
phosphorylates the C-terminal of GluR52b (n = 3) and GluR6
(n = 3).

Figure 4. Responses mediated by GluR5-containing KARs
are enhanced by mGluR stimulation
A, DHPG, 20 mM (n = 54 cells, 9 dishes), increases the GluR5-
mediated calcium signal (P < 0.05). This enhancement is
prevented by the PKC inhibitor BIM. B, single example of a field of
cells and pooled data showing that the mGlu5 agonist CHPG,
500 mM (n = 39 cells, 5 dishes), enhanced GluR5 calcium
signalling, in a PKC-dependent manner (P < 0.001). These
experiments were performed in the presence of cyclopiazonic acid
(CPA) to prevent calcium mobilisation from intracellular stores by
group I mGlu receptor stimulation. C, the inward current resulting
from activation of GluR5-containing KARs by ATPA in perirhinal
cortex neurones is enhanced (P < 0.05) by co-activation of group I
mGlu receptors by DHPG (ATPA: 26 ± 3 pA; ATPA and DHPG:
57 ± 11 pA, n = 4).
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KAR-mediated responses (Jones et al. 1997; DeVries,

2000). Application of the mGlu5 agonist CHPG produced

a significant enhancement (37 ± 9 %, n = 4, P < 0.05) of

the amplitude of the KAR EPSC (measured 10 min after

start of CHPG application) that returned to baseline

following washout of CHPG. These results demonstrate

that mGlu5 receptor stimulation can enhance synaptically

evoked KAR EPSCs in the cortex.

K. Cho and others728 J Physiol 548.3

Figure 5. KAR-mediated EPSCs in perirhinal cortex are enhanced by stimulation of mGlu5
KAR EPSCs are evoked by high frequency stimulation (5 stimuli, 100 Hz) in the presence of AP5 and GYKI
53655. Application of SYM2081 produced a complete block of KAR EPSCs (DeVries, 2000). Synaptic traces
are averages of four consecutive responses from the single experiment shown, taken at the time points
indicated. The amplitude of KAR EPSCs is enhanced by activation of mGlu5 by the application of CHPG.
The bottom graph illustrates pooled data demonstrating the enhancement of KAR EPSCs by CHPG
(maximum enhancement 37 ± 9 %, P < 0.05, n = 4).
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DISCUSSION
The results presented in this study demonstrate that

cellular signalling mediated by GluR5-containing KARs

can be enhanced by PKC or by activation of mGlu5 receptors.

Furthermore, we show that the GluR5 subunit can be

phosphorylated directly by PKC. This raises the possibility

that the enhancement of KAR signalling by PKC and

mGlu5 receptor stimulation relies on phosphorylation of a

serine and/or threonine substrate on GluR5.

PKC and mGlu5 regulation of GluR5-containing
kainate receptors
A simple scenario for the enhancement of GluR5-KAR

signalling by mGlu5 is through an mGlu-mediated increase

in PKC. Indeed the finding that the enhancement of GluR5

signalling was blocked by PKC inhibition supports this

hypothesis. PKC regulation of KAR-mediated signalling

has previously been reported (Rodriguez-Moreno & Lerma,

1998; Melyan et al. 2002). However, the precise mechanisms

underlying the enhancement of GluR5-containing KAR

function are yet to be determined. There are several possible

mechanisms by which PKC or mGlu5 might regulate KAR

signalling. For example, PKC-dependent phosphorylation

of GluR5 may directly affect channel conductance or could

modulate G-protein interaction with GluR5, in line with

previous suggestions (Rodriguez-Moreno & Lerma, 1998;

Melyan et al. 2002). Alternatively, phosphorylation of

KAR subunits may alter KAR desensitisation for example,

by an interaction with SAP90 (Garcia et al. 1998). We do

not consider that mGlu5 enhancement of KAR function

requires an increase in intracellular calcium since this was

observed in the presence of CPA; conditions under which

there was no detectable mGlu5-dependent increase in

intracellular calcium. Therefore, the present mechanism

may differ from that in which NMDA receptor regulation

of KAR function was described to be calcium-dependent

in hippocampal cultures (Ghetti & Heinemann, 2000).

Neither PKA nor mGlu1 receptors affect GluR5
function
Interestingly, the interaction between KARs and mGlu

receptors appeared to be specific for mGlu5 and did not

involve mGlu1 receptors. The reason for this specificity is

not clear but parallels recent observations that group II mGlu

receptors can interact with mGlu5 but not mGlu1 (Cho et
al. 2002). Despite our finding that PKA can phosphorylate

GluR5, the activation of PKA had no effect on GluR5-

mediated calcium signalling. This result suggests that, under

the conditions of our experiments, the PKA phosphorylation

site does not play a critical role in modulation of GluR5-

containing KAR-mediated calcium signalling.

Possible physiological roles for interaction between
kainate and mGlu receptors
The results presented here show an interaction between

mGlu5 and GluR5-containing kainate receptors. Since

mGlu receptors play a critical role in synaptic plasticity in

perirhinal cortex (Cho & Bashir, 2002; Brown & Bashir,

2002) this phenomenon may also be important in plastic

mechanisms in perirhinal cortex. Furthermore, since

KARs have been described to have a range of pre- and post-

synaptic actions in other brain regions (see Chittajallu

et al. 1999; Lerma, 2001) and have been implicated in

synaptic plasticity (Bortolotto et al. 1999; Contractor et al.
2001) the results of the present study add a new dimension

to the ways in which both mGlu and KARs may orchestrate

synaptic transmission, synaptic plasticity and forms of

epileptiform activity (Mulle et al. 1998).
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