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Regulation of Kainate Receptors by CAMP-Dependent 
Protein Kinase and Phosphatases 

In the mammalian central nervous system, receptors for excitatory amino acid 
neurotransmitters such as the a-amino-3-hydroxy-5-methyl-4-isoxazolepropiocacid 
(AMPA)-kainate receptor mediate a large fraction of excitatory transmission. Cur- 
rents induced by activation of the AMPA-kainate receptor were potentiated by agents 
that specifically stimulate adenosine 3'3'-monophosphate (CAMP)-dependent protein 
kinase A (PKA) activity or were supported by intracellular application of the catalytic 
subunit of PKA by itself or in combination with CAMP. Furthermore, depression of 
these currents by a competitive inhibitor of PKA indicates that AMPA-kainate 
receptors are regulated by endogenous PKA. Endogenous protein phosphatases also 
regulate these receptors because an inhibitor of cellular phosphatases enhanced kainate 
currents. Modulation o f  PKA and phosphatases may regulate the function of these 
receptors and thus contribute to synaptic plasticity in hippocampal neurons. 

EXCITATORY AMINO ACID RECEPTORS, 

which contain ion channels, can be 
broadly classified as N-methyl-D-as- 

partate (NMDA) or non-NMDA receptors 
on the basis of selective pharmacological 
antagonism (1). Non-NMDA receptors 
have been further subdivided into AMPA 
and kainate subtypes although it has been 
difficult to find a specific antagonist for 
either subtype. Kainate currents do not de- 
sensitize, whereas AMPA currents desensi- 
tize rapidly (2). However, desensitization is 
not necessarily indicative of distinct receptor 
subtypes ( 3 ) .  

We have investigated the regulation of 
AMPA-kainate receptors by protein kinases 
(4) and phosphatases in mammalian neurons 
(5 ) .We used kainate (Fig. 1) to avoid the 
desensitization that occurs with AMPA (2, 
3). The amplitude of kainate currents de- 
clined exponentially with a time constant of 
7 min when electrode solutions without 
adenosine triphosphate (ATP) were used 
(Fig. 1, A and C). This "washout" (6)  of 
kainate currents was similar to that reported 
for NMDA currents (7), but it had a slower 
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time course. Introduction of an ATP-regen- 
erating solution (8) into the neurons by 
means of the recording electrode significant- 
ly reduced the washout of kainate currents 
(Fig. 1, B and C). In contrast, when we 
avoided intracellular dialysis by recording 
whole-cell currents with the nystatin patch 
technique (9),kainate currents were stable 
for periods of up to 2 hours after the initial 
period of patch perforation (Fig. ID).  Such 
evidence suggests that the magnitude of 
kainate currents is determined at least in part 
by the ability of the neuron to maintain 
intracellular phosphorylation. 

In order to examine a possible role of 
PKA in the regulation of AMPA-kainate 
receptors, we quantified the effects of cAMP 
and the catalytic subunit of PKA (Sigma) on 
the washout of kainate currents. This wash- 
out was significantly retarded when the cat- 
alytlc subunit of PKA (20 pg/ml) was in- 
cluded in the recording pipette. Intracellular 
applications of cAMP (40 m)were associ- 
ated with a transient potentiation of kainate 
currents. In contrast, CAMP did not enhance 
NMDA currents (Fig. 1E). A combination 
of ATP, CAMP, and PKA was the most 
efficacious in retarding or preventing wash- 

Out kainate currents' 
The recording electrode was intern*-

pehed with various (lo)' The 
patch pipette initially contained a control 
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recording solution that permitted washout trode was perfused with this control solu- subunit of PKA at the concentrations given 

of the kainate currents (Fig. 2, A and B), tion (Fig. 2A). In contrast, perfusion with a above caused a partial recovery of the kain-
and washout continued when the patch elec- solution containing cAMP and the catalyuc ate currents. Reperfusion with the control 

solution was then associated with washout 
of the currents (Fig. 2B). In other neurons,

Fig. 1. Stability of peak A Washout B ATP support c
1.5r the partial recovery was maintained as long

kainate currents in cul-
tured hippocampal neu- as the cell was perfused with the CAMPand 
rons under different E 1.0 PKA solution. These results indicate that 
patch-clamp cohgura- 3 AMPA-kainate currents are reversibly mod-
tions and in different in-
tracellular dialysis solu-

0'5 

:$Pq:ort , 
ulated by PKA. 

tions. (A) A typical $ 0.0 
o o 5 10 15 20 

In order to determine whether endoge-
whole-cell recording of .--8 xme (min) nous PKA can modulate AMPA-kainate-
inward kainate currents regulated currents, we used the nystatin 
generated by 15-111s NyStatin patch perforated patch technique, together with 
pressure applications of 
kainate (250 p,M, 130 bath application of two membrane perrneant 

kPa) to the soma. These analogs of CAMP, Rp- and Sp-CAMPS. 
applicationswere repeat- These compounds are more membrane per-
ed once every 30 s and meable than other modulators, such as 
commenced immediately 
after the patch was rup-

8-bromo-CAMPand have much higher spec-

tured. Kainate currents 
Time (min) ificity and aifinity for PKA than does forsko-

characteristically washed out to approximately 55% of their initial amplitude over the initial 30 min of \in (11). The Rp-cAMPS andog is a p d c -
dialysis (see E). (B) Kainate currents in the presence of an ATP-regenerating system (4 mM tris-ATP, ularly potent competitive inhibitor of PKA, 
20 mM phosphocreatine, and 50 U/ml creatinephosphokinase) in the patch electrode. (C) Results from whereas S ~ - ~ A M ~ Sis a potent activator.
(A) and (B) illustrated graphically. Mean data (kSEM)from a series of recordings with electrodeswith 
or without the ATP-regenerating system.Each group consisted of 50 neurons. (D) A cell-attachedpatch are resistant to phosphodi-
was initially formed in the absence of nystatin. Records of kainate currents gradually increased in esterases than other CAMPanalogs. 
amplitude as nystatin entered the cell membrane and the perforation of the patch formed. Once stable Application of Sp-CAMPS in the bath 
(usually within 30 min), kainate currents remained unaltered for periods of up to 2 hours. In (A), (B), potentiated kinate currents ( ~ i ~ .3A),
and (D), the transient capacitive currents seen above baseline resulted from hyperpolarizing voltage whereas the inhibitor Rp-cAMPS caused asteps from -60 to -70 mV (duration, 100 ms) just before each application of kainate. We used these 
steps to monitor capacitance and leak conductance during the development of patch perforation. The large kainate currents (Fig. 
holding potential in this and subsequent figures was -60 mV, except where otherwise indicated. (E) 3B). The inhibitor reversed the potentiation 
Supplementing the dialysis solution with CAMP(40 KM)done did not prevent the washout of kainate caused by Sp-cAMPS and often decreased 
currents. However, the responses were transiently potentiated over the first 10 min after rupture of the the currents below baseline values p ig .  3 ~ ) .
patch. The washout of NMDA currents that we recorded concurrently from these neurons by applying 
L-aspartate (250 pM, 15 ms, 130H a )  was not influenced by the presence of CAMP(n = 4). Calibration Application of Rp-cAMPS alone prevented 
bars represent 7 min in all cases; 250 PA for (A) and (D); 750 PA for (B). any subsequent potentiation by Sp-CAMPS. 

Thus, endogenous PKA must be actively 

A B modulating kainate receptors in cultured 
- hippocampal neurons. This phosphorylation 

1200 PA by PKA might be counterbalanced by de-
phosphorylation by a protein phosphatase. 

We examined this possibility by using 
okadaic acid, a potent inhibitor of protein 

,*e% phosphatases 1 and 2A (12). Bath applica-
- 'm 4 % tions of okadaic acid (250 nM to 1 m)
'-' %. 

-0 potentiated kainate currents recorded with 

'G the nystatin patch t e c h q u e  (Fig. 4). 
5 Okadaic acid had no effect on holdng cur-

-
rents. The increase in kainate currents result-
ed from a sipficant increase in conductance. 

Our results demonstrate that kainate cur-
- rents are modulated by the activity of PKA 

PKA and CAMP and by a protein phosphatase, likely type 1- or 2A. Thus, AMPA-kainate receptors 
I I might be directly phosphorylated and de-

1000 

800 

A

d
'600 
C c 

3 
o
% 400 

200 

0 
0 10 20 30 o 10 20 30 40 50 phosphorylated by PKA and phosphatases, 

Time (min) respectively. Alternatively, regulation of the 
Fig. 2. The effect of the catalytic subunit of PKA and CAMP on the washout of kainate-induced receptors by p h o s p h o ~ l a ~ o n  dephos-
currents. Whole-cell recordings were made with patch electrodes that initially d d  not contain the phorylation could be indrect by means ofan
ATP-regenerating solution. The recording electrode was perfused during the periods indicated by the 
horizontal bars. (A) We perfused the internal pipette with the same solution used to fill the patch intermediate protein associated 
pipette, and this perfusion did not retard washout of kainate currents. A similar result was seen in with the channels. 
another two neurons (n = 3). (Inset) The current traces represent responses at time 0 and 30 min. (B) A single subtype of receptor may mediate 
The patch pipette was perfused with the PKA and cAMP solution for 6 min, and the kainate currents responses to kainate and AMPA because 
increased in amplitude. Subsequently, the amplitude of the currents decreased when the pipette was 
reperfused with the control solution. In other neurons, the recovery was maintained with continued glutamate receptors composed of homo-
internal perfusion of the electrode with PKA and cAMP (n  = 5). (Inset) The current traces represent merit subunits express high-dnity AMPA 
recorhngs at time 0,25, and 45 min. binding and finctional responses to both 
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amino acids. The various subunits of the 
cloned AMPA-kainate receptors have con-
sensus sequences indicative of at least three 
phosphorylation sites, but none of these is 
an ideal consensus sequence for PKA (3). 
Either the receptors we have examined are 
not identical to cloned AMPA-kainate re-
ceptors or PKA can phosphorylate these 

Fig. 3. Kainate currentsrecorded in 
perforated patches were modulated 
by bath applications of Sp-CAMPS 
and Rp-CAMPS (100 pM, final 
concentrations) during the periods 
indicated by the solid bars. Sp-
CAMPS consistently potentiated 
kainate currents (n = 11, range 
+15 to +80%, mean increase +44 
2 22%, SD). An example of this 
effect is plotted in (A) and example 
currents before and after treatment 
with Sp-CAMPSare shown to the 
right of the graph. (B) Applications 
of Rp-CAMPS (the inhibitor of 
PKA) substantially depressed kain-
ate currents (n = 3, inhibition to a 
mean of 58.7 2 7.1%). Example 
currents before and after treatment 
with Rp-CAMPSare shown to the 
right of the graph. (C) Rp-CAMPS 
reversed the potentiation caused by 
application of Sp-CAMPSand fur-
ther depressed the kainate currents 
below the control level (n = 7, 

receptors in spite of a lack of an ideal 
consensus sequence. 

The effect of PKA on kainate currents 
could result from a recruitment of addi-
tional receptors or by the activation of a 
different type of receptor (13). Alternative-
ly, PKA may increase the frequency of 
channel opening, as has been reported for 

inhibition to 86.1 5 8.6% of the 
baseline values). In addltion, appli-
cation of Rp-CAMPS before Sp-

subsequent potentiation by the ac-
tivator (n = 3; not shown). Exam-

" spI'gsLACAMPS application prevented any 50 

50 PA 
ple currents before (middle), and 0 

0 10 20 30 40 250 ms 
after treatment with Sp-CAMPS Time (min)
(lower) and Rp-CAMPS (upper) 
are shown to the right of the graph. Each current trace is an average of five consecutive responses. 

Fig. 4. The effect of the phospha- 500Atase inhibitor okadaic acid on kain-
ate currents recorded with the per-
forated patch technique. (A) An z 4 0 0  

example of the increase in ampli- 4 
tude of kainate currents induced by =300 

okadaic acid (0.5 kM). Bar indi-
cates the period of application of 200 .* 
okadaic acid. (B) Actual currents $ 
before and after treatment with 100 Okadaic acid 500 ms 
okadaic acid. (C) The reversal po-
tential of kainate currents deter- 0 
mined before and after application 0 5 10 1520253035  D 

rime (min) 
Control 

of okadaic acid (0.5 FM). The 
holding potential was varied from C 
-100 mV to +60 mV. In the 
illustrated recording, the conduc-
tance to kainate was increased from 
4.3 to 8.0 nS, as determined from 
the slope of the current (I)-voltage 
(v)relation. (D) Individual kainate 
currents we used to consuuct the 
plot in (C).The steady-state current Control 

associated with each holding poten-
tial was subtracted.Okadaic acid po- -800 

tentiated kainate currents in each of -1000 
the nine recordings examined and 500 ms 

was added to the bath to give final 
concentrationsof0.25 (n = 1, +28%),0.50 (n = 5, +58 + 14%),or 1 . 0 ) ~ M ( n= 3, +56 * 27%). 

glycine channels in trigeminal neurons (14). 
The AMPA-kainate receptor is thought to 

mediate the fast components of the excita-
tory postsynaptic potential in hippocampal 
neurons (15). Our results suggest that exci-
tatory transmission could be modulated by a 
variety of receptors that are coupled to 
adenylate cyclase and to activation of PKA. 
An important means of modulating this 
transmission would be through activation of 
biochemical pathways capable of &ecting 
protein phosphatase activity. For instance, 
persistent protein kinase activity is associat-
ed with the early postsynaptic events leading 
to induction of long-term potentiation in 
the hippocampus (16). Regulation of 
AMPA-kainate receptors by such activity 
may thus contribute to some aspects of 
postsynaptic plasticity. 

Note added in prooj  Egebjerg et al. (17) 
have cloned glutamate receptor subunits 
(GluR6) that respond to kainate but not to 
AMPA. 
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Enhancement of the Glutamate Response by CAMP-
Dependent Protein Kinase in Hippocampal Neurons 

Receptor channels activated by glutamate, an excitatory neurotransmitter in the 
mammalian brain, are involved in processes such as long-term potentiation and 
excitotoxicity. Studies of glutamate receptor channels expressed in cultured hippocam- 
pal pyramidal neurons reveal that these channels are subject to neuromodulatory 
regulation through the adenylate cyclase cascade. The whole-cell current response to 
glutamate and kainate [a non-NMDA (N-methyl-D-aspartate) receptor agonist] was 
enhanced by forskolin, an activator of adenylate cyclase. Single-channel analysis 
revealed that an adenosine 3',5'-monophosphate4ependent protein kinase (PKA) 
increases the opening frequency and the mean open time of the non-NMDA-type 
glutamate receptor channels. Analysis of synaptic events indicated that forskolin, 
acting through PKA, increased the amplitude and decay time of spontaneous excita- 
tory postsynaptic currents. 

BRAIN SECOND-MESSENGER SYSTEMS 

often alter nerve cell activity by mod- 
ifylng characteristics of voltage-gated 

channels (1-3). Although the regulation of 
neuronal excitability by phosphorylation of 
voltage-gated channels is widespread, the 
neuromodulation of ligand-gated channels, 
crucial for the control of synaptic strength, 
has been reported in only a few instances 
(4-6). Because the modification of synaptic 
strength through the action of second-mes- 
senger systems should be an effective way to 
regulate the computational capabilities of 
neuronal circuits, this form of neuromodu- 
lation could be as common as the ones that 
afFect electrical excitability. We anticipated 
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that the hippocampus might be a favorable 
site to search for synaptic neuromodulation; 
this brain region is well known to regulate 
synaptic strength by long-term potentiation 
(7), and the abundantly represented gluta- 
mate receptor channels in hippocampus 
have been implicated in memory, epilepsy, 
excitotoxicity, and some neurodegenerative 
diseases (8). 

We used both the whole-cell recording 
and the outside-out mode of the standard 
patch-clamp method (9) to study responses 
to glutamate in 2- to 7-day-old cultured 
hippocampal pyramidal neurons from new- 
born Long Evans rats (10). We included 5 
JLM magnesium adenosine trisphosphate 
(MgATP) in all the whole-cell recordings to 
prevent "run-down" of glutamate-induced 
responses (1 1 ). 

Because adenylate cyclase is commonly 
involved in neuromodulatory systems, we 
examined responses to glutamate in whole- 
cell recordings before and after treament 
with forskolin (FSK), an activator of adenyl- 
ate cyclase (12). In the continual presence of 

50 KMFSK, glutamate responses increased 
in all cells tested (+91% + 27% at 15 min 
after glutamate application; n = 4; mean + 
SEM) (Fig. 1). For comparison, we record- 
ed the responses in another set of cells not 
treated with FSK. The responses to gluta- 
mate in this control group of cells generally 
decreased over the same time interval 
(-30% + 10% at 15 min after glutamate 
application; n = 4) (Fig. 1B). Thus, FSK 
produces a marked neuromodulation of glu- 
tamate receptors. 

FSK can sometimes interact direaly with 
ion channels without the intermediary ac- 
tion of the adenosine 3',5'-monophosphate 
(CAMP) cascade (13, 14), and a similar 
direct mechanism might conceivably ac-
count for the FSK effect on glutamate recep- 
tor channels. In an effort to determine if 
FSK acts directly, we treated our cells with 
1,9-dideoxyforskolin, a structural analog. 
Dideoxvforskolin does not stimulate adend- 
ate cyclase but does mimic other actions of 
FSK. Of the three cells treated with 50 p,M 
dideoxyforskolin, none showed an increased 
response to glutamate (-23% + 10%; n = 

3) (Fig. 1B). 
If the increased glutamate response in- 

volves the CAMP-dependent protein kinase 
(PKA), then blocking kinase activity should 
prevent the neuromodulatory effect of FSK. 
To test this, we added IPzo-amide, a 20- 
amino acid synthetic peptide that specifically 
inhibits PKA (15), to the solution in the 
recording pipette. IPz,-amide (1 p,M) in the 
electrode blocked the neuronal response to 
FSK (-28% + 5%; n = 6 )  (Fig. 1B). In 
addition, with IP,,-amide alone in the re- 
cording pipette (and no FSK) the response 
to glutamate became smaller than the con- 
trol within 20 min (-50% + 9%; n = 4) 
(Fig. lB), suggesting a basal PKA activity. 

The increased macroscopic response to glu- 
tamate after FSK treatment could have result- 
ed from changes in various biophysical prop- 
erties of the glutamate channels, such as a 
more frequent entry into the open state, a 
lengthened stay in the open state, or an 
increased unitary conductance. Furthermore, 
glummate and its structural analogs activate a 
mixture of receptor subtypes. N-methyl-D- 
aspartate (NMDA) preferentially activates 
large conductance (40 to 50 pS) channels, 
whereas non-NMDA channels-kainate, 
quisqualate, and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid-preferen-
tially activate small conductance (typically less 
than 30 pS) channels (16). The non-NMDA 
channels are difFcult to distinguish from each 
other but are distinct from the NMDA class 
(1 6, 17). Changes in either or both types of 
channels could have led to an increased 
whole-cell current response to glutamate. 

To determine the basis for the increased 
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