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We investigated mitogen-activated protein kinase (MAPK) mod-
ulation of dendritic, A-type K� channels in CA1 pyramidal
neurons in the hippocampus. Activation of cAMP-dependent
protein kinase A (PKA) and protein kinase C (PKC) leads to an
increase in the amplitude of backpropagating action potentials
in distal dendrites through downregulation of transient K�

channels in CA1 pyramidal neurons in the hippocampus. We
show here that both of these signaling pathways converge on
extracellular-regulated kinases (ERK)-specific MAPK in mediat-
ing this reduction in dendritic K� current, which is confirmed, in

parallel, by biochemical assays using phosphospecific antibod-
ies against the ppERK and pKv4.2. Furthermore, immunostain-
ing indicates dendritic localization of ppERK and pKv4.2. Taken
together, these results demonstrate that dendritic, A-type K�

channels are dually regulated by PKA and PKC through a
common downstream pathway involving MAPK, and the mod-
ulation of these K� channels may be accounted for by the
phosphorylation of Kv4.2 subunits.
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Voltage-gated K� channels are the principal regulators of mem-
brane excitability in the nervous system. Cell-attached patch
recordings have revealed transient, A-type, and delayed rectifier-
type K� channels in dendrites of hippocampal CA1 pyramidal
neurons (Hoffman et al., 1997). The A-type K� channel, in
particular, has a remarkable subcellular distribution, showing a
more than fivefold increase in density from the soma to the distal
dendrites and a relatively low range of voltage activation. The
low-voltage activation and high density in dendrites suggest that
these channels act to dampen active signal propagation and limit
boosting of EPSPs that might otherwise occur because of the
presence of voltage-gated Na� and Ca2� channels (Magee and
Johnston, 1995; Magee, 1998). Action potentials backpropagating
in dendrites of CA1 pyramidal neurons become progressively
smaller in amplitude the farther they travel from the soma (Sprus-
ton et al., 1995; Stuart et al., 1997; Magee, 1999). This amplitude
decrement is primarily attributable to the increasing density of
A-type K� channels, because blocking these channels leads to an
increase in action potential amplitude (Hoffman et al., 1997).
Evidence from dendritic patch recordings suggests that two pro-
tein kinases commonly found in the brain, protein kinase A
(PKA) and protein kinase C (PKC), modulate the open proba-
bility of these A-type K� channels within the physiological volt-
age range (Hoffman and Johnston, 1998). Other modulators of
these channels include neurotransmitters norepinephrine, acetyl-
choline, and dopamine, arachidonic acid, and auxiliary subunits
(Colbert and Pan, 1999; Hoffman and Johnston, 1999; An et al.,
2000).

Although A-type K� channels play a key role in controlling
membrane excitability and signal propagation in CA1 neurons,
their molecular identity is not known. A variety of evidence
suggests that Shal (Kv4) subunits contribute to forming these K�

channels in hippocampal dendrites. Heterologously expressed
Shal channels have similar biophysical and pharmacological prop-
erties to the dendritic K� channel (Serodio et al., 1996; Jan and
Jan, 1997; Song et al., 1998; An et al., 2000). Immunohistochem-
ical studies revealed segregation of two A-type K� channels in
hippocampal CA1 pyramidal neurons. Kv1.4 is found mostly in
axons, whereas Kv4.2 is found in the soma and dendrites (Sheng
et al., 1992; Maletic-Savatic et al., 1995). Shal channels, especially
Kv4.2, thus seem the best candidate for these transient K� chan-
nels. Kv4.2 possesses several interesting molecular features. In-
spection of the amino acid sequence of Kv4.2 reveal several
consensus sequences for PKA, PKC, Ca2� and calmodulin-
dependent protein kinase II (CaMKII), and mitogen-activated
protein kinase (MAPK) phosphorylation sites, respectively, some
of which are in the intracellular domains accessible to protein
kinases (Baldwin et al., 1991; Adams et al., 2000; Anderson et al.,
2000). Moreover, the very C terminus sequence of Kv4.2, S/TXL,
which is an imperfect match for PSD-95/Dlg/ZO-1 (PDZ) bind-
ing consensus S/TXV, was also found at C termini of metabo-
tropic GluR 1–3 and GluR 5, and they all interact with Homer, a
dendritic protein containing only one PDZ domain (Brakeman et
al., 1997). Such sequences may play a role in targeting Kv4.2
subunits in dendrites.

Accumulating evidence suggests that the extracellular-
regulated kinases (ERK)-MAPKs play an important and essen-
tial role in induction and maintenance of certain types of neuro-
nal plasticity and learning (English and Sweatt, 1996, 1997;
Martin et al., 1997; Atkins et al., 1998; Winder et al., 1999;
Watabe et al., 2000; Wu et al., 2001). Biochemical evidence
suggests that ERK is downstream of both PKA and PKC, and
coupling of PKA and PKC signaling to ERK leads to CREB
protein phosphorylation in the hippocampus (Roberson et al.,
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1999). In hippocampus, high-frequency stimulation of Schaffer
collateral–CA1 pyramidal neuron synapses activates ERK, lead-
ing to nuclear signaling-dependent changes, and blocking ERK
activation inhibits long-term potentiation (LTP) induction (En-
glish and Sweatt, 1996, 1997; Winder et al., 1999; Kanterewicz et
al., 2000; Watabe et al., 2000; Dudek and Fields, 2001). Among
these investigations, two studies indicated that, in addition to
causing nuclear-signaling-dependent changes, the role of ERK in
hippocampal LTP is at least in part through regulation of cellular
excitability, although it was not at all clear what the mechanism of
that regulation might be (Winder et al., 1999; Watabe et al.,
2000).

We investigated the modulation of dendritic K� channels and
backpropagating action potentials by neurotransmitter agonists
and protein kinases in CA1 pyramidal neurons of adult rats. Our
results suggest that the modulation of dendritic K� channels by
PKA and PKC is mediated through the ERK MAPK pathway. In
parallel biochemical studies using phosphorylation-site specific
antibodies against ppERK and ppKv4.2, the results were consis-
tent with the physiological data that ERK is phosphorylated and
activated downstream of PKA and PKC and that Kv4.2 is at least
one of the final effectors of ERK. This is further supported by the
results from cell-attached patch experiments showing that den-
dritic transient K� channels are regulated by ERK phosphoryla-
tion (Watanabe et al., 2002). Understanding the interplay of
PKA, PKC, MAPK, and dendritic K�-channels should help
illuminate the mechanisms of synaptic integration and synaptic
plasticity in pyramidal neuron dendrites.

MATERIALS AND METHODS
Preparation of slices and solutions for electrophysiology. Hippocampal
slices (350–400 �m) were prepared from 5- to 8-week-old Sprague
Dawley rats following standard procedures (Hoffman and Johnston,
1998). A Zeiss Axioskop, fitted with a 40� water-immersion objective
and differential interference contrast (DIC), was used to view slices.
Light in the near infrared (IR) range (740 nm) was used in conjunction
with a contrast-enhancing camera to visualize individual dendrites. For
all recordings, the bath solution contained (in mM): 125 NaCl, 2.5 KCl,
1.25 NaH2PO4, 25 NaHCO3, 2.0 CaCl2, 1.0 MgCl2, and 25 dextrose.

Whole-cell recording pipettes (7–12 M�) contained (in mM): 120
KMeSO4 or 120 KGluconate, 20 KCl, 10 HEPES, 0.2 EGTA, 2 Mg2Cl,
4 Na2ATP, 0.3 Tris-GTP, and 14 phosphocreatine, pH 7.25, with KOH.
The following were included in the external solution to block synaptic
transmission (in �M): 50 D,L-APV, 10 CNQX, and 10 bicuculline, unless
otherwise indicated for some experiments. Isoproterenol (1–2 �M) and
8-Br-cAMP (100 �M) were dissolved into the bath solution with the
addition of 1 �M ascorbate right before use. U0126 and phorbol diacetate
(PDA) were dissolved in DMSO to 10 mM, kept frozen until use, and
then diluted to the appropriate concentrations. Forskolin was made in
DMSO in 100 mM aliquots and diluted to a 50 �M final concentration
with 100 �M Ro Z01724, a phosphodiesterase (PDE) inhibitor.

Recording techniques and data analysis. All neurons exhibited a resting
membrane potential between �60 and �75 mV. Whole-cell recordings
were made using an Axoclamp 2A (Axon Instruments, Foster City, CA)
amplifier in “bridge” mode at 31–33°C and were analog filtered at 3 kHz.
Series resistance was 15–30 M�. Antidromic action potentials (APs)
were stimulated every 12–15 sec by 0.1 msec constant current pulses
through tungsten electrodes placed in the alveus. Traces shown in figures
are averages of 5–15 sweeps, but parameters such as amplitude and dV/dt
are measured from each individual trace and averaged numbers are
reported. Biocytin was dissolved in the intracellular solution at 0.4%, and
the dye was allowed to enter into the cells by passive diffusion after a
successful recording. The detailed morphological methods used are
described in Esclapez et al. (1999). Significance ( p � 0.05) was deter-
mined by paired or two-sample t tests. Error bars represent SEM.

Preparation of hippocampal slices for biochemistry. Hippocampal slices
were prepared and maintained according the method of Roberson et al.
(1999). Briefly, 400 �m hippocampal slices were prepared from the brains
of 4- to 8-week-old male Sprague Dawley rats. The slices were cut in

ice-cold cutting saline (in mM: 110 sucrose, 60 NaCl, 3 KCl, 1.25
NaH2PO4, 28 NaHCO3, 5 D-glucose, 0.5 CaCl2, 7 MgCl2, and 0.6
ascorbate, saturated with 95% O2 and 5% CO2), then immediately
transferred to a 1:1 mix of cutting saline and normal artificial CSF
(ACSF) (in mM: 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 10
D-glucose, 2 CaCl2, and 1 MgCl2, saturated with 95% O2 and 5% CO2).
After 20 min incubation, the slices were first transferred to room tem-
perature (RT) ACSF for 1 hr, then to ACSF maintained at 32°C. The
slices were then exposed to various pharmacological manipulations, after
which they were immediately frozen on dry ice. The CA1 subregions
were microdissected on dry ice and stored at �80°C until assayed. CA1
subregions from four to six slices were pooled for each experimental
condition.

Sample preparation. The pooled CA1 subregions were sonicated ac-
cording to Anderson et al. (2000). Briefly, slices were sonicated in buffer
(in mM: 20 Tris pH 7.5, 1 EGTA, 1 EDTA, 1 Na4P2O7, 4 pNPP, 1
Na3VO4; 25 �g/ml aprotinin, 25 �g/ml leupeptin, 100 �M PMSF). The
sonicate was centrifuged for 3 min at 4°C at 3000 rpm to remove cellular
debris. The supernatant was then centrifuged for 20 min at 4°C at
100,000 � g. The resulting supernatant (cytosolic fraction) was heated for
5 min at 95°C after addition of 4� sample buffer. The resulting pellet
(membrane fraction) was resuspended in 10% SDS with 200 mM dithio-
threitol (DTT), 10 �g/ml aprotinin, leupeptin, and pepstatin, 100 �M
phenylmethylsulfonyl fluoride, and 1 �M microcystin-LR; subsequently,
4� sample buffer containing 200 mM DTT was added. Samples were
loaded onto 10% SDS-polyacrylamide gels and resolved by standard
electrophoresis (minigel apparatus; Bio-Rad, Hercules, CA). Total pro-
tein content was determined for each sample so that equal amounts of
protein could be loaded in each gel lane.

Western blotting. Gels were blotted electrophoretically to Immobilon
filter paper using a transfer tank maintained at 4°C. Transfer was com-
pleted overnight at 400 mA for membrane fraction samples; for cytosolic
fraction samples, transfer was completed at 600 mA in 2 hr. Immobilon
filters were blocked for 1 hr at RT in a blocking solution containing 10
mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20, 5% milk, 0.01%
thimerosol, and 1 mM microcystin-LR. The filters were incubated at RT
sequentially with primary antibody for 1 hr, followed by an HRP-
conjugated secondary antibody (1:20,000) for 45 min. All blots were
washed extensively in TTBS (50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
0.05% Tween 20) after incubations with the primary and secondary
antibodies. All blots were developed using enhanced chemiluminescence
(ECL). Blots were probed first with purified antibody JPA170 (1:500).
After several washes in TTBS, the blots were probed with anti-dual-
phospho-ERK (either monoclonal or polyclonal; 1:1000). Blots were then
stripped in 0.2 M NaOH and reprobed with anti-total ERK (1:1500).

Immunostaining of ppERK and pKv4.2/confocal imaging. Hippocampal
slices (300–350 �m) were processed as described (Winder et al., 1999).
Primary antibody concentrations: mouse antibody (Ab) for ppERK (1:
1000), rabbit Ab for ERK-triply phosphorylated Kv4.2 (1:500) (JAP 170).
Secondary antibodies: Cy3-conjugated anti-mouse or anti-rabbit IgG
(1:200). Slices were imaged on a Zeiss laser-scanning confocal micro-
scope equipped with an argon–krypton laser.

Materials. Antibody JPA170 was developed by J. P. Adams (Adams et
al., 2000). Polyclonal anti-dual-phospho-ERK, monoclonal anti-dual
phospho-ERK, anti-total ERK1/2, and HRP-conjugated secondary anti-
bodies were obtained from Cell Signaling Technology (Beverly, MA),
Cy3-conjugated anti-mouse or anti-rabbit IgG from Jackson ImmunoRe-
search (West Grove, PA), ECL Western blotting detection reagents from
Amersham Biosciences (Piscataway, NJ), isoproterenol (iso), forskolin
(FSK), and PDA from Sigma (St. Louis, MO), U0126 from Promega
(Madison, WI), PD 98059 from Calbiochem (La Jolla, CA), and Ro-
201754, a PDE inhibitor, from Biomol (Plymouth Meeting, PA).

RESULTS
The amplitude of the backpropagating action potential
decreases with distance from the soma
APs triggered by alvear stimulation are initiated in the axon and
propagated retrogradely (backpropagated) into the apical den-
drites of hippocampal CA1 pyramidal neurons (Spruston et al.,
1995; Colbert and Johnston, 1996; Colbert et al., 1997). Whole-
cell recordings from the apical dendrites of these neurons re-
vealed a decreasing amplitude of the AP with increasing distance
from the soma (Callaway and Ross, 1995; Spruston et al., 1995)
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(Fig. 1B,C). AP amplitude was 60.3 � 5.0 mV (n � 4), 34.6 � 1.3
mV (n � 25), and 25.7 � 1.0 mV (n � 17) at dendritic distances
of 200, 250, and 300 �m from the soma, respectively (Fig. 1C),
compared with 96.6 � 6.8 mV (n � 4) in the soma under similar
conditions (Fig. 1B). The smaller amplitude in the dendrites is
primarily determined by the high density of transient K� current,
which is almost six times greater at 340 �m compared with that in
the soma (Hoffman et al., 1997, their Fig. 1B, right).

Isoproterenol increases AP amplitude in a PKA-,
temperature-, and location-dependent manner
Previous work has shown that activation of either PKA or PKC
increases dendritic AP amplitude through downregulation of
dendritic K� channels (Hoffman and Johnston, 1998, 1999). Phys-
iologically, an increase in intracellular PKA and PKC would be

expected after activation of neurotransmitter systems such as
norepinephrine, ACh, dopamine, 5-HT, and neuroactive peptides
(Kaczmarek and Levitan, 1987; Chetkovich et al., 1993). In the
present experiments we found that, in addition to a small mem-
brane potential depolarization (�5 mV), bath application of 1–2
�M of the �-adrenergic receptor agonist isoproterenol (iso) in-
creased AP amplitude by 71.7 � 16.9% (n � 8; p � 0.005) in distal
dendrites (250–350 �m from the soma) without a change in the
initial rate of rise. The latter suggests that the boosting of the AP
amplitude is not through Na� channel regulation (Colbert and
Johnston, 1998; Hoffman and Johnston, 1998). Extended appli-
cation of iso sometimes resulted in the occurrence of prolonged,
presumably Ca2�-dependent, APs and dendritic bursting (Magee
and Carruth, 1999) (Fig. 2A). This boosting of the AP by iso was
not uniform along the dendrites. The same concentration of iso
had little or no effect on APs recorded at more proximal locations

Figure 1. Examples of CA1 pyramidal neurons and whole-cell and cell-
attached recordings from soma and dendrites. A, A pyramidal neuron in
hippocampal CA1 region filled with biocytin through a recording elec-
trode patched in the dendrites. Locations for patch electrodes are indi-
cated. B, Representative traces for action potentials (AP) and outward
transient K � currents (IK(A)) from the soma and a dendrite 340 �m from
the soma (current traces from Hoffman et al., 1997). In the soma, the AP
amplitude is �120 mV, whereas IA is �11 pA. In the dendrites the
amplitude of the AP has declined to �26 mV, whereas IA is almost sixfold
bigger than in the soma. C, Summary data for AP amplitude as a function
of recording distance from the soma (recording data are binned to 50 �m
segments). The number of cells for each group is in parentheses.

Figure 2. Isoproterenol application produced a time- and kinase-
dependent increase in action potential amplitude in distal dendrites. A, At
32°C, iso application (1 �M) resulted in a 105% increase in amplitude of
an AP recorded 250 �m from the soma. Prolonged application sometimes
resulted in a broad, presumably Ca 2�-dependent AP (arrow) after the
Na � AP. B, In a more proximal recording location (160 �m from the
soma), iso had no effect, even at 32°C. C, Preincubation of the slices in
U0126 (20 �M) for 30 min blocked the effect of iso on AP amplitude in a
dendrite 250 �m from the soma. D, Summary data. Percentage of changes
in action potential amplitude and initial rate of rise were measured when
responses got stable, usually between 15 and 25 min. The number of cells
for each group is in parentheses. Recordings were made from distal
dendrites (250–350 �m). E, Wash-in of 20 �M U0126 for 30 min caused
a reduction of AP amplitude at a 200 �m dendritic location. F, Summary
data. Percentage of changes in AP amplitude and initial rate of rise are
indicated from recordings made from 150–225 �m on dendrites (n � 5).
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(�200 �m) (Fig. 2B). The boosting of AP amplitude in distal
dendrites by iso was also temperature dependent. At RT (22°C),
APs in distal locations were larger in amplitude than those re-
corded at higher temperatures (76 � 20.7% increase, paired data
n � 3; 225–280 �m), (the averaged AP amplitude from 225 to 300
�m at RT was 54.6 � 3.6mV, n � 7 vs 31.5 � 0.8 mV, n � 75 at
higher T). The same concentration of iso had little effect on AP
amplitude at distal (	250 �m) locations at room temperature
(4.7% increase; n � 3; data not shown)

MAPK inhibition blocks PKA and PKC boosting of
dendritic APs
Biochemical experiments have shown that there are MAPK phos-
phorylation sites on the cytoplasmic domain of Kv4.2 subunits
and furthermore that ERK–MAPK serves as a possible target for
PKA and PKC. We therefore tested the effect of ERK blockade
on the boosting of APs by iso. Because of the lack of a specific
blocker on ERK, we have used U0126, a specific inhibitor on
MEK, a kinase one step upstream of ERK. Preincubation of
slices for at least 20 min with 20 �M of the MEK inhibitor U0126
blocked the boosting of APs by iso (n � 7) (Fig. 2C), suggesting
that ERK is involved in the signaling pathway evoked by activa-
tion of �-adrenergic receptors. To control for the specificity of
U0126, we also tried another MEK inhibitor, PD 98059. Under
similar conditions, 50 �M PD 98059 preincubation for at least 30
min also blocked the increase in AP amplitude by iso (2.1%
increase; n � 2; data not shown). We also tested the effects of
U0126 alone on AP amplitude. We found that wash-in of U0126
for 20–30 min caused a small but significant decrease in AP
amplitude (14.2 � 3.1%; p � 0.05; n � 5) in dendrites without
much change in initial rate of rise (5.5 � 4.1%) (Fig. 2E,F) and
without changing membrane potentials. This can be explained by
the experiments using cell-attached patch recordings from CA1
dendrites, which found that wash-in or preincubation of MEK
inhibitors U0126 or PD98059 caused a leftward shift of the
activation curve for dendritic transient K� currents (Watanabe et
al., 2002).

We then tested whether the block by U0126 could be overcome
by the direct addition of the cAMP activators FSK or 8-Br-
cAMP. At distal dendrites (	250 �m) 50 �M FSK caused a small
membrane depolarization, and also increased AP amplitude by
41.2 � 4.7% (n � 5; p � 0.01) (Fig. 3A). If the slices were
preincubated in 20 �M U0126 for 30 min, however, the same
concentration of FSK had no significant effect on AP amplitude
or dV/dt (n � 4) (Fig. 3B,E). The blocking effect of U0126 on
FSK-induced AP increase was significant as tested by a two-
sample t test ( p � 0.005). Similarly, 100 �M 8-Br-cAMP, a
membrane-permeable analog of cAMP, increased AP amplitude
by 21.6% (n � 3). 8-Br-cAMP � U0126, however, again resulted
in no change (6.0%; n � 2; data not shown).

Protein kinase C activation has also been shown to downregu-
late dendritic, A-type K� channels (Hoffman and Johnston, 1998)
as well as reduce steady-state inactivation of Na� channels (Tsub-
okawa and Ross, 1997; Colbert and Johnston, 1998). In addition,
PKC activation by phorbol esters has been shown to have presyn-
aptic effects and increase neurotransmitter release (Malenka et
al., 1986). In the absence of neurotransmitter receptor antagonists
(see Materials and Methods), we observed five types of changes
after bath-applying PDA (10 �M). These were: (1) the resting
membrane potential depolarized by 15–20 mV (n � 7); (2) the
frequency of spontaneous EPSPs increased (Fig. 4A) (n � 7); (3)
the cell started firing spontaneous, single, and bursts of APs and

occasionally displayed what appeared to be Ca2�-dependent APs
(Fig. 4B) (n � 3); (4) the amplitudes of APs in distal dendrites
during a train displayed less decrement (n � 5) (Fig. 4C) (Tsub-
okawa and Ross, 1997; Colbert and Johnston 1998); and (5) the
amplitude of single backpropagating APs increased (Fig. 3C, see
below).

When cells were held at resting membrane potentials (�65 to
�70 mV), backpropagating AP amplitude increased by 87.1 �
16.8% (n � 5; p � 0.005) with PDA, and, although as a group
there was no significant increase in rate of rise (15.0 � 5.8%; n �
5; p � 0.08), three of the five cells showed quite large increases in
dV/dt (23.4 � 6.9%; p � 0.008; n � 3). To reduce the effect of

Figure 3. Effects of direct activation of PKA or PKC were blocked by
MEK inhibitors. A, Antidromically initiated APs (recorded 270 �m from
the soma) at various time points before and after the application of 50 �M
forskolin (FSK ). FSK increased the AP amplitude in distal dendrites by
77.9 � 10.5% (n � 7). B, Previous incubation with MEK inhibitor U0126
(20 �M) blocked the effect of FSK (n � 4) (different cell, 250 �m from the
soma). C, APs recorded 275 �m from the soma before and during the
presence of PKC activator PDA (10 �M). Cells were held hyperpolarized
to �80 mV to remove Na � channel inactivation before antidromic stim-
ulation. D, Another recording 250 �m from the soma in the slice prein-
cubated in U0126 for 30 min, AP amplitudes are shown at various time
points of PDA application. Cell was held �80 mV before antidromic
stimulation. E, Summary data. Percentage of changes in action potential
amplitude and maximum rate of rise were measured when responses got
stable, usually between 15 and 25 min, and the number of cells for each
group is in parentheses. Recordings were made from distal dendrites
(250–350 �m). Significant difference revealed by a two-sample t test is
designated by an asterisk.
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PDA on Na� channel inactivation (Jung et al., 1997; Tsubokawa
and Ross, 1997; Colbert and Johnston, 1998), we did further
experiments with the cells hyperpolarized from rest. When the
same cells were held at �80 mV, PDA increased distal dendritic
AP amplitude by 77.9 � 10.5% (n � 7) with little or no change in
maximal rate of rise in any of the cells (3.95 � 8.7%; n � 7) (Fig.
3C,E). These results support the conclusion that the increase in
AP amplitude with cells at �80 mV is attributable primarily to
decreases in K� channel activation. Preincubation of slices with
U0126 blocked the increase in AP amplitude by PDA with cells
held at �80 mV (15.4 � 1.34%) (n � 4) (Fig. 3D), but not with
the cells at the resting potential (74.4 � 14.5%; n � 5; p � 0.05;
data not shown). The blocking effect of U0126 on PDA-induced
AP increase when Vm was held at �80 mV was significant as
tested by a two-sample t test ( p � 0.05) between PDA and
PDA�U0126. Moreover, neither the effect of PDA on AP am-
plitude during a train (Fig. 4D) nor the small depolarization of
the resting potential was blocked by U0126, suggesting that
MAPK is not downstream of PDA modulation of Na� channels.
Although most of the PDA experiments were conducted with
neurotransmitter receptor antagonists in the bath (see Materials
and Methods), in a few experiments we also observed similar
increases in spontaneous firing and spontaneous EPSPs with PDA
and U0126 (n � 2; data not shown) as with PDA alone.

Western blot analysis of Kv4.2 phosphorylation by ERK
In addition to our physiological results examining the downregu-
lation of dendritic transient K� channels by ERK, we also used

biochemical methods to examine the phosphorylation of Kv4.2 by
ERK. To assess the extent and modulation of phosphorylation of
Kv4.2 by ERK, we used an antibody that recognizes Kv4.2 when
phosphorylated by ERK (Adams et al., 2000). This antibody,
JPA170, was generated against a short peptide consisting of
amino acids 598–620 of the Kv4.2 C terminus, with a phospho-
threonine or phosphoserine substituted at sites previously iden-
tified as ERK phosphorylation sites in in vitro experiments (T602,
T607, and S616). In our previous characterization of JPA170, we
found that it is selective for the ERK-phosphorylated form of
Kv4.2 (Adams et al., 2000).

�-adrenergic receptor activation leads to Kv4.2
phosphorylation via ERK
As Roberson et al. (1999) have previously reported, a short
application (2 min) of the �-adrenergic receptor agonist isopro-
terenol (10 �m) to hippocampal slices leads to increased ERK
activation in hippocampal area CA1, as assessed by an increase in
the immunoreactivity of the dual-phospho-ERK antibody,
�-ppERK. This same treatment resulted in increased phosphor-
ylation of Kv4.2 by ERK in area CA1 (Fig. 5A), as assessed using
a phospho-Kv4.2 selective antiserum. The iso-induced increase in
Kv4.2 immunoreactivity was blocked by conjunctive application
of the MEK inhibitor U0126 (20 �M, 60 min), as was the iso-
induced increase in ERK activation (Fig. 5A). In this and all
subsequent experiments, all blots were reprobed with an antibody
that recognizes total ERK1/2 (p44/P42), and total ERK immu-
noreactivity did not change with experimental manipulation for
any experiment (data not shown). Overall, we conclude that
activation of �-adrenergic receptors in the hippocampus leads to
activation of ERK and subsequent phosphorylation of Kv4.2 by
ERK in area CA1.

Activation of the PKA cascade leads to Kv4.2
phosphorylation via ERK
Previous results have demonstrated that activation of the PKA
cascade by forskolin treatment of hippocampal slices leads to
activation of ERK2 in area CA1 (Martin et al., 1997; Roberson et
al., 1999). Here we found that application (30–45 min) of fors-
kolin (50 �M/150 �M Ro-201754) to hippocampal slices led to
increased ERK activation as well as increased phosphorylation of
Kv4.2 by ERK in area CA1 (Fig. 5B). The immunoreactivity of
antibody JPA170 was significantly increased in FSK-treated slices
relative to vehicle-treated slices, and the FSK-induced increase in
immunoreactivity was blocked by conjunctive application of the
MEK inhibitor U0126 (20 �M, 60 min). ERK activation in re-
sponse to FSK application was also blocked by application of
U0126. Thus, activation of the PKA cascade in the hippocampus
leads to activation of ERK and subsequent phosphorylation of
Kv4.2 by ERK in area CA1.

Activation of PKC leads to Kv4.2 phosphorylation
via ERK
We have established that activation of PKC by application of a
phorbol ester to hippocampal slices leads to activation of ERK2
in area CA1 (English and Sweatt, 1996; Roberson et al., 1999).
Here we similarly found that application (5–7 min) of PDA (10
�m) to hippocampal slices leads to increased ERK activation, and
we also observed an increase in phosphorylation of Kv4.2 by ERK
in area CA1 (Fig. 5C). Relative to vehicle-treated slices, the
PDA-treated slices showed significantly increased immunoreac-
tivity with antibody JPA170. Conjunctive application of U0126
(20 �M, 60 min) blocked the PDA-induced increase in immuno-

Figure 4. Effects of bath application of PDA. A, Responses recorded
from a 250 �m dendritic location in the absence (top traces) and in the
presence of PDA (20 �M) (bottom traces) were superimposed. PDA
application increased frequency of spontaneous EPSPs recorded after the
antidromic AP (truncated). B, In PDA, in response to single antidromic
stimulation, sometimes more than one AP (top trace) and possible Ca 2�-
dependent AP (bottom trace, arrow) can be observed. C, A train of
antidromic APs was evoked at a rate of 50 Hz. PDA greatly decreased the
attenuation of dendritic APs during a train. D, Summary data for C.
Percentage of changes of normalized 10th/first AP in a train of antidromic
APs are compared between control, PDA (n � 5), and PDA � U0126
(n � 4).
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reactivity. Similarly, the immunoreactivity of the dual-phospho-
ERK antibody, �-ppERK, was increased in area CA1 after PDA
application, and this increase was blocked by application of
U0126. Thus, we conclude that activation of PKC in the hip-
pocampus leads to activation of ERK and subsequent phosphor-
ylation of Kv4.2 by ERK in area CA1.

Localization of ppERK and pKv4.2
Previous studies have revealed the gross distribution of total ERK
(Dudek and Fields, 2001), total Kv4.2 (Maletic-Savatic et al.,
1995), and Kv4.2 in differential phosphorylation states, such as by
ERK and by PKC (Varga et al., 2000). Data presented above from
both physiological recordings and in vitro protein assays suggest
the existence of basal phosphorylation of ERK and Kv4.2 and
their functional coupling in the dendrites of hippocampal CA1
pyramidal neurons. In a final series of studies, we used immuno-
localization to confirm that both phospho-ERK and ERK-
phosphorylated Kv4.2 are present in dendrites. We focused our
study on the adult hippocampal CA1 region at the subcellular
level. ppERK was detected in almost all compartments of CA1
pyramidal neurons, including somata and apical and basal den-
drites (Fig. 6A). Staining for pKv4.2 revealed by JPA 170 antibody
showed an overlapping but distinct distribution from that of
ppERK. In CA1, as reported before (Varga et al., 2000), pKv4.2
expressed predominantly in stratum radiatum and stratum oriens,
that is, in distal apical and basal dendrites with the minimal
staining in the soma and proximal dendrites (Fig. 6B).

DISCUSSION
From the results of the present set of experiments along with
previous studies on the modulation of dendritic, A-type K�

Figure 5. Stimulation of �-adrenergic receptors, the PKA cascade, or
PKC leads to increased activation of ERK2 and increased ERK phos-
phorylation of Kv4.2 in hippocampal area CA1. A, �-adrenergic receptor
activation by isoproterenol (ISO) application leads to Kv4.2 phosphory-
lation by ERK. Slices were exposed to vehicle [control ( C)] or iso, with or
without the MEK inhibitor U0126. Shown are representative blots of a
membrane fraction prepared from area CA1 tissue, probed with JPA170
(top, lef t) or �-ppERK (top, right). Two bands revealed by �-ppERK
represent ERK1/2 (p42 and p44). Below the blots are summary densito-
metric analyses, showing increased immunoreactivity following stimula-
tion with iso, as detected with antibody JPA170 (215.3 � 41.0% of
vehicle-treated control; n � 11; p � 0.01) or �-ppERK (177.2 � 20.2%;
n � 20; p � 0.001). Conjunctive application of U0126 blocked the
isoproterenol-induced increase in ERK activation and phospho-Kv4.2
immunoreactivity (JPA170: 88.5 � 11.6%, n � 11, p � 0.01; �–ppERK:
19.8 � 4.7%, n � 20, p � 0.001). B, Activation of the PKA cascade by
forskolin (FSK ) leads to Kv4.2 phosphorylation by ERK. Slices were
exposed to vehicle (C) or FSK, with or without the MEK inhibitor U0126.
Shown are representative blots of a membrane fraction prepared from
area CA1 tissue, probed with JPA170 (middle, lef t) or �–ppERK (middle,
right). Below the blots are summary densitometric analyses, showing
increased immunoreactivity after stimulation with FSK, as detected with
antibody JPA170 (152.1 � 14.0% of vehicle-treated control; n � 8; p �
0.01) or �-ppERK (298.2 � 44.0%; n � 13; p � 0.001). Conjunctive
application of U0126 blocked the FSK-induced increase (JPA170: 55.1 �
8.6%, n � 8, p � 0.001; �-ppERK: 24.5 � 16.0, n � 13, p � 0.001). C, PKC
activation by phorbol ester application leads to Kv4.2 phosphorylation by
ERK. Slices were exposed to vehicle (C) or phorbol 12,13-diacetate
(PDA), with or without the MEK inhibitor U0126. Shown are represen-
tative blots of a membrane fraction prepared from area CA1 tissue,
probed with JPA170 (bottom, lef t) or �-ppERK (bottom, right). Below the
blots is summary densitometric analysis, showing increased immunoreac-
tivity following stimulation with PDA, as detected with antibody JPA170
(153.0 � 18.3% of vehicle-treated control; n � 9; p � 0.01) or �-ppERK
(316.5 � 28.9; n � 13; p � 0.001). Conjunctive application of U0126
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blocked the PDA-induced increase relative to U0126-treated control
(JPA170: 100.9 � 14.9%, n � 9, p � 0.05; �-ppERK: 19.4 � 8.2%, n � 13,
p � 0.001). For all experiments, the immunoreactivity of the dual-
phospho-ERK antibody, �-ppERK, was increased in both the membrane
and cytosolic fractions (data not shown) in response to activator applica-
tion. There was no JPA immunoactivity detected in control experiments
for cytosolic fraction. Activator � U0126 immunoreactivity was normal-
ized to U0126-alone control.

Figure 6. Distribution of ppERK and pKv4.2 in adult rat hippocampal
slices. A, ppERK staining at proximal (top, lef t) and distal dendrites (top,
right) in stratum pyramidal (s.p.), stratum radiatum (s.r.), but not in
stratum oriens (s.o..) and stratum lacunosum-moleculare (s.l.-m.) of CA1
region of hippocampus. Scale bar, 50 �m. B, pKv4.2 staining in the same
region of hippocampus. Scale bar, 50 �m.
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channels (Hoffman and Johnston, 1998, 1999; Adams et al., 2000;
Anderson et al., 2000), it appears that endogenous neurotrans-
mitters exerting their effects through PKA and PKC can converge
on MAPK in hippocampal CA1 region to phosphorylate dendritic
K� channels and alter their function (Fig. 7). These results are
consistent with biochemical evidence that ERK1/2 is activated
secondary to activation of either PKA or PKC. Both the physio-
logical recordings and the protein assays also provide strong
support for the hypothesis that Kv4.2 is the target of MAPK
phosphorylation in dendrites of CA1 pyramidal neurons. The
same procedures that led to phosphorylation of Kv4.2 also re-
sulted in downregulation of dendritic, A-type K� currents result-
ing in increased AP amplitude and increased dendritic membrane
excitability. Nonetheless, it is difficult to assign a molecular spe-
cies to a native current (channel) observed in intact neurons with
absolute certainty. We thus cannot rule out that another channel
subunit besides Kv4.2 contributes to the effects we observe or that
Kv4.2 needs other auxiliary subunits to resemble the native chan-
nels in dendrites. Our hypothesis of modulation of Kv4.2, how-
ever, is clearly the most parsimonious interpretation of the avail-
able data.

Certainly not all effects of PKA or PKC activation are medi-
ated through MAPK. Good examples for this are our observa-
tions that MAPK inhibition did not block the effects of PDA on
the decreasing amplitudes of APs during a train, on the small
depolarization of the resting potential, or on the increase in
spontaneous EPSPs. Clearly both PKA and PKC activity lead to

phosphorylation of multiple target proteins having multiple func-
tions on neural activity. The results presented here and elsewhere
(Adams et al., 2000; Anderson et al., 2000), however, provide
strong support for at least one consequence for these kinase
activities being changes in K� channel function mediated
through the MAPK pathway.

Location- and temperature-dependent boosting of
dendritic APs by iso
Isoproterenol exerts its effect on backpropagating APs along the
dendrites in a location-dependent manner. Iso had little effect at
proximal locations (�200 �m) while having its largest effects at
the more distal locations. This is similar to what was observed
previously with direct application of cAMP analogs (Hoffman
and Johnston, 1998) and is in keeping with the conclusion that
this nonuniformity is attributable to the gradient in density of
transient K� channels rather than that of �-adrenoceptors. Sim-
ilarly, we have observed that the amplitude of the AP in dendrites
is significantly greater at room temperature, which might be
explained by the fact that both activation and inactivation of K�

channels are highly temperature-sensitive (Hille, 1984; Singleton
et al., 1999). For this reason, the lack of effect of iso at room
temperature is to be expected, because the AP amplitude at lower
temperatures is less influenced by K� channels under control
conditions and therefore would be less subject to modulation
by iso.

Specificity of ERK effects on transient K� channels
and not on Na� channels in dendrites
A series of reports have investigated kinase modulation of Na�

channels in CA1 pyramidal neurons in hippocampus and found
both PKA and PKC activation led to reduction of the peak Na�

current (Cantrell et al., 1996, 1997). Moreover, PKC activation
decreases slow inactivation of dendritic Na� channels (Tsub-
okawa and Ross, 1997; Colbert and Johnston, 1998), making them
behave similarly to somatic Na� channels. In our experiments, we
have also observed PKC effects on Na� channel inactivation
isolated by holding cells at different membrane potentials (�65 vs
�80 mV). When cells were held at approximately �65 mV, an
increase of dendritic AP amplitude by PDA is caused by both
decreases in K� channel activation and Na� channel inactiva-
tion, as evidenced by increases in the initial rate of rise. The effect
of PDA on Na� channel inactivation has been demonstrated
previously (Colbert and Johnston, 1998), but the effects on K�

channels and Na� channels can be separated by previous hyper-
polarization to remove any residual Na� inactivation at rest.
With this previous hyperpolarization, increases in spike ampli-
tude occur without any change in the initial slope. The fact that
MEK inhibitors have no effect on the previously reported PDA-
induced reduction in Na� channel slow inactivation further sup-
ports the hypothesis that only the effect on K� channels is
mediated through MAPK. Although not the main focus of these
experiments, several other reported effects of phorbol esters on
hippocampal slices, such as increased spontaneous EPSPs, depo-
larization of the membrane potential, and spontaneous firing
were also not blocked by U0126. These results thus suggest that
although PKC activation in hippocampus leads to a number of
electrophysiological changes, only the effects on K� channels
appear to be mediated by MAPK.

Figure 7. Kv4.2 subunit is the target of MAPK signaling pathway. A,
Schematic diagram of Kv4.2 subunit, showing six transmembrane domains
and the intracellular N and C termini domains. Approximate locations of
known ERK (*) and PKA (�) phosphorylation sites are highlighted. B,
Our work suggests the following signal transduction pathways leading to
Kv4.2 phosphorylation. PKA and PKC activation by neurotransmitters
converge onto MAPK, which phosphorylates Kv4.2, resulting in changes
in channel biophysical properties. PKA and PKC can also phosphorylate
Kv4.2 directly without going through MAPK pathway, possibly serving as
channel targeting mechanisms.
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PKA and PKC phosphorylation of Kv4.2 that are not
mediated through MAPK pathways
Our data support the hypothesis that PKA- and PKC-mediated
signaling pathways can converge onto MAPK and that MAPK
phosphorylation of dendritic K� channels or Kv4.2 subunits re-
sults in changes in channel biophysics and fine-tuning of mem-
brane excitability. Phosphorylation consensus sites for PKA and
PKC on Kv4.2 have been identified, however (Adams et al., 2000;
Anderson et al., 2000), suggesting that PKA and PKC could affect
Kv4.2 independently of the MAPK pathway. Several possibilities
may explain why we did not see MAPK-independent modulation
of K� channels in the present studies. For example, in the
pyramidal neuron PKA may be constrained in its ability to mod-
ulate Kv4.2 because of the presence or absence of additional local
protein cofactors, which may not be present in distal dendrites.
An additional interesting possibility is that Kv4.2 may be serving
as a signal integration molecule, and that PKA (or PKC) modu-
lation may require concomitant phosphorylation at both the PKA
and MAPK sites. Alternatively, Varga et al. (2000) reported that
in hippocampus, the differentially phosphorylated Kv4.2 subunits
can localize to specific pathways, indicating that Kv4.2 phosphor-
ylation may be synaptic-input specific. One intriguing implication
of this differential pattern is that targeting of Kv4.2 within hip-
pocampus might be dependent on its phosphorylation state, and
thus direct PKA phosphorylation may be more involved in sub-
cellular localization than in modulation of channel biophysical
properties. It has been shown recently that in the hippocampus,
the targeting of another K� channel subunit, Kv2.1, is dependent
on a 26-AA targeting signal (Lim et al., 2000). Within this signal,
three of four residues shown to be critical by mutagenesis were
serines, perhaps implicating a relationship between phosphoryla-
tion of these serine residues and localization of Kv2.1. It would be
of interest to address the role of phosphorylation for localization
within a single neuron transfected with Kv4.2 in which the ERK,
PKA, or PKC phosphorylation sites have been eliminated.

Specificity of MEK inhibitors
The major MEK inhibitors we chose to use in this study were
U0126 and PD 98059, and much work by ourselves and others
indicates that these two inhibitors are quite selective for this
kinase. Overall these inhibitors have been tested for selectivity
versus a wide variety of other protein kinases, and we have
specifically confirmed their lack of effects on PKA, PKC, and
CaMKII (English and Sweatt, 1997; Roberson et al., 1999). MEK
is a very unusual kinase in that it has the capacity to phosphor-
ylate both Tyr and Ser/Thr residues; this apparently allows for a
greater selectivity by inhibitors of this enzyme than is typical for
the general category of kinase inhibitors. Interestingly, in a recent
study Giovannini et al. (2001) showed a block of LTP-associated
CaMKII activation by MEK inhibitors (as also was observed by
Liu et al., 1999) that is caused by a block of an upstream,
LTP-triggering event (Giovannini et al., 2001). The results we
present here are of course consistent with this result and inter-
pretation and suggest that MAPK regulation of K� channels may
be one mechanism contributing to downstream CaMKII activa-
tion in LTP.

Basal levels of ppERK and pKv4.2
Several lines of evidence suggest the existence of basal phosphor-
ylation of dendritic, A-type K� channels and Kv4.2 subunits in
hippocampus. First, we found a small but significant decrease in
AP amplitude by U0126 alone. This is entirely consistent with the

results from cell-attached patch experiments showing that
wash-in or preincubation of MEK inhibitor U0126 or PD98059
caused a leftward shift of the activation curve for dendritic A
currents, suggesting the existence of basal MAPK phosphoryla-
tion of dendritic A type K� channels (Watanabe et al., 2002).
Second, Western blot analysis revealed a considerable level of
endogenous phosphorylation for both ppERK and pKv4.2 in CA1
region. Third, immunohistochemical staining using the antibodies
against pKv4.2 and ppERK along with previous studies (Varga et
al., 2000) indicate that there exists basal phosphorylation of Kv4.2
subunits and ERK in distal dendrites of CA1 pyramidal neurons.

Kv4.2, MAPK, and long-term synaptic plasticity
There is good evidence for PKA, PKC, and MAPK involvement
in certain forms of LTP, learning, and memory (for review, see
Sweatt, 1999). The downstream targets for these kinases with
respect to their roles in synaptic plasticity or learning, however,
are not clear. The results from the present experiments raise the
possibility that dendritic, A-type K� channels could be involved,
perhaps at different time points, during the induction or expres-
sion of these neural events. For example, pairing postsynaptic
APs with synaptic input leads to boosting of dendritic APs and
LTP induction (Magee and Johnston, 1997; Watanabe et al.,
2002). This boosting of AP amplitude is similar to what we
observed here with isoproterenol, forskolin, and phorbol esters,
suggesting that neurotransmitters that activate one or more of
these kinases could enhance the induction of synaptic plasticity
using certain stimulus paradigms (Blitzer et al., 1995; Huerta and
Lisman, 1995; English and Sweatt, 1996, 1997; Thomas et al.,
1996; Blitzer et al., 1998; Winder et al., 1999; Watabe et al., 2000).
Moreover, PKA, PKC, and MAPK are activated for different
durations during stimulus protocols that induce LTP (Sweatt,
1999). Finally, recordings from awake and freely moving animals
revealed that experience-dependent spike amplitude reduction
may reflect regulation of dendritic backpropagating action poten-
tials in hippocampal pyramidal neurons (Quirk et al., 2001). It is
therefore possible that changes in K� channel function mediated
by the MAPK pathway described here could accompany the
expression of certain forms of LTP. The molecular mechanisms
for synaptic integration, synaptic plasticity, and learning are of
great contemporary interest to neuroscientists, and the results
from the present experiments suggest that dendritic K� channels
and the MAPK pathways are important components of these
phenomena.

REFERENCES
Adams JP, Anderson AE, Varga AW, Dineley KT, Cook RG, Pfaffinger

PJ, Sweatt JD (2000) The A-type potassium channel kv4.2 is a sub-
strate for the mitogen- activated protein kinase ERK. J Neurochem
75:2277–2287.

An WF, Bowlby MR, Betty M, Cao J, Ling HP, Mendoza G, Hinson JW,
Mattsson KI, Strassle BW, Trimmer JS, Rhodes KJ (2000) Modula-
tion of A-type potassium channels by a family of calcium sensors.
Nature 403:553–556.

Anderson AE, Adams JP, Qian Y, Cook RG, Pfaffinger PJ, Sweatt JD
(2000) Kv4.2 phosphorylation by cyclic AMP-dependent protein ki-
nase. J Biol Chem 275:5337–5346.

Atkins CM, Selcher JC, Petraitis JJ, Trzaskos JM, Sweatt JD (1998) The
MAPK cascade is required for mammalian associative learning. Nat
Neurosci 1:602–609.

Baldwin TJ, Tsaur ML, Lopez GA, Jan YN, Jan LY (1991) Character-
ization of a mammalian cDNA for an inactivating voltage- sensitive K �

channel. Neuron 7:471–483.
Blitzer RD, Connor JH, Brown GP, Wong T, Shenolikar S, Iyengar R,

Landau EM (1998) Gating of CaMKII by cAMP-regulated protein
phosphatase activity during LTP. Science 280:1940–1943.

Blitzer RD, Wong T, Nouranifar R, Iyengar R, Landau EM (1995)

Yuan et al. • MAPK Phosphorylation of Dendritic A-Type K� Channels J. Neurosci., June 15, 2002, 22(12):4860–4868 4867



Postsynaptic cAMP pathway gates early LTP in hippocampal CA1
region. Neuron 15:1403–1414.

Brakeman PR, Lanahan AA, O’Brien R, Roche K, Barnes CA, Huganir
RL, Worley PF (1997) Homer: a protein that selectively binds metabo-
tropic glutamate receptors. Nature 386:284–288.

Callaway JC, Ross WN (1995) Frequency dependent propagation of
sodium action potentials in dendrites of hippocampal CA1 pyramidal
neurons. J Neurophysiol 74:1395–1403.

Cantrell AR, Ma JY, Scheuer T, Catterall WA (1996) Muscarinic mod-
ulation of sodium current by activation of protein kinase C in rat
hippocampal neurons. Neuron 16:1019–1026.

Cantrell AR, Smith RD, Goldin AL, Scheuer T, Catterall WA (1997)
Dopaminergic modulation of sodium current in hippocampal neurons
via cAMP-dependent phosphorylation of specific sites in the sodium
channel � subunit. J Neurosci 17:7330–7338.

Chetkovich DM, Klann E, Sweatt JD (1993) Nitric oxide synthase-
independent long-term potentiation in area CA1 of hippocampus. Neu-
roReport 4:919–922.

Colbert CM, Johnston D (1996) Axonal action-potential initiation and
Na � channel densities in the soma and axon initial segment of subicular
pyramidal neurons. J Neurosci 16:6676–6686.

Colbert CM, Johnston D (1998) Protein kinase C activation decreases
activity-dependent attenuation of dendritic Na � current in hippocam-
pal CA1 pyramidal neurons. J Neurophysiol 79:491–495.

Colbert CM, Pan E (1999) Arachidonic acid reciprocally alters the avail-
ability of transient and sustained dendritic K � channels in hippocampal
CA1 pyramidal neurons. J Neurosci 19:8163–8171.

Colbert CM, Magee JC, Hoffman DA, Johnston D (1997) Slow recovery
from inactivation of Na � channels underlies the activity-dependent
attenuation of dendritic action potentials in hippocampal CA1 pyrami-
dal neurons. J Neurosci 17:6512–6521.

Dudek SM, Fields RD (2001) Mitogen-activated protein kinase/extracel-
lular signal-regulated kinase activation in somatodendritic compart-
ments: roles of action potentials, frequency, and mode of calcium entry.
J Neurosci 21:RC122.

English JD, Sweatt JD (1996) Activation of p42 mitogen-activated pro-
tein kinase in hippocampal long term potentiation. J Biol Chem
271:24329–24332.

English JD, Sweatt JD (1997) A requirement for the mitogen-activated
protein kinase cascade in hippocampal long term potentiation. J Biol
Chem 272:19103–19106.

Esclapez M, Hirsch JC, Ben-Ari Y, Bernard C (1999) Newly formed
excitatory pathways provide a substrate for hyperexcitability in exper-
imental temporal lobe epilepsy. J Comp Neurol 408:449–460.

Giovannini MG, Blitzer RD, Wong T, Asoma K, Tsokas P, Morrison JH,
Iyengar R, Landau EM (2001) Mitogen-activated protein kinase reg-
ulates early phosphorylation and delayed expression of Ca 2�/
calmodulin-dependent protein kinase II in long-term potentiation.
J Neurosci 21:7053–7062.

Hille B (1984) Ionic channels of excitable membranes. Sunderland, MA:
Sinauer.

Hoffman DA, Johnston D (1998) Downregulation of transient K � chan-
nels in dendrites of hippocampal CA1 pyramidal neurons by activation
of PKA, PKC. J Neurosci 18:3521–3528.

Hoffman DA, Johnston D (1999) Neuromodulation of dendritic action
potentials. J Neurophysiol 81:408–411.

Hoffman DA, Magee JC, Colbert CM, Johnston D (1997) K � channel
regulation of signal propagation in dendrites of hippocampal pyramidal
neurons. Nature 387:869–875.

Huerta PT, Lisman JE (1995) Bidirectional synaptic plasticity induced
by a single burst during cholinergic theta oscillation in CA1 in vitro.
Neuron 15:1053–1063.

Jan LY, Jan YN (1997) Cloned potassium channels from eukaryotes and
prokaryotes. Annu Rev Neurosci 20:91–123.

Jung H-Y, Mickus T, Spruston N (1997) Prolonged sodium channel
inactivation contributes to dendritic action potential attenuation in
hippocampal pyramidal neurons. J Neurosci 17:6639–6646.

Kaczmarek LK, Levitan IB (1987) Neuromodulation: the biochemical
control of neuronal excitability. New York: Oxford UP.

Kanterewicz BI, Urban NN, McMahon DB, Norman ED, Giffen LJ,
Favata MF, Scherle PA, Trzskos JM, Barrionuevo G, Klann E (2000)
The extracellular signal-regulated kinase cascade is required for
NMDA receptor-independent LTP in area CA1 but not area CA3 of
the hippocampus. J Neurosci 20:3057–3066.

Lim ST, Antonucci DE, Scannevin RH, Trimmer JS (2000) A novel
targeting signal for proximal clustering of the Kv2.1 K � channel in
hippocampal neurons. Neuron 25:385–397.

Liu J, Fukunaga, Yamamoto H, Nishi K, Miyamoto E (1999) Differen-
tial roles of Ca(2�)/calmodulin-dependent protein kinase II, mitogen-
activated protein kinase activation in hippocampal long-term potenti-
ation. J Neurosci 19:8292–8299.

Magee JC (1998) Dendritic hyperpolarization-activated currents modify
the integrative properties of hippocampal CA1 pyramidal neurons.
J Neurosci 18:7613–7624.

Magee J (1999) Voltage-gated ion channels in dendrites. In: dendrites
(Stuart G, Spruston N, Hausser M, eds), pp 139–160. Oxford: Oxford
UP.

Magee JC, Carruth M (1999) Dendritic voltage-gated ion channels reg-
ulate the action potential firing mode of hippocampal CA1 pyramidal
neurons. J Neurophysiol 82:1895–1901.

Magee JC, Johnston D (1995) Synaptic activation of voltage-gated chan-
nels in the dendrites of hippocampal pyramidal neurons. Science
268:301–304.

Magee JC, Johnston D (1997) A synaptically controlled, associative sig-
nal for Hebbian plasticity in hippocampal neurons. Science
275:209–213.

Malenka RC, Madison DV, Nicoll RA (1986) Potentiation of synaptic
transmission in the hippocampus by phorbol esters. Nature
321:175–177.

Maletic-Savatic M, Lenn NJ, Trimmer JS (1995) Differential spatiotem-
poral expression of K � channel polypeptides in rat hippocampal neu-
rons developing in situ and. in vitro J Neurosci 15:3840–3851.

Martin KC, Michael D, Rose JC, Barad M, Casadio A, Zhu H, Kandel
ER (1997) MAP kinase translocates into the nucleus of the presynap-
tic cell and is required for long-term facilitation in Aplysia. Neuron
18:899–912.

Quirk MC, Blum KI, Wilson MA (2001) Experience-dependent changes
in extracellular spike amplitude may reflect regulation of dendritic
action potential back-propagation in rat hippocampal pyramidal cells.
J Neurosci 21:240–248.

Roberson ED, English JD, Adams JP, Selcher JC, Kondratick C, Sweatt
JD (1999) The mitogen-activated protein kinase cascade couples
PKA, PKC to cAMP response element binding protein phosphoryla-
tion in area CA1 of hippocampus. J Neurosci 19:4337–4348.

Serodio P, Vega-Saenz de Miera E, Rudy B (1996) Cloning of a novel
component of A-type K � channels operating at subthreshold potentials
with unique expression in heart and brain. J Neurophysiol
75:2174–2179.

Sheng M, Tsaur M-L, Jan YN, Jan LY (1992) Subcellular segregation of
two A-type K � channel proteins in rat central neurons. Neuron
9:271–284.

Singleton CB, Valenzuela SM, Walker BD, Tie H, Wyse KR, Bursill JA,
Qiu MR, Breit SN, Campbell TJ (1999) Blockade by N-3 polyunsatu-
rated fatty acid of the Kv4.3 current stably expressed in Chinese
hamster ovary cells. Br J Pharmacol 127:941–948.

Song W-J, Tkatch T, Baranauskas G, Ichinohe N, Kitai ST, Surmeier DJ
(1998) Somatodendritic depolarization-activated potassium currents in
rat neostriatal cholinergic interneurons are predominantly of the A
type and attributable to coexpression of Kv4.2 and Kv4.1 subunits.
J Neurosci 18:3124–3137.

Spruston N, Schiller Y, Stuart G, Sakmann B (1995) Activity-dependent
action potential invasion and calcium influx into hippocampal CA1
dendrites. Science 268:297–300.

Stuart G, Schiller J, Sakmann B (1997) Action potential initiation and
propagation in rat neocortical pyramidal neurons. J Physiol (Lond)
505:617–632.

Sweatt JD (1999) Toward a molecular explanation for long-term poten-
tiation. Learn Mem 6:399–416.

Thomas MJ, Moody TD, Makhinson M, O’Dell TJ (1996) Activity-
dependent �-adrenergic modulation of low frequency stimulation in-
duced LTP in the hippocampal CA1 region. Neuron 17:475–482.

Tsubokawa H, Ross WN (1997) Muscarinic modulation of spike back-
propagation in the apical dendrites of hippocampal CA1 pyramidal
neurons. J Neurosci 17:5782–5791.

Varga AW, Anderson AE, Adams JP, Vogel H, Sweatt JD (2000) Input-
specific immunolocalization of differentially phosphorylated kv4.2 in
the mouse brain. Learn Mem 7:321–332.

Watabe AM, Zaki PA, O’Dell TJ (2000) Coactivation of beta-
adrenergic and cholinergic receptors enhances the induction of long-
term potentiation and synergistically activates mitogen-activated pro-
tein kinase in the hippocampal CA1 region. J Neurosci 20:5924–5931.

Watanabe S, Hoffman DA, Migliore M, Johnston D (2002) Dendritic
K � channels contribute to spike-timing dependent long-term potenti-
ation in hippocampal pyramidal neurons. Proc Natl Acad Sci USA, in
press.

Winder DG, Martin KC, Muzzio IA, Rohrer D, Chruscinski A, Kobilka
B, Kandel ER (1999) ERK plays a regulatory role in induction of LTP
by theta frequency stimulation and its modulation by beta-adrenergic
receptors. Neuron 24:715–726.

Wu GY, Deisseroth K, Tsien RW (2001) Spaced stimuli stabilize
MAPK pathway activation and its effects on dendritic morphology. Nat
Neurosci 4:151–158.

4868 J. Neurosci., June 15, 2002, 22(12):4860–4868 Yuan et al. • MAPK Phosphorylation of Dendritic A-Type K� Channels


