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Dynamic modulation of ion channel expression, localization,
and/or function drives plasticity in intrinsic neuronal excitabil-
ity. Voltage-gated Kv2.1 potassium channels are constitutively
maintained in a highly phosphorylated state in neurons.
Increased neuronal activity triggers rapid calcineurin-depen-
dent dephosphorylation, loss of channel clustering, and hyper-
polarizing shifts in voltage-dependent activation that homeo-
statically suppress neuronal excitability. These changes are
reversible, such that rephosphorylation occurs after removal of
excitatory stimuli. Here, we show that cyclin-dependent kinase
5 (CDK5), a Pro-directed Ser/Thr protein kinase, directly phos-
phorylates Kv2.1, and determines the constitutive level of Kv2.1
phosphorylation, the rapid increase in Kv2.1 phosphorylation
upon acute blockade of neuronal activity, and the recovery of
Kv2.1 phosphorylation after stimulus-induced dephosphory-
lation. We also demonstrate that although the phosphorylation
state of Kv2.1 is also shaped by the activity of the PP1 protein
phosphatase, the regulation of Kv2.1 phosphorylation by CDK5
is not mediated through the previously described regulation of
PP1 activity by CDK5. Together, these studies support a novel
role for CDK5 in regulating Kv2.1 channels through direct
phosphorylation.

Plasticity in the intrinsic excitability of neurons comprises
experience-dependent changes in how individual neurons inte-
grate and process synaptic input and determine their mode of
output, and involves dynamic changes in the expression, local-
ization, and/or functional properties of voltage-gated ion chan-
nels. Kv2.1, a delayed rectifier-type voltage-gated potassium or
Kv channel expressed in high density clusters in somatoden-
dritic domains of mammalian neurons (1–3), is subjected to
rapid activity-dependent, calcineurin-dependent dephosphor-
ylation, resulting in a more hyperpolarized threshold for acti-
vation of Kv2.1 currents and loss of clustering (4–12) and lead-
ing to homeostatic suppression of neuronal firing (6, 13).
Removal of these stimuli leads to recovery of Kv2.1 phosphor-
ylation and clustering (5, 7, 9, 10, 12). Anesthesia in vivo induces
enhanced Kv2.1 phosphorylation (7), showing that bidirec-
tional changes in neuronal activity trigger homeostatic changes
in the Kv2.1 phosphorylation state. Modulation of Kv2.1 is the
candidate mechanism for plasticity in the intrinsic excitability

of visual cortical neurons in response tomonocular deprivation
and in long term potentiation of intrinsic excitability (14).
Liquid chromatography-tandem mass spectrometry (LC-

MS/MS)-based analyses have defined a large set of in vivo Ser
and Thr Kv2.1 phosphorylation sites (15, 16), a subset of which
are dephosphorylated upon calcineurin activation and mediate
the activity-dependent changes in Kv2.1 localization and func-
tion (7, 15). Among these sites, phosphorylation at the Ser-603
residue exhibits extraordinary sensitivity to bidirectional activ-
ity-dependent changes in phosphorylation state (7). The pro-
tein phosphatases (PPs)2 PP1 and calcineurin/PP2B have been
identified as playing crucial and non-overlapping roles in con-
stitutive and activity-dependent dephosphorylation of Kv2.1,
respectively (5, 7). However, the specific protein kinases (PKs)
responsible for constitutive and activity-dependent phosphor-
ylation of Kv2.1 have not been identified.
Among the identified Kv2.1 phosphorylation sites, almost

half (including Ser-603) are adjacent to a C-terminal Pro resi-
due, suggesting phosphorylation by Pro-directed Ser/Thr PKs.
Among these, cyclin-dependent kinase 5 (CDK5) is a neuronal
PK whose activity depends on association with myristoyl-an-
chored p35 and p39 cofactors and whose activity underlies
diverse aspects of neuronal biology, including neurogenesis,
neuronal migration and survival, synaptic plasticity, and neu-
rodegeneration (17–19). Here, we investigate the role of CDK5
in the constitutive and activity-dependent phosphorylation of
Kv2.1 and define a new role for CDK5 in regulating neuronal
function through direct phosphorylation of a voltage-gated ion
channel crucial to activity-dependent plasticity in intrinsic neu-
ronal excitability.

EXPERIMENTAL PROCEDURES

Materials—All materials were reagent grade and obtained
from Sigma or Roche Applied Science except where noted. PK
and PP inhibitors (roscovitine, FK520, and okadaic acid) were
obtained from Calbiochem.
Cell Culture and Plasmids—HEK293cellswere grownat 37 °C

and 5%CO2 inDMEMhigh glucosemedium (Invitrogen) supple-
mented with 10% fetal bovine serum and were transiently trans-
fected with pRBG4/Kv2.1 (20), pcDNA-GFP-CDK5-D144N,
pcDNA3-GFP-CDK5, pCMV-myc-p35, pcDNA-myc-PP1, and
pcDNA-myc-PP1 (T320A) plasmids using Lipofectamine 2000
(Invitrogen) according themanufacturer’s instructions.
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Antibodies—For immunofluorescence labeling and immu-
noblot experiments, we used as primary antibodies rabbit anti-
MAP2 (Millipore, Billerica, MA) and anti-Kv2.1 KC (21) poly-
clonal antibodies, mouse anti-Kv2.1 (K89/34), and anti-GRP75
(N52A/42) mAbs (University of California Davis/National
Institutes of Health NeuroMab Facility, Davis, CA), mouse
anti-Kv2.1 K89/41 mAb, and rabbit phosphospecific pS603
polyclonal antibody (7, 15). Alexa-conjugated secondary
antibodies (Invitrogen) were used for immunofluorescence
staining, and horseradish peroxidase-conjugated secondary
antibodies (KPL, Gaithersburg, MD) were used for
immunoblotting.
Neuronal Culture—All animal use procedures were in strict

accordance with theNational Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the
Institutional AnimalCare andUseCommittee of theUniversity
of California Davis. Hippocampi were dissected from embry-
onic day 18 rat embryos and dissociated enzymatically for 15
min at 37 °C in 0.25% (w/v) trypsin (Invitrogen) in Ca2�/Mg2�-
free HBSS and mechanically by triturating with Pasteur
pipettes. The dissociated cells were washed twice in Ca2�/
Mg2�-free HBSS and centrifuged at 300 � g for 5 min at 25 °C,
and the pellet was resuspended in Neurobasal medium (Invit-
rogen) containing 5% donor horse serum (Invitrogen) and
plated at �70 cells/mm2 on poly-L-lysine (100 �g/ml; 30,000–
70,000 molecular weight)-coated coverslips (Carolina Biologi-
cal Supply, Burlington, NC) for immunofluorescence experi-
ments and at �210 cells/mm2 on 60-mm tissue culture dishes
(600,000 cells/dish) for biochemical experiments. Growth
medium consisted of Neurobasal medium supplemented with
0.5mM L-glutamine, 10mMHEPES, andNS21 supplement (22).
Cytosine-D-arabinofuranoside (2.5 �M) was added 3 days after
plating to reduce the number of non-neuronal cells. After 4
days in culture and once each week thereafter, half of the
growth medium was replaced with medium without cytosine-
D-arabinofuranoside. Neurons were transfected at 8 DIV using
Lipofectamine 2000 (Invitrogen) for 2 h and used 2 days post-
transfection, essentially as described previously (23).
Immunopurification by Immunoprecipitation—A crude rat

brain membrane (RBM) fraction was prepared as described
previously (21). Briefly, Sprague-Dawley rats were sacrificed by
rapid decapitation, and the brains were removed and homoge-
nized within a 1.5-min post-mortem period in homogenization
buffer (5 mM sodium phosphate, pH 7.4, 320 mM sucrose, 100
mM NaF, 500 �M phenylmethylsulfonyl fluoride (PMSF), and a
protease inhibitor mixture (2 �g/ml aprotinin, 2 �g/ml anti-
pain, 1�g/ml leupeptin, and 10�g/ml benzamidine). Homoge-
nates were centrifuged twice at 750 � g for 10 min at 4 °C. The
supernatants were mixed and centrifuged at 38,000 � g for 90
min at 4 °C.Onemilligramof total RBMproteinwas solubilized
in lysis buffer (1% (v/v) Triton X-100, 150 mM NaCl, 1 mM

EDTA, 50 mM Tris-HCl (pH 7.4), 1 mM sodium orthovanadate,
5 mM NaF, 1 mM PMSF, and protease inhibitor mixture for 30
min at 4 °C, followed by centrifugation at 12,000 � g for 10min
at 4 °C. The supernatants were incubated with KC antibody
overnight at 4 °C, followed by the addition of 50 �l of protein
A-Sepharose beads (GE Healthcare) for 1 h at 4 °C. The beads
were washed five times in lysis buffer and used for subsequent

assays, or immunopurified proteins were eluted by boiling in
100 �l of reducing SDS sample buffer (RSB).
In Vitro Dephosphorylation Assay—Kv2.1 channels immu-

nopurified from RBM by immunoprecipitation were dephos-
phorylated with 5 units of recombinant rabbit muscle PP1�
(Calbiochem) in PP1 reaction buffer (50mMTris-HCl, pH7.0, 5
mM DTT, 200 �M MnCl2, 100 �M EDTA) for 1 h at 32 °C. The
beads were washed once in lysis buffer, and the reaction was
stopped by boiling in 100 �l of RSB.
In Vitro Phosphorylation Assay—A GST fusion protein

(GST-MK1, 2.5�g) containing the bulk (amino acids 509–853)
of the Kv2.1 C terminus was incubated with 100 ng of recom-
binant human CDK5-p35 complex (Invitrogen) and 2 mMATP
in kinase reaction buffer (20mMTris-HCl, pH 7.5, 1mMMgCl2,
1 mM DTT) in a final volume of 50 �l for 15 min at 30 °C. The
reaction was stopped by adding 50 �l of 2� RSB. For RBM
reactions, 3mg of RBMprotein were treated with calf intestinal
alkaline phosphatase (AP (0.1 unit/ml); RocheApplied Science)
in AP reaction buffer (0.1% (w/v) SDS, 0.1 mM EDTA, 50 mM

Tris-HCl, pH 8.5) in a final volume of 1.5 ml. NaF was added to
1 mM to the control reaction. The reactions were incubated for
2 h at 37 °C. Kv2.1 was purified from 1 mg of RBM (AP-treated
and control) by immunoprecipitation using KC antibody over-
night at 4 °C in 0.1% (w/v) SDS, 150 mM NaCl, 1 mM EDTA, 50
mM Tris-HCl (pH 7.4), 5 mM NaF, 1 mM PMSF, and protease
inhibitor mixture. Immunocomplexes were recovered by incu-
bation for 1 h at 4 °C with protein A-agarose beads. The beads
were washed three times in kinase reaction buffer before use in
the in vitro phosphorylation reaction as described above.
InGelDigestionandLC-MS/MSAnalysis—Invitrophosphor-

ylation reaction products ofGST-MK1 fusion proteinwere pre-
pared and analyzed as described previously (15, 24). In brief,
samples were separated by 12% SDS-PAGE, and the gel bands
revealed by colloidal Coomassie Blue staining were excised
from the gel; diced; washed twice in 50% acetonitrile, 25 mM

ammonium bicarbonate; and dried for 10 min in a speed vac-
uum concentrator. Gel pieces were incubated in 10mMDTT at
56 °C for 1 h to reduce Cys residues, which were then alkylated
by incubation with 55 mM iodoacetamide at room temperature
for 45min in the dark.Gel pieceswere thenwashed 10min in 50
mMammoniumbicarbonate; dehydrated in 50% acetonitrile, 50
mM ammonium bicarbonate for 10 min; and dried in a vacuum
concentrator. Dried gel pieces were rehydrated with 100 �l of
50mM ammonium bicarbonate on ice for 10min, and this solu-
tionwas replacedwith 50mM ammoniumbicarbonate contain-
ing 10 ng/�l trypsin (Promega, Valencia, CA), followed by over-
night incubation at 37 °C. Digested peptides were extracted by
vortexing with 50% acetonitrile, 5% formic acid for 30 min, and
the extractswere completely dried in a vacuumconcentrator until
analysis. LC-MS/MSprocedureswereperformedat theUniversity
of California Davis Proteomics Facility using an ultraperformance
liquid chromatography system(nanoACQUITY,Waters,Milford,
MA)coupledwithan ion trapmass spectrometer (LTQ-FT,Finni-
gan, San Jose, CA) for LC-MS/MS data acquisition.MS/MS spec-
tra were interpreted through Mascot searches (Matrix Science,
Westminster, UK) with a mass tolerance of 20 ppm, MS/MS tol-
erance of 0.4 or 0.6 Da, and onemissed cleavage site allowed. Car-
bamidomethylation of cysteine; oxidation of methionine; and
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phosphorylation on serine, threonine, and tyrosine residues was
allowed. Each filteredMS/MS spectrum exhibiting possible phos-
phorylationwasmanually checked and validated. The existence of
a 98-Damass loss (-H3PO4; phosphopeptide-specific CID neutral
loss) and any ambiguity of phosphosites were carefully examined.
Kainate-induced Seizure Animals—All animal use proce-

dures were in strict accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Com-
mittee of the University of California Davis. Adult (250 g) male
rats were injected with 10 mg/kg kainic acid (K0250, Sigma)
dissolved in PBS or with PBS alone. The progression of seizure
after injection was assessed according to Racine’s classification
(25). A full behavioral seizure, with loss of postural control, was
considered as a class 5 motor seizure or status epilepticus. Ani-
mals were killed by decapitation 2 h after the initial seizure
onset (typically 10–20 min after injection) and after remaining
in status epilepticus for at least 20 min prior to decapitation.
Pentobarbital (60mg/kg) was given to a subset of animals 5min
before decapitation.
Immunoblot Analysis and Quantification—Transfected

HEK293 cells were washed once with ice-cold DPBS and lysed
with 150 �l of ice-cold lysis buffer containing 1% (v/v) Triton
X-100, 150 mMNaCl, 1 mM EDTA, 50 mM Tris-HCl (pH 7.4), 1
mM sodium orthovanadate, 5 mMNaF, 1 mM PMSF, and prote-
ase inhibitor mixture for 10 min at 4 °C. The lysates were cen-
trifuged at 12,000� g at 4 °C for 10min. The supernatants were
mixed with 150 �l of 2� RSB and size-fractionated by 7.5%
SDS-PAGE. Lauryl sulfate (L-5750, Sigma) was the form of SDS
used in all gel solutions (20). For biochemical experiments, neu-
ronal cultures were stimulated at 37 °C in 1� HBSS for the
appropriate time. After the incubation, cells were washed once
and harvested in 1 ml of ice-cold Locke’s solution (154.0 mM

NaCl, 5.6 mM KCl, 2.3 mM CaCl2, 1.0 mM MgCl2, 5.0 mM glu-
cose, 5.0 mM HEPES, pH 7.4) and centrifuged at 11,000 � g at
4 °C for 3 min, and the cell pellet was lysed in 100 �l of RSB,
heated at 95 °C for 5 min, and size-fractionated by 7.5% SDS-
PAGE. Following SDS-PAGE, proteins were transferred to
nitrocellulose membranes (Bio-Rad), which were blocked for
1 h with Blotto (3% (w/v) nonfat milk, 0.1% (v/v) Tween 20 in
Tris-buffered saline (TBS; 50 mM Tris, pH 7.5, 150 mM NaCl)
followed by 2-h or overnight incubation with primary antibod-
ies. After three washes with Blotto, the membranes were incu-
bated with the appropriate HRP-conjugated secondary anti-
body for 1 h. After three washes with 0.1% (v/v) Tween 20, TBS,
the immunoblots were visualized by Pierce ECLWestern blot-
ting substrate (Thermo Scientific, Rockford, IL) in a Fluo-
rChemQ imager (Cell Biosciences, Santa Clara, CA) and quan-
tified using National Institutes of Health ImageJ software.
Immunofluorescence Staining—Cultured hippocampal neu-

rons (15–21DIV) that had been subjected to various treatments
were fixed for 15min at 4 °C in 4% formaldehyde, 4% sucrose in
DPBS and washed in DPBS. Neurons were permeabilized and
blocked with 0.1% Triton X-100, 3% (w/v) nonfat dry milk in
DPBS for 45 min at room temperature and stained with anti-
Kv2.1 mouse K89/34 mAb and rabbit anti-MAP2 polyclonal
antibody. Primary antibodies were detected with Alexa 488
goat anti-mouse IgG1 and Alexa 594 goat anti-rabbit or with

Alexa 594 goat anti-mouse IgG1 and Alexa 350 goat anti-rabbit
secondary antibodies (Invitrogen). Images were acquiredwith a
CCD camera installed on an Axiovert 200M microscope with
�63, 1.3 numerical aperture objective and an ApoTome cou-
pled to Axiovision software (Zeiss, Oberkochen, Germany).
Kv2.1 clustering was quantified by converting the original
images to binary images using a fixed threshold, and spots cor-
responding to Kv2.1 clusters weremeasured and counted using
National Institutes of Health Image J software.
Statistical Analyses—All data are expressed as the mean �

S.D. Normalized data were compared with respective controls
using a two-way analysis of variance andpost hocDunnett’s test,
except for data in Fig. 2A, which used an unpaired t test, and Fig.
2C, which used a one-way analysis of variance and post hoc
Tukey test (all performed using Prism 4.0 (GraphPad, San
Diego, CA)).

RESULTS

CDK5 Phosphorylates Kv2.1 in Heterologous Expression
Systems—Bioinformatics analysis of the rat Kv2.1 primary
sequence reveals that nine of the 16 phosphorylation sites iden-
tified on Kv2.1 purified from rat brain (15) are consensus sites
for Pro-directed protein kinases, including CDK5 (Fig. 1A). To
begin to address the PKs responsible for phosphorylating
Kv2.1, we co-expressed recombinant Kv2.1 with a panel of
recombinant PKs in HEK293 cells. Co-transfection of Kv2.1
with plasmids encoding WT CDK5 and p35 cofactor led to
expression of Kv2.1 with a slightly decreased electrophoretic
mobility (Fig. 1B), consistent with enhanced overall phosphor-
ylation (note the mobility shift of Kv2.1 in control lanes of
RBM � AP treatment) and a significant increase (2.35 � 0.65-
fold, p � 0.05, n � 3) in the immunoreactivity of Kv2.1 with a
phosphospecific antibody, pS603 (7, 15), specific for phosphor-
ylation at Ser-603 (Fig. 1B), a site that is key to phosphorylation-
dependent regulation of Kv2.1 gating (15). Co-expression of
Kv2.1 with p35 and a dominant-negative version of CDK5
(CDK5-DN) containing an Asn substitution at Asp-144 or with
p35 alone did not significantly affect Kv2.1 phosphorylation
(Fig. 1B). These results suggest, as predicted from the bioin-
formatics analyses, that Kv2.1 may be a substrate for the
CDK5-p35 complex. However, it is also possible that CDK5
overexpression plays an indirect role in increasing Kv2.1
phosphorylation by regulating other PKs and/or PPs that
then directly determine the Kv2.1 phosphorylation state.
CDK5 Directly Phosphorylates Kv2.1—To address whether

Kv2.1 is a direct substrate of CDK5-p35, we performed in vitro
phosphorylation reactions using purified recombinant human
CDK5-p35 complex and a bacterially expressed recombinant
GST fusion protein containing a fragment of the Kv2.1 cyto-
plasmic C terminus corresponding to amino acids 509–853,
which contains a total of 49 Ser and 24 Thr residues, and 11 of
the sites (Fig. 1B) identified in our previous analysis of in vivo
Kv2.1 phosphorylation sites (15). The reaction products were
analyzed by immunoblot with the pS603 antibody, which
revealed a lack of detectable phosphorylation on the bacterially
expressed fragment in the control reaction performed without
PK but a robust pS603 signal in the sample subjected to in vitro
phosphorylation with the CDK5-p35 complex (Fig. 2A). A par-
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allel immunoblot with a general anti-Kv2.1 antibody revealed a
small shift in the electrophoretic mobility of Kv2.1 in the
CDK5-p35 reaction, indicative of enhanced overall phosphor-
ylation (Fig. 2A).
The products of these in vitro phosphorylation reactions

were next analyzed by LC-MS/MS to independently confirm
phosphorylation at Ser-603 and to determine whether other
Kv2.1 sites were also CDK5-p35 substrates. These analyses
yielded extensive sequence coverage but did not identify any
detectable phosphorylation on the bacterially expressed Kv2.1
fragment from the control reaction (data not shown). However,
the sample subjected to in vitro phosphorylation with CDK5-
p35 complex contained tryptic phosphopeptides in which
phosphorylation could be unambiguously assigned to Ser-516
(SSSpSPQHLNVQQLEDMYSK (where pS represents phos-
phoserine),Mascot score 47), Ser-603 (FSHpSPLASLSSK,Mas-
cot score 54), Ser-651 (SGFFVEpSPR, Mascot score 53), and
Ser-800 (TEKNHFESSPLPTpSPK, Mascot score 53; NHFESS-

PLPTpSPK, Mascot score 34). Fig. 2B shows the tandem mass
spectrum for the phosphopeptide FSHpSPLASLSSK (amino
acids 600–611) that was used to assign phosphorylation to Ser-
603. These four sites were predicted by software algorithms as
consensus CDK5 phosphorylation sites (Fig. 1A). Moreover,
each of these sites had been previously identified as phospho-
sites onKv2.1 in the brain and fromKv2.1 expressed inHEK293
cells (15, 16, 26, 27), suggesting that phosphorylation at these
sites in vivo is mediated by CDK5.
To determine whether CDK5-p35 could directly phosphor-

ylate native brain Kv2.1 protein, we next performed in vitro
phosphorylation assays using purified CDK5-p35 complex and
Kv2.1 immunopurified from rat brain as the substrate. Reac-
tions were performed on Kv2.1 purified from brain samples
prepared without and with pretreatment with AP to remove
preexisting in vivo phosphorylation. In these experiments, we
found that, consistent with our previous studies (7), a subpop-
ulation of Kv2.1 in rat brain Kv2.1 was already phosphorylated
at Ser-603 in vivo. However, in vitro phosphorylation with
CDK5-p35 yielded increased Kv2.1 phosphorylation at Ser-603
(Fig. 2C), consistent with our previous results that showed that
Kv2.1 in control RBM samples was not maximally phosphory-
lated at this site (7). Treatment with AP led to a dramatic
increase in Kv2.1 electrophoretic mobility on SDS gels, indica-
tive of effective overall dephosphorylation of Kv2.1, and
removed all detectable Ser-603 phosphorylation (Fig. 2C). In
vitro phosphorylation of this dephosphorylated brain Kv2.1
sample with CDK5-p35 partially restored phosphorylation at
Ser-603 and also yielded a slight decrease in the electrophoretic
mobility of Kv2.1 (Fig. 2C), similar to that observed upon in
vitro phosphorylation of the recombinant Kv2.1 fragment in
Fig. 2A. These results suggest that Kv2.1 is a direct substrate for
phosphorylation by CDK5-p35 at a subset of the known in vivo
phosphorylation sites and that Ser-603 is among these.
Effects of Inhibiting CDK5 on Neuronal Kv2.1 Phosphoryla-

tion and Localization—To determine the impact of CDK5-me-
diated phosphorylation on neuronal Kv2.1, we investigated the
effects of pharmacologically inhibiting CDK5 in cultured hip-
pocampal neurons with roscovitine. Although roscovitine at
the concentration used here (10�M) inhibits CDK1, CDK2, and
CDK5, previous studies have shown that among these CDKs,
only CDK5 is present in hippocampal neurons (28). Note that
roscovitine (at 30 �M) is a direct inhibitor of Kv2.1 channels,
through a mechanism that involves open channel block (29).
However, previous studies suggest that, in itself, blocking Kv2.1
channels in hippocampal neurons does not lead to altered
Kv2.1 phosphorylation (13).
To determine the effect of CDK5 inhibition on Kv2.1 local-

ization, we treated 15 DIV hippocampal neuronal cultures with
10 �M roscovitine for 1 h. As in brain neurons, Kv2.1 exhibits
robust clustering in hippocampal neurons in culture (23),
where clustering is dependent on maintenance of Kv2.1 phos-
phorylation (5). We observed that control neurons exhibited
robust clustering of Kv2.1, whereas neurons in the roscovitine-
treated samples had lost these obvious Kv2.1 clusters and
instead expressed Kv2.1 with a diffuse localization (Fig. 3A).
Overall, the number of Kv2.1 clusters per cell was significantly
reduced by roscovitine treatment (Fig. 3B; untreated, 19.26 �

FIGURE 1. CDK5 co-expression leads to enhanced Kv2.1 phosphorylation
in HEK293 cells. A, schematic representation of the location of previously
identified in vivo Kv2.1 phosphorylation sites. Colors depict those that do (yel-
low symbols) and do not (red symbols) conform to consensus sites for Pro-
directed kinases (ProDKs). B, analysis of Kv2.1 phosphorylation in HEK293
cells. Cells were transiently transfected with plasmids encoding Kv2.1, CDK5,
dominant-negative CDK5-D144N (DN), and CDK5 cofactor p35, as labeled
below the immunoblot lanes. Transfected cell extracts were analyzed by
immunoblotting for Kv2.1 phosphorylated at Ser-603 (pS603) and for total
Kv2.1. Numbers to the left of blots indicate the mobility of molecular mass
standards in kDa. RBM preparations without or with prior AP treatment (�/�
AP) were analyzed as control samples containing phosphorylated and
dephosphorylated Kv2.1, respectively. The bar graph above the immunoblot
lanes shows quantitation of immunoblot signals from three independent
experiments. *, significant difference (p � 0.05) from control.
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9.2; DMSO, 18.83 � 8.52; roscovitine, 2.53 � 2.82; 20 cells/
condition; roscovitine p � 0.01 versus both untreated and
DMSO-treated). The number of cells with obvious Kv2.1 clus-
ters also dropped significantly, from 80.45 � 2.75% in the
untreated samples to 30.22 � 11.32% following roscovitine
treatment (Fig. 3C; n � 4 independent experiments of 100 cells
each, p � 0.05; DMSO vehicle-treated samples had a value of
76.68 � 9.31%). Note that no significant differences were
observed in the total Kv2.1 fluorescence intensities in neurons
subjected to the different treatments (Fig. 3D). These results
together demonstrate that inhibition of CDK5 reduces the
steady-state level of Kv2.1 clustering but not expression in

FIGURE 2. CDK5 directly phosphorylates Kv2.1. A, the Kv2.1 C terminus is
phosphorylated by CDK5. A bacterially expressed GST fusion protein contain-
ing amino acids 509 – 853 of Kv2.1 was subjected to in vitro phosphorylation
reactions without and with purified recombinant CDK5-p35 complex. Reac-
tions were analyzed by immunoblot for Kv2.1 phosphorylated at Ser-603
(pS603) and total Kv2.1. The right graph shows quantitation of immunoblot
signals from three independent experiments. *, significant difference (p �
0.05) from control. B, representative MS/MS spectrum of the Kv2.1 phospho-
peptide 600FSH[pS]PLASLSSK611 from the CDK5-p35 in vitro phosphorylation
reaction exhibiting phosphorylation at Ser-603. C, CDK5-p35 phosphorylates
Kv2.1 purified from rat brain. Kv2.1 was immunopurified from RBM without
(�AP) or with (�AP) prior to AP digestion to remove preexisting in vivo phos-
phorylation and subjected to in vitro phosphorylation with CDK5-p35. I, RBM
input; IP, immunopurified Kv2.1, subjected to in vitro phosphorylation with-
out and with ATP and CDK5-p35, as noted above the immunoblot lanes. Reac-
tions were analyzed by immunoblot for Kv2.1 phosphorylated at Ser-603
(pS603) and total Kv2.1. Numbers to the left of blots in A and C indicate the
mobility of molecular weight standards in kDa. The bar graph above the
immunoblot lanes shows quantitation of immunoblot signals from three inde-
pendent experiments. *, significant difference (p � 0.05) from control reac-
tions (�AP, �/�ATP, -CDK5/p35).

FIGURE 3. Inhibiting CDK5 in neurons reduces both phosphorylation-de-
pendent clustering and phosphorylation of Kv2.1. A, representative
images showing that inhibition of CDK5 in hippocampal neurons leads to
disruption of Kv2.1 clustering. Cultured rat hippocampal neurons (15 DIV)
were left untreated or treated with DMSO vehicle or 10 �M roscovitine for 1 h,
fixed, and subjected to double immunofluorescence staining for Kv2.1
(green) and MAP2 (red). Scale bar, 20 �m. B, graph shows quantitation for
number of clusters (area �0.7 �m2) observed in each condition. *, significant
differences (p � 0.01) versus both untreated and DMSO controls (n � 20 in
each condition). C, graph shows data on percentage of neurons with (black
bars) and without (white bars) clustering. Data are from eight independent
coverslips from four independent experiments. *, significant difference (p �
0.05) versus untreated and DMSO controls. D, integrated fluorescence inten-
sities of Kv2.1 immunolabeling. Intensities are expressed as a percentage of
the fluorescence intensity in untreated cells (untreated, n � 25; DMSO, n �
30; roscovitine, n � 40). E, cultured rat hippocampal neurons (CHNs; 15 DIV)
were left untreated (Untreat.) or treated with DMSO vehicle or 10 �M roscovi-
tine (Rosc.) for 1 h, harvested, and analyzed by immunoblot for Kv2.1 phos-
phorylated at Ser-603 (pS603), total Kv2.1, or loading control Grp75. RBM
preparations without or with prior AP treatment (�/� AP) were analyzed as
control samples containing phosphorylated and dephosphorylated Kv2.1,
respectively. Numbers to the left of the blots indicate the mobility of molecu-
lar mass standards in kDa.
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hippocampal neurons, probably due to decreased Kv2.1
phosphorylation.
We found that roscovitine treatment of cultured hippocam-

pal neurons also leads to a loss of pS603 signal on immunoblots
as well as a slightly increased electrophoretic mobility of the
total Kv2.1 pool, consistent with a reduction in overall phos-
phorylation state (Fig. 3E). These data together suggest that
CDK5 phosphorylation contributes to maintaining the level of
steady-state Kv2.1 phosphorylation in hippocampal neurons.
CDK5 Mediates the Rapid Phosphorylation of Neuronal

Kv2.1 upon Acute Activity Blockade—Kv2.1 phosphorylation
exhibits bidirectional regulation in vivo, such that enhanced
neuronal activity associated with kainate-induced seizures lead
to extensive dephosphorylation (5, 7), whereas reducing neuro-
nal activity in vivowith anesthetics, such as pentobarbital, leads
to enhanced phosphorylation of Kv2.1 (7). Here we determined
whether acute pentobarbital treatment could reverse the effects
of hyperactivity associated with kainate-induced status epilep-
ticus on Kv2.1 phosphorylation state. Rats were subjected to
status epilepticus (Racine scale five) for 2 h total, with a final
seizure of at least 20-min duration, to induce robust Kv2.1
dephosphorylation, and then a subset was subsequently treated
with pentobarbital for 5 min. A subset of control animals was
also treated with pentobarbital for 5 min. As shown in Fig. 4A
and as previously reported (5, 7), Kv2.1 from an animal in status
epilepticus had increased electrophoretic mobility consistent
with a reduction in overall phosphorylation and loss of phos-
phorylation at Ser-603. However, brief (5-min) treatment with
pentobarbital completely reversed the robust effects of the
kainate-induced status epilepticus, suggesting that acute and
brief suppression of neuronal activity, even following pro-
longed periods of kainate-induced status epilepticus, could
trigger enhanced Kv2.1 phosphorylation.
These results led us to questionwhether acute activity block-

ade in cultured neurons would also trigger enhanced Kv2.1
phosphorylation.We treated neurons for 15minwith TTX and
found that this acute activity blockade also leads to increased
Kv2.1 phosphorylation at Ser-603 (Fig. 4B, compare control
lanes �/� TTX). To determine whether CDK5 plays a role in
the rapid hyperphosphorylation of Kv2.1 observed upon acute
activity blockade, we treated cultured rat hippocampal neurons
with roscovitine prior to TTX treatment. We observed that,
similar to the results shown in Fig. 3E, CDK5 inhibition in the
absence of TTX leads to diminished Kv2.1 phosphorylation at
Ser-603, in this case by 60% (Fig. 4B). Whereas TTX treatment
causes a rapid �3-fold increase in the phosphorylation of Ser-
603 in the absence of roscovitine, pharmacological CDK5 inhi-
bition prevented the TTX-induced increase in Ser-603 phos-
phorylation (Fig. 4B). These results suggest that CDK5
mediates not only the constitutive phosphorylation of Kv2.1
but also the rapid increase in Kv2.1 phosphorylation in
response to acute blockade of neuronal activity.
CDK5Activity Contributes to the Recovery of Phosphorylation

of Kv2.1 Channel after Excitatory Stimulation—Our previous
studies showed that increased neuronal activity leads to a
dephosphorylation and unclustering of Kv2.1, followed by the
subsequent recovery over a 2-h time frame (5). Interestingly,
CDK5 activity is also diminished after glutamate treatment due

to degradation of its p35 cofactor, and recovery of CDK5 activ-
ity after glutamate washout (30, 31) occurs with a time course
similar to Kv2.1 rephosphorylation. Given the results above
demonstrating an important role for CDK5 in the steady-state
phosphorylation ofKv2.1, and inmediating the enhanced phos-
phorylation of Kv2.1 upon activity blockade, we next investi-
gated the role of CDK5 in the recovery of Kv2.1 phosphorylation
after excitation-induced dephosphorylation. We stimulated neu-

FIGURE 4. Acute activity blockade triggers rapid Kv2.1 phosphorylation.
A, pentobarbital treatment causes a rapid reversal of the effects of status
epilepticus on Kv2.1 phosphorylation in vivo. RBMs were prepared from con-
trol rats or rats subjected to kainate-induced status epilepticus (SE) for 2 h,
without or with a subsequent 5-min treatment with pentobarbital (PB) before
decapitation. Samples were analyzed by immunoblot for Kv2.1 phosphory-
lated at Ser-603 (pS603) and total Kv2.1. B, inhibiting CDK5 abolishes the
homeostatic increase in Kv2.1 phosphorylation in response to acute activity
blockade in cultured neurons. Cultured rat hippocampal neurons were
treated with DMSO vehicle or 10 �M roscovitine for 45 min and then with 1 �M

TTX for 15 min in the same solutions, as detailed below the immunoblot lanes.
Neurons were analyzed by immunoblot for Kv2.1 phosphorylated at Ser-603
(pS603) and total Kv2.1, and for loading control Grp75. RBM preparations
without or with AP treatment (�/� AP) were analyzed as control samples
containing phosphorylated and dephosphorylated Kv2.1, respectively. The
bar graph above the immunoblot lanes shows quantitation of immunoblot
signals from three independent experiments. Shown are samples with a sig-
nal significantly different (p � 0.05) from untreated control (*) or TTX control
(**). Numbers to the left of both panels indicate the mobility of molecular mass
standards in kDa.

Phosphorylation of a Neuronal Ion Channel by CDK5

AUGUST 19, 2011 • VOLUME 286 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 28743



rons with 10 �M glutamate for 15 min and then washed out the
glutamate and followed the time course of Kv2.1 recovery up to
120 min under control and roscovitine-treated conditions. We
observed a slow recovery of Kv2.1 phosphorylation, similar
to that described previously (5) under control conditions
(DMSO), such that Ser-603 phosphorylation had recovered
to 63.6 � 14.0% of the level seen in unstimulated neurons
after 120 min of recovery (Fig. 5, A and B). However, signif-
icantly less recovery of Ser-603 phosphorylation (to 30.2 �
5.5 of unstimulated levels after 120 min of recovery) was
observed when roscovitine was present during the recovery
period (Fig. 5, A and B). In addition, roscovitine treatment
reduced the number of neurons exhibiting clusters after a 120-
min washout time (74.3 � 8.5% of neurons exhibiting clusters
in DMSO-treated versus 2.6 � 1.4% of neurons exhibiting clus-
ters with roscovitine treatment; Fig. 6B). Moreover, molecular
inhibition of CDK5 activity using transfection with CDK5-
D144N (DN) also inhibited recovery of Kv2.1 clustering after
excitation-induced declustering (Fig. 6C). Together, these
results suggest that CDK5 plays a crucial role in the rephospho-
rylation of Kv2.1 that is required for recovery of clustering fol-
lowing an excitatory stimulus.

The Role of Protein Phosphatase PP1 in Regulating Kv2.1
Phosphorylation—Our previous studies (5) suggested that PP1
contributes to the maintenance of constitutive phosphoryla-
tion of Kv2.1 in control neurons but does not participate in
rapid dephosphorylation of Kv2.1 in response to excitatory
stimuli (mediated instead by calcineurin). To determine
whether Kv2.1 was a direct substrate for PP1, we performed an
in vitro dephosphorylation assay using purified recombinant
PP1 protein and Kv2.1 immunopurified from rat brain. As
shown in Fig. 7A, incubation of Kv2.1 with PP1 results in loss of
all detectable phosphorylation at Ser-603, similar to that
observed upon in vitro AP treatment. Treatment with PP1 also
caused a shift in the electrophoretic mobility of Kv2.1 on SDS
gels, although not to the same extent as AP treatment (Fig. 7A).

FIGURE 5. Inhibiting CDK5 prevents the recovery of Kv2.1 phosphoryla-
tion following glutamate-induced dephosphorylation. A, cultured rat hip-
pocampal neurons were treated with 10 �M glutamate for 10 min in HBSS. The
solution was replaced by complete medium with DMSO vehicle or 10 �M

roscovitine. Neurons before (�10 min) and at different times after glutamate
treatment, as labeled above the lanes, were harvested and analyzed by immu-
noblot for Kv2.1 phosphorylated at Ser-603 (pS603) and total Kv2.1. RBM
preparations without or with AP treatment (�/� AP) were analyzed as control
samples containing phosphorylated and dephosphorylated Kv2.1, respec-
tively. Numbers to the left indicate the mobility of molecular mass standards in
kDa. B, graph shows quantitation of immunoblot signals from three inde-
pendent experiments. Shown are DMSO control samples at time points that
are significantly different (p � 0.05) from the time 0 DMSO control sample (*)
or roscovitine samples that are significantly different (p � 0.05) from DMSO
controls at the same time point (**).

FIGURE 6. Inhibiting CDK5 prevents the recovery of Kv2.1 clustering fol-
lowing glutamate-induced dephosphorylation. A, immunofluorescence
staining showing the disruption of somatic Kv2.1 clusters by glutamate.
B, CDK5-dependent recovery of clustering after glutamate washout. Neurons
treated as in Fig. 5 were fixed and stained for Kv2.1 (red) and MAP-2 (blue).
Scale bar, 20 �m. C, GFP-CDK5-D144N (DN) expression disrupts the recovery
of Kv2.1 clustering after glutamate treatment. Neurons transfected with EGFP
(green) or GFP-CDK5-D144N (green) and treated as in A were fixed and stained
for Kv2.1 (red) and MAP-2 (blue). Scale bar, 10 �m.
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This suggests that somebutnot all of the steady-statephosphor-
ylation present on Kv2.1 in rat brain is sensitive to direct
dephosphorylation by PP1, including phosphorylation at
Ser-603.
Given these results, we next determinedwhether PP1 activity

contributed to the decreased level of Kv2.1 phosphorylation
observed upon CDK5 inhibition. We treated neurons with ros-
covitine for 1 h to inhibit CDK5, followed by a 10-min treat-
ment with either 1 �M okadaic acid (a PP1 and PP2A inhibitor)
or FK520 (a PP2B/calcineurin inhibitor). We found that, con-
sistent with previous results (5), okadaic acid treatment
increased the overall steady-state level of Kv2.1 phosphoryla-
tion in control neurons, as indicated by a shift in the electro-
phoretic mobility of Kv2.1 (Fig. 7B). Moreover, okadaic acid
treatment induced a 3.24 � 1.23-fold (n � 3) increase in phos-
phorylation of Kv2.1 at Ser-603 (Fig. 7B). In addition, we found
that okadaic acid treatment abolished the roscovitine effects on
Kv2.1 phosphorylation (1.76 � 0.33 relative to control DMSO,
n � 3). These results suggest that constitutive levels of Kv2.1
phosphorylation are maintained through concerted activity of
CDK5 and PP1 and that, upon inhibition of CDK5, constitutive
PP1 activity drives Kv2.1 into a dephosphorylated state.
CDK5 plays a crucial role as a negative regulator of PP1 activ-

ity. CDK5phosphorylation of a key regulatory site (Thr-320) on
PP1 itself inhibits PP1 activity (32, 33). Given these inhibitory
effects of CDK5 on PP1 activity, it is possible that some or all of
the effects of CDK5 inhibition by roscovitine could bemediated
indirectly by increasedPP1 activity andnot via decreasedCDK5
phosphorylation of Kv2.1. To determine whether any of the
effects of manipulating CDK5 activity on Kv2.1 phosphoryla-
tion are mediated through PP1, we investigated the level of
Kv2.1 phosphorylation in HEK293 cells co-expressing Kv2.1
and CDK5-p35, together with either WT PP1 or the
PP1(T320A) mutant that is refractory to CDK5-dependent
inhibition. We found that co-expression of Kv2.1 with either
PP1 or PP1(T320A) yielded an altered electrophoretic mobility
of Kv2.1 indicative of overall dephosphorylation and a 3.3-fold
reduction in phosphorylation at Ser-603 (0.30 � 0.17 and
0.27 � 0.14 relative to control, respectively; Fig. 7C). However,
co-expression of CDK5-p35 with either PP1 or PP1(T320A)
yielded levels of Kv2.1 phosphorylation comparable with those
observed with CDK5-p35 alone (Fig. 7C). These results suggest
that althoughPP1 contributes to the steady-state levels of Kv2.1
phosphorylation, the primary role of CDK5 in determining the
phosphorylation state of Kv2.1 is via direct phosphorylation of
Kv2.1, as opposed to CDK5-mediated inactivation of PP1.

DISCUSSION

Plasticity in the intrinsic excitability of neurons is based on
dynamic changes in the expression, localization, and/or func-
tional properties of voltage-gated ion channels. Kv channels are
the most diverse family of voltage-gated channels and as such
are primary determinants of diversity of overall neuronal excit-

FIGURE 7. CDK5 and PP1 work in concert to control the steady-state phos-
phorylation of Kv2.1. A, Kv2.1 is a substrate for PP1. Kv2.1 immunopurified
from rat brain was subjected to in vitro dephosphorylation using purified PP1.
The immunoblot shows RBM input (I) and immunopurified Kv2.1, subjected
to in vitro dephosphorylation reactions without and with PP1 (IP). Reactions
were analyzed by immunoblot for Kv2.1 phosphorylated at Ser-603 (pS603)
and total Kv2.1. B, inhibiting CDK5 prevents increased Kv2.1 phosphorylation
induced by inhibition of protein phosphatases. Hippocampal neurons in cul-
ture were treated with vehicle DMSO or 10 �M roscovitine for 50 min and then
treated with phosphatase the inhibitor okadaic acid (for PP1 and PP2A) or
FK520 (for PP2B/calcineurin) for 10 min in the same solutions. Neurons were
harvested and analyzed by immunoblot for Kv2.1 phosphorylated at Ser-603
(pS603) and total Kv2.1 and for loading control Grp75. The bar graph above
the immunoblot lanes shows quantitation of immunoblot signals from three
independent experiments. Shown are samples with a signal significantly dif-
ferent (p � 0.05) from DMSO control (*) or roscovitine-treated (**). C, PP1
co-expression leads to reduced Kv2.1 phosphorylation in HEK293 cells.
HEK293 cells were transiently transfected with Kv2.1, WT PP1, or a PP1 mutant
refractory to regulation by CDK5 (PP1(T320A)), together with GFP-CDK5,
dominant-negative GFP-CDK5-D144N (DN), and CDK5 cofactor p35, as
denoted below the immunoblot lanes. Cells were harvested 48 h post-trans-
fection and analyzed by immunoblot for Kv2.1 phosphorylated at Ser-603
(pS603) and total Kv2.1. The bar graph above the immunoblot lanes shows
quantitation of immunoblot signals from three independent experiments.
Shown are samples with a signal significantly different (p � 0.05) from Kv2.1
alone (*) or from PP1 or PP1(T320A) (**). Immunoblots in A and B contain RBM

preparations without or with prior AP treatment (�/� AP) as control samples
containing phosphorylated and dephosphorylated Kv2.1, respectively. Num-
bers to the left of all panels indicate the mobility of molecular mass standards
in kDa.
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ability and of the input-output relationships in mammalian
neurons (34). A number of recent studies have provided valua-
ble insights into the role of specific Kv channel subtypes in the
processing and integration of synaptic input within the soma-
todendritic domain (35), initiation and propagation of axonal
action potentials (36), and regulation of neurotransmitter
release (37). Modulation of the abundance, subcellular distri-
bution, and gating of Kv channels through reversible multisite
phosphorylation has emerged as a common theme for dynamic
regulation of neuronal function (34, 38, 39) by allowing for inte-
gration between cell signaling pathways impacting the activity
of specific neuronal PKs and PPs and the ion channels crucial
for regulating neuronal excitability. Prominent examples
include enhanced excitatory synaptic activity causing PKA-de-
pendent phosphorylation and internalization of Kv4.2 in den-
dritic spines that results in enhancement of mEPSCs in hip-
pocampal neurons (40, 41) and high frequency auditory
stimulation causing rapid dephosphorylation of Kv3.1, leading
to the enhancement of Kv3.1 activity needed to support high
frequency spiking in auditory neurons (42). As detailed above,
Kv2.1 is subjected to extensive bidirectional activity-dependent
changes in phosphorylation state, changing its localization and
function to homeostatically regulate neuronal excitability.
Here we show that CDK5 is the key PK for determining the

Kv2.1 phosphorylation state in neurons, including at the Ser-
603 site that is key to phosphorylation-dependent regulation of
Kv2.1 gating (15) and at other sites that regulate Kv2.1 cluster-
ing. CDK5 can directly phosphorylate the recombinant Kv2.1 C
terminus as well as Kv2.1 purified from mammalian brain.
Moreover, we show here that CDK5 is responsible for Kv2.1
phosphorylation under diverse conditions of neuronal activity,
including determining the constitutive level of Kv2.1 phospho-
rylation, the enhanced Kv2.1 phosphorylation that occurs after
acute activity blockade, and the recovery of Kv2.1 phosphoryl-
ation after activity-dependent dephosphorylation. As such,
CDK5 is poised to be a key determinant of the activity-depen-
dent changes in Kv2.1 expression, localization, and function
that have been found to underlie certain forms of plasticity in
intrinsic excitability. Previous studies have established a clear
role for CDK5 activity in nervous system development, such
that inhibition, ablation, or knockdown of CDK5 leads to
defects in neuronal migration, maturation, and survival (43).
CDK5 has also been implicated as a key player in synaptic plas-
ticity, with actions on both postsynaptic neurotransmitter
receptors and presynaptic neurotransmitter release (19).
Although CDK5 has been recently implicated in regulating
constitutive biosynthetic trafficking of neuronal Kv1 channels
to the axon initial segment (44), a role for CDK5 in dynamic,
reversible modulation of Kv channels or of other neuronal ion
channels has not been described previously.
We showhere that CDK5 activity is required for the recovery

of the phosphorylation and clustering of Kv2.1 protein after an
episode of activity-induced, calcineurin-dependent dephos-
phorylation. Excitatory stimulation (e.g. glutamatergic stimula-
tion or depolarization) has been found to reduce CDK5 activity
in neurons, due to degradation of p35 and p39 regulatory sub-
units (28, 30). Subsequent recovery of the expression level of
these subunits and therefore of CDK5 activity begins at 90 min

after washout of the stimulus (31), similar to the kinetics shown
here and elsewhere (5, 9) for recovery ofKv2.1 phosphorylation.
As such, our findings are consistent with amechanismwhereby
de novo synthesis of obligatory p35/p39 subunits and their asso-
ciation in activeCDK5 complexes is the rate-limiting step in the
recovery of Kv2.1 phosphorylation after calcineurin-dependent
dephosphorylation in response to excitatory stimulation.
Whether changes in the activity of neuronal PPs (PP1 and/or
calcineurin) or PKs other thanCDK5 are also involved in deter-
mining other aspects of the recovery of Kv2.1 phosphorylation
is at yet unknown. It is intriguing, given their opposing roles in
regulating Kv2.1, that CDK5 and calcineurin also have counter-
acting activity-dependent effects on synaptic vesicle endocyto-
sis, via phosphorylation of components of the release machin-
ery (45, 46).
We found that the CDK inhibitor roscovitine blocks the

increased phosphorylation of Kv2.1 induced by acute neuronal
activity blockade. That Kv2.1 is a direct substrate for CDK5 in
vitro suggests that the enhanced Kv2.1 phosphorylation upon
activity blockade is due to increased CDK5 activity and direct
CDK5 phosphorylation of Kv2.1. Whereas the activity of most
other PKs is under the control of either secondmessengers (e.g.
cAMP,Ca2�, DAG, etc.) or phosphorylation cascades involving
other PKs or PPs, either of which can be rapidly modulated by
neuronal signaling pathways, all available evidence suggests
that CDK5 activity is exclusively regulated by the levels of its
obligatory p35 and p39 subunits, as determined by their de novo
synthesis and degradation (47). Rapid activity-dependent
down-regulation of CDK5 activity is achieved by triggered deg-
radation of p35/p39 in response to neuronal depolarization (28,
45) and NMDA stimulation (30). Acute up-regulation of CDK5
activity would therefore require rapid de novo synthesis of p35
and/or p39 and their association with plasmamembrane-local-
izedCDK5, events unlikely to occurwithin the short time frame
of acute activity blockade (15 min) that we found induces
enhanced Kv2.1 phosphorylation. Extensive relocalization of
CDK5 in response to excitotoxic stimulation occurs through
calpain-mediated cleavage of the myristoylated region from
p35, leading to loss of the plasma membrane association of the
CDK5 complex and its translocation into the cytoplasm and
resulting in phosphorylation of non-physiological CDK5 sub-
strates and neurotoxicity nucleus (48). Although changes in the
subcellular localization of the obligatory subunits or of preex-
isting active CDK5 complexes to sites of high density Kv2.1
clustering could underlie the rapid increase in Kv2.1 phosphor-
ylation upon acute activity blockade, relocalization of CDK5
and its regulatory subunits to access different plasma mem-
brane substrates has not been described. Interestingly, a previ-
ous study revealed a slight increase in DARPP-32 phosphory-
lation at Thr-75, a known CDK5 phosphorylation site, in
response to short (10-min) TTX treatment (49), providing
additional suggestive evidence for rapid activation of CDK5 in
response to acute activity blockade. Future studies will deter-
mine the mechanisms whereby CDK5 activity can be rapidly
stimulated by acute activity blockade and how it then acts via
phosphorylation of Kv2.1 and other substrates to mediate
responses to decreased neuronal activity.
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We found that pharmacological inhibition of PP1 in
unstimulated neurons dramatically increases phosphorylation
of Kv2.1 at the CDK5-dependent Ser-603 phosphorylation site.
This is in sharp contrast to calcineurin inhibitors, which have
little effect on constitutive phosphorylation of Kv2.1 but abol-
ish the rapid dephosphorylation of Kv2.1 in response to excit-
atory stimuli (5, 7). We found that PP1 overexpression leads to
decreased Kv2.1 phosphorylation in heterologous cells and that
PP1, like calcineurin (7), can directly dephosphorylate immu-
nopurified Kv2.1 in vitro. PP1 is involved in diverse aspects of
neuronal plasticity (50), and ion channels are prominent targets
for PP1-mediated dephosphorylation (51). Interestingly, PP1
activity is negatively regulated by CDK5 phosphorylation, via
inhibitory phosphorylation at the Thr-320 site on PP1 (32, 33).
As such, inhibition of CDK5 could lead to enhanced PP1 activ-
ity, driving the dephosphorylation of Kv2.1 via an indirect
mechanism that is not dependent on reduced CDK5-mediated
Kv2.1 phosphorylation. We showed here that the effects of
expressing a mutant PP1 (PP1-T320A) that is resistant to
CDK5-mediated inhibition were indistinguishable from those
of WT PP1, supporting a role for direct CDK5-mediated phos-
phorylation of Kv2.1 as the primary determinant of the rapid
increase in Kv2.1 phosphorylation seen upon acute activity
blockade and during the recovery period following excitation-
induced, calcineurin-mediated, Kv2.1 dephosphorylation.
However, because PP1 activity does seem to be important in
establishing the steady-state level of Kv2.1 phosphorylation, its
possible contributions to regulating Kv2.1 phosphorylation
during these other processes cannot be completely discounted.
Future studies will reveal the precise interplay between CDK5
and neuronal PPs, such as PP1 and calcineurin, in determining
the phosphorylation state of Kv2.1 and of other ion channels
whosemodulation alters intrinsic excitability and that act as the
molecular substrates for intrinsic neuronal plasticity.
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