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Abstract The family of voltage-gated potassium Kv2

channels consists of the Kv2.1 and Kv2.2 subtypes.

Kv2.1 is constitutively highly phosphorylated in neurons

and its function relies on its phosphorylation state. Whether

the function of Kv2.2 is also dependent on its phosphory-

lation state remains unknown. Here, we investigated

whether Kv2.2 channels can be phosphorylated by protein

kinase C (PKC) and examined the effects of PKC-induced

phosphorylation on their activity and function. Activation

of PKC inhibited Kv2.2 currents and altered their steady-

state activation in HEK293 cells. Point mutations and

specific antibodies against phosphorylated S481 or S488

demonstrated the importance of these residues for the

PKC-dependent modulation of Kv2.2. In layer II pyramidal

neurons in cortical slices, activation of PKC similarly

regulated native Kv2.2 channels and simultaneously

reduced the frequency of action potentials. In conclusion,

this study provides the first evidence to our knowledge that

PKC-induced phosphorylation of the Kv2.2 channel con-

trols the excitability of cortical pyramidal neurons.

Keywords Kv2.2 � PKC � Phosphorylation � Pyramidal

neurons � Excitability

Introduction

Voltage-gated potassium Kv2 channels, consisting of

Kv2.1 and Kv2.2 subtypes, play critical roles in the

regulation of electrical excitability in neurons [1, 2]. Kv2.1

channels are widely expressed throughout the mammalian

brain [1] and have been extensively studied. Because it is

the major component of delayed rectifier K? currents in

many neurons, Kv2.1 serves as a key regulator of neural

excitability by controlling membrane repolarization and

hyperpolarization [3, 4]. In addition to modulation of

neuronal excitability, Kv2.1 has been implicated in

Alzheimer’s disease [5], traumatic brain injury [6], stroke

[7], neuronal apoptosis [8], pain [9], diabetes [10, 11], and

aging [12]. It is already clear that Kv2.1 channels are

highly phosphorylated in the basal state in neurons, and

their action depends on their phosphorylation state [13–15].

The dephosphorylation of Kv2.1 channels has been

reported in various conditions such as ischemia, kainite-

induced seizures, glutamate treatment, and CO2 exposure;

it leads to dynamic alteration of Kv2.1 channel localization

and function and impacts the intrinsic excitability of

neurons [14, 16, 17].

Compared with Kv2.1, much less is known about the

dynamic modulation of Kv2.2 channels, even though

Kv2.2 had been isolated in 1992 based on its homology

to Kv2.1, which itself was cloned by Frech et al. in 1989

[18, 19]. The amino-acid sequences of Kv2.1 and Kv2.2

channels have *62% identity, and the similarity is mainly

located in the N-terminal and membrane-spanning domains

(*92% identity). The C-terminal tail regions, in which the

main Ser and Thr phosphorylation sites are located, are

only 35% identical [18, 19]. Previous studies have shown

that the Kv2.2 channel has a much lower phosphorylation

level than the Kv2.1 channel (11 phosphorylation sites on
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brain Kv2.2 vs 34 on Kv2.1) [20, 21]. Moreover, Kv2.2 is

much less phosphorylated under basal conditions than

Kv2.1 [22]. However, it remains largely unknown whether

the differences between the amino-acid sequences of the

carboxyl terminal tail regions and the phosphorylation

status of Kv2.1 and Kv2.2 might lead to the utilization of a

different mechanism controlling phosphorylation-depen-

dent regulation of Kv2.2.

Although Kv2.2 mediates delayed rectifier K? currents

[18, 23], this function is less clear relative to Kv2.1. Kv2.2

is expressed much less widely than Kv2.1; its expression is

preferentially localized to the basal forebrain, the medial

nucleus of the trapezoid body, and layers II and Va of the

neocortex [22–24]. The function of Kv2.2 in maintaining

high-frequency action potential (AP) firing has been

recognized [23, 25] and has been implicated in sleep-wake

cycles, noise-induced hearing loss, and the regulation of

somatostatin release from pancreatic islets [26–28]. We

have previously reported that inhibition of Kv2.2 in mouse

cortical neurons by citalopram reduces the AP firing

frequency [29]. Whether the function of Kv2.2 depends on

its phosphorylation state in a manner similar to Kv2.1

needs to be further addressed.

Our previous study showed that Kv2.2 is modulated by

resveratrol through the activation of PKC [30]. In the

current study, we investigated whether Kv2.2 channels are

phosphorylated by PKC and studied the effects of PKC

phosphorylation on the activity and function of Kv2.2

channels in neurons of the neocortex.

Materials and Methods

Plasmids and Cell Transfection

RNA was extracted from rat cortical neurons using an

RNeasy Kit (Qiagen, cat. no. 74106, Hilden, Germany),

and reverse-transcribed using a reverse transcriptase from

Thermo Fisher Scientific (cat. no. 18064064, Waltham,

USA). The primers for Kv2.2 in PCR were: forward, 5’-

CCGCTCGAGATGGCAGAAAAGGCACCTCCTGGCT

TGA-3’; reverse, 5’-GGAATTCGCATGCTGGTCTCA

CGAGTGGGGC-3. Rat Kv2.2 cDNA (NM_054000.2) was

subcloned into pEGFPN1-expression vectors. To generate

the plasmid constructs pEGFPN1/Kv2.2/S448A, /S451A, /

S461A, /S481A, /S481D, /S488A, /S488D, /S481A/S488A,

and /S481D/S488D, we mutated the cloned sequence of the

mature form of Kv2.2 by substituting the serine residues at

amino-acids 448, 451, 461, 481, and 488 with alanine and/

or aspartic acid using a QuikChange Mutagenesis kit from

Agilent (#210518, Santa Clara, USA) and ligated the

fragment into pEGFPN1. The wild-type (WT) and mutant

Kv2.2 channel constructs were verified by sequencing.

Plasmids for rat WT and mutant Kv2.2 channels were

transiently transfected into HEK293 cells using Lipofec-

tamine from Thermo Fisher Scientific (cat. no. 11668019).

The HEK293 cells were used for experiments 2 days after

transfection.

Chemicals

The chemicals used in this study were all commercially

available: phorbol 12’-myristate 13’-acetate (PMA, #8139,

Sigma, St. Louis, USA), bryostatin-1 (BRY, # B7431,

Sigma), and 4a-PMA (#P148, Sigma).

Patch-clamp Recordings

Whole-cell K? currents in HEK293 cells were recorded as

previously reported [30], using an Axopatch 200B ampli-

fier (Molecular Devices, San Jose, USA), digitally sampled

at 10 kHz, and filtered at 1 kHz. Data were acquired using

Clampex 10.7 software (Molecular Devices, San Jose,

USA). The external bath solution contained (in mmol/L) 10

HEPES, 2.5 KCl, 1 MgCl2, and 145 NaCl (pH 7.4). The

internal solution contained (in mmol/L) 1 CaCl2, 10

HEPES, 10 KCl, 1 MgCl2, 2 ATP, 10 EGTA, and 135

K? gluconate (pH 7.3). Pipette resistances were 5–7 MX
under these conditions. All recordings were performed at

room temperature.

Western Blot and Immunoprecipitation

HEK293 cell lysates were prepared using a lysis buffer

containing (in mmol/L) 2 EDTA, 50 NaF, 20 HEPES, 0.1

Na3VO4, 150 NaCl, 0.5% NP-40, 10% glycerol, pH 7.5

with protease inhibitor (#P8340, Sigma) and phosphatase

inhibitor (#p5726, Sigma) cocktails on ice for 30 min. For

cell surface expression experiments, the cell membrane

proteins were isolated using the Membrane and Cytosol

Protein Extraction Kit (Beyotime, #P0033, Shanghai,

China). The protein samples with SDS loading buffer were

boiled for 5 min, resolved using 10% sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS PAGE)

and then transferred to polyvinyldifluoride membranes

(#1620177, Bio-Rad, Hercules, USA) at 90 V for 1 h. The

membranes were blocked with 10% nonfat dry milk in Tris

buffered saline with Tween-20 (TBST) and then incubated

with primary antibodies overnight at 4�C [anti-phosphory-

lated PKC (pan), 1:1000, #9371, Cell Signaling Technol-

ogy, Danvers, USA; anti-GAPDH, 1:1000; #AG109,

Beyotime; anti-pPKC(a/b), 1:1000, #9375, Cell Signaling
Technology; anti-pPKC(h/d), 1:1000, Cell Signaling Tech-

nology, #9376; anti-Na, K-ATPase, 1:1000, Cell Signaling

Technology, #3010]. The membranes were washed 3 times

in TBST, and then treated with horseradish peroxidase-
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conjugated secondary antibodies (1:1000, Beyotime,

#A0216 or A0208) at room temperature for 2 h. The signal

was detected with enhanced chemiluminescence reagents

and the ChemiDoc XRS? imaging system from Bio-Rad.

For immunoprecipitation (IP), HEK293 cells transfected

with WT and mutant Kv2.2 channels were homogenized in

a lysis solution from Beyotime (#P0013C) supplemented

with the same protease and phosphatase inhibitors as

above. The lysate was centrifuged for 16 min at 21,0009g,

and 75% of the supernatant from the lysate was incubated

with antibody against Kv2.2 [pS481] or Kv2.2 [pS488]

(1:50, Abmart, Shanghai, China) with gentle rotation

overnight. The remaining 25% of the protein sample was

used for loading. For precipitation, protein G magnetic

beads were added to the protein samples, mixed, and

incubated for 3 h at 4�C. The IP samples were harvested by

eluting with pH 2.0 100 mmol/L glycine, followed by

neutralization with pH 7.4 PBS. The samples were used for

Western blots with the Kv2.2 antibody (#75-015, Neu-

roMab, Davis, USA).

Brain Slice Preparation and Action Potential

Recordings

Adult female C57/LB mice (3–4 weeks old) were pur-

chased from Shanghai SLAC Laboratory Animal Co., Ltd,

Shanghai, China. To minimize suffering, mice were deeply

anesthetized (50 mg/kg pentobarbital sodium, intraperi-

toneal) before rapid decapitation. The brains were coro-

nally sectioned (200 lm, bregma 3.6–2.5 mm; VT1200S;

Leica, Wetzlar, Germany) in ice-cold buffer solution

containing (in mmol/L): 26 NaHCO3, 3 KCl, 5 MgCl2,

220 sucrose, 10 glucose, 1 CaCl2, and 1.25 NaH2PO4

bubbled with 95% O2/5% CO2. The slices were put into an

incubation solution containing (in mmol/L): 1.5 MgSO4,

2.5 KCl, 125 NaCl, 1 NaH2PO4, 2.5 CaCl2, 11 glucose, and

26.2 NaHCO3, 305 mOsm/L at 35�C with 5% CO2 for 1 h,

and then kept at room temperature.

The APs of pyramidal neurons in layer II of the cortical

slices were recorded in current-clamp mode. Under the

microscope, layers I and II/III in the slices are very easy to

distinguish. The pyramidal neurons adjacent to layer I

(within*150 lm) were chosen for recording. The external

solution for AP recordings contained (in mmol/L) 2.5 KCl,

140 NaCl, 10 HEPES, and 1 MgCl2, pH 7.4 adjusted with

NaOH; or 2.5 KCl, 119 NaCl, 3 MgSO4, 1 Na2HPO4, 11

glucose, 1 CaCl2, and 26.2 NaHCO3. The pipette solution

for AP recordings contained (in mmol/L) 10 HEPES, 150

K? gluconate, 8 NaCl, 0.4 EGTA, 0.1 GTP�Na3, and 2

ATP�Mg, pH 7.3 adjusted by KOH. All recordings were

performed at room temperature.

The protocol for the mouse brain experiments was

approved by the Ethics Committee of Animal Experimen-

tation at Fudan University (permit # 20090614-001).

Data Analysis

Statistical analysis consisting of unpaired or paired Stu-

dent’s t-tests was used to compare two samples, as

appropriate. The Shapiro–Wilk test was used to verify

the normal distribution of data. For more than two groups,

ANOVA (analysis of variance) with Bonferroni’s post hoc

test was used. Data are given as the mean ± SEM;

n indicates the number of cells tested, or independent

experiments of Western blot. P \0.05 was considered

statistically significant.

Results

Activation of PKC Modifies Kv2.2 Channels Over-

expressed in HEK293 Cells

We first used PMA, the typical PKC activator, to assess the

effect of PKC activation in HEK293 cells. PMA activated

PKC in a concentration-dependent manner and 1 lmol/L

produced maximal activation (Fig. 1A, left). The effect of

PMA on PKC activation occurred quickly and reached the

maximum in *10 min (Fig. 1A, right). We thus used 1

lmol/L PMA to investigate the effect of PKC activation on

Kv2.2 channels over-expressed in HEK293 cells. Whole-

cell Kv2.2 currents were evoked by a 160-ms step (-80 to

?60 mV) from a holding potential of -80 mV. PMA

significantly decreased the amplitude of Kv2.2 currents by

41.8% ± 4.3% (n = 5, P = 0.0006) and was reversible

(Fig. 1B).

Since previous studies of Kv2.1 indicated that phospho-

rylation- or dephosphorylation-induced modification of the

K? channel by PKA mainly affected its activation char-

acteristics [13, 14], we investigated whether PMA modu-

lated the steady-state activation kinetics of the Kv2.2

current using corresponding voltage protocols. The Kv2.2

currents were elicited by 200-ms steps (-60 to ?60 mV in

10-mV increments) from a holding potential of -80 mV at

10-s intervals (Fig. 1C, left). The current–voltage relation-

ship (I–V curve) showed that PMA significantly inhibited

Kv2.2 channels at all testing potentials that were more

positive than -10 mV (Fig. 1C, right). The steady-state

activation (G–V curve) of Kv2.2 currents was obtained by

plotting normalized Kv2.2 conductance (G/Gmax) as a

function of the command voltage (Fig. 1D); the conduc-

tance of Kv2.2 was analyzed using the equation GK = I/

(Vm–Vrev), where Vrev is the reversal potential for the

Kv2.2 current, and Vm is the membrane potential. The half-
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activation potential (V1/2) of Kv2.2 was obtained by fitting

the Kv2.2 conductance with the Boltzmann function,

G/Gmax = A2 ? (A1-A2)/{1 ? exp[(Vm - V1/2)/slope

factor]}. As shown in Fig. 1, the V1/2 was shifted from 15.4

± 1.3 mV to 6.2 ± 1.7 mV in the presence of PMA (n = 10,

P = 7.4 9 10-7; Fig. 1E), hyperpolarizing the activation

curve by 9.3 ± 1.0 mV. In contrast, 4a-PMA, the inactive

form of PMA, did not alter the activation kinetics of Kv2.2

currents (Fig. 1F).

Fig. 1 PMA activates PKC and modifies Kv2.2 channels over-

expressed in HEK293 cells. A Representative Western blots and

statistical analysis showing that PMA activates PKC in a concentra-

tion- and time-dependent manner (3 independent experiments;

*P \0.05, **P \0.01, ***P \0.001 vs corresponding control by

one-way ANOVA). B Representative time course of the changes in

Kv2.2 current amplitude and statistical analysis showing the effect of

PMA on current amplitude of Kv2.2 channels. Inset: superimposed

Kv2.2 traces from the initial control levels (after establishment of the

whole-cell configuration) and after external infusion of PMA. Time

points 1, 2, and 3 denoted on the curves correspond to the

superimposed Kv2.2 traces in the inset. C Representative current

traces and voltage-dependent activation curves in the absence or

presence of PMA. D Conductance–voltage relationship curve (G–V

curve) obtained by plotting normalized conductance as a function of

the command potential in the absence or presence of PMA; data

points are fitted using the Boltzmann function. E Statistical analysis

showing the effect of PMA on the half-activation potential (V1/2) of

Kv2.2 channels. F 4a-PMA, the inactive form of PMA, does not alter

the Kv2.2 current. Data are reported as the mean ± SEM from 5–10

cells. ***P\0.001 vs corresponding control by paired t-test.
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In order to confirm the PKC effect on Kv2.2 channels,

we tested another PKC activator, BRY. Similar to PMA,

BRY significantly activated PKC in a time- and concen-

tration-dependent manner, and reached a maximal stimu-

latory effect at 1 lmol/L (Fig. 2A); therefore, we used 1

lmol/L for the subsequent experiments. Whole-cell Kv2.2

currents indicated that 1 lmol/L BRY had a similar

inhibitory effect on Kv2.2 currents and reversibly inhibited

the amplitude of Kv2.2 currents by 32.6% ± 1.7% (n = 13,

P = 2.8 9 10-10; Fig. 2B). Moreover, BRY similarly

shifted the steady-state activation curve of Kv2.2 current

towards a more negative voltage (Fig. 2C). In the presence

of 1 lmol/L BRY, V1/2 was shifted from 19.5 ± 1.0 mV of

control to 11.4 ± 1.9 mV, hyperpolarizing the activation

curve by 8.0 ± 1.8 mV (n = 10, P = 0.0013; Fig. 2D). The

above data demonstrated that activation of PKC inhibited

Kv2.2 current amplitude and modified the steady-state

activation kinetics.

Both PMA and BRY can activate several PKC subtypes

including PKCa, PKCb, PKCd, and PKCh [31, 32]. We

found that PMA and BRY mainly activated the PKCd
subtype in HEK293 cells (Fig. 3).

PKC Regulates Kv2.2 Channels Through S481

and S488 Sites

According to previous phospho-proteomic studies [33–37]

and the PhosphoSitePlus index (https://www.phosphosite.

org/homeAction.action), there are five possible phospho-

rylation sites (S448, S451, S461, S481, and S488; Fig. 4A)

near the proxC sequence, which is the special proximal

carboxyl terminal sequence in Kv2.2. We thus tested which

site is more important for the PKC regulation of Kv2.2

channels by changing the serine amino-acid at each site to

alanine. As shown in Fig. 4, the point mutations S448A,

S451A, and S461A did not change the PMA-induced shift

of the G–V curve for Kv2.2; the hyperpolarizing shifts

were 12.5 ± 2.4 mV (n = 5, P = 0.0068), 8.2 ± 0.5 mV (n =

7, P = 4.2 9 10-6), and 13.9 ± 1.6 mV (n = 7, P = 1.2 9

10-4), respectively (Fig. 4B, C), and the inhibition of

Kv2.2 current amplitude was 34.3% ± 3.7% (n = 7,

P\0.001 P = 9.0 9 10-5), 38.0% ± 4.5% (n = 7, P = 1.4 9

10-4), and 28.9% ± 1.8% (n = 8, P = 2.1 9 10-4),

respectively (Fig. 4D). In contrast, the effect of the point

mutations S481A and S488A was to decrease the shift in

the PMA-induced V1/2 curve to 4.2 ± 0.9 mV (n = 9, P =

Fig. 2 Bryostatin-1 (BRY) activates PKC and modifies Kv2.2

channels over-expressed in HEK293 cells. A Representative Western

blots and statistical analysis showing that BRY activates PKC in

HEK293 cells in a concentration- and time-dependent manner (3

independent experiments; **P\0.01, ***P\0.001 vs corresponding
control by one-way ANOVA). B Representative time course of the

changes in Kv2.2 amplitude and statistical analysis showing the effect

of BRY on current amplitude of Kv2.2 channels. Inset as in

B. C Representative current traces in the absence or presence of

BRY and the G–V curve showing the effect of BRY on the voltage-

dependent activation of Kv2.2 channels. D Statistical analysis

showing the effect of BRY on the V1/2 of Kv2.2 channels. Data are

reported as the mean ± SEM from 10–13 cells. **P \0.01,

***P\0.001 vs corresponding control by paired t-test.
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0.0012) and 4.0 ± 1.2 mV (n = 7, P = 0.0063), respectively

(Fig. 5A, B). The S481A and S488A mutations reduced the

PMA inhibitory effect on Kv2.2 current amplitude to

16.4% ± 1.2% (n = 10, P = 2.0 9 10-7) and 13.6% ± 3.4%

(n = 10, P = 0.0029; Fig. 5C), respectively. We then tested

whether these sites could account for the whole effect of

PMA on Kv2.2 channels by making S481A/S488A double

mutants. The results showed that this mutation reduced the

extent of the PMA-induced V1/2 shift to 1.4 ± 1.0 mV (n =

5, P = 0.2444 vs control; Fig. 5A, B) and lowered the

inhibition caused by PMA on the Kv2.2 current amplitude

to 1.9% ± 1.6% (n = 9, P = 0.2563; Fig. 5C), suggesting

that both S481 and S488 sites are important for the regu-

lation of Kv2.2 channels by PKC.

In addition to the serine-to-alanine mutations, we also

made S481D or S488D single mutations and the S481D/

S488D double mutation to address whether the serine-to-

aspartic acid mutation could mimic the PMA-induced

effect of phosphorylation on Kv2.2 channels. Both KV2.2

current density and the V1/2 of the activation curve were

measured. As expected, both the S481D and S488D

mutations produced a small shift in V1/2 from 17.3 ± 0.4

mV in WT Kv2.2 to 14.8 ± 0.7 mV (n = 17, P = 0.0336

and 15.8 ± 1.3 mV (n = 15, P = 0.1891) in the S481D and

Fig. 3 PMA and BRY mainly activate the PKCd subtype in HEK293

cells. A, B Representative Western blots and statistical analysis

showing the effects of PMA on different PKC subtypes. C,

D Representative Western blots (C) and statistical analysis (D) show-
ing the effects of BRY on different PKC subtypes in HEK293 cells.

**P\0.01, ***P\0.001 vs corresponding control.
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S488D mutations, respectively, hyperpolarizing the shifts

of the steady-state activation curves by 2.5 ± 0.7 mV and

1.6 ± 1.3 mV for the S481D and S488D mutations,

respectively (Fig. 6A, B). Kv2.2 current density after

S481D or S488D mutation significantly decreased from

324.5 ± 25.4 pA/pF in the WT Kv2.2 channel to 194.6 ±

21.8 pA/pF (n = 17, P = 1.8 9 10-4) and 194.3 ± 18.2 pA/

pF (n = 23, P = 4.9 9 10-5), respectively (Fig. 6C). S481D/

S488D double mutations significantly hyperpolarized the

shift in the steady-state activation curve by 6.4 ± 1.1 mV

(n = 16, P = 4.5 9 10-6) and reduced the Kv2.2 current

amplitude by 49%, similar to the effect of PMA on the WT

channel. The PMA-mimicking effect of S481D/S488D was

Fig. 4 Effect of PMA on Kv2.2 channels with point mutations

S448A, S451A, or S461A in HEK293 cells. A Schematic structural

models of Kv2.2 channels showing the locations of S448, S451,

S461A, S481, and S488 residues. B G–V curves of Kv2.2 channels

with S448A, S451A, or S461A point mutations in the absence or

presence of PMA. C Statistical analysis showing the effect of PMA

on V1/2 of Kv2.2 channels with S448A, S451A, or S461A point

mutations. D Statistical analysis showing the effect of PMA on

current amplitude of Kv2.2 channels with point mutations S448A,

S451A, or S461A. Data are reported as the mean ± SEM from 7–10

cells. ***P\0.001 vs corresponding control by paired t-test.
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significantly greater than that of the S481D or S488D

mutation alone (Fig. 6A–C).

We then investigated whether S481 and S488 were

really phosphorylated by PMA by using specific antibodies

against phosphorylated S481 or S488. As shown in Fig.7, 1

lmol/L PMA increased the phosphorylation of S481 by

1.8-fold (n = 3, P = 0.0012), but the phosphorylation state-

specific antibody against S481 did not recognize the S481A

mutant of Kv2.2 (Fig. 7A). Furthermore, 1 lmol/L PMA

significantly increased the phosphorylation of S488 by 2.9-

fold (n = 5, P = 0.02), but the phosphorylation state-

specific antibody against S481 did not recognize the S488A

mutant of Kv2.2 (Fig. 7B). The above data thus demon-

strated that the activation of PKC, which inhibited Kv2.2

current amplitude and modified the activation properties of

Kv2.2 channels, is associated with the phosphorylation of

the S481/S488 site in Kv2.2 channels.

The cell surface expression of Kv2 channels is altered

by phosphorylation [38]. Therefore, we tested whether the

inhibitory effect of PKC on Kv2.2 channels is via

regulating their surface expression. As shown in Fig. 8, 1

lmol/L PMA did not alter the surface expression of Kv2.2

channels (n = 6, P[0.05).

PKC Reduces Membrane Excitability of Cortical

Pyramidal Neurons via Kv2.2 Channels

Kv2.2 has been shown to be preferentially expressed in

layers II and Va of the cortex, so we next investigated the

physiological action of PKC phosphorylation of Kv2.2

channels in pyramidal neurons from cortical layer II of

mice. As shown in Fig. 9, perfusion of mouse brain slices

with 1 lmol/L PMA significantly reduced the rectified

outward K? current (IK ) of neocortical layer II pyramidal

neurons by 32.5% ± 1.9% (n = 9, P = 1.3 9 10-7;

Fig. 9A), and hyperpolarized the shift in the G–V curve of

IK by 12.5 ± 2.2 mV (n = 10, P = 2.9 9 10-4; Fig. 9B), a

result which was similar to that from Kv2.2 channels over-

expressed in HEK293 cells. Since Kv2.2 is known to play

key roles in controlling the excitability of pyramidal

neurons [25, 39], we investigated the effect of PMA on

neuronal excitability by recording the APs evoked by a 1-s

150-pA current from a holding potential of –80 mV. As

shown in Fig. 7, 1 lmol/L PMA significantly decreased the

AP firing frequency by 39.2% ± 5.3% (n = 6, P = 9.2 9

10-4; Fig. 9C), while no significant alteration was found in

the resting membrane potential of cortical pyramidal

neurons after applying PMA (n = 10, P = 0.2789;

Fig. 5 Effect of PMA on Kv2.2 channels with S481A, S488A, or

double point mutations in HEK293 cells. A G–V curves of mutated

Kv2.2 channels in the absence or presence of PMA. B Statistical

analysis showing the effect of PMA on V1/2 of mutated Kv2.2

channels. C Statistical analysis showing the effect of PMA on current

amplitude of mutated Kv2.2 channels. Data are reported as the mean

± SEM from 7–12 cells. *P \0.05, **P \0.01, ***P \0.001 vs
corresponding control by t-test.
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Fig. 6 Effect of S481D, S488D, or double (S481D/S488D) point

mutations on Kv2.2 channels in HEK293 cells. A G–V curves of WT

and mutated Kv2.2 channels. B Statistical analysis showing the effect

of the mutations on V1/2 of WT and mutant Kv2.2 channels.

C Statistical analysis showing the effect of the mutations on current

density. Data are reported as the mean ± SEM from 5–12 cells.

**P\0.01, ***P\0.001 vs corresponding control.

Fig. 7 Phosphorylation state-specific antibodies against S481 and

S488 showing the effect of PMA on WT, S481A-. or S488A-mutant

Kv2.2 channels in HEK293 cells. A Representative Western blots

using phosphorylation state-specific antibodies against S481 and

statistical analysis showing the effect of PMA on WT Kv2.2 and

S481A Kv2.2 channels. B Representative Western blots obtained with

phosphorylation state-specific antibodies against S488 and statistical

analysis showing the effect of PMA on WT and S488A Kv2.2

channels. Data from 3 independent experiments; *P\0.05, **P\0.01

vs corresponding control by unpaired t-test.
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Fig. 9D). PMA did not alter the threshold, height, or width

of the APs (Fig. 9E).

In order to test whether the effect of PMA on IK in

cortical pyramidal neurons is mediated via its effect on

Kv2.2 channels, we selectively inhibited these channels by

adding Kv2.2-specific antibodies to the internal solution in

the following electrophysiology experiment. The effect of

Kv2.2 antibodies was first tested and verified on Kv2.2

channels over-expressed in HEK293 cells. After establish-

ment of the whole-cell configuration, Kv2.2 antibodies

gradually inhibited the Kv2.2 current of HEK293 cells until

reaching the maximum inhibition of 53.3% ± 3.4% (n =

21, P = 1.2 9 10-12; Fig. 10A). Similarly, intracellular

application of Kv2.2 antibodies significantly inhibited the

voltage-gated IK amplitude in pyramidal neurons with

maximal inhibition of 60.7% ± 2.4% (n = 6, P = 1.1 9

10-12) and eliminated the PMA-induced inhibitory effect

on the IK amplitude of pyramidal neurons. This inhibition

was maintained at 60.4% ± 2.5% and was not significantly

different from the inhibition obtained after treatment of

neurons with Kv2.2 antibodies (n = 6, P = 1.1 9 10-12;

Fig. 10B). Intracellular application of Kv2.2 antibodies

mimicked the PMA-induced inhibitory effect on the AP

firing frequency in pyramidal neurons (Fig. 10C) and

decreased the AP firing frequency by 31.6% ± 3.8% (n = 9,

P = 4.0 9 10-5). Moreover, after treatment with Kv2.2

antibodies, PMA no longer exerted its inhibitory effect on

AP frequency. The inhibitory effect was maintained at

34.8% ± 3.0%, which was not significantly different from

that recorded after Kv2.2 antibody treatment of neurons

(n = 9, P = 1.4 9 10-5; Fig. 10C).

Discussion

The phosphorylation-dependent regulation of the Kv2.2

channel has been unclear. In this study, we investigated the

mechanism of PKC regulation of Kv2.2 channels and their

function. Our results demonstrated that the activity of

Kv2.2 channels and their activation gating properties were

modified by PKC-dependent phosphorylation of specific

S481 and S488 sites, and that PKC controls the excitability

of neocortical neurons by phosphorylation of Kv2.2

channels.

Previous studies indicated that the critical difference in

primary amino-acid sequences of the Kv2.1 and Kv2.2

channels is located at the proxC sequence in the large

cytoplasmic carboxyl-tail region [18, 19, 21]. Temporal

restriction of proxC function in Kv2.2 can result from

developmentally regulated post-translational modifications

of proxC residues, and the primary sequence of proxC has

multiple phosphorylation consensus sites including tyro-

sine kinases, casein kinase 2, and PKC [22, 33]. Phospho-

proteomic studies showed that there are five closely

situated phosphorylated serine residues (S448, S451,

S461, S481, and S488) in the proxC of Kv2.2 [33–37];

and the function of these residues and their phosphoryla-

tion-dependent regulation are unknown. By point muta-

tions of the amino-acids from serine to alanine, we

demonstrated that the S448A, S451A, and S461A muta-

tions did not alter the effect of PMA on Kv2.2 current

amplitude or the shift of the steady-state activation curve.

However, individual S481A or S488A mutations partially

reduced the effect of PMA on both of these parameters,

while double mutation of S481A/S488A eliminated the

PMA effects. These data indicate that both S481 and S488

are key amino-acid residues for the PKC-dependent

regulation of Kv2.2. Moreover, our data indicated that

the effect of PKC on Kv2.2 channels is mainly via the

PKCd subtype.

Reversible changes in the phosphorylation state of ion

channels usually manifest as changes in the voltage-

dependence of channel activation gating kinetics [34].

Kv2.1 is known to be highly phosphorylated under basal

conditions. The V1/2 in neurons mainly expressing Kv2.1

or in HEK293 cells expressing the Kv2.1 channel can

exceed 20 mV [40–42]. Excitatory stimuli or ionomycin-

induced dephosphorylation of Kv2.1 lead to a significant

hyperpolarizing shift [14, 42]. Relative to the Kv2.1

channel, the Kv2.2 channel is much less phosphorylated

Fig. 8 Effect of PMA on the cell surface expression of Kv2.2

channels in HEK293 cells. A Sample images showing the effects of

PMA on the cell surface protein expression of Kv2.2. B PMA does

not alter the cell surface expression of the Kv2.2 channels (n = 6,

P[0.05 vs corresponding control).
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under basal conditions, and its steady-state activation curve

is already relatively more hyperpolarized, while the V1/2 is

close to that of dephosphorylated Kv2.1, so Kv2.2 channels

were once considered to be a dephosphorylated version of

Kv2.1 channels [2, 22, 23, 30]. In the present study, we

were surprised to find that the voltage-dependent activation

curve of Kv2.2 channels underlying PKC phosphorylation

and the S481D/S488D mutation represented a further

hyperpolarizing shift of *10 mV, instead of the expected

depolarizing shift. This is very similar to the shifts caused

by enhancing dephosphorylation of the Kv2.1 channel at

multiple sites [14, 40]. This result suggested that although

Kv2.2 shares some properties with Kv2.1, each channel

exhibits intrinsic differences in its voltage-dependent

activation properties and phosphorylation-dependent regu-

lation. These differences may be associated with the

subtype-specific sequences in proxC or the different

phosphorylation sites in the proxC of Kv2.2. Another

possibility is that the phosphorylation site modified by PKC

in this study (S481/S488) is close to the voltage sensor of

Kv2.2. These results indicated that the resemblance in

voltage-gating of Kv2.1 and Kv2.2 channels could be

Fig. 9 Effects of PMA on Kv2.2 current amplitude, voltage

dependence of activation, and action potentials (APs) in cortical

layer II pyramidal neurons in mouse brain slices. A Representative

time course of the changes in K? current amplitudes and statistical

analysis showing the effect of PMA on delayed outward rectifier K?

current. B Representative current traces and G–V curves showing the

effects of PMA on the voltage-dependence of activation of K?

currents. C Sample recordings of APs and statistical analysis showing

the effect of PMA on AP frequency. D Statistical analysis showing

the effect of PMA on resting potential. E PMA does not alter the

threshold, height, and width of APs. Data are reported as the mean ±

SEM from 6–10 cells. ***P \0.001 vs corresponding control by

paired t-test.
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obtained via parallel and complementary pathways either

through enhanced phosphorylation at S481/S488 of Kv2.2

by PKC or reduced phosphorylation at other sites of Kv2.1

by ionomycin or calcineurin [14].

A recent study by Hannah et al. showed that Kv2.2 and

Kv2.1 have very different expression patterns in the

mammalian cortex, and the expression pattern of Kv2.2

does not change to compensate for the loss of Kv2.1 in

Kv2.1-knockout mice, which suggests that Kv2.2 and

Kv2.1 play independent roles in the mammalian cortex

[22]. The study by Hannah et al. in mouse cortex further

demonstrated that the Kv2.2 channel is the predominant

Kv2-family protein in layer II of the mammalian neocortex

[22]. Consistent with their results, our Kv2.2 antibody

experiments showed that the Kv2.2 channel accounted for

almost 60% of the delayed-rectifier K? currents in layer II

pyramidal neurons in neocortex slices. Similar to the

results in HEK-293 cells, activation of PKC by PMA

induced a shift of the voltage-dependent activation curve to

a more negative potential and decreased the K? current

amplitude. Moreover, PMA significantly reduced the AP

firing rates of layer II pyramidal neurons in neocortex

slices. The PMA-induced inhibition of AP frequency was

abolished by Kv2.2-specific antibodies. These data are

consistent with our previous study [30] and implicated

Kv2.2 as the major regulator of excitability in layer II

pyramidal neurons of the neocortex, and this can be

modulated by PKC-dependent phosphorylation.

In our study, it was evident that Kv2.2-containing

channels in layer II pyramidal neurons mediated a delayed

rectifier that generated large outward K? currents on

depolarization. Based on the activation and inactivation

kinetics and conductance modeling of the voltage-gated

Na? and K? channels in neurons of the medial nucleus of

the trapezoid body, Johnston et al. proposed that the Kv2

channel plays a key role in maintaining high-frequency

firing by facilitating recovery from the inactivation of

voltage-gated Na? channels, and thus enhancing AP firing

[23]. Kv2.2 facilitation of high-frequency firing has been

reported in auditory neurons and mammalian sympathetic

Fig. 10 Effect of Kv2.2 antibody (anti-Kv2.2) on PMA-induced

inhibition of Kv2.2 current amplitude and AP frequency in cortical

layer II pyramidal neurons in mouse brain slices. A Sample record-

ings and statistical analysis demonstrating the Kv2.2 antibody effect

on Kv2.2 channels over-expressed in HEK293 cells (data from cells

before and after intracellular dialysis of anti-Kv2.2). B Representative

time course of the changes in delayed outward rectifier K? current

and statistical analysis showing the effect of Kv2.2 antibody with/

without PMA on this current. C Sample recordings and statistical

analysis showing the effect of the Kv2.2 antibody with/without PMA

on APs. Data are reported as the mean ± SEM from 6–21 cells;

***P\0.001 vs corresponding control by unpaired t-test.
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neurons [23, 25]. In addition to the shift of voltage-

dependent activation to hyperpolarization potentials,

another characteristic of the PKC-dependent regulation of

Kv2.2 channels was the significant decrease of current

amplitude, which is another common mechanism of ion

channel regulation by phosphorylation which changes the

number of channels on membranes or alters the conduc-

tance of ions through individual channels [34]. The PKC-

induced decrease in firing frequency was similar to that

induced by the antibody against Kv2.2, suggesting that the

inhibition of Kv2.2 current amplitude may be critical in the

PKC-dependent regulation of neuronal excitability. How-

ever, we noted that the PMA-induced decrease of firing

frequency was also very similar to that caused by

increasing dephosphorylation of the Kv2.1 channel at

multiple sites [14]. Since both the hyperpolarizing shift of

the activation curve and reduced Kv2.2 current amplitude

induced by PKC were associated with phosphorylation at

sites S481/S488, these events may be due to the difference

between Kv2.2 and Kv2.1 in the phosphorylation sites in

proxC, although this is still a speculation and requires

further research.

According to the voltage-dependent activation proper-

ties, it may be the case that neurons expressing more Kv2.2

channels have relatively lower intrinsic excitability under

basal conditions; here, our data showed that PKC-depen-

dent phosphorylation induced a further lowering of neu-

ronal excitability by altering the activation properties and

decreasing the current amplitude. Since phosphorylation in

the Kv2.2 basal state is less than in Kv2.1, phosphorylation

regulation is more physiological than dephosphorylation

regulation for Kv2.2. Our data provide a molecular

mechanism for the PKC phosphorylation-dependent regu-

lation of Kv2.2 activity and suggest that any stimulus that

activates PKC may regulate Kv2.2, thereby changing

neuronal excitability. PKC is not only the downstream

signal of Gi protein-coupled receptors but is also the

downstream signal of lipid metabolites, intracellular Ca2?

activation, and oxidative stress stimulation [43–46], and

regulates various neuronal functions [47–49], its effect on

Kv2.2 has broad physiological and pathological impor-

tance. Accordingly, resveratrol [30] and angiotensin II [7]

have been shown to inhibit Kv2.2 by activation of PKC. It

may be worthwhile to further investigate whether Kv2.2 is

regulated by other protein kinases besides PKC, since a

recent study has shown that the phosphorylation levels of

serine/threonine of Kv2.2 channels is massively increased

in hypertrophic intestinal smooth muscle cells [50].
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