
Alternative Splicing Regulates Kv3.1 Polarized Targeting to
Adjust Maximal Spiking Frequency*□S

Received for publication, August 30, 2011, and in revised form, November 9, 2011 Published, JBC Papers in Press, November 21, 2011, DOI 10.1074/jbc.M111.299305

Yuanzheng Gu‡, Joshua Barry§, Robert McDougel¶, David Terman¶, and Chen Gu‡§1

From the ‡Department of Neuroscience and Center for Molecular Neurobiology, §Molecular, Cellular and Developmental Biology
Graduate Program, and the ¶Department of Mathematics, The Ohio State University, Columbus, Ohio 43210

Background: Ion channels play critical roles in converting synaptic inputs into digital outputs encoded by action potentials.
Results: Kv3.1 axonal targeting, regulated by its C-terminal splice domain, enhances the maximal spiking frequency.
Conclusion: Channel biophysical properties and localization are both important for Kv3.1-mediated fast spiking in neurons.
Significance: This is the first report showing an important function of polarized targeting of Kv channels.

Synaptic inputs received at dendrites are converted into digi-
tal outputs encoded by action potentials generated at the axon
initial segment inmost neurons.Here,we report that alternative
splicing regulates polarized targeting of Kv3.1 voltage-gated
potassium (Kv) channels to adjust the input-output relation-
ship. The spiking frequency of cultured hippocampal neurons
correlated with the level of endogenous Kv3 channels. Expres-
sion of axonal Kv3.1b, the longer form of Kv3.1 splice variants,
effectively converted slow-spiking young neurons to fast-spik-
ing ones; this was not the case for Kv1.2 or Kv4.2 channel con-
structs. Despite having identical biophysical properties as
Kv3.1b, dendritic Kv3.1a was significantly less effective at
increasing the maximal firing frequency. This suggests a pos-
sible role of channel targeting in regulating spiking fre-
quency. Mutagenesis studies suggest the electrostatic repul-
sion between the Kv3.1b N/C termini, created by its
C-terminal splice domain, unmasks the Kv3.1b axonal target-
ing motif. Kv3.1b axonal targeting increased the maximal
spiking frequency in response to prolonged depolarization.
This finding was further supported by the results of local
application of channel blockers and computer simulations.
Taken together, our studies have demonstrated that alterna-
tive splicing controls neuronal firing rates by regulating the
polarized targeting of Kv3.1 channels.

The ability of a neuron to integrate synaptic inputs and gen-
erate proper action potential (AP)2-encoded outputs relies on
the concerted actions of ligand- and voltage-gated ion channels
that are present on its plasma membrane. Most neurons have
multiple dendrites and one long axon, important for the neuro-

nal input and output functions, respectively. Various types of
Kv channels, with distinct biophysical and pharmacological
properties, are differentially localized in dendrites and the
axon. In mammalian brains, Kv1 (Shaker) channels are pre-
dominantly distributed along axons, whereas Kv2 (Shab) and
Kv4 (Shal) channels are mainly localized in dendritic regions
(1–10). Kv3 (Shaw) channels display complex targeting pat-
terns. Depending on the isoform, alternative splicing, and neu-
ronal types, some Kv3 channels localize in axons and some in
dendrites (11–19). Progress has been made in identifying
molecularmechanismsunderlying polarized targeting of differ-
ent Kv channels (16, 20–25).However, the exact function of the
regulation of polarized targeting of Kv channels remains a
mystery.
Excitatory and inhibitory synaptic potentials generated in

dendrites and soma are summed and converted into one or a
number of APs at theAIS ofmost neurons, where voltage-gated
sodium (NaV) channels are highly concentrated. TheAIS is also
critical for gating the entry of axonal proteins (26, 27). The
spiking frequency of each neuron must properly reflect the
strength of synaptic potentials. Regulation of the input-output
relationship, which is emerging as a new form of plasticity of
intrinsic excitability, is still poorly understood. The widest
range of spiking frequencies is usually attributable to the pres-
ence of Kv3 channels, because of their unique biophysical prop-
erties, high activation threshold (about �20 mV), and rapid
deactivation kinetics (28, 29). However, it remains unknown
whether Kv3 channel expression is sufficient for fast spiking,
because not all Kv3-expressing neurons spike rapidly (11). This
raises an intriguing question: how does the polarized targeting
of Kv3 channels regulate the spiking frequency?
In this study, we use hippocampal neurons as amodel system

(30–32) to examine how Kv3-polarized targeting affects the
neuronal input-output relationship. Our results show that
besides their essential role in increasing AP firing frequency,
the expression of axonal Kv3.1b channels is sufficient to con-
vert a slow-spiking young neuron to a fast-spiking one. Inter-
estingly, the increase of an outward K� current actually
enhances neuronal excitability reflected by increased AP firing
frequency. Moreover, our mutagenesis studies reveal novel
mechanistic insights into axonal targeting of Kv3.1b. Our stud-

* This work was supported, in whole or in part, by National Institutes of Health
Grant R01NS062720 from the NINDS (to C. G.) and National Science Foun-
dation Grant DMS-1022627 (to D. T.). All animal experiments have been
conducted in accordance with the National Institutes of Health Animal Use
Guidelines.

□S This article contains supplemental Figs. S1–S9.
1 To whom correspondence should be addressed: 182 Rightmire Hall, 1060

Carmack Rd., Columbus, OH 43210. Tel.: 614-292-0349; Fax: 614-292-5379;
E-mail: gu.49@osu.edu.

2 The abbreviations used are: AP, action potential; Kv channel, voltage-gated
potassium channel; AIS, axon initial segment; NaV channel, voltage-gated
sodium channel; DIV, day in vitro; TEA, tetraethylammonium; ATM, axonal
targeting motif; E18, embryonic day 18; P8, postnatal day 8.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 3, pp. 1755–1769, January 13, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JANUARY 13, 2012 • VOLUME 287 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 1755

http://www.jbc.org/cgi/content/full/M111.299305/DC1


ies suggest that axon-dendrite targeting of Kv3.1 channels can
effectively adjust the maximal spiking frequency.

EXPERIMENTAL PROCEDURES

cDNA Constructs—Kv3.1aHA, Kv3.1bHA, Kv3.1bHA1–502,
YFP-Kv1.2, and Kv�2 were previously described (16, 21). YFP-
Kv4.2 was made by inserting a cDNA fragment encoding YFP
into the N terminus of Kv4.2 before its T1 domain between SalI
and NheI restriction enzyme sites, which were engineered
between the codons for Lys36 and Arg37 using the QuikChange
mutagenesis strategy. Kv3.1bHA1–513, Kv3.1bHA1–530, and
Kv3.1bHA1–554, were made by engineering stop codons
in Kv3.1bHA C terminus with QuikChange mutagenesis.
Kv3.1bHADE-KK, Kv3.1bHAED-AA, Kv3.1bHAED-KK, and
Kv3.1bHAED-AA were made with QuikChange mutagenesis.
Hippocampal Neuron Cultures and Transfection—The E18

hippocampal neuron culture was prepared as previously
described from rat hippocampi at the embryonic day 18 (E18)
(16, 23). In brief, 2 days after neuron plating, 1 �M cytosine
arabinose (Ara-C, Sigma) was added to the neuronal culture
medium to inhibit glial growth for the subsequent 2 days, then
replaced with normal culture medium. The culture medium
was replenished twice a week by replacing half the volume. For
transient transfection, neurons in culture at 5–7 DIV (day in
vitro) were incubated inOpti-MEMcontaining 0.8�g of cDNA
plasmid and 1.5 �l of Lipofectamine 2000 (Invitrogen) for 20
min at 37 °C. At least three independent transfectionswere per-
formed for each condition.
The P8 hippocampal neuron culture was prepared from rat

hippocampi at postnatal day 8 (P8) to obtain interneuron-en-
riched cultures, using the same procedure as the E18 culture as
described previously (23). Enrichment of GABAergic interneu-
rons in P8 cultures may reflect differences in the birth and
migration of GABAergic interneurons versus pyramidal neu-
rons. In addition, pyramidal neuronsmay diemore readily dur-
ing dissociation for culture, because P8 pyramidal neurons
already have lengthy and complex dendritic and axonal arbors.
Neurons were usually cultured for about 14 to 21 DIV before
the experiments.
Voltage Clamp Recording to Determine Channel Biophysical

Properties—Biophysical properties of various Kv channel con-
structs were determined by voltage clamp recording studies on
transfected HEK293 cells and neurons. HEK293 cells were
maintained in cell line medium (minimum essential medium
with 10% fetal bovine serum, 1 mM sodium pyruvate, 0.5 mM

L-glutamine, and penicillin-streptomycin). They were trans-
fected with Lipofectamine2000 using the same protocol as for
cultured neurons. The transfected HEK293 cells were identi-
fied by fluorescence from co-transfected YFP. They were
recorded in Hanks’ buffer (150 mM NaCl, 4 mM KCl, 1.2 mM

MgCl2, 10 mg/ml of glucose, 1 mM CaCl2, 20 mM HEPES (pH
7.4)). The internal solution of electrical pipettes was composed
of (in mM) 122 KMeSO4, 20 NaCl, 5 Mg-ATP, 0.3 GTP, and 10
HEPES (pH 7.2). The resistance of electrodes was between 2
and 5 M�. Whole cell voltage clamp recording was performed
at room temperature (�25 °C) using an Axopatch 200B ampli-
fier, a digidata 1440A, and pCLAMP10 software (Molecular
Devices, Downingtown, PA). Currents were filtered at 5 kHz.

Membrane potentials of isolated cells were normally held at
�80 mV. Voltage pulses from �60 to �60 mV with 200–
250-ms duration and 10-mV increments were applied.
Conductance-voltage relationships (G-V curves) for Kv

channel constructs were: G � I/(Vm � Vrev), Vrev � �95 mV,
normalized to the maximal conductance. Curves were fitted
with Boltzmann function,G/Gmax � 1/(1� exp[� (V�V1/2)/k]),
where Gmax is the maximal conductance, V is the membrane
potential, V1/2 is the potential at which the value of the relative
conductance is 0.5, and k is the slope factor. SigmaPlot 10.0
(Systat Software, Inc., Chicago, IL) was used for fitting.
To obtain activation time constant (�on), activation curves

(voltage was increased from�80 to�30mV) were fitted with a
single exponential function raised to a power of 4, I(t) � A(1 �
exp(�t/�on))4. In studies of deactivation kinetics of Kv chan-
nels, the cells were held at �80 mV, given a 2-ms pre-pulse to
�60 mV and 20-ms voltage pulses from �100 to �10 mV. To
obtain deactivation time constants (�off), tail currents (voltage
decreasing from�60 to�60mV)were fittedwith the equation,
I(t)�Aexp (�t/�off). Clampfit 10.0 was used for fitting to get �on
and �off.
Current Clamp Recording of Action Potentials—The same

internal solution and Hanks’ buffer were used for recording of
primary cultured neurons. Bothmature neurons (older than 16
DIV) and young neurons (7 to 10 DIV) were recorded from
either the E18 or the P8 cultures. The membrane resistance,
capacitance, and resting membrane potentials of the neurons
were measured. These values are consistent within each age
group. APs induced by either puffing (0.5–1 s in duration) 2 �M

glutamate (Glu) onto neuronal soma, or current injection from
the recording pipette, were recorded under the current clamp
mode. For long pulse stimulations, 1000-ms duration currents
of increasing amplitude (from 5 to 145 pA with increments of
10 pA)were injected.Due to the variation of expression levels of
transfected channel constructs, only the neurons carrying clear
after-hyperpolarization were used for quantification of spiking
frequency. For short pulse stimulations, 2-ms duration currents
of 800 pA with increasing frequency (from 50 to 300 Hz with
increment of 50 Hz) were injected. Because the current injec-
tion is very short for short pulse stimulations, we found that
only the large current (800 pA) can reliably induce the first AP
in control neurons, consistent with previous studies (33–35).
Post Hoc Immunostaining of Hippocampal Neurons from P8

Culture—To examine the AP firing frequency of the endoge-
nous Kv3.1 channels role, we performed current clamp record-
ing on the P8 neurons from 14 to 16 DIV. For each neuron,
inducedAP traces by long-pulse stimulationwere recorded and
its morphology was imaged with transmitted light. The neuron
was fixed immediately after recording, permeabilizedwith 0.2%
Triton X-100, and stained for endogenous Kv3.1b and NaV
channels with a mouse monoclonal anti-Kv3.1b antibody
(clone number B16B/8; University of California Davis/NIH
NeuroMab Facility, Davis, CA) and a rabbit polyclonal anti-pan
NaV channel antibody (Millipore), respectively. The maximal
AP frequency and immunostaining intensity of endogenous
Kv3.1b in proximal axons are correlated.
Local Drug Application and Effects on Action Potential Firing—

Glass pipettes with a tip diameter around 1�m for patch clamp
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recording were pulled with a model P-1000 Flaming/Brown
micropipette puller (Sutter Instrument, Novato, CA). Glass
pipettes with diameters around 50 �m, made by adjusting the
pulling parameters and filled with either 2 �M Glu or 1 mM

tetraethylammonium (TEA), were used for perfusion of whole
neurons. Glass pipettes with diameters around 3 �m, pulled
with a designated program and filledwith 1mMTEA,were used
for local perfusion onto axons or dendrites.
Immunostaining, Imaging, and Quantification—The immu-

nocytochemical procedures were previously described (16, 21).
Briefly, neurons were stained under nonpermeabilized condi-
tions (withoutTritonX-100) to label the surface pool andunder
permeabilized conditions (with 0.2% Triton X-100) to label
total proteins. Fluorescence images were captured with a Spot
CCD camera RT slider (Diagnostic Instrument Inc., Sterling
Heights, MI) in a Zeiss upright microscope, Axiophot, using
Plan Apo objectives �20/0.75 and �100/1.4 oil, saved as 16-bit
TIFF files, and analyzed with NIH ImageJ and Sigmaplot 10.0
for fluorescence intensity quantification. Exposure times were
controlled so that the pixel intensities in dendrites and axons
were below saturation, but the same exposure time was used
within each group of an experiment. The quantification proce-
dure was described previously (16, 23). Only transfected neu-
rons with clearly separated dendrites and axons, and isolated
fromother transfected cells, were chosen for analysis. To obtain
the axonal polarity index (Faxon/Fdend) reflecting polarized tar-
geting on the neuronal surface, we performed anti-HA staining
under the nonpermeabilized condition. Using NIH ImageJ, we
laid a line along the major axon to acquire its average fluores-
cence intensity (in arbitrary unit) (Faxon), and laid lines along
proximal dendrites 10 �m away from the soma to obtain the
average fluorescence intensity on dendriticmembranes (Fdend).
To obtain the relative axonal level of total proteins (Faxon/Fsd),
we performed anti-HA staining under permeabilized condi-
tions. Using NIH ImageJ, we laid a line along the major axon to
acquire Faxon, and laid lines along proximal dendrites starting
from the soma to obtain Fsd. The background fluorescence
intensity was measured for each image and subtracted.
Simulation of Action Potential Firing Using NEURON

Software—The computation model was implemented using
NEURON 7.1 (36). We assumed a simplified morphology,
largely consistent with a cultured hippocampal neuron at 10
DIV. The cell was constructed using three cylinders, each rep-
resenting a distinct region of the neuron: a dendrite (100 �m in
length and 4 �m in diameter), a soma (20 �m in length and 20
�m in diameter), and an axon (400 �m in length and 2 �m in
diameter). TheAIS is located in the first 10–45�mof the axon.

Each simulation was compared three model neurons (con-
trol, dendritic Kv3.1, and axonal Kv3.1) with different Kv3
channel distributions but otherwise identical, that is, they had
the same morphology, NaV channel distribution, and leak
channel distribution.
In dendritic Kv3.1-expressing neurons, Kv3 current density

is relatively higher on the somatodendritic surface, whereas in
axonal Kv3.1-expressing neurons, Kv3 current density is rela-
tively higher on the axonal surface including the AIS. This is
largely consistent with the immunostaining results under the
nonpermeabilized condition.

In Fig. 8, A and B, we provide one example of the simulation
results. The parameters used in this figure are as follows: NaV
channels carrying transient Na� currents were present
throughout the cell, with density in the AIS (37,300 pS/�m2)
five times higher than along the rest of the axon (7,460 pS/�m2)
and 20 times higher than the rest of the cell (1,865 pS/�m2). In
the control neuron, Kv3.1 channels were absent. In the den-
dritic Kv3.1-expressing neuron, Kv3.1 channels were present
on somatic and dendritic membranes (20,000 pS/�m2) and
axonal membranes including the AIS (1,000 pS/�m2). In the
axonal Kv3.1-expressing neuron, Kv3.1 channels were present
on somatic and dendritic membranes (5,000 pS/�m2) and
axonal membranes including the AIS (15,000 pS/�m2). The
ratios of Kv3.1 channels used here were adopted from the most
highly polarized examples observed in our immunostaining
results (Faxon/Fdend) under the nonpermeabilized condition. It
was assumed here that the anti-HA immunofluorescence signal
is in a linear relationship with the actual amount of Kv3.1 chan-
nels. Leaky channel conductance was present throughout the
cell at 7.1 pS/�m2.
The biophysical properties of NaV channels, Kv3.1 channels,

and leaky channels used in our model cells were adopted from
Golomb et al. (37) with modifications based on experimentally
observed time constants. The current balance equation is,

CVt � �r�2Ra�Vxx�INa(V,h, x) � IKv3(V,n, x) � It�V� � Iapp

(Eq. 1)

where V is the membrane potential of the neuron, C � 1
�F/cm2 is the membrane capacitance, r is the section radius,
Ra � 35.4 �-cm is the cytoplasmic resistivity, Iapp denotes
external current injected into the neurons, and INa, IKv3, and Il
represent the sodium (NaV), potassium (Kv3.1), and leak cur-
rents, respectively. These are modeled as: INa(V,h,x) � gNa(x)
m∞

3 (V)h(V � VNa); IKv3(V,n,x) � gk(x)n2(V � VK); and Il(V) �
gl(V � Vl), where gNa(x), gK(x), and gl represent the maximum
NaV, Kv3.1, and leak conductances, the first two vary with
space depending on the region of the cell. The sodium, potas-
sium, and leak reversal potentials are VNa � 50 mV, VK � �77
mV, and Vl � �70 mV, respectively.
Sodium activation is assumed to be instantaneous and is

given by: m∞(V) � 1/(1 � exp(�(V � �m)/�m)). The sodium
inactivation variable h are governed by,

ht � �h	�V� � h�/�h�V� (Eq. 2)

where h∞(V) � 1/(1 � exp(�(V � �h)/�h)) and �h(V) � 	h
(0.5 � 10/(1 � exp(�(V � �th)/�th))). We take �m � �24 mV,
�m � 11.5 mV, �h � �58.3 mV, �h � �6.7 mV, �th � �16mV,
�th � �12 mV, and 	h � 1.5.

The potassium activation variable n is governed by,

nt � �n	�V� � n�/�n�V� (Eq. 3)

wheren∞(V)�1/(1� exp(�(V� �hn)/�n)) and �h(V)� 	n (0.2�
11.4/(1� exp((V� 3)/6)))(0.07� 11.4/(1� exp(�(V�1.3)/15))).
We take �hn � �12.4 mV, �n � 6.8 mV, and 	h � 0.5.
Long pulse experiments were performed as follows. First we

administered a current at themidpoint of the soma for 5 s; then
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we counted the number of spikes; and finally divided the total
count by 5 to get the firing rate. We established the robustness
of the qualitative result that axonal Kv3.1 leads to a higher firing
rate than dendritic Kv3.1 by keeping the expression ratios con-
stant and randomly choosing base conductances in the follow-
ing ranges: gNa (peak expression) between 0 and 50,000
pS/�m2, gK (lowest expression) between 0 and 10,000 pS/�m2,
and gl between 0 and 20 pS/�m2.

RESULTS

Spiking Frequency of Hippocampal Neurons and Endogenous
Kv3 Channels—To determine AP firing patterns of various
mature hippocampal neurons (from 16 to 28 DIV), we per-
formed whole cell current-clamp recordings on neurons from
the E18 and P8 cultures (Fig. 1A). Tomimic excitatory inputs, 2
�MGluwas puffed (0.5–1 s) onto neuronal dendrites and soma.

FIGURE 1. Hippocampal neurons in culture spikes at different frequencies in response to prolonged depolarizing inputs. A, whole cell current-clamp
recording on cultured hippocampal neurons. In the experimental diagram of the whole cell recording of a cultured hippocampal neuron (top), a recording
electrode (green) records membrane potentials and injects currents to induce APs. A drug perfusion pipette (gray) is used to apply either glutamate (Glu)
or TEA to the neuron. Current injection and Glu puffing mimic presynaptic excitatory inputs to induce APs initiated at the AIS (red). APs propagate
anterogradely along axons toward axonal terminals, and retrogradely back to soma picked up by the recording electrode. The lower panel shows a
transmitted light image of the recoding of cultured hippocampal neurons at 14 DIV. B, a slow-spiking neuron firing APs induced by either a puffing
(0.5–1 s) of 2 �M Glu (upper) or 1-s injection of 130 pA currents (lower). Recording of APs for 20 s is shown on the top, below which is the trace within the
first 1 s of drug application. Neurons around 15 to 17 DIV from the P8 culture were used. C, a fast-spiking neuron firing APs induced by either Glu puffing
(upper) or current injection (lower). Black arrowheads indicate the Glu puffing. D, fast spiking of cultured hippocampal neurons was reversibly blocked
by perfusing 1 mM TEA. The first (left) and fifth (right) APs are shown. Summary of the result is at the bottom. Normalized frequency equals to AP
frequency divided by the frequency under the control condition. Paired t test, **, p 
 0.01. E, AP firing induced by 1-s current injection (left) and axonal
levels of endogenous Kv3.1b (right) in a slow-spiking neuron. After recording, the neuron was fixed post hoc, and co-stained with anti-Kv3.1b (green) and anti-pan-NaV
(red) antibodies. The anti-Kv3.1b staining is shown in reversed signal (right top). F, AP firing induced by 1-s current injection (left) and axonal levels of endogenous
Kv3.1b (right) in a neuron firing more rapidly. White arrowheads indicate proximal axons. G, summary of the correlation of axonal Kv3.1b levels and AP frequencies.
Pearson test, p 
 0.0001. n � 49. Scale bars, 100 �m in A and 50 �m in E and F.
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Glu puffing depolarized the membrane potential and induced
AP firing (Fig. 1, B and C). In the same neuron, we also injected
square-wave current pulses into the soma to induce APs. Sim-
ilar spiking frequency resulted from the two different induction
methods. In a slow-spiking neuron, Glu puffing and current
injection led to a few APs per second (Fig. 1B). In contrast, in a
fast-spiking like neuron, both Glu puffing and current injection
induced much higher firing rates (Fig. 1C). Our finding that
these cultured neurons display a variety of spiking frequencies
is consistent with the fact that the hippocampus contains dif-
ferent types of neuronswith distinct firing properties, including
fast-spiking, parvalbumin-positive GABAergic interneurons
(38).
To determine the role of Kv3 channels in regulating the spik-

ing frequency, we examined the effect of a low concentration (1
mM) TEA, which preferentially blocks Kv3 channels (28).
Indeed, the fast spiking of recorded neuronsweremarkedly and
reversibly suppressed by 1 mM TEA (normalized frequency
control, 100%; 1 mM TEA, 44.4 � 13.4%; wash, 71.1 � 11.3%;
n � 5) (Fig. 1D). Before TEA application, these neurons exhib-
ited spiking patterns that are characteristic of fast-spiking neu-
rons, which are nearly constant AP amplitudes, uniform inter-
spike intervals, and high firing frequencies (Fig. 1D). The TEA
application broadened AP duration; this was especially promi-
nent in subsequent APs (Fig. 1D). Due to broadening of the
duration of previous APs, initiation of the 5th AP was much
delayed and its amplitude also decreased (Fig. 1D). However, it
is important to note that TEA does block other Kv channels at 1
mM concentration, although with less efficacy compared with
Kv3.
To further examine the potential role of Kv3.1 channels, we

combined the current-clamp recordingwith post hoc immuno-
staining. Neurons were imaged with transmitted light during
recording, immediately fixed afterward, and stained for endog-
enous Kv3.1b and NaV channels. A slow-spiking neuron often
did not express anyKv3.1b at all (Fig. 1E), whereas a fast-spiking
neuron expressed endogenous Kv3.1b in neuronal soma and
proximal axons (Fig. 1F). Expression levels of Kv3.1b along
proximal axons correlate with the maximal spiking frequency
(Fig. 1G). Overall, the percentage of fast-spiking-like neurons
was low (fast, �11%, �31 Hz; medium �28%, 21–30 Hz; slow,
�61%, 
20 Hz; n � 218), consistent with the staining result.
Taken together, our study is consistentwith the notion thatKv3
channels play a critical role in generating fast spiking within
neurons (28).
Expression of Kv3.1b Effectively Converts Slow-spiking Young

Neurons into Fast-spiking Neurons—Next, we examined
whether Kv3 expression is sufficient to induce fast spiking by
using hippocampal neurons from the E18 culture. At different
developmental stages (from 4 to 22 DIV), there was maturation
of neuron morphology, with increased axonal and dendritic
length and branching patterns (supplemental Fig. S1). This was
accompanied byAPs displaying increased amplitude and short-
ened duration (supplemental Fig. S1), which is consistent with
the AP maturation revealed from Xenopus spinal neurons and
rodent auditory neurons, where increased expression of NaV
and Kv channels plays a major role (39–42). We transfected
various Kv channel constructs into neurons at 5 DIV and then

recorded them from 7 to 10 DIV. This is because there were
sufficient NaV channels (supplemental Fig. S2). On the other
hand, the expression levels of endogenous Kv channels is low
and the outward currents increased by over 5-fold when Kv3.1
was transfected (control, 1.56 � 0.22 nA, n � 10; Kv3.1aHA,
11.43 � 1.09 nA, n � 10; Kv3.1bHA, 9.79 � 0.60 nA, n � 6),
rendering a relatively clean background (supplemental Fig. S2).
Importantly, we have never observed fast spiking from these
cultured neurons at this stage.
When expressed in the neurons, Kv3.1bHA markedly

increased the maximal spiking frequency in response to pro-
longed current injections (1 s duration), effectively converting
slow-spiking neurons to fast-spiking ones, firing APs up to 100
Hz (Fig. 2A). The firing pattern is characteristic of fast-spiking
neurons with narrow spikes and rather constant amplitudes/
inter-spike intervals. YFP-tagged Kv1.2 (YFP-Kv1.2), highly
concentrated on axonal membranes (20), also increased the
maximal spiking frequency compared with control, but much
less compared with Kv3.1bHA (Fig. 2A). YFP-tagged Kv4.2
(YFP-Kv4.2), concentrated on somatodendritic membranes,
did not increase the spiking frequency at all (Fig. 2A). Express-
ing Kv3.1aHA also increased the maximal spiking frequency,
but surprisingly the increase was markedly less compared with
Kv3.1bHA (Fig. 2A). For a single AP, Kv3.1aHA and Kv3.bHA
significantly shortened theAPduration and increased the after-
hyperpolarization compared with YFP-Kv1.2 and YFP-Kv4.2
(Fig. 2, B and D). None of the channel constructs significantly
affected the resting membrane potential (Fig. 2C). The resting
membrane potentials for E18 neurons (7–10 DIV, �60.73 �
0.83 mV, n � 48; 14–16 DIV, �62.47 � 0.90 mV, n � 19) and
P8 neurons (14–16 DIV,�60.78� 0.68mV, n� 49) under our
experimental conditions were similar. Neither Kv3.1aHA nor
Kv3.1bHA expression changed inward NaV currents in hip-
pocampal neurons (supplemental Fig. S3). Detailed analysis of
the input-output relationship showed Kv3.1bHA was signifi-
cantly more effective in increasing the maximal spiking fre-
quency compared with Kv3.1aHA (Fig. 2E). In contrast, both
Kv3.1aHA and Kv3.1bHA enabled young neurons to follow
high-frequency inputs (Fig. 2, F and G, and supplemental
Fig. S4).
Biophysical Properties of Kv Channel Constructs—To under-

stand why these channels differentially altered the neuronal
firing frequency, we examined their biophysical properties by
performing voltage-clamp recordings on transfected HEK293
cells. Due to the space clamp problem, it is difficult to accu-
rately determine channel biophysical properties using whole
cell recording on neurons. When expressed in HEK293 cells,
the four constructs gave large currents (�10 nA) compared
with the small endogenous current (�0.2 nA) (Fig. 3, A and B).
Detailed biophysical properties of HA-tagged Kv3.1 channels,
Kv3.1aHAandKv3.1bHA,were not examined before.Although
untagged Kv1.2 and Kv4.2 only carried much smaller currents
(1–3 nA) when expressed in HEK293 cells, YFP-tagged Kv1.2
and Kv4.2 gave large currents comparable with Kv3.1aHA and
Kv3.1bHA, most likely due to different expression levels. How-
ever, YFP fusionmay alter the channel property. Therefore, it is
important to determine their biophysical properties. Kv3.1aHA
and Kv3.1bHA displayed identical channel properties, includ-
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ing their activation threshold (about �20 mV), conductance-
voltage relationship, activation (Kv3.1aHA �on, 0.20 � 0.02 ms;
Kv3.1bHA �on, 0.22 � 0.01 ms), and deactivation (Kv3.1aHA
�off, 0.65 � 0.11 ms; Kv3.1bHA �off, 0.74 � 0.03 ms) time con-
stants (Fig. 3). This is consistent with previously published
results (13, 16, 28). In contrast, YFP-Kv1.2 and YFP-Kv4.2 had
very different channel properties. YFP-Kv1.2 was activated
around �20 mV (YFP fusion may increase the activation
threshold of Kv1.2), similar to Kv3.1aHA and Kv3.1bHA,
whereas YFP-Kv4.2 was activated around �40 mV and dis-
played clear inactivation (Fig. 3, A and E). Importantly, both
YFP-Kv1.2 (�on, 2.88 � 0.30 ms; �off, 2.79 � 0.11 ms) and YFP-
Kv4.2 (�on, 0.74 � 0.04 ms; �off, 6.34 � 0.20 ms) activated and
deactivatedmuch slower comparedwithKv3.1 channels (Fig. 3,
C, D, and F), consistent with previous studies (43–46). The
differences indicate why YFP-Kv1.2 and YFP-Kv4.2 expression

did not markedly increase the spiking frequency as Kv3.1bHA
did. However, our data have raised a very interesting question.
Why do Kv3.1bHA and Kv3.1aHA have identical channel bio-
physical properties but differentially regulate the spiking
frequency?
The Mechanism Underlying Kv3.1 Axonal Targeting and Its

Impact on Spiking Frequency—We wondered whether the
polarized targeting of Kv3.1 channels plays an important role in
regulating the spiking frequency. Two splice variants of Kv3.1,
Kv3.1a and Kv3.1b, differ in their polarized axon-dendrite tar-
geting (16). Whereas Kv3.1a is restricted on somatodendritic
membranes, Kv3.1b is more enriched on axonal membranes
(16). To determine the impact of channel targeting on spiking
frequency, we first made Kv3.1 channel mutants with
unchanged channel activity but altered targeting. Our protein
biochemistry and cell biology studies suggest that the splice

FIGURE 2. Expression of Kv3.1b effectively converts slow-spiking neurons to fast-spiking ones. A, overexpression of Kv3.1bHA or Kv3.1aHA significantly
increased firing frequencies of APs induced by long-pulse current injections. Hippocampal neurons transfected with YFP (as control), Kv3.1aHA � YFP
(indicator for transfection), Kv3.1bHA � YFP, YFP-Kv1.2, or YFP-Kv4.2 were examined with whole cell recording. Currents with 1000-ms duration and 10-pA
increments from 5 to 145 pA were injected to the neuronal soma through the recording electrode. An example trace of APs induced by 105 pA current is shown
for each condition. B, example waveforms of APs recorded from the neurons expressing different Kv channel constructs. C, resting membrane potentials of
transfected neurons. D, average amplitude of after-hyperpolarization potential (AHP) of the transfected neurons. One-way analysis of variance followed by a
Dunn test, **, p 
 0.01. E, relationship of injected current and AP firing frequency in neurons expressing different Kv channels, between Kv3.1aHA and the
Kv3.1bHA t test: **, p 
 0.01; *, p 
 0.05. The p values were adjusted by the Holm-Bonferroni method from repeat measures of Kv3.1bHA. F, APs induced by
short-pulse current injections from a control neuron and a Kv3.1bHA-expressing neuron. Short current pulses (2 ms; 800 pA) with 100 Hz frequency were
injected into the neuronal soma. G, relationship of the frequency of short-pulse current injections and AP success rate. The “n” numbers are provided in
parentheses.
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domain regulates the N/C-terminal interaction to expose the
axonal targetingmotif (ATM) inKv3.1b (16), but how the splice
domain carries out the regulation was not known. Thus, we
made deletion constructs of Kv3.1b missing different portions
of its C-terminal splice domain and examined their polarized
axon-dendrite targeting (Fig. 4A). Whereas Kv3.1bHA1–554
(Faxon/Fdend, 1.90 � 0.14) and Kv3.1bHA1–530 (Faxon/Fdend,
2.04 � 0.11) were enriched on axonal membranes similar to
Kv3.1bHA (Faxon/Fdend, 1.98 � 0.11), Kv3.1bHA1–513 (Faxon/
Fdend, 0.26 � 0.04) and Kv3.1bHA1–502 (Faxon/Fdend, 0.35 �
0.03)were contained on somatodendriticmembranes similar to
Kv3.1aHA (Faxon/Fdend, 0.27 � 0.02) (Fig. 4, A–E, and supple-

mental Fig. S5). Therefore, the regulatory element of the splice
domain most likely resides between residues 513 and 530 close
to its N terminus (Fig. 4A).
Next, we determined the biophysical properties of channel

deletion constructs using voltage-clamp recordings on trans-
fected HEK293 cells. All deletion constructs except
Kv3.1bHA1–513 had unchanged channel properties compared
with wild type Kv3.1bHA, including current amplitude, activa-
tion threshold, conductance-voltage relationship, and activa-
tion and deactivation time constants (supplemental Figs. S6
and S7). To determine their effects on spiking frequency, we
transfected the three channel deletion constructs with

FIGURE 3. Biophysical properties of different Kv channel constructs. A, whole cell voltage-clamp recording was performed on HEK293 cells transfected with
Kv3.1aHA, Kv3.1bHA, YFP-Kv1.2 (Kv�2 was co-transfected to enhance the channel expression), or YFP-Kv4.2. Membrane potentials of cells were held at �80 mV
and voltage pulses were applied from �60 to �60 mV with 10-mV increments (lower left). B, current amplitudes of different Kv channel constructs expressed
in HEK293 cells are provided in mean � S.E. Control cells expressing YFP, 0.24 � 0.08 nA; Kv3.1aHA (red), 11.22 � 0.74 nA; Kv3.1bHA (green), 11.66 � 0.55 nA;
YFP-Kv1.2 (blue), 11.47 � 0.89 nA; YFP-Kv4.2 (black), 9.05 � 0.46 nA. The “n” numbers are provided. C, the initial rising phase of channel currents recorded at �30
mV. D, activation time constant (�on) of different channel constructs. One-way analysis of variance followed by a Dunn test, **, p 
 0.01. E, conductance and
voltage curves of overexpressed Kv3.1aHA, Kv3.1bHA, YFP-Kv1.2, and YFP-Kv4.2 channels. F, deactivation time constant (�off) of different channel constructs.
One-way analysis of variance followed by Dunn test, **, p 
 0.01.

Kv3.1 Polarized Targeting and Spiking Frequency

JANUARY 13, 2012 • VOLUME 287 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 1761

http://www.jbc.org/cgi/content/full/M111.299305/DC1
http://www.jbc.org/cgi/content/full/M111.299305/DC1
http://www.jbc.org/cgi/content/full/M111.299305/DC1
http://www.jbc.org/cgi/content/full/M111.299305/DC1


unchanged activity into neurons. Kv3.1bHA1–513 and previ-
ously identified mutants at the ATM (16) had altered channel
activity and therefore were not further examined for their
impact on the spiking frequency (supplemental Fig. S7). Inter-

estingly, Kv3.1bHA1–554 and Kv3.1bHA1–530 effectively
enhanced the spiking frequency induced by prolonged current
injection just like Kv3.1bHA, whereas Kv3.1bHA1–502 func-
tioned as Kv3.1aHA (Fig. 4F and supplemental Fig. S8A). No
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dramatic difference was observed among these channel con-
structs using the short-pulse current injection protocol (Fig. 4G
and supplemental Fig. S8B). Therefore, these results support
that axonal targeting of Kv3.1 channels significantly increases
the spiking frequency. However, the truncation strategy cannot
rule out the possibility that an unidentified binding protein to
the deleted region of the splice domain may regulate channel
activity.

After comparing the C termini of Kv3.1a and Kv3.1b, we
found a striking difference, the net charge of the residues. The
net charge between residues 501 and 530 in Kv3.1b is �5,
whereas the net charge of the last 10 residues in Kv3.1a (resi-
dues 502–511) is �3 (Fig. 4A). Given the net charge of the
C-terminal ATM is �8, we wondered if the electrostatic inter-
action plays an important role in the regulation of the N/C-
terminal interaction by the splice domain, whichmay be essen-

FIGURE 4. Regulation of axonal targeting and action potential firing by Kv3.1b truncations. A, diagram of Kv3.1a and Kv3.1b C-terminal regions. Residues
1–501 are identical for the two splice variants. This region includes cytosolic N-terminal T1 domain (red circle), six membrane spanning segments (6 black bars),
and the most part of cytosolic C terminus of Kv3.1a (aC). Kv3.1b has a large 85-residue splice domain (sC) at its C terminus. Thus, the Kv3.1b C terminus (bC)
consists of aC and sC. Five numbers indicate positions of 5 residues. Within the N-terminal 30 residues, “minus” and “plus” indicate negatively and positively
charged residues, respectively. B, cultured hippocampal neurons transfected with Kv3.1bHA deletion constructs at 5 DIV. The transfected neurons at 7 or 8 DIV
were stained with an anti-HA antibody (green) under a nonpermeabilized condition and with an anti-microtubule-associated protein 2 (MAP2) antibody (red)
under a permeabilized condition. White arrowheads indicate proximal axons. Scale bars, 100 �m. C, summary of the average fluorescence intensities of Kv3.1
constructs expressed in neuronal soma under the permeabilized condition. D, summary of axonal levels of the mutants stained under the permeabilized
condition. One-way analysis of variance followed by Dunn test, **, p 
 0.01. E, summary of polarized targeting of the mutants stained under a nonpermeabi-
lized condition. One-way analysis of variance followed by Dunnett’s test, **, p 
 0.01. F, summary of the relationship of the amount of sustained injected current
and AP firing frequency. Between Kv3.1bHA and Kv3.1bHA1–502 t test: *, p 
 0.05. The p values were adjusted by a Holm-Bonferroni method from repeat
measures of Kv3.1bHA. The control is the same as in Fig. 2E. G, summary of firing frequency following the short-pulse and high frequency inputs.

FIGURE 5. Axonal targeting of Kv3.1b is critical for inducing the maximal AP firing frequency. A, structure diagram of the role of charged residues of Kv3.1
splice domains in the N/C-terminal interaction and in exposing the ATM. B, the axon-dendrite targeting of Kv3.1b point mutants. Example images of Kv3.1bHA-
and Kv3.1bHADE-AA-expressing neurons are on the left. The anti-HA staining (green) was performed under the nonpermeabilized condition. The anti-microtu-
bule-associated protein 2 (MAP2) staining (red) labeled dendrites. Scale bars, 50 �m. Summary of the HA staining results are on the right. One-way analysis of
variance followed by Dunnett’s test, **, p 
 0.01. White arrowheads, proximal axons. C, relationship of injected current and AP firing frequency, between
Kv3.1bHA and Kv3.1bHADE-AA t test: *, p 
 0.05. The p values were adjusted by the Holm-Bonferroni method from repeat measures of Kv3.1bHA. D, success rate
of action potentials induced by short-pulse current injection.
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tial in masking or unmasking the ATM (Fig. 5A). To test this
hypothesis, wemutated two pairs of consecutive acidic residues
in Kv3.1b to either two Lys or Ala residues. Interestingly,
mutating D529E/D530E, Kv3.1bHADE-KK (Faxon/Fdend, 0.37 �
0.05), and Kv3.1bHADE-AA (Faxon/Fdend, 0.85 � 0.06), reduced
axonal levels of Kv3.1bHA more significantly compared with
mutating E517D/E518D, Kv3.1bHAED-KK (Faxon/Fdend, 1.36 �
0.10), and Kv3.1bHAED-AA (Faxon/Fdend, 1.79 � 0.12) (Fig. 5B
and supplemental Fig. S9).
Next, we examined the effects of these point mutations on

spiking frequency. The expression of Kv3.1bHADE-KK failed to
enhance themaximal firing frequency (Fig. 5,C andD). In sharp
contrast, both Kv3.1bHAED-KK and Kv3.1bHAED-AA were sim-
ilar to Kv3.1bHA in enhancing the maximal spiking frequency
(Fig. 5, C and D). Interestingly, Kv3.1bHADE-AA, similar to
Kv3.1aHA in targeting, did not markedly enhance the maximal
spiking frequency as effectively as Kv3.1bHA (Fig. 5, C and D).
We further analyzed the channel biophysical properties of

these mutants expressed in HEK293 cells. Kv3.1bHADE-KK
indeed had markedly smaller current and slower activation
time constants, whereas the other three mutants had identi-
cal channel biophysical properties as the wild type
Kv3.1bHA (Fig. 6). Taken together, our mutagenesis studies
(Figs. 4–6) suggest that electrostatic attraction and repul-
sion of the splice domain to the N-terminal T1 domains

regulate the masking and unmasking of the C-terminal
ATM. The axonal targeting of Kv3.1 channels is critical for
the maximal AP firing frequency.
Locally Blocking Kv3.1b in Proximal Axons but Not Dendrites

Decreases the Spiking Frequency—To determine whether sup-
pressing Kv3.1 channel activity on either axonal or dendritic
membranes affects spiking frequency, we applied 1 mM TEA
using a fine-opening glass pipette to the neurons expressing
Kv3.1b and displaying fast spiking (Fig. 7A). When 1 mM TEA
was applied to a large area including soma, as well as proximal
dendrites and axon, the spiking frequency was markedly
reduced and could partially recover after washing (control as
100%; TEA, 15.90� 3.89%; wash, 42.63� 19.78%) (Fig. 7,B and
G). When TEA was applied to the proximal axon, the spiking
frequency was also markedly reduced and the inhibitory effect
was reversible (control as 100%; TEA, 46.50 � 7.37%; wash,
89.87� 3.16%) (Fig. 7,C,D, andG). In contrast, the application
of TEA at the proximal dendrite had no effect on the spiking
frequency (control as 100%; TEA, 93.14� 3.13%; wash, 99.55�
4.74%) (Fig. 7, E–G). This result further supports our conclu-
sion that Kv3.1 channels along the proximal axon, including the
AIS, are the most critical for the fast spiking of neurons.
Simulations Reveal the Effect of Kv3 Polarized Targeting on

Spiking Frequency—To further elucidate whether the axonal
targeting of Kv3.1 channels is critical for fast spiking, we per-

FIGURE 6. Voltage-clamp recording of Kv3 channel constructs carrying point mutations. A, current traces of voltage clamp recording. B and C, the G-V
curves of Kv3.1bHA point mutations. D, current amplitudes of Kv3.1bHA point mutations. One-way analysis of variance followed by Dunnett’s test, **, p 
 0.01.
E, activation (�on) and deactivation (�off) time constants of Kv3.1 channel constructs. One-way analysis of variance followed by Dunnett’s test, **, p 
 0.01.

Kv3.1 Polarized Targeting and Spiking Frequency

1764 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 3 • JANUARY 13, 2012

http://www.jbc.org/cgi/content/full/M111.299305/DC1


formed simulation analysis. By using the NEURON software,
we built threemodel neurons with identical geometry andNaV
and leaky channel distribution, but with different amounts and
localization of Kv3.1 channels. In the control neuron that has
NaV channels at the AIS but no Kv3.1 channels, a simulated
prolonged depolarization induced only a small number of APs
(30 Hz with 150 pA current injected) (Fig. 8, A and B). In the
dendritic Kv3.1 neuron that has Kv3.1 channels mainly
enriched on somatodendriticmembranes, a simulated depolar-
ization inducedmore APs (80 Hz with 150 pA current injected)
(Fig. 8, A and B). Importantly, in the axonal Kv3.1 neuron that
hasKv3.1 channels enriched on axonalmembranes, a simulated
depolarization induced markedly more APs (110 Hz with 150
pA current injected) (Fig. 8, A and B). Qualitatively similar
results were obtained with varied absolute values of current
densities of NaV, Kv3.1, and leaky channels (see details under
“Experimental Procedures”). Therefore, the simulation results
suggest that Kv3.1 axonal targeting is a powerful means to

increase the maximal spiking frequency, consistent with our
experimental results.

DISCUSSION

In this study, we show that both biophysical properties and
axonal targeting of Kv3.1 channels are critical to enable neu-
rons to fire APs at the maximal frequency (Fig. 8C). We further
reveal novel mechanistic insights into Kv3.1 axonal targeting,
which includes electrostatic interactions between the N/C ter-
mini of the channel (Fig. 5A).
Themaximal spiking frequency requires both rapid biophys-

ical kinetics and axonal targeting. Blocking Kv3 effectively
decreased the spiking frequency in both mature neurons and
young neurons expressing Kv3.1bHA (Figs. 1 and 7), consis-
tent with the critical role of Kv3 channels in fast-spiking
neurons. The uniquely high activation threshold (about �20
mV, although other Kv channels about �40 mV) and fast
deactivation kinetics (at least 10 times faster than other Kv

FIGURE 7. Locally blocking axonal but not dendritic Kv3.1 channel activity reduced the firing frequency of APs induced by sustained depolarization.
A, diagram of whole cell current recording and local perfusion in axons or dendrites. B, the effect of TEA perfusion of the whole neuron on fast spiking of a
Kv3.1bHA-transfected neuron. C, the effect of TEA local perfusion at the proximal axon of a Kv3.1bHA-transfected neuron. Images of local perfusion in proximal
axons. D, APs induced in C were reversibly blocked by TEA local perfusion. E, images of local perfusion of dendrites. F, APs were unaffected in E. G, summary of
TEA perfusion. Scale bars, 100 �m. Paired t test, **, p 
 0.01.
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channels) of Kv3 channels are thought to be essential for fast
spiking (28). Our results are consistent with this notion and
further show that expression of axonal Kv3.1 channels is
sufficient to induce fast spiking in young hippocampal neu-
rons (Fig. 2). In sharp contrast, none of the neurons express-
ing YFP-Kv1.2 or YFP-Kv4.2 displayed fast spiking (Fig. 2),
although both channels were expressed on plasma mem-
branes (20, 22) and provided large outward currents (Fig. 3).
Interestingly, YFP-Kv1.2 had a similar activation threshold
with Kv3.1bHA, but much slower in activation and deactiva-
tion (Fig. 3). YFP-Kv1.2 expression did somewhat increase
the spiking frequency, but never induced fast spiking (Fig. 2).
Furthermore, a Kv3.1b mutant, Kv3.1bHADE-KK, displaying

markedly increased activation time constant and threshold,
but unaltered deactivation (Fig. 6), also failed to induce fast
spiking (Fig. 5). Therefore, both activation and deactivation
kinetics are critical for fast spiking. As expected, YFP-Kv4.2,
displaying low activation threshold, and slow activation and
deactivation kinetics (Fig. 3), did not increase the spiking
frequency at all (Fig. 2).
Having the right channel biophysical properties alone is not

sufficient for effective fast spiking. Kv3.1a has the same channel
biophysical properties as Kv3.1b, but fails to induce fast spiking
as effectively as Kv3.1bHA. The maximal range of spiking fre-
quency requires axonal targeting of Kv3.1 channels, especially
localization at the AIS. The channel density at the AIS was

FIGURE 8. Modeling and simulations of the effect of Kv3.1 axonal targeting on spiking frequency. A, simulated action potential traces for neurons
expressing no Kv3.1 (top), dendritic Kv3.1 (middle), and axonal Kv3.1 (bottom). B, the input-output relationship of the three simulated neurons. See ”Experi-
mental Procedures“ for details of the parameter values. C, hypothetical models of a control neuron (top), a neuron expressing dendritic Kv3.1a (middle), and a
neuron expressing axonal Kv3.1b (bottom). Red bars, NaV channels at the AIS; blue bars, Kv3.1 channels.
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much less for Kv3.1aHA (16). Furthermore, the Kv3.1bHA
mutations, Kv3.1bHA1–530, Kv3.1bHA1–554, Kv3.1bHAED-KK,
and Kv3.1bHAED-AA, with unchanged levels at the AIS can
induce fast spiking, whereas the mutants, Kv3.1bHA1–502 and
Kv3.1bHADE-AA, with unchanged channel activity but
decreased AIS levels, failed to effectively increase the maximal
spiking frequency (Figs. 4 and 5). This result is consistent with
our hypothesis. Furthermore, blocking Kv3.1 activity locally at
proximal axons but not dendrites reduced fast spiking (Fig. 7),
also supporting our hypothesis. Finally, simulations show that
localization of Kv3 channels at the proximal axon including the
AIS is critical for inducing the maximal spiking frequency (Fig.
8). Because APs are initiated at the AIS in most neurons, and
this is where NaV channels are concentrated, the presence of
Kv3.1 channels at the AIS allows them to more effectively reg-
ulate spiking frequency. Somatodendritic Kv3.1aHA still
increases the spiking frequency; thismay be due to either: 1) the
electrical field passively spreading from the soma, or 2) low
levels of Kv3.1aHA existing at the AIS. Nonetheless, because
many K� channels have cytosolic ancillary subunits (47), we
cannot rule out the possibility of an unidentified binding pro-
tein to differentially regulate channel activities of Kv3.1a and
Kv3.1b in neurons.
Why was no significant difference observed between

Kv3.1aHA- or Kv3.1bHA-expressing neurons when APs were
induced by transient current injections? Both enabled neurons
to follow high frequency stimulations (Fig. 2). Less Kv3.1 chan-
nel activity or an attenuated electrical field, provided by soma-
todendritic Kv3.1 channel activity, might be sufficient for tran-
sient stimulations. Alternatively, the protocolwe used heremay
not be sensitive enough to detect the difference.
Both experimental data and computer simulations are con-

sistent with the major conclusion that the axonal targeting of
Kv3.1 channels regulates the maximal spiking frequency;
however, there are minor differences between these two
approaches. It is important to note that a native central neuron
often expresses multiple types of voltage-gated ion channels,
which may regulate the effectiveness of the function of the Kv3
channels in generating fast spiking. Our simulations were per-
formed only with three types of channels: NaV, Kv3.1, and a
leak (Fig. 8,A andB). Themajor conclusion of the simulations is
that axonal Kv3.1 channels allow the neuron to fire at higher
frequencies than dendritic ones (Fig. 8, A and B); this is consis-
tent with the experimental data (Figs. 2, 4, 5, and 7). However,
there are two differences between the experimental data and
the simulations. First, the maximal spiking frequency for the
axonal-Kv3.1-expressing neuron in the simulations is about
120 Hz (Fig. 8B), whereas it is less than 60 Hz on average, for
Kv3.1bHA-expressing neurons (Fig. 2E). Second, at the low
spiking frequency, the effect of expressed Kv3.1bHA is not as
strong as predicted by simulations. It is likely that smaller
effects are difficult to show statistically in experimental results.
More importantly, because, 1) Kv3.1 channels are activated at a
higher membrane potential compared with Kv1, Kv2, and Kv4
channels and 2) the need for Kv channel activity to repolarize
themembrane potential is less at the low current injection con-
dition, the endogenous Kv currentsmay play a bigger role (sup-
plemental Fig. S2). Recent studies show that AIS localization of

NaV and calcium channels regulate AP initiation, waveform,
and unidirectional propagation (48–52). Kv1 channels at the
AIS of pyramidal neurons and interneurons regulate AP wave-
form and initiation (53, 54). How different channels at the AIS
affecting different aspects ofAPs interactwith theKv3 channels
functionally is an interesting question for future investigation.
Electrostatic interaction of the Kv3.1 N/C termini regulates

polarized axon-dendrite targeting via exposing the ATM. Our
previous studies suggested that the Kv3.1b splice domainweak-
ens the masking effect of the N-terminal T1 domains onto the
ATM. Subsequently, the exposed ATM is recognized by
ankyrin G at the AIS and directs Kv3.1b targeting into axons
(16). How the splice domain interferes with T1-ATM binding
was not known. In the present study, using mutagenesis we
have identified a novel electrostatic interaction of the Kv3.1
N/C termini interfered by the splice domain. First, using dele-
tion analysis, wemapped the critical region in the splice domain
from residues 513 to 530 (Fig. 4). This region (�5) and the last
10 residues of Kv3.1a (�3) are completely opposite in their net
charges (Fig. 4A). Interestingly, the ATM in the C-terminal
region had 8 positive net charges (16), which could mediate the
masking effect by interacting with negative charges on the sur-
face of the T1 domains, which contains a number of acidic
residues. In Kv3.1a, the 3 positive charges of the C terminus
may enhance T1-ATM binding to facilitate the masking effect
of the ATM, whereas in Kv3.1b the negative charges within the
splice domain repels the negatively chargedT1 andweakens the
masking of the ATM (Fig. 5A). The conclusion was supported
by Kv3.1bHA pointmutants (Figs. 5 and 6). This model, involv-
ing intramolecular interactions, is novel and deserves rigorous
testing by other approaches in future studies, such as x-ray crys-
tallography. Because we previously showed that the Kv3.1
N-/C-terminal interaction requires Zn2�, the potential interac-
tion of the splice domain and the Zn2�-binding site is also an
interesting question. Furthermore, the complex dynamic
movement of membrane domains of Kv channels has been
revealed (55). Our results that mutating D529E/D530E but not
E517D/E518D affected Kv3.1bHA axonal targeting suggests an
important role of conformational change(s), in addition to the
electrostatic interaction, during the N-/C-terminal interaction
and exposure of the ATM. This result is also consistent with a
recent study showing the complex binding surfaces of the
N-/C-terminal interaction in Kir2.1 channels (56).
Altering the spiking frequency via regulating Kv3 polarized

targetingmay underlie important physiological functions. Kv3-
mediated fast spiking is critical for sensory and reflex functions
in the central nervous system, for instance, in the sound loca-
tion by the auditory circuit and in stabilizing images on the
retina by the vestibule-ocular reflex circuit (57–59). Fast-spik-
ing GABAergic interneurons in the hippocampus and cortex
play important roles in learning and memory, and are impli-
cated in epilepsy, schizophrenia, and drug addiction (38, 60).
Prolonged and transient alteration of the spiking frequency can
lead to profound physiological consequences. Regulation of the
levels of Kv3 channel proteins and phosphorylation has been
proposed as an underlying mechanism in adjusting the spiking
frequency of neurons in the suprachiasmatic nucleus and audi-
tory circuits following the circadian rhythm and different
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acoustic environments, respectively (34, 61). In this study, we
show that Kv3.1 channel protein targeting is a novel strategy for
regulating spiking frequency, which may be the basis for devel-
opment-regulated firing rates. The expression of two splice
variants of Kv3.1, Kv3.1a and Kv3.1b, is developmentally regu-
lated (62). As a result, with neuronal maturation, dendritic
Kv3.1 channels shifts to axonal ones (23) to enhance the spiking
frequency. In future studies, it is of interest to identify the
potential activity-dependent regulation of neuronal spiking via
altering Kv3 polarized targeting.
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