The Journal of Neuroscience, March 5, 2014 • 34(10):3719 –3732 • 3719

Cellular/Molecular
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Rapid energy-efficient signaling along vertebrate axons is achieved through intricate subcellular arrangements of voltage-gated ion
channels and myelination. One recently appreciated example is the tight colocalization of Kv7 potassium channels and voltage-gated
sodium (Nav ) channels in the axonal initial segment and nodes of Ranvier. The local biophysical properties of these Kv7 channels and the
functional impact of colocalization with Nav channels remain poorly understood. Here, we quantitatively examined Kv7 channels in
myelinated axons of rat neocortical pyramidal neurons using high-resolution confocal imaging and patch-clamp recording. Kv7.2 and 7.3
immunoreactivity steeply increased within the distal two-thirds of the axon initial segment and was mirrored by the conductance density
estimates, which increased from ⬃12 (proximal) to 150 pS m ⫺2 (distal). The axonal initial segment and nodal M-currents were similar
in voltage dependence and kinetics, carried by Kv7.2/7.3 heterotetramers, 4% activated at the resting membrane potential and rapidly
activated with single-exponential time constants (⬃15 ms at 28 mV). Experiments and computational modeling showed that while
somatodendritic Kv7 channels are strongly activated by the backpropagating action potential to attenuate the afterdepolarization and
repetitive firing, axonal Kv7 channels are minimally recruited by the forward-propagating action potential. Instead, in nodal domains
Kv7.2/7.3 channels were found to increase Nav channel availability and action potential amplitude by stabilizing the resting membrane
potential. Thus, Kv7 clustering near axonal Nav channels serves specific and context-dependent roles, both restraining initiation and
enhancing conduction of the action potential.
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Introduction
Axon initial segments (AISs) and nodes of Ranvier are two fundamental specializations in axons of jawed vertebrates for the
initiation and conduction of action potentials. These crucial
functions are mediated by clustered subcellular expression of
specific voltage-gated conductances (Poliak and Peles, 2003; Rasband, 2010; Kole and Stuart, 2012). The M-current (IM) is a noninactivating voltage-gated potassium (Kv) current characterized
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by relatively slow kinetics, a low voltage threshold for activation
and regulation by muscarinic receptors (Brown and Adams,
1980). In many neurons, IM is carried by heteromultimeric combinations of Kv7.2 and Kv7.3 (also called KCNQ2/3) subunits
(Wang et al., 1998). Kv7.2 and Kv7.3 are encoded by paralogous
vertebrate genes that share a unique domain for binding to
ankyrin G and mediating their coclustering with voltage-gated
sodium (Nav) channels to the AIS and nodes of Ranvier (Pan et
al., 2006; Cooper, 2011). Loss-of-function mutations in Kv7.2
and Kv7.3 have been found to underlie a spectrum of neurological
diseases including neonatal-onset epilepsy, myokymia, and epileptic encephalopathy (Biervert et al., 1998; Jentsch, 2000;
Maljevic et al., 2008; Weckhuysen et al., 2012; Kato et al., 2013),
highlighting the importance of their expression in these privileged excitable domains. Although inferences of axonal Kv7 channel function have been drawn from somatic and peripheral nerve
recordings, the properties and function of Kv7.2/7.3 channels
intrinsic to axonal domains of central neurons have remained
elusive.
Past research revealed two contrasting roles of axonal Kv7
conductance. In hippocampal CA1 pyramidal neurons, competitive inhibition of Kv7.2/7.3 binding to ankyrin G, or bath application of XE-991, a highly selective Kv7 blocker (Wang et al.,
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1998), led to spontaneous action potentials and hyperpolarized
the voltage threshold for action potential generation, suggesting
an attenuating role of the AIS Kv7 channel in excitability (Shah et
al., 2008). In contrast, the application of XE-991 reduced both
glutamate release and presynaptic fiber volley amplitude at Schaffer collateral synapses, suggesting that the presence of IM in axons
may facilitate axonal excitability (Vervaeke et al., 2006). IM-like
currents (called IKs currents) have been isolated in recordings
from single rat sciatic nerve nodes of Ranvier (Röper and
Schwarz, 1989; Safronov et al., 1993; Schwarz et al., 2006) and
from the calyx of Held presynaptic terminal (Huang and Trussell,
2008). These studies revealed a large (20 –50 mV) hyperpolarizing shift in the voltage dependence of activation, compared with
the somatic IM (Safronov et al., 1993; Huang and Trussell, 2011),
raising the possibility that perisomatic and more distal axonal
Kv7 channels differ greatly.
Here,usingwhole-cell,cell-attached,andoutside-outvoltage-clamp
recordings of IM combined with high-resolution imaging of Kv7.2/
7.3 immunofluorescence, we determined that axonal IM is mediated
by Kv7.2/7.3 heterotetramers and exhibits pharmacological and biophysical properties similar to the somatic IM. Using simultaneous
recordings from soma and axons combined with conductancebased computational modeling, we found that unlike the perisomatic
region,whereKv7channelactivationcounteractsthepersistentNav current and restrains repetitive firing, in the node of Ranvier Kv7 channels
set the resting membrane conductance and augment the amplitude of
the propagating presynaptic action potential.

Materials and Methods
Animals. All experiments were performed according to guidelines approved by the local animal ethics committees of the Royal Netherlands
Academy of Arts and Sciences, Baylor College of Medicine, and the Australian National University. Adult male Wistar rats [postnatal day 28
(P28) to P91; Harlan Laboratories] were deeply anesthetized by 3% isoflurane (v/v) inhalation and subsequently decapitated; brain slices were
then prepared as described previously (Kole et al., 2007).
Electrophysiological recordings. Individual slices were transferred to the
stage of a Zeiss Axioskop or Olympus BX51WI microscope. The microscope bath was perfused with normal ACSF consisting of the following
(in mM): 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4, 25 glucose, 2
CaCl2, and 1 MgCl2 saturated with 95% O2/5% CO2, pH 7.4. Currentclamp and voltage-clamp recordings from dendrites, soma, and cut
axons were all made between 1 and 10 h after slice preparation. Dual
whole-cell current-clamp recordings were made using Dagan BVC-700A
amplifiers (Dagan). Patch pipettes were pulled from borosilicate glass
(outer diameter, 1.5 mm; inner diameter, 0.86 mm) and had an open tip
resistance of 5–7 M⍀, filled with the following standard intracellular
solution (in mM): 130 K ⫹-gluconate, 10 KCl, 4 Mg 2⫹-ATP, 0.3 Na ⫹GTP, 10 HEPES, and 10 Na2-phosphocreatine, pH 7.3 with KOH (⬃280
mOsm kg ⫺1). Biocytin (5 mg/ml) and Alexa Fluor 488/594 (200 M; Life
Technologies) were routinely added to the intracellular solution. Axonal
recording distances were taken as linear estimations from the live brightfield or fluorescence images, or from the axonal path distances of reconstructed neurons filled with biocytin (Kole et al., 2007). Voltage was
analog low-pass filtered at 10 kHz (Bessel filter) and digitally sampled at
50 or 100 kHz using an AD/DA converter (ITC-18, HEKA Elektronik
GmbH) and using the data acquisition software Axograph X (AxoGraph
Scientific). The access resistance during current-clamp experiments
ranged between 8 and 20 M⍀ for somatic and axonal recordings, up to 30
M⍀ for dendritic recordings, and was fully compensated using bridge
balance and capacitance neutralization of the amplifiers.
For whole-cell voltage-clamp recordings of IM, the extracellular ACSF was
supplemented with 5 mM 4-aminopyridine (4-AP), 1 M tetrodotoxin
(TTX), and 20 M 4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride (ZD-7288) to block the fast-activating Kv1, Nav, and
hyperpolarization-activated cyclic nucleotide (HCN)-gated currents, re-
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spectively. Preliminary experiments showed that the addition of cadmium
(Cd 2⫹), often used to block Ca 2⫹ currents at more depolarized potentials,
inhibited IM amplitudes and slowed the rise time (see also Robbins et al.,
1992), and was therefore omitted from the routine voltage-clamp solution. For cell-attached recordings of K ⫹ currents, we used patch-pipettes
(⬃10 M⍀) filled with the following (in mM): 125 NaCl, 2.5 KCl, 20
HEPES, 20 glucose, 2 MgCl2, 1 M TTX, and 5 mM 4-AP, pH 7.3 with
NaOH (285 mOsm). CaCl2 was omitted to increase the probability of
M-channel opening (Selyanko and Brown, 1999; Selyanko et al., 2001).
Voltage-clamp recordings were made with an Axopatch 200B or Multiclamp 700A amplifier (Molecular Devices), and currents were low-pass
filtered at 4 –10 kHz (eight-pole Bessel filter) with 10 –50 kHz sampling
frequencies. To subtract the capacitive and leak currents, the membrane
patch or axon bleb was held at ⫺92 mV and a P/⫺6 leak subtraction
protocol was applied on-line. In voltage-clamp configuration, the series
resistance (Rs) was ⬃14 M⍀. Recordings with ⬃90% Rs compensation
indicated that the current rise times and/or amplitudes were not different
from those of uncompensated recordings ( p ⫽ 0.41 and p ⫽ 0.27, respectively; n ⫽ 4), which is consistent with the low peak amplitudes of the
currents (⬃0.5 nA) and their slow kinetics (⬎10 ms). Rs compensation
was therefore not applied. Voltage values for whole-cell recordings were
corrected for the calculated liquid junction potential (LJP) of ⫺12 mV of
the K ⫹-gluconate intracellular solution. Direct recording of the LJP revealed a nearly similar value of ⫺13.5 ⫾ 0.2 mV (n ⫽ 3). All recordings
were made at 35 ⫾ 1°C, unless otherwise indicated.
All salt compounds, biocytin, 4-AP, and tetraethylammonium (TEA)
were obtained from Sigma-Aldrich. Other drugs, including 10,10-bis(4pyridinylmethyl)-9(10 H)-anthracenone dihydrochloride (XE-991),
ZD-7288, [R-(R*,S*)]-6-(5,6,7,8-tetrahydro-6-methyl-1,3-dioxolo[4,5g]isoquinolin-5-yl)furo[3, 4-e]-1,3-benzodioxol-8(6 H)-one, 6-imino3-(4-methoxyphenyl)-1(6 H)-pyridazinebutanoic acid hydrobromide
(gabazine), 6,7-dinitroquinoxaline-2,3-dione (DNQX; 20 M), 2amino-6-trifluoromethoxybenzothia-zole hydrochloride (riluzole), and
TTX were obtained from Tocris Bioscience. These were dissolved in distilled water, and aliquots were stored at ⫺20°C. Retigabine (a gift from
Sigrid Blom, Lundbeck, Valby, Denmark) was dissolved to 100 mM in
dimethylsulfoxide and stocks stored at ⫺20°C. Local applications of XE991 were made by diluting XE-991 in HEPES-buffered ACSF or in normal extracellular ACSF. Puffing solutions were loaded in a patch pipette
(⬃5 M⍀ resistance) connected to a Picospritzer III system (Intracel). By
adjusting the pressure (⬃1 bar), we aimed for a localized response of ⬃50
m radius as determined from the bright-field image of the slice (Kole et
al., 2007).
Analysis. We determined input resistance by the slope of linear fits to small
(⬍5 mV) voltage responses evoked by positive and negative current injections.
To analyze the steady-state voltage dependence of IM, the current amplitudes
were converted to conductance values (G) for each step potential (V), normalized to the maximum conductance (Gmax), and fitted with a Boltzmann equa共V ⫺ Vhalf兲
, in which Vhalf is
tion of the form; y ⫽ 1 1 ⫹ exp ⫺ z
共RT / F兲
the half-maximum activation voltage, z the effective valence. The thermodynamic gas constant (R), temperature (T), and Faraday’s constant (F) were implemented as a single constant of 26.55 mV for recordings at 35°C.
The sensitivity of the axonal currents to XE-991 and TEA inhibition
was analyzed by averaging the raw steady-state amplitudes for voltage
steps between 10 and 40 mV, and normalizing the current amplitudes in
the presence of the drug to the control amplitudes. Data were averaged
over multiple cells and fit with a Hill equation of the following form:
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in which yo is the unblocked current amplitude, ymax is the maximally
blocked current amplitude, x is the concentration, xhalf is the IC50, and n
is the power of the drug block, equivalent to the Hill slope. Fitting was
performed in Igor Pro (version 5.05, WaveMetrics).
The kinetic description of the axonal M-current followed the classic
formalism of Hodgkin and Huxley (1952). Since IM does not inactivate
the relationship between the channel conductance and the current, it can
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be defined as follows: IM ⫽ g M n共V ⫺ EK 兲. In this equation, g M is the
maximum conductance, n represents an activation gate, EK is the potassium reversal potential, and V is the membrane potential. n follows the
dn
⫽ ␣共1 ⫺ n兲 ⫺ ␤n with
differential equation (Zagotta et al., 1994)
dt
FV

the forward rate defined by ␣ ⫽ Ca ez aRT and the backward rate with
FV
zb
b RT ,

␤ ⫽ Ce
where Ca and Cb are the rate constants at 0 mV, and za and
zb are the charge movements. Ca, Cb, za, and zb were obtained by fitting
␣
, and time constants,
the steady-state curve, F共V兲 ⫽
共␣ ⫹ ␤兲
1
n 共V兲 ⫽
, simultaneously and weighing with the SEs using the
共␣ ⫹ ␤兲
Global Fitting routine in Igor Pro. The fit was optimized with the following parameter values: Ca ⫽ 0.036 ms ⫺1, Cb ⫽ 0.002 ms ⫺1, za ⫽ 0.909
mV, and zb ⫽ 1.102 mV (see Fig. 9A). Calculations of conductance densities for outside-out and cell-attached patch-clamp recordings were
based on published data of surface area measurements and were 4 m 2
(Schmidt-Hieber and Bischofberger, 2010) and 2 m 2 (Sakmann and
Neher, 2009), respectively.
Compartmental modeling. Conductance-based multicompartmental
simulations used the geometric morphology of an in vitro biocytin-filled
thick-tufted L5 pyramidal neuron (cell number 30_08_12_1) threedimensionally reconstructed with Neurolucida (version 10, MicroBrightField Europe E.K. ) and imported into the NEURON simulation
environment (version 7.3; Hines and Carnevale, 2001). Since nodes of
Ranvier are only barely visible in bright-field microscopy, their approximate positions were also estimated by, for example, the branching of
axon collaterals. The dimensions of the nodal compartments, six in total,
were assigned nominally and progressively decreased in length (3.0 –1.5
m) with distance from the soma. Throughout all compartments, the
membrane resistance (Rm) was set to 25,000 ⍀ cm 2, cytoplasmic resistance (Ri) to 140 ⍀ cm, and membrane capacitance (Cm) to 1.2 F cm ⫺2.
The resting membrane potential was set to ⫺78 mV. Myelination of
internodal sections was represented by increasing internodal Rm fourfold
and decreasing Cm sixfold, leading to a conduction velocity in the primary axons of 3.53 m s ⫺1, in accordance with previous estimates (Kole et al.,
2007). The axonal cut ending (“bleb”) was connected to the last internode as a
single unmyelinated compartment with a diameter of 5 m.
Kv7 peak conductance (g M ) was distributed based on the experimental
findings (see Fig. 5), and was set to 15 pS m ⫺2 in all somatodendritic
sections and increased linearly from 15 to 150 pS m ⫺2 from the middle
to the end of the AIS. To estimate g M in nodal domains, we simulated
whole-cell axonal Kv7 currents activated during a single-electrode
voltage-clamp simulation, using the point-process manager (SEClamp)
of NEURON at the cut-end compartment. The Rs was set to 15.0 M⍀ to
match experimental conditions and simulations were run with time steps
of 200 s. Capacitive and leak currents were removed by subtracting the
transients with current responses when g M was set to zero. The axonal
whole-cell current amplitudes (see Fig. 9B) will depend both on g M as well
as the electrode-to-node distance. To test the contribution of both parameters, we modeled the current amplitudes and varied the specific
nodal g M density (1–300 pS m ⫺2) and the distance of the cut-end to last
node (0.1–140 m). Assuming that internodes are ⬃150 m in length in
the layer 6 region, the electrode-to-node distance will be on average ⬃75
m. At this distance, a nodal peak conductance density of 150 pS m ⫺2
led to a whole-axon peak amplitude of 475 pA (28 mV step), similar to
the experimentally obtained average peak current (478 ⫾ 58 pA, n ⫽ 13).
This computational estimate is in good agreement with the measured
peripheral nodal IK density of 18.8 nS pF ⫺1 (Röper and Schwarz, 1989).
In the model, g M was therefore set to 150 pS m ⫺2 in nodes of Ranvier,
15 pS m ⫺2 in axon collaterals, and 1 pS m ⫺2 in the internodes.
Nav conductance was represented by two separate eight-state allosteric
models developed for the soma and the axon (Schmidt-Hieber and
Bischofberger, 2010) and distributed in density as described previously
(Hallermann et al., 2012). In addition, the AIS sodium channel model
was separately implemented by linearly shifting (Vshift) the voltage dependence of inactivation of the axon model to account for the experimentally determined values from direct cell-attached recordings at the
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AIS (Kole et al., 2008). The Vhalf values of steady-state inactivation were
⫺55 mV (soma), ⫺61 mV (AIS), and ⫺75 mV (axon). For steady-state
activation, the Vhalf values were ⫺22 mV (soma), ⫺40 mV (AIS), and
⫺44 mV (axon). With these parameter values, most properties of single
action potentials including amplitude, threshold, and rate of rise were
well captured (see Fig. 10 A, D). K ⫹ conductances were described by the
following three Kv channel models: a high-voltage threshold delayed type
of non-inactivating model with properties similar to the Kv2 channel
(Mainen and Sejnowski, 1996); a recently developed axonal Kv1 channel
model (Hallermann et al., 2012), and the new Kv7 model (see above). In
addition, Ca 2⫹-dependent K ⫹ channels, and low-voltage and highvoltage Ca 2⫹ channels were assigned to the somatic and dendritic sections with densities as published previously (Mainen and Sejnowski,
1996; Hallermann et al., 2012). The HCN channel model was exponentially increasing in the apical dendrites (Kole et al., 2006) and with a low
uniform density in axons (1 pS m ⫺2). The K ⫹ and Na ⫹ equilibrium
potentials were set to ⫺98 and 55 mV, respectively. The final input resistance of the model neuron was 22.4 M⍀. Simulations were performed
with a nominal temperature of 35°C and time steps between 5 and 10 s.
Immunostaining. Two alternative strategies for immunostaining were
developed, both relying on weak fixation, since even brief 4% paraformaldehyde (PFA) fixation abolished all Kv7 AIS and nodal labeling (Pan
et al., 2006). In one protocol (Fig. 1), 300-m-thick slices were immersion fixed (1% PFA in 0.1 M PBS, pH 7.4, for 30 min), washed several
times in 0.1 M PBS, and stored at 4°C for up to 2 weeks before use in
immunostaining. Before immunoreactions, antigen retrieval was performed by microwave irradiation in 10 mM citrate, 1 mM EDTA, and
0.05% Tween 20, pH 9.0, in mini-chambers (Shah et al., 2008). Slices
were then washed in Tris-buffered saline (TBS), blocked (TBS, 2% Carnation non-fat dry milk, and 0.2% Triton X-100) for 1 h at room temperature, then incubated for 48 h in blocking buffer containing various
combinations of the following primary antibodies: rabbit-␣-KCNQ2n;
guinea pig-␣-KCNQ3n; mouse-␣-ankyrin G IgG2a; clone 106/36 [from
the University of Calfornia, Davis/National Institutes of Health NeuroMab Facility, Davis, CA (UC Davis/Neuromab)]; mouse-␣-PanNav IgG1
(Sigma-Aldrich); mouse-␣-NeuN IgG1 (Millipore Bioscience Research
Reagents); and mouse ␣-Caspr/paranodin/neurexin IV IgG1 (UC Davis/
Neuromab) at 4°C. After extensive washes, the following slices were incubated in secondary antibodies overnight at 4°C: donkey-␣-rabbit
DyLight 488 (Jackson ImmunoResearch); goat-␣-mouse Alexa Fluor 555
IgG2a ␥2a (Life Technologies); goat-␣-mouse Alexa Fluor 647 IgG1 ␥1
(Life Technologies); and donkey-␣-guinea pig Cy5 (Jackson ImmunoResearch; Manning et al., 2012). After washing, slices were immersed
in TBS containing DAPI (Life Technologies) for 20 min before mounting
in Prolong Gold (Life Technologies) in imaging chambers made with
plastic spacers (Grace Bio-Labs) and two coverslips (catalog #474030,
Zeiss).
An alternative protocol was used to detect Kv7.2 and Kv7.3 staining in
electrophysiologically characterized cells (Fig. 2). L5 neurons were filled
with Alexa Fluor 488 during whole-cell recordings. The 300-m-thick
slices were immersed in precooled methanol for 10 min at ⫺20°C,
washed with PBS, and blocked for 2–24 h at room temperature with PBS,
2% non-fat milk, and 0.2%Triton X-100. KCNQ2n and KCNQ3n primary antibodies were added, and the slices were incubated at room temperature overnight. Slices were then washed with PBS and incubated at
room temperature with appropriate secondary antibodies conjugated
with goat-␣-guinea pig Cy3 (Jackson ImmunoResearch) or goat-␣rabbit Cy5 (Jackson ImmunoResearch) for 2 h. Afterward, slices were
washed in PBS and mounted in Prolong Gold with DAPI.
Confocal imaging and analysis. The L5 hindlimb somatosensory cortex
region was identified according to atlas coordinates (Paxinos and Watson, 2007). Images were acquired using a Nikon C2 laser scanning confocal microscope, NIS-Elements 4.0 software, and either 2⫻ 0.1
numerical aperture (NA) Planapo or 60⫻ 1.40 NA Planapo VC objectives (Nikon Instruments). For quantification experiments, highresolution image stacks (z-interval, 0.25 m; pinhole, 1.0 Airy unit),
acquired within the range 10 –70 m below the slice surface, were used
for analysis. Only cells whose somata, AISs, and proximal dendrites were
entirely contained within the imaged volume were included in subse-
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Figure 1. Kv7 and Nav channels are expressed in nonidentical gradients along neocortical pyramidal neuron AISs and colocalize at nodes of Ranvier. A, Left, At low magnification, NeuN labeling reveals the
laminar neocortical structure in a parasagittal brain slice. Somatosensory hindlimb (SSHL) and primary motor (M1) areas are indicated. Scale bar, 100 m. Right, The L5 somatosensory region (red box, left) is
shownathighermagnification,immunolabeledforankyrinG(AnkG;red)andKv7.2(green).Scalebar,10 m.B,AISlengthispositivelycorrelatedwithsomasize[(height⫹width)/2].Least-squaresfitshows
apositivecorrelation(R 2 ⫽0.31;fitequation:LAIS ⫽0.98(somasize)⫹19.082).Redtriangle,neuronshowninC;blacktriangle,neuronshowninD;redcircles,setoflargerneuronsusedtoplotKv7.2andKv7.3
labelingintensityvsaxondistance(showninE,top);closedcircles,largerneuronsusedtoplotPanNav labelingintensityvsaxondistance(E,bottom);opencircles,smallerneuronsthatwerenotincludedinlength
measurements.C,MaximalprojectionimageofalargeL5somatosensoryneuron,colabeledforKv7.2,Kv7.3,andankyrinG.Thesomaticheight(H)andwidth(W),originandendofthehillock,proximalAIS,and
distal AIS are indicated. Both Kv7 channel subunits are restricted to the distal AIS, wherein intensity increases in a gradient toward the tip. Scale bar, 10 m. D, Maximal projection image of a large L5
somatosensory neuron, colabeled for ankyrin G and PanNav. The AIS pattern of PanNav (detecting all neuronal Nav channel isoforms) and ankyrin G appear similar. Arrowheads indicate one of many nodes of
Ranviervisibleintheimage(PanNav labelingtheunmyelinatednode,ankyrinGlabelingthenodeandflankingparanodes).Scalebar,10 m.E,PlotsofAISrelativelabelingintensityvsdistancefromtheaxonal
origin. Top, Kv7.2 and Kv7.3 labeling profiles are similar: low in the proximal one-third and increasing progressively toward the distal AIS tip (n ⫽ 15). Bottom, Ankyrin G and PanNav label the entire AIS, with a
broad intensity peak near the midpoint (n ⫽ 10). Points show the mean ⫾ SEM of pixel intensity in fractional distance bins along the AIS. F, High-magnification image of a larger node of Ranvier within the L5
somatosensory cortex. Kv7.2 and Kv7.3 colabel the nodal membrane flanked by Caspr at the paranodes. Scale bar, 1 m.
quent measurements of somatic and AIS size and labeling. Pyramidal cell
soma size was estimated as [height (H) ⫹ width (W)]/2 (Sloper and
Powell, 1979). The mean labeling intensity in the neuropil for ankyrin G,
PanNav, Kv7.2, and Kv7.3 was low. Although several methods of setting
black levels gave equivalent results, for the calculations shown we measured the mean neuropil intensity (manually adjusted to exclude AISs,
somata, and proximal dendrites in each image) for each antibody for
each image stack, and subtracted this value from all images. The 3D
trajectory and labeling intensity of each proximal axon was measured as
follows: using maximal projection and 3D views in NIS-Elements, we
drew a 3D polyline along the axon, from within the soma to beyond the
AIS. This was converted to a 2D (x and y vs z) plot using the “kymograph”
tool, and labeling at each pixel along the trajectory for each fluorophore
was read using the “intensity profile” tool and exported to Excel (Microsoft). To average the raw intensity profiles of axons varying in AIS
length, we first determined the individual and average lengths of the axon
hillocks (i.e., the proximal origin of the axon from the soma or a dendrite,
lacking strong Nav and ankyrin G labeling) and AISs. Pixel intensity data
from individual axon profiles were binned, and values normalized to the
maximum intensity bin for that axon and fluorophore. Normalized intensities of bins representing equivalent fractional distances along the
AISs were then averaged (⫾SEM). To determine the percentage of nodes
of Ranvier bearing Kv7.2 and Kv7.3, counts were made in stacks from L5
hindlimb somatosensory cortex region sections colabeled either for
ankyrin G or Caspr.
For the Alexa Fluor-filled L5 pyramidal neurons, z-stacks with a step size
of 0.25–1 m were acquired sequentially for each fluorophore using a Leica
SP5 confocal microscope, a 63⫻ 1.4 NA Leica Planapo objective, and

supplier-provided software (Leica Microsystems). Maximal projection images were adjusted for brightness and contrast in FIJI (ImageJ, version 1.47a).
A background value (the mean intensity within a circular region of interest
lacking AISs or somata) was subtracted from each channel.

Results
Kv7.2 and Kv7.3 subunits colocalize with Nav channels at
neocortical AISs and nodes of Ranvier
To enable correlation of Kv7 channel protein subcellular distribution and function, we en bloc immunostained 300-m-thick
parasagittal brain slices containing primary somatosensory and
motor cortex (Fig. 1A, left) using well characterized specific antibodies against Kv7.2, Kv7.3, and Nav channel principal subunits
(PanNav), along with markers of neuronal somata (NeuN), initial
segments (ankyrin G), and nodes of Ranvier (Caspr/paranodin/
neuroexin IV). Single-photon scanning confocal microscopy revealed a strong staining signal to a depth of at least ⬃70 m,
allowing the collection of image sets containing complete views of
neuronal proximal dendrites, somata, and AISs. Pyramidal cell
AISs of layer 5 showed a stereotyped channel distribution:
ankyrin G strongly labeled the entire AIS, whereas strong labeling
for Kv7.2 was restricted to the distal part of the AIS (Fig. 1A,
right).
In L5 of the somatosensory cortex, we measured pyramidal
cell soma size (19.3 ⫾ 0.6 m), hillock length (3.5 ⫾ 0.9 m), and
AIS length (43.68 ⫾ 4.69 m; all n ⫽ 55), and quantified the
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tive Kv7.2/7.3 concentrations at the distal AIS (⬃40 m)
coinciding with the site of action potential onset (Palmer and
Stuart, 2006; Kole et al., 2007).

Figure 2. Kv7.2 and Kv7.3 colocalize at AISs and nodes of Ranvier of functionally identified L5
pyramidal neurons. A, Top, z-projected confocal images of the soma and AIS morphology (red,
Alexa Fluor 488 fill) and immunofluorescence staining of Kv7.2 (cyan) and Kv7.3 (green) in RS
and IB neurons. White arrows indicate the region of the Kv7 immunostaining. Images are background subtracted and pseudo-colored. Scale bars, 10 m. Bottom, Nodes of Ranvier (NoR)
indicated by axonal bifurcation points of identified RS and IB neurons. White arrows indicate
positive staining for Kv7.2/7.3 at the NoR. Scale bars, 3 m. B, Example of a regular firing
neuron that was converted into intrinsic burst firing during bath application of XE-991 (red).
Calibration: 0.1 s, 20 mV. C, Scatter and bar plots of RS and IB groups show a similar increase in
high-frequency action potentials after application of 20 M XE-991. Scatter plot, Individual
experiments. Bars represent mean ⫾ SEM.

channel staining intensity profiles along the AIS. In contrast to
earlier electron microscope studies based on a smaller number of
cells (Sloper and Powell, 1979), we detected a positive correlation
between AIS length and soma size (Pearson’s, test p ⫽ 0.01, Fig.
1B). Although Kv7.2, Kv7.3, ankyrin G, and PanNav staining were
concentrated within the AIS, high-resolution imaging showed
that the two Kv7 subunits were strictly colocalized within the
distal portion of each AIS, whereas Nav staining filled the entire
AIS, indicating that the subcellular Nav and Kv7 profiles are distinct. Semiquantitative image analysis showed that staining for
Kv7.2/7.3 followed similar profiles, scaled with AIS length, and
was confined to the distal fraction of the length of ankyrin G
labeling (0.7 ⫾ 0.1, n ⫽ 10, for both Kv7.2 and Kv7.3). Kv7.2/7.3
staining peaked at the distal tip and was thus distinct from the
subcellular ankyrin G distribution (Fig. 1C–E). The relative Nav
intensity, however, peaked broadly near the AIS midpoint and
then declined, a pattern that strongly paralleled the ankyrin G
distribution (Fig. 1 D, E). Nodes of Ranvier were abundant in all
layers of the neocortical gray matter and appeared strongly labeled by PanNav (Fig. 1D, arrowhead) or Kv7.2/7.3 flanked by
Caspr antibodies (Fig. 1F ). In L5, we counted 265 nodes, of which
259 (98%) were labeled by Kv7.2 and 256 (97%) were labeled by
Kv7.3, which is indicative of the expression of both subunits in
nearly all nodes. Nodes of Ranvier, as estimated from highmagnification images (Fig. 1F ), were 0.97 ⫾ 0.02 m long and
0.66 ⫾ 0.01 m in diameter (n ⫽ 259). In some nodes, especially
those well aligned with the x–y plane, the staining for Kv7.2/7.3
(Fig. 1F ) and PanNav appeared in parallel lines, suggestive of
membrane labeling. These findings show that while Kv7 and Nav
are coexpressed in neocortical AISs and nodes, they follow distinct distributions within the AIS with highest absolute and rela-

Intrinsically bursting and regular firing L5 neurons have
similar axonal Kv7 distributions
For our subsequent electrophysiological characterization experiments, we investigated the Kv7 distribution in identified L5 neurons that can be classified by their regular spiking (RS) and
intrinsic bursting (IB) phenotypes (Chagnac-Amitai et al., 1990;
Kole, 2011). We recorded from large thick-tufted L5 neurons,
filled these with Alexa Fluor 488, and performed post hoc Kv7.2
and Kv7.3 staining. z-projected image analysis revealed that neither the soma size (on average, 22.1 ⫾ 0.5 m; unpaired t test,
p ⫽ 0.47) nor the AIS length (on average, 45.7 ⫾ 1.1 m; p ⫽
0.10) was different between the two classes (17 RS and 12 IB
neurons). Furthermore, the length of expression in the distal part
of the AIS was similar between the two classes for both Kv7.2 (RS,
23.7 ⫾ 1.3 m, n ⫽ 14; IB, 24.9 ⫾ 1.6 m, n ⫽ 9; unpaired t test,
p ⫽ 0.57; Fig. 2A) and Kv7.3 (RS, 24.6 ⫾ 1.3 m, n ⫽ 12; IB,
25.8 ⫾ 1.7 m, n ⫽ 9; p ⫽ 0.59; Fig. 2A). Kv7.2 and 7.3 subunits
were also coexpressed at all identified axonal branch points
(100%, 11 branch points) in both RS (five of five branch points)
and IB neurons (six of six branch points; Fig. 2A).
To determine the physiological contribution of the total Kv7
conductance to the intrinsic excitability in the two classes, we
analyzed the change in intrinsic excitability after bath application
(10 –20 M) of XE-991, a Kv7 family-selective blocker (Wang et
al., 1998). The results indicate that IB and RS neurons similarly
increased in input resistance (124 ⫾ 8.6% and 115.7 ⫾ 8.6%,
respectively; two-way repeated-measures ANOVA, p ⫽ 0.44, n ⫽
6) and depolarized their resting membrane potential (⫹3.8 ⫾ 0.8
vs ⫹4.3 ⫾ 1.2 mV, IB and RS, respectively; p ⫽ 0.60). Furthermore, the percentage increase in the action potential afterdepolarization (ADP) after bath application of 20 M XE-991 was not
different (244.7 ⫾ 48% vs 182.4 ⫾ 17.7%, for IB and RS, respectively; p ⫽ 0.28; n ⫽ 6), and neither the change in the number of
high-frequency action potentials (8.1 ⫾ 1.3 vs 7.2 ⫾ 1.0, IB and
RS, respectively; p ⫽ 0.54; n ⫽ 13 and n ⫽ 11; Fig. 2 B, C).
Together, these results strongly indicate that Kv7.2 and Kv7.3
subunits are, independent of pyramidal cell subtype, strictly colocalized to the distal region of the AIS and ubiquitously clustered
near Nav channels. Although strict colocalization of the two Kv7
subunits at both AISs and nodes is suggestive of the expression of
heterotetrameric channels, as noted earlier (Pan et al., 2006), this
can only be established by direct M-current recording from the
axon.
Pharmacological isolation and identification of IM in
neocortical axons
To record axonal IM, we made whole-cell recordings from the
unmyelinated cut-ends of visually identified L5 axons (Kole et al.,
2007). Using a ⫺92 mV holding potential, a step depolarization
in the axon to 8 mV activated a rapid inward Na ⫹ current followed by a slowly inactivating K ⫹ outward current (Fig. 3A). We
pharmacologically isolated IM by bath application of TTX, 4-AP,
and ZD-7288, blocking Na ⫹ currents, fast-activating Kv1 and
Kv3-type K ⫹ currents, and HCN currents, respectively. The remaining outward current was relatively slowly rising (28.8 ⫾ 5.1
ms at 8 mV; n ⫽ 5 axons) and non-inactivating, suggestive of IM
(Fig. 3A, black trace; Brown and Adams, 1980; Brown and Passmore, 2009). The space-clamp characteristic of this voltageclamp configuration was assessed by placing a second electrode at
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the soma while injecting the voltage command steps into the axon (n ⫽ 5 soma–
axon recordings, 120 – 650 m from the
soma and n ⫽ 2 soma–soma recordings;
Fig. 3 B, C). Voltage command amplitudes
greatly attenuated with increasing distances from the axonal injection site, following a single exponential function with
a constant of 149 m (n ⫽ 7; Fig. 3C).
These results indicate that axonal recordings beyond 300 m distance from the
soma and injecting, for example, a step
potential of 100 mV will depolarize the
soma by less than ⬃15 mV, minimally activating somatodendritic K ⫹ currents. All
axonal whole-cell voltage-clamp recordings were therefore routinely made at a
distance of ⬃400 – 800 m from the
soma.
To pharmacologically characterize the Figure 3. Isolation and pharmacological characterization of IM in neocortical axons. A, Left, Pipette configuration during single
axonal IM, we first bath applied XE-991. electrode whole-axon voltage-clamp recording. Right, Voltage steps to 8 mV evoked a Na ⫹-mediated fast inward current folOutward currents were dose-dependently lowed by a large inactivating outward current (gray). In the presence of TTX, 4-AP, and ZD-7288 (black) a slow-activating outward
blocked to 63.3 ⫾ 7.6% (n ⫽ 6) at 10 M current remained. Calibration: 0.5 nA, 0.1 s. B, Left, Schematic depicting a dual whole-cell recording from soma and axon. Right,
and maximally to 76.7 ⫾ 1.6% (n ⫽ 5) at Voltage-clamp command steps in the axon (blue traces) were attenuated at the soma (current-clamp, black) to 83%. Calibration:
0.2 s. C, Voltage attenuation plotted vs the distance from the soma and fitted with the exponential function; y ⫽
100 M (Fig. 3D). The IC50 of XE-991 de- 20 mV,⫺0.0067x
0.92e
. D, E, The Kv7 channel blocker XE-991 (D) and the nonspecific blocker TEA (E) blocked the outward currents.
termined with the Hill equation was 1.9
M with a Hill slope near unity (⬃0.95), Calibration: 50 pA, 0.1 s. Dose–response curves and corresponding Hill fits to the percentages of current block for XE-991 (n ⫽ 18)
and TEA (n ⫽ 12), respectively. Symbols represent the mean ⫾ SEM.
which is similar to previous reports
(Wang et al., 2000; Schwarz et al., 2006).
of on average ⫺92.6 ⫾ 4.3 mV (n ⫽ 7), which is consistent with a
Since all Kv7 family members are similarly sensitive to XE-991,
K ⫹ current. We also explored the voltage and time dependence of
these results indicated that the current was largely mediated by
IM activation by making steps from a holding potential of ⫺92
Kv7 channels, but did not allow identification of the subunits. To
mV
to a range of test potentials (⫺102 to 32 mV), followed by a
achieve this, we exploited the differential sensitivity of homostep
to ⫺52 mV (Fig. 4B). Outward currents were clearly resolved
⫹
meric and heteromeric Kv7 channels to the K channel blocker
from
⫺62, and at 28 mV reached peak amplitudes of on average
et
al.,
1998;
Hadley
et
al.,
2000,
2003;
Schroeder
et
al.,
TEA (Wang
478.7
⫾ 58.1 pA, equivalent to a conductance of 4.0 ⫾ 0.5 nS
2000; Shapiro et al., 2000). Homomeric Kv7.2, Kv7.3, Kv7.4, and
(assuming
a ⫺92 mV reversal potential; n ⫽ 14; Fig. 4 B, C). Bath
Kv7.5 channels are blocked with IC50 values of ⬃0.17, ⬎200,
application
of the Kv7.2–7.5 channel opener retigabine (Wick⬃3.0, and ⬃70 mM, respectively. Importantly, Kv7.4 subunits
enden
et
al.,
2000) at a concentration of 10 M led to a nearly
have a restricted expression pattern in brain and have not been
twofold increase in peak conductance (7.5 ⫾ 0.22 nS, p ⫽
found in neocortex (Kharkovets et al., 2000). Heteromeric chan0.00012, n ⫽ 4; Fig. 4A–C).
nels show intermediate sensitivities to TEA block. Kv7.2/7.3 and
Tail currents were analyzed for both the activation and deacKv7.2/7.5 channels have IC50 values near ⬃3 and ⬃200 mM
tivation protocols. We found that the midpoints of voltage de(Wang et al., 1998; Hadley et al., 2000, 2003; Schroeder et al.,
pendence of activation and effective valances, determined by
2000; Shapiro et al., 2000). We found that bath application of 3
Boltzmann fits, were not different between the two protocols
mM TEA blocked 42.3 ⫾ 6.4% (n ⫽ 3) of the 4-AP-insensitive
( p ⫽ 0.328 and p ⫽ 0.531, respectively) and therefore subseoutward currents; 30 mM TEA blocked 78.1 ⫾ 6.8% (n ⫽ 5,
quently pooled the results. The average midpoint for voltage depaired t test p ⫽ 0.00058; Fig. 3E). Fitting TEA inhibition results
pendence of activation was ⫺33.8 ⫾ 1.8 mV (n ⫽ 8) with an
at concentrations of 0.1, 0.3, 3.0, or 30 mM yielded an IC50 of 2.9
effective valence (e ⫺) of 3.1 ⫾ 0.3 (n ⫽ 8; Fig. 4D). Retigabine
mM with a Hill slope coefficient of 1.2. Together, in L5 axons the
strongly shifted the midpoint of the voltage dependence of actiremaining outward current in the presence of 4-AP resembles the
vation to ⫺63.1 ⫾ 1.6 mV (unpaired t test, p ⫽ 0.00023; n ⫽ 6;
XE991-sensitive IM, predominantly carried by heterotetramers of
Fig. 4D), which is in line with the predicted shift of approximately
Kv7.2/7.3 subunits.
⫺30 mV for Kv7.2/7.3 heteromers (Tatulian et al., 2001). The
time course of activation and deactivation could be well fitted
Gating properties, voltage dependence, and retigabine
with single exponential functions revealing relatively fast kinetics
sensitivity of axonal Kv7.2/7.3 channels
ranging between 10 and 40 ms at 35°C (Fig. 4E). Bath application
To examine the precise voltage dependence and kinetics of axonal
of 10 M retigabine led to a fivefold slowing of the deactivation
heterotetrameric Kv7.2/7.3 channels, we used a deactivation protime constant (at ⫺72 mV; control, 18.9 ⫾ 1.9 ms, n ⫽ 10; retitocol from a holding potential of ⫺32 mV (Brown and Adams,
gabine 89.6 ⫾ 10.9 ms, n ⫽ 4; unpaired t test, p ⫽ 0.0013; Fig. 4E)
1980; Adams et al., 1982). Between ⫺32 and ⫺62 mV, the inbut did not affect activation at depolarized potentials (8 mV;
wardly rectifying currents deactivated slowly (⬃30 to 40 ms) and
control, 21.7 ⫾ 0.3 ms, n ⫽ 10; retigabine, 25.8 ⫾ 1.7 ms, n ⫽ 4;
inverted beyond voltages of ⫺100 mV (Fig. 4A). Analysis of the
p ⫽ 0.268; Fig. 4E). The slowing of the IM deactivation of retigaintersection of the instantaneous and steady-state currents obbine in L5 pyramidal cell axons is consistent with previous expertained with the deactivation protocol yielded a reversal potential
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course of activation was on average 13.4 ⫾
3.5 ms (n ⫽ 7). Second, using deactivation steps to ⫺52 mV revealed slower
current relaxations (2– 8 pA in amplitude) that could be well fitted with a
single exponential with a time constant
of 43.6 ⫾ 4.6 ms (n ⫽ 5). The observed
M-current kinetics in the AIS therefore
resembled the whole-axon currents (Fig.
4). To rule out any voltage-clamp errors in
cell-attached mode (Williams and Wozny,
2011), we also made outside-out patchclamp recordings from the distal AIS in the
presence of 4-AP, ZD-7288, and TTX, and
applied deactivation steps. M-currents
could successfully be detected in four
outside-out recordings and were slowly deactivating at ⫺32 mV (40.7 ⫾ 6.7 ms; n ⫽ 4;
Figure 4. Voltage dependence, kinetics, and retigabine sensitivity of nodal M-currents. A, Deactivation currents under control Fig. 5A,B), which is comparable to the
conditions (left) and in the presence of retigabine (right). Traces represent average of five different axons. Calibration: 20 and 100 whole-axon kinetics (unpaired t test, p ⫽
pA, 0.1 s. B, IM activation in response to six voltage steps (left). Current traces (average of three axons) of IM to the same voltage 0.639). The average half-maximum activasteps recorded in the presence of 10 M retigabine (right). Calibration: 0.1 nA; same time scale applies as in A. Single exponential tion voltage from three separate fits was
fits (red) of the current rise time are overlaid only for the maximal activated current. C, Current–voltage plots of the peak current
⫺38.4 ⫾ 0.1 mV with an effective valence of
amplitude obtained during activation in control, retigabine, and XE-991. D, Normalized conductance–voltage plots fitted with
2.5 ⫾ 0.1 (n ⫽ 3).
Boltzmann equations with offset for control and in the presence of retigabine. The half-maximum activation and effective valences
The patch recordings allowed us to
are indicated. E, Time constants of activation and deactivation obtained from monoexponential fits are shown. IM was significantly
quantify the density of IM along the somaslower between ⫺132 and ⫺42 mV in the presence of retigabine. All symbols represent the mean ⫾ SEM.
todendritic and axonal axis by converting
the obtained peak current amplitudes to
iments using heterologously expressed Kv7.2/7.3 heteromers
conductance densities, using the experimentally determined re(Tatulian et al., 2001). To enable comparison with previous Kv7
versal potential of ⫺92 mV. On average, the densities in somatic
studies performed at room temperature, we also recorded IM at a
and dendritic patches were determined to be 12.1 ⫾ 0.3 pS m ⫺2
(n ⫽ 22) and 12.2 ⫾ 2.4 pS m ⫺2 (n ⫽ 5), respectively (Fig. 5C),
temperature of 25°C. At 32 mV, the activation time constant
which is equivalent to ⬃1–2 Kv7 channels/m 2, assuming a
became significantly slower from an average of 14.8 ⫾ 2.2 ms
single-channel conductance of 7–11 pS (Selyanko et al., 2001;
(35°C; n ⫽ 9) to 61.7 ⫾ 6.4 ms (25°C; n ⫽ 5; unpaired t test, p ⫽
Chen and Johnston, 2004; Miceli et al., 2009). The collected data
0.0086), and at ⫺50 mV changed from 42.1 ⫾ 4.8 ms (n ⫽ 9) to
demonstrated, however, a steep increase in current amplitudes
114.9 ⫾ 15.1 ms (n ⫽ 5; p ⫽ 0.0074). Across a range of voltage
beyond 30 m from the soma, reaching a peak conductance densteps, the temperature coefficient (Q10) was found to be on average ⬃2.6, which is in accord with previous work in layer 2/3
sity of ⬃144 pS m ⫺2 at the distal end of the AIS at a distance of
et
al.,
2011).
55 m from the soma (Fig. 5C). Interestingly, unlike the AIS Nav
neurons (Guan
currents, which are detectable only when ankyrin G binding is
In summary, these data show that axonal IM shares the voltage
reduced (Kole et al., 2008), the comparison of patch recordings of
dependence with previously reported somatic IM, but has relatively faster and monoexponential activation and deactivation
IM from cut-ends (lacking ankyrin G) and the intact AIS showed
no difference in the IM amplitudes (unpaired t test, p ⫽ 0.277; n ⫽
kinetics.
8). The distribution of Kv7 along the AIS could be fit with an
exponential function (e-fold increase, ⬃13 m; n ⫽ 32).
IM properties in the axon initial segment
Whole-axon recordings most likely recruit ionic current from
Together, these experiments reveal for the first time the gating
nodes of Ranvier located at various distances from the recording
properties of M-current native to the axon, which have their
location, possibly leading to a filtering of the current rise times.
highest conductance densities in the distal end of the AIS, ⬃10Since the AIS contains high densities of Kv7.2/7.3 channels (Figs.
fold higher compared with the soma.
1, 2) and is amenable to direct patch-clamp recording (Kole et al.,
2007), we made cell-attached recordings using large depolarizing
Local roles of Kv7 channels in dendrites, soma, and axons
To determine the global impact of a local high density of Kv7
steps to 45 mV, maximizing the probability to detect small curchannels in the axon initial segment, we first applied XE-991
rents. Outward currents evoked in somatic cell-attached patches
focally, via patch pipettes, to visually identified subcellular sites of
were ⬍2 pA (n ⫽ 8), and in some cases single-channel openings
L5 pyramidal axons using bright-field/fluorescence microscopy
were resolved (Fig. 5A, top traces). Single-channel currents were
on average 1.6 ⫾ 0.06 pA (single-channel conductance; 10.7 ⫾
combined with somatic whole-cell recording (Fig. 6A). AIS Kv7
0.7 pS; n ⫽ 4 patches), which is consistent with previously rechannel block led to a significant increase in the somatically reported single M-channel conductances ranging between 7 and 11
corded ADP (1.56 ⫾ 0.55-fold increase; n ⫽ 6; paired t test, p ⫽
pS (Selyanko et al., 2001; Chen and Johnston, 2004; Miceli et al.,
0.020; Fig. 6B). In comparison, bath application caused an ap2009). In contrast to the soma, significantly larger and macroproximately twofold increase (1.98 ⫾ 0.21-fold increase; n ⫽ 18;
scopic currents were obtained at a distance of ⱖ30 m from the
paired t test, p ⫽ 0.000012), suggesting that local AIS expression
soma in the AIS (range, 5–38 pA; n ⫽ 8; p ⫽ 0.0032; Fig. 5A). AIS
of Kv7 channels may play a substantial role in counteracting the
perisomatic depolarization during the ADP. Furthermore, focal
cell-attached currents strongly resembled IM. First, the time
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application of XE-991 (10 –20 M) had a
clear location-dependent impact on the
resting membrane potential (Fig. 6C). Kv7
channel block at the apical dendrite, ⬃100
m from the soma, changed neither the
somatically recorded resting membrane
potential nor the input resistance (average
Vm change, 0.9 ⫾ 0.4 mV; RN change,
⫺0.3 ⫾ 3%; n ⫽ 6; paired t test, p ⫽ 0.079
and p ⫽ 0.89; Fig. 6C). XE-991 applied to
the first node or the AIS, however, induced a ⬃5 mV depolarization of the resting membrane potential (Vm change,
6.2 ⫾ 1.4 mV, n ⫽ 14, paired t test, p ⫽
0.00094; and 4.4 ⫾ 1.0 mV, n ⫽ 6, paired t
test, p ⫽ 0.014). Puffing solution alone
(i.e., without XE-991) had no impact on
the resting membrane potential when applied to the AIS (0.3 ⫾ 0.75 mV, n ⫽ 5,
p ⫽ 0.14; Fig. 6C). In comparison, bath
application of 10 –20 M XE-991 depolarized the resting membrane potential by on
average 3.1 ⫾ 0.4 mV (paired t test, p ⫽
0.000035; n ⫽ 28; Fig. 6C) and decreased Figure 5. Voltage dependence, kinetics, and current density of IM in the AIS. A, Left, Schematic drawing indicating the different
recording positions at the L5 soma and AIS. Right, Putative M-currents obtained in cell-attached and outside-out recordings from
the resting conductance by ⬃6 nS (con- the soma (top) and axon initial segment (middle). Voltage-clamp step protocols are indicated at the bottom. Traces represent the
trol, 36.8 ⫾ 2.1 nS; XE-991, 30.3 ⫾ 2.9 nS; average of ⬎5 trials for each single patch. Currents obtained at the AIS were fit with single exponential functions (red). Calibran ⫽ 30; paired t test, p ⫽ 0.000013).
tions: 5, 1, and 5 pA, respectively; 100 ms. B, For three outside-out patch recordings, voltage steps were obtained for a large voltage
The resting membrane depolarization range between ⫺92 and ⫺2 mV. The 45 mV data were obtained from the cell-attached recordings. Time constants (closed circles)
with focal XE-991 application to the AIS, a fitted to a Gaussian function ( y ⫽ 13.4 ⫹ 26.3 e [⫺((x ⫺ 29.7)/30.3) 2]). Steady-state voltage dependence of activation (open
region only 45 m in length (⬍1 nS Kv7 circles) fit with a single-power Boltzmann function with the indicated parameters. Symbols represent the mean ⫾ SEM. C,
conductance at rest) was surprisingly sim- Subcellular conductance density distribution along the AIS and somatodendritic membrane. Recordings from intact AIS (open
⫺ 0.086 x
. Dend,
ilar in magnitude compared with bath circles) and cut-end AIS (open squares) were combined and fit with an exponential function, y ⫽ 8.7 ⫹ 1.1 e
Dendrite.
application of XE-991 (⬃4 mV). We hypothesized that the persistent Na ⫹ curaction potentials compared with XE-991 alone (XE-991, 97.4 ⫾
rent in part mediates the depolarizing drive by amplifying the
1.5 mV; XE-991 plus riluzole, 96.3 ⫾ 3.4 mV; n ⫽ 6; paired t test,
membrane potential depolarization during Kv7 channel block.
p ⫽ 0.70; Fig. 6G). However, the XE-991-induced increase in the
Indeed, in the presence of TTX the XE-991-induced resting
ADP was reduced to control values in the presence of riluzole
membrane depolarization was significantly reduced (TTX ⫹ XE(XE-991, 174.1 ⫾ 25.4%; XE-991 plus riluzole, 114.9 ⫾ 17.7%;
991, 1.7 ⫾ 0.3 mV; n ⫽ 5; unpaired t test vs XE-991 alone, p ⫽
n ⫽ 6; repeated-measures ANOVA, p ⫽ 0.0043; Fig. 6G). In these
0.0044; Fig. 6C). These data suggest that AIS Kv7 channels prerecordings, one neuron developed sustained action potential firvent subthreshold activation of Nav current.
ing after XE-991 application, and bath application of 5 M riluInterestingly, when applying XE-991 to the AIS the change in
zole reduced the spontaneous action potentials after ⬃15 min
resting membrane potential was sufficient to reach action poten(Fig. 6H ).
tial threshold and generate spontaneous firing in 61% of the cells
Together, these data indicate that AIS Kv7 channels exert hy(14 of 23 cells; Fig. 6D). Long-lasting periods of unstable memperpolarizing
stabilizing effects upon the resting membrane pobrane potential fluctuations (⬃10 mV) persisted for several mintential,
thereby
preventing activation of persistent Na ⫹ current
utes and were associated with spontaneous action potential firing
activated at subthreshold potentials and restraining spontaneous
rates (average rate, 3.6 ⫾ 0.8 Hz; n ⫽ 17; Fig. 6E). These large
firing.
membrane potential fluctuations and periods of spontaneous firing, similar to observations in the CA1 pyramidal neuron (Shah
et al., 2008), were also observed in the presence of blockers for
Kv7 channel activation at the resting membrane potential
augments propagating axonal action potentials
inhibitory and excitatory synapses (bicuculline, gabazine, and
Do Kv7.2/7.3 channels concentrated at nodes of Ranvier also have
DNQX; n ⫽ 3), in accordance with the idea that these are generan attenuating impact on action potential propagation? Direct
ated by intrinsic conductances. A power spectrum analysis of the
intracellular recordings from central nodes (⬃1 m in length)
intrinsic spontaneous action potential firing periods showed that
are difficult to achieve with patch pipettes (⬃1 m tip diameter).
the peak of activity occurred at frequencies of ⬃4 and 9 Hz,
As an alternative, we examined the role of Kv7 in nodal action
correlating with either high-frequency oscillatory bursts or regupotentials by using dual pipette recordings from the soma and
lar action potential firing (n ⫽ 6; Fig. 6F ). To test whether block
of Kv7 channels by XE-991 unmasks a persistent component of
axon cut-ends (a distance of 130 – 650 m from the soma), evokaxonal sodium currents (Golomb et al., 2006; Yue and Yaari,
ing action potentials at the soma and using bath application of
2006), we bath applied 5 M riluzole, a nonspecific blocker with
XE-991 (Fig. 7A). The change in the ADP appeared highly locahigh sensitivity for the persistent sodium current (Urbani and
tion dependent (two-way ANOVA, p ⫽ 0.0004; F ⫽ 19.82; n ⫽ 9).
While the ADP significantly increased at the soma (control,
Belluzzi, 2000). Riluzole did not change the amplitude of single
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Figure 6. Axonal Kv7 channels maintain resting membrane potential stability. A, Left, Schematic drawing of the drug application (red) and recording pipette arrangement (black). In this example, XE-991 was focally applied to the AIS. Right, Example
voltage recordings before (gray) and after XE-991 application (red) locally to the AIS (right top) or in the bath (right bottom) show
an augmentation of the ADP. Calibration: 10 ms, 10 mV. B, Line and scatter plots of the individual data reveal an increase in the ADP
after local XE-991 application to the AIS (n ⫽ 6) or global block in the bath (n ⫽ 18). C, Population data of the resting membrane
potential change for the different locations and solutions. HEPES, Control solution without XE-991 to the AIS; Dend, XE-991 to the
dendrite; AIS, XE-991 to the axon initial segment; Node, XE-991 to the node; AIS ⫹ first node, XE-991 to the AIS and node; Bath,
XE-991 in the bath; AIS ⫹ TTX, XE-991 to the axon initial segment in the presence of 1 M TTX. **p ⬍ 0.001, *p ⬍ 0.05. Data
represent the mean ⫾ SEM. Inset, Focal AIS application of XE-991 depolarized the resting membrane potential. Calibration: 1 mV,
1 min. D, Example of a recording in which 20 M XE-991 caused spontaneous firing. A 20 min period before washout was blanked
for clarity. Calibration: 4 min, 10 mV. E, Summary data for the 17 experiments in which 10 –20 M was focally applied to the AIS.
Washout was tested in three experiments. F, Power spectrum of the spontaneous action potential firing rate during AIS Kv7 channel
block. Action potential frequencies ranged between ⬃4 and 38 Hz (n ⫽ 6). Calibration: 0.1 s, 10 mV. G, After local XE-991
application to the AIS blocking the persistent sodium current by bath application of 5 M riluzole decreased the ADP (left).
Calibration: 10 mV, 10 ms. Population data for the changes of the ADP area during XE-991 application to the AIS and in the presence
of riluzole (right). The XE-991 data is the same as in B. H, Recording in which XE-991 puffing to the AIS caused spontaneous firing
and application of 5 M riluzole abolished the spontaneous APs. Gaps in the recording are blanked for clarity. Calibration: 2 min, 20
mV.

279.0 ⫾ 29.9 V 䡠 s; XE-991, 378.0 ⫾ 36.3 V 䡠 s; Bonferroni
correction, t ⫽ 5.96, p ⫽ 0.0039; n ⫽ 9), the voltage–time integral
was not affected in distal regions of the axon (control, 119.7 ⫾
22.7 V 䡠 s; XE-991, 114.0 ⫾ 21.6 V 䡠 s; Bonferroni correction,
t ⫽ 0.34, p ⫽ 0.56; n ⫽ 9; Fig. 7B). Interestingly, the action
potential amplitude change, measured as the threshold to peak
difference, was also location dependent (two-way ANOVA, p ⫽
0.0002, F ⫽ 22.81; n ⫽ 9) but in an opposite manner. XE-991 led
to a significant action potential amplitude reduction in the axon
(average reduction, ⫺13.9 mV; Bonferroni correction, t ⫽ 7.31,
p ⫽ 0.0021; n ⫽ 9; Fig. 7B) but not in the soma (⫺1.0 mV
reduction; Bonferroni correction, t ⫽ 0.59, p ⫽ 0.58; n ⫽ 9).
As a comparison, we also made double whole-cell recordings
from soma and axon endings cut at the AIS tip (35– 60 m from
the soma; n ⫽ 5; Fig. 7C). Bath application of 10 M XE-991
depolarized the action potential voltage threshold in the AIS by

⬃3 mV (control, ⫺54.9 ⫾ 2.6 mV; XE991, ⫺51.9 ⫾ 2.3 mV; paired t test, p ⫽
0.022; n ⫽ 5; Fig. 7C). Furthermore, Kv7
channel block caused only a small reduction in the AIS action potential amplitude
(control, 101.8 ⫾ 3.2 mV; XE-991, 96.7 ⫾
3.9 mV; p ⫽ 0.043; n ⫽ 5) and the peak of
the rate of rise (control, 1.97 ⫾ 0.2 kV s ⫺1;
XE-991, 1.6 ⫾ 0.15 kV s ⫺1; p ⫽ 0.0017;
n ⫽ 5). While in these recordings the voltage threshold at the soma did not change
(⫺0.5 ⫾ 0.7 mV; p ⫽ 0.432; n ⫽ 5), higher
concentrations of XE-991 (20 M), causing a larger fractional block of Kv7 channels (Fig. 3D), significantly depolarized
the threshold (⫹2.6 ⫾ 0.9 mV; paired t
test, p ⫽ 0.019; n ⫽ 12). On the other
hand, simultaneous whole-cell recordings
from soma and distal dendrites (⬎400
m from the soma) revealed that XE-991
increased the backpropagating action potential amplitude by on average 6.5 ⫾ 2.3
mV ( p ⫽ 0.043, n ⫽ 4; Fig. 7D). Plotting
the action potential amplitude change in
the presence of XE-991 versus all recording locations showed that Kv7 channels
differentially affect action potential propagation into dendritic and axonal regions
(Fig. 7E). A depolarized voltage threshold
and amplitude reduction of fast sodium
action potentials is inconsistent with
block of an outward current and the experimentally measured IM activation kinetics near action potential threshold
(⬃40 ms at ⫺55 mV; Figs. 4, 5) are also
too slow to affect threshold behavior.
Therefore, these data suggest that Kv7
channels open at rest rather regulate the
Nav channel availability by setting the
resting potential.

Membrane potential regulation of
propagating axonal action potentials
The amplitude of the conducting axonal
action potential is known to critically depend on the membrane potential (Waxman et al., 1995; Shu et al., 2006; Kole et
al., 2007). Furthermore, recent studies have shown that in central
axons the midpoint of steady-state Nav channel inactivation is
near ⫺80 mV with a slope of ⬃9 mV (Hu et al., 2009; SchmidtHieber and Bischofberger, 2010), predicting that even small
changes near the resting membrane potential (⫺77 mV) influence nodal Nav channel availability. To test that prediction, we
quantitatively examined action potential amplitudes while varying resting potentials between ⫺110 and ⫺40 mV using local DC
injection into the axon (Fig. 8A–C). Action potentials were then
activated by somatic current injection, and recorded at the soma
and axon, at a distance of between 150 and 250 m from the
soma. Both somatic and axonal action potentials showed two
distinct components in the first time derivative. The first component reflects invasion from the antidromically propagating initial
segment action potential and the second generated by local Nav
channels (Kole and Stuart, 2008). By using Boltzmann fits to the
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individual component amplitudes at the
soma, the first component was found
to inactivate at a midpoint voltage of
⫺55.7 ⫾ 0.9 mV (n ⫽ 8), significantly
more hyperpolarized compared with
the second somatodendritic component
(⫺53.7 ⫾ 0.9 mV; paired t test, p ⫽ 0.027;
n ⫽ 8; Fig. 8B). In the axon, the first component showed a midpoint voltage of
⫺52.8 ⫾ 2.3 mV (n ⫽ 5), while the second
component inactivated at ⫺76.5 ⫾ 2.1
mV (n ⫽ 5). These data suggest that
steady-state inactivation of Nav channels
occurs at much more hyperpolarized potentials in nodal domains. The action potential amplitudes in the axon had a
midpoint voltage a few millivolts more
depolarized from the resting membrane
potential [⫺71.0 ⫾ 2.4 mV (n ⫽ 5, axons)
with a slope of 5.5 ⫾ 0.3 mV (n ⫽ 5); Fig.
8C]. In contrast, somatic action potentials
had a 20 mV more depolarized midpoint
of inactivation (⫺50.2 ⫾ 0.9 mV; n ⫽ 10;
unpaired t test, p ⫽ 5.7 ⫻ 10 ⫺12) with a Figure 7. Kv7 channels differentially regulate back-propagating and forward-propagating action potentials. A, Left, Schematic
shallower slope (6.8 ⫾ 0.4 mV; unpaired t of the simultaneous soma–axon whole-cell recording. Right, Action potentials evoked by brief (3 ms) somatic current injection
test, p ⫽ 0.033). Finally, to determine simultaneously recorded at an axonal recording distance of 475 m in control condition (gray) and after bath application of XE-991
whether the depolarization of the resting (10 M, red). Note the additional high-frequency spikes in the presence of XE-991. Calibration: 10 ms. High magnification of the
potential causes the axonal action poten- same traces shows the reduced axonal action potential amplitude (arrow). Calibration: 0.5 ms, 10 mV. B, Bar graphs and individual
experiments of the area under the curve reveal an increase in the somatic ADP (n ⫽ 9) after XE-991 application but decrease in the
tial amplitude change in XE-991, we cor- distal axons (⬎150 m, n ⫽ 9). C, Action potentials were evoked at the soma and simultaneously recorded from the AIS. The AIS
rected the local depolarization in the action potential threshold was significantly increased (n ⫽ 5, p ⫽ 0.022, arrow). Inset, The phase plot (time derivative vs voltage)
presence of 10 M XE-991 (⫹2.1 ⫾ 0.3 highlighting the voltage threshold. Calibration: 0.5 ms, 10 mV (inset: 5 mV, 0.1 kV s ⫺1). D, XE-991 block in the dendrite increased
mV; n ⫽ 4) by applying negative DC in- the action potential amplitude (arrow). In this example, the dendrite generated a long-lasting plateau depolarization associated
jections into the axon [⬃10 pA nullified with high-frequency burst firing at the soma. Calibration: 10 ms, same voltage scaling as in C. E, Summary data of all dual
the resting potential difference with con- whole-cell recordings (n ⫽ 25) showing the location dependence of action potential change in XE-991. Action potential amplitrol (⫺0.1 ⫾ 0.3 mV)]. The membrane tudes increase in the distal dendrite, are maintained at the soma, but are substantially reduced in the axon. Symbols represent x
potential correction fully restored the and y mean ⫾ SEM.
action potential amplitudes (one-way repeaon subthreshold Nav channel activation since removing Nav from
ted-measures ANOVA, p ⫽ 0.0013, F ⫽ 24.6; Fig. 8D).
the model reduced the resting membrane potential depolarizaThese data show that the propagating axonal action potential
tion (Fig. 9D).
is highly sensitive to the resting membrane potential, in part inNext, to understand the differences in the Kv7 regulation of
fluenced by nodal heterotetrameric Kv7.2/7.3 channels that are
action potentials between compartments we plotted the time
open at rest.
course of gM during the action potential in the soma and in a node
of Ranvier at a distance of ⬃600 m from the soma (Fig. 10A). At
Spatial heterogeneity of Kv7 conductances in soma and axons
the resting membrane potential (⫺78 mV), g M has a uniform
To quantitatively examine how nodal Kv7.2/7.3 channels interact
open probability (Po) of 0.04. At the soma, g M increased rapidly
with Nav channel availability, we generated a Hodgkin–Huxley
during the rising phase of the action potential, peaked with a ⬃10
model of the Kv7 conductance constrained by the experimentally
ms delay, and slowly returned to the resting conductance shaped
recorded voltage and time dependence of the currents (Figs. 4,
by the slow IM deactivation kinetics. In comparison, however, the
9A; see Materials and Methods). This conductance model, based
nodal action potential (250 s in half-width) recruited gM less
on a single activation gate, was subsequently implemented into a
efficiently.
The maximum Po was 0.065, and subsequently deacmulticompartmental model of a morphologically reconstructed
tivated rapidly due to the large afterhyperpolarization mediated
L5 pyramidal neuron with an axon (see Materials and Methods).
by axonal Kv1 (Fig. 10A). The compartmental differences in gM
Using voltage-clamp protocols similar to the experimental
activation were further explored by examining the accumulation
voltage-clamp experiments, the simulated whole-axon currents
of activation by repetitive action potential generation (170 Hz)
resembled the experimentally obtained currents, both in ampliduring a 30 ms lasting depolarization. Figure 10B shows the retude and their time course (Fig. 9B). Several key characteristics of
sulting maximum gM for each action potential as a function of
Kv7-mediated excitability were captured in this model. In agreelocation along the dendrosomatic–axonal axis. While gM inment with our experimental observations, a global reduction of
creased progressively in the perisomatic region as a function of
g M by 60% (mimicking 10 M XE-991; Fig. 3D) caused a spatially
action potential number (2.2-fold Po increase), consistent with
uniform ⬃3 mV depolarization of the resting membrane potenthe rapid repolarization and large afterhyperpolarzation of the
tial, increased the afterdepolarization, and led to multiple action
nodal action potential, gM showed little increase in the node (1.2potentials at high frequency (Fig. 9C,D). The change in resting
potential with g M reduction was nonlinear and in part dependent
fold). Finally, we assessed in the model the overlap between the

Battefeld et al. • Nodal Kv7 Facilitates Action Potential Conduction

J. Neurosci., March 5, 2014 • 34(10):3719 –3732 • 3729

sient Nav current, thereby accelerating the
action potential upstroke.
In the rat peripheral sciatic nerve, most
small- and medium-sized axons (⬍6 m)
express both Kv7.3 and Kv7.2 subunits in
their nodes of Ranvier, while the largest
axons (⬎10 m) express mostly homomeric Kv7.2 channels (Schwarz et al.,
2006). The present results corroborate
and extend those observations by showing
that central myelinated neocortical axons,
ranging between 1 and 3 m in diameter
before entering the white matter, were
nearly always immunoreactive for both
Kv7.2 and Kv7.3 in the nodes of Ranvier.
The limited diversity of Kv channels in axons, compared with the somatodendritic
region, allowed isolation of Kv7 by blocking the 4-AP-sensitive fast-activating Kv1
(Kv1.1/1.2) channels, which are densely
expressed
in L5 axons (Kole et al., 2007;
Figure 8. Voltage dependence of action potentials at somatic and axonal locations. A, Top, Voltage dependence of the somatic
(left) and axonal action potential amplitude (right) assessed by applying local positive (gray) and negative holding currents (blue). Shu et al., 2007; Hallermann et al., 2012)
Action potentials evoked from the resting membrane potential (RMP) are indicated in black. Calibration: 10 mV. Bottom, First and clustered in the AIS and juxtaparanderivatives of the voltage corresponding to the above-displayed action potentials. Circles indicate the first (open circle) and second odal regions (Poliak and Peles, 2003; Kole
peaks (closed circle), respectively. Calibration: 100 s, 0.1 kV s ⫺1 (left); 100 s, 0.5 kV s ⫺1 (right). B, Peak amplitudes of the first and Stuart, 2012). The remaining current
and second component of the time derivative separately fit with Boltzmann equations. Note the hyperpolarized inactivation at has the pharmacological profile of Kv7.2/
axonal sites compared with the soma. C, Data from two example recordings reveal a ⬃20 mV difference in the midpoint of 7.3 heteromers. First, the pharmacologiinactivation of action potential amplitudes between axons (black) and soma (gray). Data were fit with Boltzmann equations cal sensitivity to XE-991 implicates the
(lines). The resting membrane potential in control (black) and in 10 –20 M XE-991 (red) are indicated as dotted lines. D, The
Kv7 family. Second, the hyperpolarizing
reduced axonal action potential amplitude after XE-991 application can be recovered by direct negative current injections (top,
shift
of the voltage dependence, increased
blue). Calibration: 10 mV. Corresponding differentiated voltage of the action potentials (bottom) and summary data (mean ⫾
current density, and slowed deactivation
SEM) for four similar experiments (right). Calibration: 100 s, 0.1 kV s ⫺1.
in the presence of retigabine implicate
Kv7.2–7.5. Third, the TEA block results
are inconsistent with Kv7.2, Kv7.3, or
IM-mediated resting membrane depolarization and local sodium
Kv7.5 homomers (or Kv7.3/7.5 heteromers), and exactly fit those
channel inactivation (hNa). The midpoints of Nav channel inacobtained in IM in superior cervical ganglion neurons from adult
tivation in soma, AIS, and axon were implemented based on
rats (Hadley et al., 2003), from heterologous coexpression of
available experimental data (Fig. 10C; see Materials and MethKv7.2 and Kv7.3 as separate cDNAs (Wang et al., 1998; Hadley et
ods). Reducing gM in the model by 70%, mimicking XE-991 apal., 2000; Shapiro et al., 2000), or as concatamers (Hadley et al.,
plication, uniformly raised the resting membrane potential by
2003). These results indicate that at least 80 –90% of the L5 axonal
⬃5 mV and consequently reduced both the forward-propagating
M-current is mediated by Kv7.2/7.3 heteromultimers, although
action potential rate of rise and the amplitude (15 mV reduction;
we cannot exclude a small contribution of alternative combinaFig. 10D). In contrast to the nodal action potential, the somatic
tions and non-Kv7 channels.
amplitude was largely maintained (3 mV reduction; Fig. 10D),
Interestingly, we found that activation and deactivation kinetwhich is consistent with the experimental results (Figs. 7, 8).
ics were faster (⬃15 ms at 28 mV, at 35°C) compared with preIn conclusion, the results of the computational model and the
vious reports of the native M-current in superior cervical
experimental work suggest that due to the combined effect of the
ganglion neurons or heterologous expressed Kv7.2/7.3 heteropassive voltage attenuation in central myelinated axons, the acmeric channels (Wang et al., 1998, 2000; Selyanko and Brown,
tive high-pass filtering of nodal action potentials by Kv1 and the
1999; Pan et al., 2001; Selyanko et al., 2001), and had mostly a
compartmentalization of steady-state Nav channel inactivation,
monoexponential rising phase. Whether this reflects alternative
the Kv7.2 and Kv7.3 coclustering with Nav channels in the nodal
splice variants of KCNQ2 (Pan et al., 2001), post-translational
axolemma will primarily influence their availability.
modification, or protein–protein interaction specific to the AIS
and nodes remains to be determined. One constraint is that our
Discussion
recordings from distal axonal sites are primarily from cut-ends,
We present here the first biophysical characterization and funcwhich may suffer from damage, voltage-gated channel reorganitional analysis of the M-current in a myelinated CNS axon. The
zation, or cytoskeletal rearrangements (Bradke et al., 2012).
axonal M-current, mediated by Kv7.2/7.3 (KCNQ2/KCNQ3)
However, since our voltage-clamp data from the intact AIS were
heteromultimers, is ⬃4% in the open state at the resting memvery similar in kinetics and voltage dependence compared with
brane potential, and activates rapidly and monoexponentially
whole-axon recordings, the presumed ion channel modifications
with time constants between 15 and 50 ms. In contrast to the well
due to axotomy may have had a minimal impact on axonal Kv7
channels.
established attenuating effects of IM on excitability in the perisomatic region, coclustering of Kv7.2/7.3 with Nav channels in
Patch recordings from the distal end of the AIS also enabled us
nodes of Ranvier primarily increases the availability of the tranto estimate a peak conductance density of Kv7 as ⬃150 pS m ⫺2.
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In comparison, the somatic density was ⬎10-fold lower, 12 pS
m ⫺2 (equivalent to ⬃1 channel m ⫺2), which is in reasonable
agreement with previous measurements and numerical simulations (2– 6 pS m ⫺2; Chen and Johnston, 2004; Gu et al., 2005;
Lawrence et al., 2006; Hu et al., 2007). Interestingly, in sciatic
nerve nodes the maximal conductance density of the IKs was estimated at 18.8 nS pF ⫺1 or 188 pS m ⫺2 (assuming 0.01 pF
m ⫺2; Röper and Schwarz, 1989). The similarity to our peak
conductance estimation of IM in the distal end of the AIS adds to
the considerable existing evidence of molecular similarity in the
composition of AIS and nodes. While both Nav1.6 and Kv7 channels are anchored via ankyrin G to the actin–spectrin filament
network (Pan et al., 2006; Hill et al., 2008; Cooper, 2011), the Kv7
peak conductance density is ⬃40 fold smaller compared with AIS
peak Nav conductance density (⬃7000 pS m ⫺2; Hallermann et
al., 2012). How these specific ratios of Nav/Kv7 channels are established and maintained is not well understood. Fluorescence
recovery after photobleaching experiments indicates that ankyrin
G interacts more weakly with the conserved C-terminal binding domains of Kv7.2/7.3 subunits (Pan et al., 2006) than with
neurofascin (Zhang and Bennett, 1998). Relatively weak binding may make Kv7 channels poor competitors with Nav subFigure 9. Simulation of Im in the NEURON model. A, Steady-state activation (open circles)
units and other ankyrin G ligands. Nonetheless, the distal
and time constants (closed circles) of axonal Im fit with a Hodgkin-Huxley model (blue). B, Top,
AIS-predominant Kv7.2/7.3 labeling and conductance profile
average of five experimental whole-axon recordings. Middle, Simulated Kv7 currents activated
contrasts markedly with the distribution of ankyrin G. Molecduring a single-electrode voltage-clamp simulation (SEClamp) in NEURON (blue). Bottom, Voltular mechanisms for such subcompartmentalization within
age command protocol for simulation and experiments. Calibration: 100 ms, 100 pA. C, Reducing the Kv7 peak conductance density by 50% (middle) and 100% (right) in the model replicates
the AIS are unknown.
the experimental XE-991 block (compare Figs. 6 and 7). Blue traces represent the activated Im
One of the main findings of our study is the identification of a
for the different conditions. Calibration: 10 mV, 10 ms (top); 1 mA/cm 2 (middle). D, Summary
new physiological significance of Nav/Kv7 coclustering. In the
data showing the effect of reducing g M on the simulated resting membrane potential in control
dendrites, soma, and AIS, IM accumulates significant outward
conditions (red line) and without sodium conductance (gray line) overlaid with experimentally
current during action potential generation and consequently afobserved resting potential change (circles). Symbols represent the mean ⫾ SEM.
fects spike frequency accommodation and network oscillations
(Yue and Yaari, 2004; Lawrence et al., 2006; Safiulina et al., 2008;
Brown and Passmore, 2009; Leão et al.,
2009). Also in isolated single nodes from
peripheral sciatic axons, direct current injection evokes more action potentials
when the Kv7 current is pharmacologically blocked, suggesting a role in spike
frequency accommodation (Schwarz et
al., 2006). Our experimental and computational data show that, due to the cable
properties and associated voltage attenuation in the central L5 axons (length constant, ⬃0.6 mm; Kole et al., 2007), the
propagating axonal action potential,
when initiated in the AIS, will minimally
activate nodal Kv7 in the subthreshold
voltage range. In these axons, the juxtaparanodal activation of Kv1 current rapidly repolarizes the action potential,
conferring an active high-pass filtering
and leading to a brief half-width duration
(⬍400 s), causing minimal afterdepolarization. Passive voltage attenuation and Figure 10. Voltage and site dependence of Kv7 activation and sodium channel inactivation. A, Top, Schematic of the neuron
local Kv1 activation in central axons there- model. Bottom, Voltage traces of the soma and a node (620 m distance from the soma). Recorded (black) and simulated (orange)
fore leads to a limited recruitment of IM action potential waveforms at soma and node overlaid with the corresponding time course of gM (blue). Arrows at the axonal
traces indicate the strong afterhyperpolarization and reduction of gM due to Kv1 activation. Calibration: 5 ms, 10 mV, 1% (blue). B,
and minimally charges the nodal memSpace plot of the maximum g activation along the dendrosomatic–axonal axis during the resting membrane potential (0) and
brane resistance in the subthreshold range during action potentials (1– 4).M Inset, Voltage–time plot of the action potentials (170 Hz) in the soma. g has the highest degree
M
during propagating action potentials.
of activation in the proximal dendrite, but the least in the axon. C, Steady-state sodium inactivation curves used for soma (black),
Rather than attenuating subthreshold AIS (blue), and axon (orange). Dotted vertical lines indicate the resting membrane potential (black) and 70% block of gM (red). D,
depolarization, the high density of nodal Simulated somatic and nodal action potentials in control (gray) and during 70% block of gM (red). Note the selective reduction in
Kv7.2/7.3 channels plays a major role in action potential rate of rise and amplitude at the node. Calibration: 10 mV (top); 100 V/s, 100 s (bottom).
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setting the resting membrane potential and indirectly influences
the steady-state availability of Nav channels. The basis for the
resting membrane potential in central myelinated axons is incompletely known, but in the periphery is determined by a combination of the depolarizing drive from persistent Na ⫹ and HCN
channels and the outward currents generated by nodal Kv7 and
internodal Na ⫹/K ⫹ pumps (Thomas, 1972; Stys et al., 1993;
Waxman et al., 1995). Increasing the action potential peak amplitude by membrane hyperpolarization without changing the
half-width may be predicted to enhance Ca 2⫹ current influx at
the presynaptic terminal and transmitter release. Whether this
occurs in layer 5 axons remains to be determined. Interestingly,
in layer 4 pyramidal neurons, hyperpolarization of the presynaptic neuron was found to reduce release failures and increase synaptic currents in the postsynaptic cells (Cowan and Stricker,
2004). An amplifying role of Kv7 channels in transmitter release
has been observed in unmyelinated Schaffer collaterals, although
these changes were observed only when axons were depolarized
by elevation of external K ⫹ (Vervaeke et al., 2006). Kv7 channelmediated boosting of axonal excitability has also been observed
in the peripheral nervous system. Using stimulation of the peripheral myelinated sural nerves, the late superexcitability, determined by the threshold current required 7 ms after a maximal
stimulus of the nerve, is reduced in the presence of flupirtine, a
Kv7 channel opener, while threshold currents were raised during
the subexcitability phase after 30 ms (Sittl et al., 2010). These data
are in accord with Kv7 channel opening causing an increase in the
ADP in myelinated nerves, which is known to increase in amplitude with steady hyperpolarization of the axonal resting membrane potential (Barrett and Barrett, 1982). Thus, Kv7 channels
may serve distinct roles in the myelinated axon by reducing the
steady-state inactivation of colocalized nodal Nav channels,
thereby elevating short-term axonal excitability.
M-channels are an important target of regulation by neurotransmitters acting through Gq-linked metabotropic receptors,
including acetylcholine (Brown and Passmore, 2009). Whether
initial segment and/or nodal Kv7 channels are so modulated,
thereby altering presynaptic excitability, is not yet known. Our
experiments focused on the primary myelinated axon. They do
not rule out the possibility that more distally located channels, in
axon collaterals and/or presynaptic terminals, formed either by
Kv7.2/7.3 or other subunits compositions (e.g., Kv7.2/7.5 or Kv7.5
homomers; Huang and Trussell, 2011), may also regulate local
subthreshold voltage and propagating action potentials or be locally regulated by neurotransmitters. Future experiments comparing our findings with results in models of injury and epilepsy
will help to illuminate the basis for the spectrum of early-onset
epileptic and global development syndromes caused by Kv7.2 loss
of function, and will aid the effort to optimize therapeutic use of
agents such as retigabine, which increase Kv7 activity.
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