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M-Channels (Kv7/KCNQ Channels) That Regulate Synaptic
Integration, Excitability, and Spike Pattern of CA1 Pyramidal
Cells Are Located in the Perisomatic Region

Hua Hu, Koen Vervaeke, and Johan F. Storm
Department of Physiology at Institute of Basal Medicine and Centre of Molecular Biology and Neuroscience, University of Oslo, PB 1103 Blindern, N-0317
Oslo, Norway

To understand how electrical signal processing in cortical pyramidal neurons is executed by ion channels, it is essential to know their
subcellular distribution. M-channels (encoded by Kv7.2-Kv7.5/KCNQ2-KCNQ5 genes) have multiple important functions in neurons,
including control of excitability, spike afterpotentials, adaptation, and theta resonance. Nevertheless, the subcellular distribution of these
channels has remained elusive. To determine the M-channel distribution within CA1 pyramidal neurons, we combined whole-cell
patch-clamp recording from the soma and apical dendrite with focal drug application, in rat hippocampal slices. Both a M-channel opener
(retigabine [N-(2-amino-4-(4-fluorobenzylamino)-phenyl) carbamic acid ethyl ester]) and a blocker (XE991 [10,10-bis(4-
pyridinylmethyl)-9(10H)-antracenone]) changed the somatic subthreshold voltage response but had no observable effect on local den-
dritic responses. Under conditions promoting dendritic Ca*" spikes, local somatic but not dendritic application of M-channel blockers
(linopirdine and XE991) enhanced the Ca*" spikes. Simultaneous dendritic and somatic whole-cell recordings showed that the medium
afterhyperpolarization after a burst of spikes underwent strong attenuation along the apical dendrite and was fully blocked by somatic
XE991 application. Finally, by combining patch-clamp and extracellular recordings with computer simulations, we found that periso-
matic M-channels reduce the summation of EPSPs. We conclude that functional M-channels appear to be concentrated in the perisomatic

region of CAl pyramidal neurons, with no detectable M-channel activity in the distal apical dendrites.
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Introduction

The large principal cells of the mammalian cerebral cortex are
equipped with a rich variety of ion channels, which are distrib-
uted in various patterns over the complex geometrical shapes of
these cells. In concert and in interaction with passive electrical
properties, the activity of these channels determine the electrical
signal processing in the various subcellular compartments of the
neuron, as well as the resultant output of action potentials that
emerge from the “calculations” performed by cell and propagate
along the axon to the next set of neurons. To understand the
functions of neuronal ion channels, it is therefore essential to
know their subcellular distribution.
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Opver the last decade, several voltage-gated ion channels have
been shown to be distributed highly non-uniformly within pyra-
midal cells (Hoffman et al., 1997; Magee, 1998). However, al-
though this class of neurons has been intensely studied for de-
cades, the distributions of some of their most important channel
types are still unknown. In particular, little is known about the
subcellular distribution of the Kv7 subfamily of voltage-gated
potassium channels (also called KCNQ or M-channels) in this
and other cell types.

Members of the Kv7 subfamily of K* channel proteins are
known to underlie the M-current (I;) (Wang et al., 1998), which
is a voltage-gated K™ current characterized by a unique combi-
nation of features: (1) a negative activation range, beginning well
below the spike threshold; (2) very slow activation and deactiva-
tion; and (3) lack of inactivation (Brown and Adams, 1980).
These features enable I, to exert a significant, often dominant
influence on neuronal subthreshold excitability and to regulate
spike generation, axonal excitability, and neurotransmitter re-
lease from nerve terminals in many types of neurons (Halliwell
and Adams, 1982; Storm, 1989; Hu et al., 2002; Yue and Yaari,
2004; Gu et al., 2005; Peters et al., 2005; Vervaeke et al., 2006a).
Given this multitude of actions, it is not surprising that mutations
of Kv7/KCNQ genes cause a variety of hereditary diseases in hu-
mans, including epilepsy in newborns and deafness (Jentsch,
2000).
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The I, of hippocampal pyramidal cells (Halliwell and Adams,
1982) is generated by Kv7.2 and Kv7.3 subunits, with some con-
tribution from Kv7.5 (Shah et al., 2002). Immunostaining of Kv7
protein is concentrated at axon initial segments (IS) (Devaux et
al., 2004), but some was also detected at the soma and the most
proximal dendrite (Cooper et al., 2000; Roche et al., 2002). Al-
though clear immunocytochemical evidence for Kv7 channels in
the distal dendrites of CAl pyramidal neurons is lacking, two
electrophysiology reports have suggested that there are func-
tional Kv7 channels in the distal dendrites (Chen and Johnston,
2004; Yue and Yaari, 2006).

This study aims at determining the subcellular distribution of
functional M-channels within the somatodendritic compart-
ments of CAl pyramidal neurons. By combining somatic and
dendritic patch-clamp recording with focal drug application, ex-
tracellular recording, and computational modeling, we obtained
converging evidence that M-channels are concentrated in the
perisomatic region of this cell type, with no, if any, measurable
channel activity in the dendrites.

Materials and Methods

Slice preparation. Horizontal hippocampal slices were prepared as de-
scribed previously (Vervaeke et al., 2006b). Briefly, male Wistar rats
(4-10 weeks of age; mean, 7 weeks) were anesthetized with an intraperi-
toneal injection of Equithesin (3 ml/kg body weight), before being per-
fused transcardially with ice-cold (~4°C) modified cutting solution (in
mM): 230 sucrose, 25 NaHCO;, 1.25 KCl, 1.25 KH,PO,, 7 MgCL,, 1.0
CaCl,, and 16 glucose (saturated with 95% O,-5% CO,). After decapi-
tation, hippocampal slices were cut with a Vibratome 3000 slicer (Vi-
bratome, St. Louis, MO), stored at room temperature (20-25°C), and
transferred to a recording chamber. Here they were submerged in artifi-
cial CSF (aCSF) containing the following (in mwm): 125 NaCl, 25
NaHCO;, 1.25 or 2.25 KCl, 1.25 KH,PO,, 1.0 MgCl,, 1.0 CaCl,, and 16
glucose (saturated with 95% O,-5% CO,). During recording, slices were
submerged in aCSF with 1.6 or 2.0 mm CaCl, at 30-35°C (<0.5°C vari-
ation within each recording). In the experiment illustrated in Figures 5
and 6 and supplemental Figures S3 and S4 (available at www.jneurosci.
org as supplemental material), the slices were incubated in 10 um DNQX
to block epileptic activity after applying a high dose (2-3 mm) of
4-aminopyridine (4-AP). In the experiment illustrated in Figure 9, 10 um
gabazine  [6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic
acid hydrobromide (SR95531 hydrobromide)] and 200 um saclofen (or
2-hydrosaclofen) were added to all extracellular media to block GABA ,
and GABAj; receptors.

Whole-cell patch-clamp recording. Whole-cell patch-clamp recordings
were obtained from the soma and/or the apical dendrite of visually iden-
tified CA1 pyramidal neurons, viewed with an upright microscope (BX50
with infrared differential interference contrast; Olympus Optical, Tokyo,
Japan). The patch pipettes were filled with a solution containing the
following (in mm): 140 KMeSO, (or 70 K-gluconate and 70 KMeSO,), 10
HEPES, 2 ATP, 0.4 GTP, 1.0 MgCl,, 10 phosphocreatine, 10 inositol, and
0.1 EGTA (giving a pipette resistance of 2-5 M() for somatic recording
and 8-12 M() for dendritic recording). The series resistance was 15-90
M), and all potentials were corrected for the junction potential (—8 to
—10 mV). Current-clamp recordings were obtained with one or two
Dagan (Minneapolis, MN) BVC 700A amplifiers. In most of the experi-
ments (24 of 27 experiments) illustrated in Figures 1-4 and all of the
experiments illustrated in Figure 5 and supplemental Figure S4 (available
at www.jneurosci.org as supplemental material) (n = 14), membrane
potential recording and current injection were performed with separate
patch electrodes placed adjacent to each other (<20 um apart) on the
same neuron, to avoid any errors in membrane potential measurement
caused by imperfect bridge balance. In the experiments illustrated in
Figure 9, single or a train of EPSPs was evoked every 30 s with an aCSF-
filled glass pipette placed at the border between stratum radiatum and
stratum lacunosum moleculare (stimulation intensity, 100—200 us, 30—
300 pA).
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Focal drug application. Focal application of chemical compounds was
performed by pressure ejection (75-150 mBar) through a patch pipette
(tip diameter, ~1-2 um) placed adjacent to the targeted neuron (<20
pum). The compounds were diluted to the final concentration with the
following puffing solution: 150 mm NaCl, 10 mm HEPES, 1.25 or 2.25 mm
KCl, 1.25 mm KH,PO4, 1.6 or 2.0 mm CaCl,, 1.0 mm MgCl,, 16 mm
glucose, and 0.2% fast green, pH 7.3-7.4. The concentration of K" and
Ca’" ions in the puffing solution always matched those in the aSCF. Two
to 3 mm4-AP and 10 um DNQX were included in the puffing solution for
the experiments illustrated in Figure 6. In the experiments of Figure 5 and
supplemental Figure S4 (available at www.jneurosci.org as supplemental
material), I um TTX was also included in the puffing solution, in addi-
tion to 3 mm 4-AP and 10 um DNQX. Gabazine at 10 um and 200 um
saclofen were included in the puffing solution for the experiments illus-
trated in Figure 9. By visualizing the spread of fast green (Golding et al.,
1999), the diameter of the region being perfused by the puffing was
estimated to be between 50 and 100 wm. The speed of focal application of
chemical compounds was estimated by focally puffing a solution con-
taining 140 mm K * to the apical dendrite of CA1 neurons. The resulting
depolarizing response rose to its maximal level with a time constant of
0.76 £ 0.16 s (n = 5).

Data acquisition and analysis. The data were acquired with pClamp 9
(Molecular Devices, Palo Alto, CA) at a sampling rate of 20 kHz and
measured and plotted with pClamp 9 and Origin 7 (Microcal Software,
Northampton, MA). Values are expressed as mean = SEM. Two-tailed
Student’s ¢ test was used for statistical analysis (o = 0.05). In Figures 1-4,
two different parameters were used to estimate the effects of retigabine
[N-(2-amino-4-(4-fluorobenzylamino)-phenyl) carbamic acid ethyl es-
ter] and XE991 [10,10-bis(4-pyridinylmethyl)-9(10 H)-antracenone] on
current ramp responses: (1) the chord resistance between —63 mV and
the action potential threshold (Rg,.4) Was calculated by dividing the
voltage difference between the threshold of the first spike and —63 mV,
with the amount of current needed to evoke the first spike from a mem-
brane potential of —63 mV during a slow current ramp injection; (2) the
minimal current level needed to evoke a spike during a current ramp
injection (Ipp,eshoia)- When a current ramp was injected into the soma,
I'preshola indicates the minimal current required to evoke a somatic spike,
which is initiated at the axonal initial segment (supplemental Fig. S1A,
available at www.jneurosci.org as supplemental material). When a cur-
rent ramp was injected into the dendrite (see Figs. 2, 4), comparison of
somatic and dendritic action potential latency (Stuart and Sakmann,
1994) showed that the first spike recorded in the distal apical dendrite
was also initiated at the axonal initial segment and backpropagated into
the apical dendrite (supplemental Fig. S1 B, available at www.jneurosci.
org as supplemental material). Therefore, Iy, 014 also indicates the min-
imal current amplitude required to trigger a somatic spike, even if the
current ramp (ramp slopes, 0.15-0.40 nA/s) was injected into the distal
dendrite. In 4 of 11 experiments illustrated in Figures 1 and 2, retigabine
fully inhibited action potential discharge (see Fig. 1 A). In these cases, we
used the membrane potential and current value at the end of the ramp as
substitutes for the voltage and current values of the spike threshold in our
calculations of Ry g and Iy oohora- Although the latter procedure prob-
ably leads to a slight underestimation of the effects of retigabine for these
four cells, it does not change the conclusion of this study. The input
resistance at the resting membrane potential (RMP) was calculated from
the slope (at the RMP, i.e., when the injected current vas 0) of the volt-
age—current relationship in response to injection of a current ramp from
—50to 60 pA (ramp slopes, 0.15—-0.40 nA/s). In Figure 5 and supplemen-
tal Figure S4 (available at www.jneurosci.org as supplemental material),
the integral of the response was defined as the total area under the depo-
larizing response (including Ca** spikes) and was measured during the
entire depolarizing current pulse injection.

Extracellular field potential recording. Extracellular field potentials
were recorded in submerged slices maintained at 31 = 0.5°C, with low-
resistance glass micropipettes filled with aCSF and coupled to Axoclamp
2B amplifiers (Molecular Devices). Schaffer collateral axons were stimu-
lated (pulse duration, 150 us) every 30 s with a sharpened tungsten
stimulation electrode placed in the middle of stratum radiatum. One
field electrode was positioned in stratum pyramidale ~200 wm from the
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threshold compared with the sharp-electrode
recordings previously obtained by our group
(Gu et al., 2005), on which much of our previ-

s —|20 mV ous model development was based. Therefore,
: 03s we adapted the I, Markov model to our new
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Figure 1.

stimulation electrode, whereas the other field electrode was positioned in
the middle of stratum radiatum (~200—400 wm from the other elec-
trode) (see Fig. 8 A). Bicuculline free base (10 um) and pr-APV (100 um)
were routinely included the aCSF to block GABA , and NMDA receptors.

Chemicals. The selective M-channel blocker XE991 was obtained from
DuPont (Billerica, MA) and NeuroSearch (Ballerup, Denmark). Retiga-
bine was generously provided by Drs. J. B. Jensen and W. D. Brown
(NeuroSearch). DNQX, pL-APV, saclofen, hydrosaclofen, and gabazine
(SR95531 hydrobromide) were purchased from Tocris Cookson (Bristol,
UK). TTX was obtained from Alomone Labs (Jerusalem, Israel). The
remaining chemicals were purchased from Sigma-Aldrich (Oslo,
Norway).

Computer simulations. We used a reduced compartmental model of a
CA1 pyramidal neuron as described by Vervaeke et al. (2006b) with two
modifications.

(1) An increasing body of evidence supports an axonal distribution of
I, in CA1 pyramidal neurons (Devaux et al., 2004; Chung et al., 2006;
Pan et al., 2006). Therefore, we elaborated the model with an axon hill-
ock, axon initial segment, and myelinated segments interspaced with
nodes, as described by Mainen et al. (1995) and based on published
anatomical data. The axon hillock is the transition from the soma to the
axon IS and was modeled as consisting of 10 segments, each 1.0 wm long,
with a linear tapering diameter from 4 to 1 um. The initial segment
connects the axon hillock with the first stretch of myelinated axon. The
initial segment has a 1.0 wm diameter and consists of 10 segments, 1.5
pm long. We included three stretches of myelinated axon, each consist-
ing of four 25-um-long segments with a 1.5 wm diameter. The nodes
between the myelinated axon stretches are 1.0 wm long and 1.0 wm in
diameter.

(2) The experimental data in this study showed a slightly elevated spike

Effects of the Kv7/KCNQ/M-channel opener retigabine (Ret) on somatic subthreshold responses and excitability in
CA1 pyramidal neurons. A, The somatic voltage responses of a neuron to injection of current ramp at the soma, under control
conditions [(1), black], after focal perisomatic application of retigabine (20 ) [(2), red], and after bath application of retigahine
(20 um) [(3), green]. B, The same traces as in A, shown at an expanded voltage scale (the spikes are clipped). C, D, The somatic
chord resistance (R;,orq) (€) and current threshold (/1 esnoia) (D) values of five neurons under control conditions, after focal
perisomatic application of retigabine, and after subsequent bath application of retigabine. **p << 0.01; NS, not significant.

cm?; myelinated segments, 500 kQ/cm? and

0.04 wF/cm?; nodes, 1.00 kQ)/cm? and 0.75 uF/

cm?. The intracellular resistance was 100
o /cm. Simulations were performed for 30°C.

[ | The M-current was described by extended
e NS dgki ley  kineti h

i 1 Hodgkin—-Huxley kinetics (Borg-Graham,

o—o0 1999), and the parameters were as follows: re-

0/ versal potential of —80 mV; y = 0.4; base rate

(1/ms) 0f0.002; 7, of 1.0 ms; Q,, = 5; reference

§ éﬁ-___.g temperature of 30.0°C. The V(} ), of the agti\;a—

tion curve was —44.0 mV (“Wang native”),

—40.0 (“Wang expressed”), —31.1 (“Wick-

\6} @‘D rg.S‘ enden control”), and —61.1 (“Wickenden reti-

N ot O gabine”). The valence (steepness) of the activa-
[s) 9 o) A « - «

\\0 o tion was 3.0 (“Wang native”), 4.0 (“Wang

e & expressed”), 2.8 (“Wickenden control”), and

3.2 (“Wickenden retigabine”) (Wang et al., 1998;
Wickenden et al., 2000). The maximal conduc-
tance of I,; was 8.0 pS/pum? (see Fig. 10 A-D,F) or
2.5 pS/pum? (see Fig. 10E).

The synaptic conductance had a reversal po-
tential of 0 mV, rise and decay time constant of
0.1 and 10 ms, respectively, and a maximal con-
ductance of 0.0015 uS.

Results
Whole-cell patch-clamp recordings were obtained from 92 CA1
pyramidal neurons at either the soma (n = 73) or the apical
dendrite (n = 26). The resting membrane potential was —75.9 =
0.8 mV at the soma, —73.8 = 1.0 mV at the proximal dendrite
(<250 wm from the soma; n = 21), and —74.2 £ 3.1 mV at the
distal dendrite (>250 wm from the soma; n = 5).

Effects of local application of M-channel modulators on
subthreshold excitability

To compare the contribution of M-channels with the excitability
in different subcellular compartments, we performed whole-cell
current-clamp tests at the soma (see Figs. 1, 3) and at the apical
dendrite (see Figs. 2, 4), while applying the M-channel opener
retigabine (20 uM) or the blocker XE991 (20 uM). Retigabine
enhances I, by shifting its activation curve in the hyperpolarizing
direction and reducing its deactivation speed (Tatulian et al.,
2001). We applied retigabine either globally to the entire slice by
bath application, focally to the perisomatic region, or to the distal
dendritic area of the recorded cell. To standardize these tests, the
background membrane potential of the recorded neuron was
maintained at —73 mV by steady current injection. As shown in
Figure 1A, each test started with a negative current step (—0.1 to
—0.2 nA, 100 ms), causing a hyperpolarization, followed by a
depolarizing current ramp (ramp slopes, 0.15-0.40 nA/s) that
produced a slowly progressing depolarization until spikes were
evoked. The depolarizing ramp covered a voltage range from
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approximately —80 to approximately —40
mV. In the upper part of this voltage
range, M-channels are partly activated
(Halliwell and Adams, 1982; Wang et al.,
1998; Hu et al., 2002). Therefore, blockade
or enhancement of the activity of these
channels is expected to change the slope of
the depolarizing ramp response.

First, we tested the effects of retigabine
on the perisomatic subthreshold excitabil-
ity in CA1 pyramidal neurons during so-
matic whole-cell recording (Fig. 1). Focal
application of retigabine (20 uMm) to the
perisomatic area reduced the depolarizing
slope above —63 mV and inhibited spike
discharge in all of the neurons tested with
somatic recording (n = 5) (Fig. 14,B).
Thus, perisomatic application of retigab-
ine caused the spikes that were evoked by
the depolarizing current ramp to be de-
layed or disappear (Fig. 1A, red traces).
Furthermore, when perisomatic focal ap-
plication was followed by bath application
of retigabine (20 uM), the effect of the lat-
ter was occluded so that the voltage re-
sponses to current ramp injection were
virtually identical under these two condi-
tions (compare traces 2 and 3 in Fig. 1 A,
bottom right). To compare the effect of
M-channel modulation on the slope of de-
polarizing ramp, we compared the chord
resistance shown by the ramp responses
between —63 mV and the spike threshold
(Rcpora) before and after the application of
retigabine. We found that applying retiga-
bine to the entire cell by bath application
(n = 5) caused no additional reduction of
Rchorq than applying retigabine focally only
to the perisomatic region (n = 5) (Fig. 1C).
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Figure2. Effects of retigabine on dendritic subthreshold responses and excitability in CA1 pyramidal neurons. A, The dendritic
voltage responses of a neuron to dendritic current ramp injection before (black) and after (red) focal application of retigabine (Ret;
20 um) to the dendritic recording site (218 um from the soma). B, Typical example of the dendritic voltage responses to dendritic
current ramp injection (239 m from the soma) before (black) and after (green) bath application of retigabine (20 pum). Arrows
indicate the first backpropagating spikes, and asterisks indicate dendritic Ca™ spikes. C, D, The same traces as in A and B,
respectively; the voltage responses between —66 mV and spike threshold were superimposed on expanded scales. Arrows
indicate the first spikes evoked by current ramp injection before (black) and after (green) bath applying retigabine. E, F, The
dendritic chord resistance (R;,orq) (E) and current threshold (I, eshoia) (F) Values of all of the six cells tested, under control
condition, after dendritically applied retigabine, and after subsequent bath-applied retigabine. In three of the cells (&), R, o, Was
reduced after bath-applied retigabine, but retigabine caused no significant change in Ry, in the set of all six cells (E) (NS, not
significant), whereas /1y eqno1a Was significantly changed (F). **p < 0.01.

hor

Figure 1D illustrates that retigabine signifi-
cantly raised the minimal current level that
was required to trigger an action potential (I enora) during a
somatic current ramp injection, but there was no difference be-
tween the effects of perisomatic and bath-applied retigabine.
Next, we performed whole-cell recordings from the apical
dendrite at distances of ~200-300 wm from the soma (mean
distance, 244 = 11 um; n = 6) (Fig. 2). To test whether
M-channels influence dendritic excitability, we used similar cur-
rent ramp injections into the dendrite as used in the soma, after
adjusting the steady-state dendritic membrane potential to the
same level as the soma (approximately —73 mV) for comparison.
In sharp contrast to its effect at the soma, focal application of
retigabine to the dendrite (218 wm from the soma in the example
illustrated in Fig. 2A) had no consistent effect on the voltage
responses to current ramp injection (Fig. 2A,C). Neither the
slope of the depolarizing ramp (Reporg) (Fig. 2 E) nor Irpeshold
(Fig. 2 F) was significantly changed by focal, dendritic application
of retigabine (n = 5). When we globally enhanced all M-channels
on the recorded cell by bath-applied retigabine, there was no
significant change of the slope of dendritic voltage responses to
current ramp injection (Fig. 2B, D,E) for the whole set of exper-
iments (n = 6), although in three of these six cells, Rgy,o.q Was
reduced (37.3 * 8.2% reduction; n = 3) (Fig. 2 E, filled triangles).

Computer simulations indicated that the reduction of R4 in
these three experiments could be explained by the opening of
perisomatic M-channels in response to bath-applied retigabine
(data not shown). Thus, opening of perisomatic K* channels is
likely to enhance the axial current flow from the dendrite to the
soma during dendritic current ramp injection, thereby reducing
the amplitude of local dendritic voltage responses. However, the
quantitative effect is likely to be quite variable, because it depends
on several factors, such as the distance from the recording site to
the soma, the diameter of the apical trunk, and the number of
oblique side branches on the apical trunk. Especially the latter can
vary quite a bit between neurons.

Interestingly, the threshold current needed to evoke spikes
(Ithreshola) Was significantly raised by bath-applied retigabine
(n = 6) (Fig. 2F). This increase in Iy, .q0q after bath applying
retigabine probably also reflects the enhancement of M-channels
in the perisomatic region, in which incoming voltage signals ini-
tiate action potentials, and the change can be seen even in the
dendritic recordings, because the somatically triggered spikes
backpropagate to the dendrite (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material). These results sug-
gest that there was essentially no M-channel activity below the



Hu et al. @ M-Channel Distribution in Hippocampal Pyramidal Cells

A Control XE991 to bath Overlay
_J20 mv
LM ) 0 2s
Iy ey B [ 11
B C *% D %

' g%g
BE5mV el 10012 0.14 T &
,{\0\ & & O\Q’b
& N
({9'::.

+

Overla
Wil _120 mv

03s

(nA) L
o
w

=
b
00

'.'Th reshold

Figure 3.  Effects of the Kv7/KCNQ/M-channel blocker XE991 on the somatic subthreshold excitability of CA1 pyramidal neu-
rons. A, The somatic voltage responses of a CA1 pyramidal neuron to somatic injection of a current ramp before (black) and after
(green) bath application of XE991 (20 um). B, Traces from A superimposed on expanded scales. Arrows indicate the first action
potentials in response to the somatic current ramp injection before (black) and after (green) bath application of XE991. , D, The
SOMAtic Ry org AN Frpyreshord Values of six cells before and after bath applying XE991 (20 wum). E, The somatic voltage responses of
aneuron to somaticinjection of a current ramp before (black) and after (red) focal application of XE991 (20 um) to the perisomatic
region. F, Traces from E superimposed on expanded scales. Arrows indicate the first spikes in response to somatic current ramp
injection before (black) and after (red) focally applied XE991. G, H, The somatic Ry o, (G) and /yy, enoiq (H) values of six cells before
and after focal application of XE991 to the perisomatic region. *0.01 << p << 0.05; **p << 0.01.
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somatic chord resistance (Rcy.q) Was sig-
nificantly increased (n = 6) (Fig. 3C) and
Ithreshola Was reduced by bath-applied
XE991 (Fig. 3D). Similarly, focal applica-
tion of XE991 to the perisomatic region
(Fig. 3E,F) also caused a significant in-
crease of somatic Rqy,.q (1 = 6) (Fig. 3G)
and a reduction of I'ty, cshora (Fig. 3H).

In contrast, bath-applied XE991 had
no effect on the slope of dendritic voltage
responses to dendritic current ramp injec-
tions (222 * 23 wm away from the soma;
n = 5) (Fig. 4A,B). Thus, the dendritic
R¢horq remained unchanged after bath ap-
plying XE991 (n = 5) (Fig. 4C), although
Iihreshola Was  significantly reduced by
bath-applied XE991 (Fig. 4D). Again, the
change in Iy, hoq after bath application
probably reflects the effect on M-channels
in the perisomatic region, which facilitates
action potential initiation there and,
hence, the occurrence of backpropagating
dendritic spikes. Furthermore, focal appli-
cation of XE991 to the dendrite (Fig.
4E,F) had no significant effect on either
dendritic Reporg (n = 5) (Fig. 4G) or
Ithreshola (Fig. 4H) during dendritic re-
cording (196 = 9 um away from the soma;
n=>5).

It is important to determine whether
M-channels regulate the somatic or den-
dritic resting membrane potential or in-
put resistance. To test this, we combined
somatic or dendritic patch-clamp record-
ing with focal application of retigabine
and XE991. Application of retigabine or
XE991 focally to the soma or to the den-
drites of CA1 pyramidal neurons had no
significant effect on the resting membrane
potential or on the input resistance mea-
sured at the resting membrane potential,
suggesting that M-channels are closed at
the resting potential in CAl pyramidal
cells. The results from these experiments,
which are summarized in Table 1, are con-
sistent with our previous findings from
transgenic suppression of M-channels
(Peters et al., 2005). The RMP found here
(approximately —75 mV) is close to that

spike threshold on the distal apical dendrite or that the
M-channels in this region were too few or too remote to appre-
ciably affect the somatic response.

The results obtained with retigabine suggest that the
M-channels of CA1 pyramidal cells are concentrated in the peri-
somatic region. However, because retigabine may not be entirely
selective for this channel type (Rundfeldt and Netzer, 2000; Otto
et al., 2002), we also tested our hypothesis by using the highly
specific M-channel blocker XE991 (Wang et al., 1998) (Figs. 3,4).
Again, we injected current ramps during whole-cell recording
from the soma (Fig. 3) or the distal dendrite (Fig. 4). Bath appli-
cation of XE991 (20 uMm) increased the slope of the somatic volt-
age responses and enhanced spike discharge in response to cur-
rent ramp injection into the soma (Fig. 3 A, B). Consequently, the

measured non-invasively by cell-attached patch recording
(Fricker et al., 1999). However, some studies have suggested that
M-channels may contribute to the RMP of these neurons (Halli-
well and Adams, 1982; Yue and Yaari, 2006). This discrepancy
might be attributable to depolarization caused by the impalement
with sharp microelectrodes used in those studies. Thus, the RMP
they found (approximately —65 mV) was considerably less neg-
ative than our values (approximately —75 mV) and may partly
activate Iy,.

Effects of retigabine and linopirdine on dendritic
Ca’*-dependent electrogenesis

The previous section suggests that M-channels only play a mini-
mal role in sculpturing the subthreshold voltage response at the
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distal apical dendrite of CAl pyramidal =~ A
cells. To further explore the distribution of
M-channels and test whether they might
still play a role in dendritic electrogenesis,
we next tested whether they could regulate
dendritic calcium spikes (Yue and Yaari,
2006). For this purpose and to obtain the
same conditions as used previously by Yue B
and Yaari (2006), we facilitated dendritic
Ca** spike generation by blocking the
dendritic A-type transient K* current
with 4-AP (2-3 mM, bath applied) (Magee
and Carruth, 1999; Yue and Yaari, 2006).
To determine whether somatic depolariz-
ing current injection could reliably trigger
Ca** spikes in the distal dendrite, we per-
formed simultaneous somatic and den-
dritic recordings [supplemental Fig. S2
(available at www.jneurosci.org as supple-
mental material), the distance between the E
two recording pipettes in this example was
290 wm]. Under control conditions, so-
matic injection of depolarizing current
pulses from —68 mV evoked a train of so-
matic action potentials, which propagated
back into the distal dendrite (n = 3) (sup-
plemental Fig. S2A, available at www.
jneurosci.org as supplemental material). F
Bath application of 3 mm 4-AP broadened
and increased the amplitude of the back-
propagating spikes in the distal dendrite
(n = 3) (Fig. S2B, available at www.
jneurosci.org as supplemental material).
The broadness of the dendritic spikes
(supplemental Fig. S2 D, available at www.
jneurosci.org as supplemental material)
suggests that they were boosted by en-
hanced Ca** influx after blocking A-type
K™ channels with 4-AP (Magee and Car-
ruth, 1999). When we subsequently bath-
applied TTX (1 M, still in the presence of

-67.5 mV
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Effects of XE991 on the dendritic subthreshold excitability of CA1 pyramidal neurons. 4, Dendritic voltage (~300 wm

4-AP), injection of depolarizing current
pulses into the soma evoked a “pure”
Ca’* spike, which could be recorded both
at the soma and the dendrite (n = 3) (Fig.
S2C, available at www.jneurosci.org as
supplemental material). This Ca** spike
was probably initiated at the soma and

from the soma) responses to dendritic injection of a current ramp under control conditions (black) and after bath applying XE991
(20 pum; green). B, The traces from A superimposed on expanded scales. Note that the first backpropagating action potential
appeared earlier in the response to current ramp injection after bath applying XE991. Arrows indicate the time point of the first
backpropagating action potentials before (black) and after (green) XE991. C, D, The dendritic Reyorq (€) and /iy eshoiq () values of
five cells before and after bath-applied XE991. E, The dendritic (217 pum from the soma) voltage responses of a CA1 pyramidal cell
to dendritic current ramp injection before (black) and after (red) focal application of XE991 (20 tum) near the recording site. F, The
traces from E superimposed on expanded scales. Note that focally applied XE991 to the dendrite had no effect on the timing of the
first action potential in response to current ramp injection. G, H, The dendritic R4 (G) and fyy esnoiq (H) values of all five cells

backpropagated into the apical dendrite,
because the rising phase of the somatic
spike was steeper than that of the dendritic spike. Nevertheless, the
dendritic membrane potential during the Ca*" spike was depolar-
ized beyond —40 mV, which is more than sufficient to activate
M-channels. Similar results were obtained in all cells tested (n = 3).

After establishing that dendritic Ca*" spikes could be evoked
simply by injecting depolarizing current pulses into the soma in
the presence of bath-applied 4-AP, we next tested whether
M-channels can suppress them (Fig. 5). To this end, we focally
applied linopirdine, which also blocks M-channels, to either the
perisomatic area or the distal dendrite of CA1 pyramidal neurons
in the presence of TTX (1 um) and 4-AP (3 mM). Because the
functional impact of M-channels on dendritic excitability was
undetectable under basal conditions (Figs. 1-4), we incubated

tested, before and after application XE991 (20 um) to the dendrite. **p << 0.01; NS, not significant.

the slices in 20 uM retigabine to facilitate the opening of
M-channels before testing, thus trying to maximize the chance
that we would be able to detect possible subtle effects of sparse
dendritic M-channels (Fig. 5). When Ca*" spikes were evoked by
injecting a 300-ms-long current pulse into the soma, focal appli-
cation of linopirdine (30 uM) to the perisomatic region consis-
tently enhanced the Ca*™ spikes, shortening their peak latency
and/or increasing their integral ( p = 0.03; n = 4) (Fig. 5A-D). In
contrast, no clear effect was observed when linopirdine (30 um)
was focally applied to the dendrite (224 * 6 wm away from the
soma; p = 0.2; n = 4) (Fig. 5E-H ). However, subsequent bath
application of linopirdine (30 um) reliably enhanced the Ca**
spike ( p = 0.001; n = 4) (Fig. 5E-H), suggesting that the lack of
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Table 1. Effects of retigabine and XE991 on the somaticand dendritic RMP and the input resistance (R;,,,,.) at RMP the soma; n = 6) and focally applied
Somatic RMP Somatic Ry, atRMP XE991 close to the recording sites (supple-
Control —738E6TmV 958 % 325MQ mental Fig. 841’ avaﬂiblle at o ."i’)nefos.a‘
Applying retigabine to the soma —743 = 62mV 98.8 + 9.6 MQ) OrgHas suppiemental material). Agall,
palue (n) 054 (1 = 4) 094(n = 4) Ca“" spikes were evoked by injecting a
— — 300-ms-long current pulse through
Dendritic RMP Dendritic Ry, atRMP — \yhole-cell patch pipettes in the presence
Control —745+21mV 688 + 127 MQ of 1 uM TTX and 3 mm 4-AP. When
Applying retigabine to the dendrite (239 = 15 wm away from the soma) —746£27mV 613 = 83MQ XE991 was focally applied to either the
pvalue (n) 09(n=4) 03(n=4) soma or the very proximal dendrite (24
Somatic RMP Somatic R, atRMP M away from the soma) (supplemental
Fig. S4A, available at www.jneurosci.orgas
Control —819+08mV 8.1+ 143MQ supplemental material), it strongly en-

Applying XE991 to the soma —82.2 £ 0.6mV 81.0 = 7.5 MQ o .
- = hanced local Ca“" spikes at the recording

pvalue (n) 0.75(n = 6) 0.85(n = 4) . .

— — site. The effects of focally applied XE991
Dendritic RMP Dendritic Rnpu 2t RMP o1 the local Ca** spikes decayed sharply
Control —739+33mV 635+ 7.0MQ along the apical dendrite (n = 6 cells; by
Applying XE991 to the dendrite (196 = 9 pm away from the soma) —744+34mV 654 + 45MQ e-fold every 56 um when fitted with a
pvalue (n) 043(n=75) 0.78 (n =5) monoexponential curve) (Fig. S4C, avail-

a clear effect of dendritic focal application of linopirdine was not
attributable to the absence of functional M-channels in the cell
during somatic whole-cell recording.

Next we tested whether focal application of retigabine to the
dendrite could suppress spike discharge and bursting in the pres-
ence of 4-AP (3 mm) (Fig. 6). Injection of a depolarizing current
pulse (900 ms, 0.1-0.5 nA) into the soma evoked a burst of spikes
followed by repetitive firing. Retigabine applied to the soma re-
gion consistently inhibited spike discharge (Fig. 6A,B) in re-
sponse to current pulses (1 = 4, ¥0.01 < p < 0.05) (Fig. 6C). In
contrast, focal application of retigabine to the dendrite (289 * 22
um away from the soma; #n = 5) had no significant effect on spike
discharge (Fig. 6 D, left, E, F), although the discharge was reliably
reduced by subsequent bath-applied retigabine (n = 5; ¥0.01 <
p < 0.05 and **p < 0.01) (Fig. 6 F). As a positive control, focal
application of a solution containing 140 mm K™ to the same
dendritic region, in which retigabine was focally applied, consis-
tently depolarized the neuron in the same experiment (n = 5;
data not shown). Because spike bursting in the presence of 4-AP
is triggered by dendritic Ca*" spikes (Magee and Carruth, 1999),
we reasoned that, if there are M-channels in the dendrite, en-
hancing their activity with retigabine should cause a local shunt
of the spike-generating Ca®" current in the dendrite and should
consequently reduce the somatic bursting. However, neither so-
matic nor dendritic application of retigabine had any significant
effect on bursting in the presence of 4-AP [firing frequency dur-
ing burst: 142 = 10 and 123 * 7 Hz before and after somatic
application (n = 4); 123 = 14 and 108 = 13 Hz before and after
dendritic application of retigabine (1 = 5); p > 0.1 in both cases]
(supplemental Fig. S3, available at www.jneurosci.org as supple-
mental material). Given the evidence that bursting in the pres-
ence of 4-AP was triggered by dendritic Ca** spikes (Magee and
Carruth, 1999), these results indicate that there are few if any
M-channels in the distal dendrites or, in any case, that their im-
pact on dendritic excitability is small, even under conditions
when M-channel activation was facilitated by retigabine and
other dendritic K* channels (A-type) were blocked by 4-AP.

Because of the long electrotonic distance between the distal
dendrites and the soma, a change of the Ca** spike in the distal
dendrite may not always be detectable during somatic recording.
Therefore, we performed whole-cell patch-clamp recordings at
the soma and along the apical dendrite (up to 313 wm away from

able at www.jneurosci.org as supplemen-

tal material). Thus, in the recordings from
the distal apical dendrite [Fig. S4B, (available at www.
jneurosci.org as supplemental material) the distance was 313 um
from the soma], focal application of XE991 near the recording
sites had no effect on the local dendritic Ca** spikes.

Perisomatic M-channels generate the mAHP after a

spike train

In CA1 pyramidal neurons, a burst of action potentials is usually
followed by two types of afterhyperpolarization (AHP): an AHP
of medium duration (mAHP) (100-300 ms) and a slow AHP
(sAHP) (duration >1 s) (for review, see Storm, 1990). We found
that I, and I,, contribute to the mAHP in a voltage-dependent
manner (Storm, 1989; Gu et al., 2005): at depolarized membrane
potentials, the mAHP is generated only by I, with no contribu-
tion from apamin-sensitive SK channels, whereas at hyperpolar-
ized membrane potentials, the mAHP is generated by I, (Gu et
al., 2005). We hypothesized that the mAHP at depolarized poten-
tials is initiated in the perisomatic region because M-channels
appear to be concentrated there, from both our data (Figs. 1-6)
and immunocytochemical studies (Devaux et al., 2004; Pan et al.,
2006). To test our hypothesis, we made simultaneous whole-cell
recordings from the apical dendrite and the soma of CAl pyra-
midal cells (n = 6) (Fig. 7). By injecting steady current through
the recording pipettes, we depolarized both the soma and the
dendrite to approximately —58 mV, at which potential I, is de-
activated (Halliwell and Adams, 1982; Storm, 1989; Magee, 1998)
and does not contribute to the mAHP (Gu et al., 2005). Subse-
quent injection of a depolarizing current pulse (50100 ms, 0.1-1
nA) at the soma evoked a burst of action potentials (two to five
spikes), which backpropagated into the apical dendrite (Fig. 7A,
insets). This spike burst was followed by an mAHP (Fig. 7A, black
triangle) and an sAHP (open triangle). The amplitude of the
mAHP showed strong attenuation along the apical dendrite
(12.0 = 1.7% attenuation per 100 wm along the dendrite) (Fig.
7 A, B). These results suggest that the mAHP after a burst of action
potentials is normally conducted passively from the soma into
the apical dendrite. To test whether the mAHP is generated in the
perisomatic region, in a distal part of the axon, or in the distal
basal dendrites, we focally applied XE991 (20 uM) to the periso-
matic region during somatic recording (n = 4). Because the over-
lap between the mAHP and sAHP [Gu et al. (2005), their Fig. 4]
may partly obscure the effect of XE991 on the mAHP, we sup-
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pressed the sSAHP by including 50 uMm for-
skolin in the bath (Madison and Nicoll,
1986) (Fig. 7E; this procedure was also
used in two of the four experiments sum-
marized in Fig. 7C,D). Under control con-
ditions, a burst of somatic action poten-
tials reliably triggered a prominent
mAHP, which was consistently blocked by
focal application of XE991 to the periso-
matic region (Fig. 7E). Furthermore, peri-
somatic XE991 application was followed
by bath-applied XE991 to block all
M-channels on the recorded neuron (n =
2). In these cases, the effect of bath-
applied XE991 was occluded by the previ-
ous perisomatically applied XE991. Figure
7, C and D, summarizes the effect of peri-
somatically applied XE991 on the mAHP
from all of the cells tested in this way (n =
4, 2 cells with and 2 cells without forskolin
in the bath; p = 0.003). Two of the cells
were tested without forskolin to avoid
possible effects of forskolin-induced en-
hancement of M-channels through the
cAMP-protein kinase A pathway (Schroe-
der et al., 1998), but we found no evidence
for such an effect of forskolin. Together,
these results support our hypothesis that the
mAHP at depolarized membrane potentials
is generated by M-channels in the periso-
matic region, with no detectable contribu-
tion from the distal apical dendrite.

So far, our results obtained with whole-
cell recording suggested a perisomatic dis-
tribution of functional M-channels in
CA1 pyramidal cells. However, our results
might conceivably be biased by the fact
that our dendritic patch-clamp recordings
were obtained from neurons with a rela-
tively thick apical dendrite, i.e., those cells
whose distal dendrite was thicker than 1
um and therefore “patchable.” Further-
more, whole-cell recording might change
the intracellular environment by dialysis
via the recording pipette. Therefore, we
wanted to test our hypothesis by a less in-
vasive method that samples the responses
from a population of CA1 pyramidal cells.
For this purpose, we performed extracel-
lular recording in the CAl region of rat
hippocampal slices. This method has the
advantage that the cytoplasm is not dial-
ysed and the recorded signal represents
the summed response from a population
of neurons, thus minimizing any bias.

Effects of retigabine on population
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Figure 5.  Effects of linopirdine on calcium spikes in CA1 pyramidal neurons. A, Typical example showing the effects of periso-

matically applied linopirdine (30 uu; red) on the Ca2 ™ spike. B, Normalized time course of the effect of perisomatically applied
linopirdine on the integral of the depolarizing response, including the Ca* spike. €, Summary diagram showing the effect of
perisomatically applied linopirdine on the response integral (n = 4). D, The depolarizing response integral values from four cells
before and after perisomatically applied linopirdine. E, Ca®™ spikes under control conditions [(1), black trace], after dendritic
application of 30 wum linopirdine (212 pum from the soma) [(2), red], and then after bath applying 30 rum linopirdine [(3), green].
F, Normalized time course of the effect of dendritic focal application of linopirdine (Lin) and subsequent bath-applied linopirdine
on the response integral. G, Summary diagram showing the response integral, under control conditions, after focally applying
linopirdine to the dendrite, and then after bath applying linopirdine for all cells tested (n = 4). **p << 0.01; NS, not significant. H,
Depolarizing response integral values from four cells under control conditions, after dendritic application of linopirdine, and
subsequently after bath applying linopirdine. In all of the experiments illustrated in this figure, the hippocampal slices were
incubated with 20 mretigabine (to boost the M-current), 10 m DNQX, 1 um TTX, and 3 mm 4-AP, which were all routinely added
toall the extracellular media. Ca* spikes were evoked by injecting a 300-ms-long depolarizing current pulse into the soma from
amembrane potential of —68 mV.

spikes and field EPSPs during extracellular recording

During extracellular field recordings, we repetitively stimulated
the Schaffer collaterals with a tungsten electrode placed in the
middle of stratum radiatum, i.e., 200—400 wm away from the
stratum pyramidale. We recorded the population spikes, corre-
sponding to somatic action potentials in CAl pyramidal cells,

with an electrode (Fig. 8A, Electrode 1) in stratum pyramidale,
and the EPSPs in the distal dendrite tree [field EPSPs (fEPSPs)]
with an electrode in the distal part of stratum radiatum (Elec-
trode 2). Bath application of 20 uM retigabine consistently re-
duced the amplitude of population spikes in stratum pyramidale
(n=7) (Fig. 8 B, C,E). In contrast, retigabine had no effect on the



Hu et al. @ M-Channel Distribution in Hippocampal Pyramidal Cells

A Control Ret to soma Overlay
_120 mVv
01s
AT S — ¥ mesthonsaiyy
10.5 nA
B Ret to soma Cﬁ 56 *
) I — T
100 <
s I\}/“\ b .
c o
5] \{"l % 10 4
g 50 = = : .
E 0 S < o0 //{ .
0 1 2 3 4 0.1 02 03 04 05
Time (min) 1 (nA)
Ret to dendrite ____ Ret to bath Overlay
120 mV
0.1s '
\j_{\
“105nA i
E,..\ Ret to d¢ dendrite Ret to bath FN
X T 20
p100 Tty FWH*!\R """"" 315
g 210 /l . T
3 4 >3 % %
o % ol : . :
0 2 4 8 1012 14 16 18 0.1 02 03 04 05
Time (min) 1 (nA)

Figure6. Effects of retigabine on the excitability of CA1 pyramidal neurons under hyperexcitable conditions. A, Representative
example showing that perisomatic application of retigabine (20 wm; Ret, red) reduced the excitability of the neuron. B, Normal-
ized time course of perisomatically applied retigabine on the average action potential (AP) frequency in response to injection of
900-ms-long depolarizing current pulses of constant intensity. €, Average action potential frequency plotted against the ampli-
tude of the current injected into the neuron, before (black) and after focal perisomatic application of retigabine (20 wm; red).
*0.01 <p < 0.05;n = 4.D, Typical example showing the effects of 20 wum retigabine applied to the dendrite (292 wm from the
soma; red trace) and subsequent bath-applied retigabine (20 wum; green) on the excitability of a CAT pyramidal neuron. E,
Normalized time course of dendritically applied and subsequent bath-applied retigabine (20 w.m) on the average action potential
frequency in response to injection of 900-ms-long depolarizing current pulses of constant intensity (n = 5). F, Average action
potential frequency plotted against the amplitude of the injected current pulse, under control condition (black), after focal
application of retigabine (20 wum) to the dendrite (red), and after subsequent bath-applied retigabine (green). *0.01 << p < 0.05;
**p < 0.01; n = 5. Note that dendritically applied retigabine had no significant effect on the input (I)/output (mean spike
frequency) properties of the cells. In all experiments used in this figure, the slices were incubated with 10 v DNQX and 2—3 mm
4-AP. Action potential trains were evoked by injecting 900-ms-long depolarizing current pulses into the soma from a membrane
potential of approximately —68 mV.

field EPSPs in stratum radiatum (n = 7) (Fig. 8 B,D,F). These
results suggest that M-channels do not contribute noticeably to
EPSP integration in the distal part of the dendrite tree, thus sup-
porting our hypothesis that the density of functional M-channels
in CAl pyramidal neurons is very low in the distal dendrites
compared with the perisomatic region.
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Perisomatic M-channels reduce somatic
EPSP summation

We next asked whether M-channels regu-
late synaptic integration at the soma of
CAl pyramidal neurons. EPSPs were
evoked by stimulating axons at the border
between stratum radiatum and stratum la-
cunosum moleculare. The strength of syn-
aptic stimulation (11 stimuli at 50 Hz in
Fig. 9A—E) was carefully adjusted to keep
the EPSP train just below the action po-
tential threshold during the control pe-
riod. Bath-applied XE991 (10-20 um)
strongly increased the EPSP summation
(Fig. 9A) in all cells tested (n = 4) and
eventually induced firing on top of the en-
larged EPSPs in three of four experiments
(Fig. 9A). Because of the shunting effect of
spikes on EPSPs (Hausser et al., 2001),
EPSP summation will be reduced if an
EPSP train triggers spikes after XE991. To
quantify the effect of XE991 on EPSP sum-
mation, we performed a second set of exper-
iments in which we blocked the voltage-
gated Na™ channels on the postsynaptic
neurons by including 2 mm 2-[(2,6-dimeth-
ylphenyl)amino]-N,N,N-trimethyl-2-oxo-
ethaniminium chloride (QX222) (Stri-
chartz, 1973) in the whole-cell patch
pipettes. As shown in Figure 9, B and D,
bath application of XE991 strongly en-
hanced the EPSP train (the integral values
under the EPSP train were 1222 * 105
mV/ms under control condition and
1845 * 200 mV/ms after bath applying
XE991; n = 5; p = 0.006). When we com-
pared the integral of the early and late part
of the EPSP train, which was measured
within a 150-ms-long time window after
the first and the 10th synaptic stimuli, we
found that XE991 preferentially enhanced
the late part of the EPSP train. As a conse-
quence, somatic EPSP summation was
significantly enhanced by XE991. The
EPSP summation index, which is the ratio
of the late to the early EPSP integral, was
significantly increased from 0.61 * 0.12 to
1.13 + 0.22 by XE991 (n = 5; p = 0.01).
These results indicate that M-channels
suppress somatic EPSP summation by
preferentially dampening the late part of
an EPSP train. To further test whether this
effect was mediated by perisomatic
M-channels, we focally applied XE991 to
the perisomatic region. As illustrated in
Figure 9C-E, perisomatic application of
XE991 produced a similar effect on the in-

tegral and the summation of the EPSP train as bath-applied
XE991. This similarity suggests that M-channels strongly regulate
EPSP integration in the perisomatic region. Next we analyzed the
effect of XE991 on single EPSPs. We found that a single EPSP was
little affected by bath-applied XE991 under our recording condi-
tions (n = 7; p = 0.2) (Fig. 9F,G). This also supports our results
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illustrated in Figure 9, Band C, that XE991
preferentially enhance the late part of an
EPSP train.

Mathematical modeling of I, effects on

EPSP integration

We used computational modeling to test
whether our experimental data on Iy, ef-
fects on synaptic integration is quantita-
tively compatible with our knowledge of
M-channel kinetics, as well as with other
passive and active electrical properties of
CAl pyramidal cells. Also, we used the
model to test which subcellular distribu-
tion of M-channels agrees best with our
experimental results and to explore how
synaptic integration may vary as a func-
tion of changes in M-channel properties.
The latter is relevant to changes in Iy
caused by neuromodulation, temperature
variations, and drugs targeting M-
channels, such as retigabine.

We used a CAl pyramidal model sim-
ilar to the ones we used previously (Ver-
vaeke et al., 2006b). Because there is an
increasing amount of experimental data
supporting a role for I, in axons, we elab-
orated the morphology of the model with
an axon hillock, initial segment, and my-
elinated segments interspaced with nodes
(see Materials and Methods). Based on
our experimental results (Figs. 1-9), as
well as previously published data (Devaux
etal., 2004; Chungetal., 2006; Vervaeke et
al., 2006a; Yue and Yaari, 2006), I, was
located in the soma, axon hillock, axon
initial segment, and axon nodes of the
model (Fig. 10C).

Although I, has been studied inten-
sively in recent years, there are so far no
complete experimental descriptions of Iy

kinetics in CA1 pyramidal and other neurons. In particular, there
is a lack of data on activation and deactivation time constants
over a wide range of membrane potentials. We used two reports
that partly describe I, kinetics; (1) Wang et al. (1998), who de-
scribed I, in rat sympathetic neurons and in oocytes expressing
KCNQ2 and KCNQ3 channels; and (2) Wickenden et al. (2000),
who described KCNQ2 and KCNQ3 currents in CHO cells and
the effects of retigabine. We chose these reports because they
show a broad range of steady-state activation curves (Fig. 104,
left), spanning much of the range in I, properties described in
other reports, as well as effects of Iy, modulation. Although the
published data are incomplete, they cover well the range that is
important for I, effects on synaptic integration (—70 to —50
mV). Except when explicitly stated, we used the kinetics for na-
tive I, reported by Wang et al. (1998) (Fig. 10B,E,F).

First, we used an I, distribution limited to the soma, axon
hillock, initial segment, and axon nodes, as indicated by red in the
diagram of Figure 10C. To account for the maximal conductance
of I, in our model, we performed somatic voltage-clamp simu-
lations (Fig. 10 B). The maximal response at —20 mV is ~0.6 nA,
which is very similar to I recorded at the same potential in CA1

pyramidal neurons (Hu et al., 2002).
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Figure7. The M-channel-dependent mAHP at depolarized membrane potentials originates perisomatically in CA1 pyramidal
neurons. A, Simultaneous whole-cell recording from the soma (black) and apical dendrite (195 m from the soma; blue traces) of
the same CAT pyramidal neuron, showing the responses to somatic injection of a depolarizing current pulse (100 ms, 0.6 nA). At
both recording sites, the background membrane potential was adjusted to approximately —58 mV with steady current injection.
The depolarizing parts of the responses are truncated to emphasize the afterhyperpolarizations, but the insets show the full spike
amplitudes (calibration: 30 mV, 0.1 s). Note that both the mAHP (filled triangle) and sAHP (open triangle) are smaller in the
dendrite. B, The ratio of dendritic to somatic mAHP amplitude plotted against the distance between the dendritic and somatic
recording pipettes. ¢, Summary diagram showing the effect of perisomatic application of XE991 (20 wum) on the mAHP (**p <
0.01;n = 4). D, The amplitude of the mAHP from four neurons before and after perisomatic XE991 application. E, Typical example
showing the mAHP (filled triangle) after a train of four somatic action potentials, under control condition (black trace), after focal
application of XE991 to the perisomatic area (red trace), and then after bath applying XE991 (green trace). Note that perisomatic
XE991 fully blocked the mAHP and occluded the effect of subsequent bath-applied XE991. In the cell illustrated in Eand two of the
cellsin Cand D, the slice was incubated with 50 rm forskolin before testing to block SAHP.

Next, we used this model to explore the effects of I, on a train
of EPSPs (Fig. 10C), starting from a somatic membrane potential
of =60 mV (compare Fig. 9). To simulate synaptic input, a syn-
aptic conductance 300 uwm from the soma was repeatedly acti-
vated (Fig. 10C) (see Materials and Methods). Figure 10C shows
how synaptic summation is affected by I, variants with different
kinetics (compare with the four curves in Fig. 10A). We also
tested how I, affects single EPSPs. In agreement with our exper-
imental results (Fig. 10D), we found that I, in the model had
little impact on single EPSPs. The little effect seen by modeling
(<0.5 mV) would probably not be noticed in the presence of
normal experimental noise. Note that retigabine strongly affects
I, kinetics (Fig. 10A, the dotted blue, negatively shifted activa-
tion curve). As a result, retigabine is predicted to have strong
effects on synaptic summation (Fig. 10C, dotted blue) and even
on a single EPSP (Fig. 10D, dotted blue).

The results shown in Figure 9 support a perisomatic/axoso-
matic localization of I;. However, if one assumes, hypothetically,
a uniform distribution of I, all over the cell, would blockade of
the perisomatic I, be expected to cause a clear difference in the
synaptic summation recorded in the soma? And, if I, were
present in the distal dendrites, would blockade of the dendritic I,
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simultaneously in area CA1. A, A tungsten electrode positioned in the middle of the stratum
radiatum was used to stimulate Schaffer collaterals at 50 Hz (11 shocks). Field electrode 1 was
placed proximal to the stimulation electrode in the stratum pyramidale, and field electrode 2
was positioned more distal from the stimulation site in the stratum radiatum. The current
amplitude of the stimulation was adjusted to just below the amplitude that evokes population
spikes in the stratum radiatum as observed by field electrode 2. Bicuculline (10 wum) and APV
(100 M) were routinely added to the perfusion medium. B, Typical example of the responsesin
the stratum pyramidale and stratum radiatum. Application of 20 wum retigabine (red trace)
reduced the population spikes but not the fEPSPs. Cand D show the average normalized time
course of the retigabine effect on the amplitude and area of the last evoked population spike
and fEPSP, respectively (n = 7 slices). E, Summary data of the retigabine effect on the popula-
tion spikes amplitude in response to the 2nd, 6th, and 11th stimulus (Sti.) (NS, not significant;
*0.01 <p << 0.05;**p < 0.01; stimulus #2, n = 6; stimulus #6, n = 7; stimulus #11,n = 7).
Fasin E, summary data of the retigabine effect on the fEPSP area (stimulus #2, n = 6; stimulus
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then cause a noticeable effect on synaptic summation recorded in
the soma? To explore these questions, we distributed I, uni-
formly except in the myelinated axon segments (diagram in Fig.
10E, left). We adjusted the maximal I, conductance so that so-
matic voltage-clamp simulations again gave the same somatically
recorded I, amplitude as in Figure 10 B. The synaptic stimulation
protocol used in Figure 10C was then repeated, first with intact I,
(Fig. 10E, left) and, subsequently, when I, was “blocked” in the
perisomatic region [i.e., removed from the soma, axon hillock,
initial segment, and the first 50 wm proximal dendrites; Fig. 10 E,
(2)]. This “blockade” of the perisomatic I, caused a clear increase
in summation [compare (1) and (2) in E]. Finally, when I, was
removed also from the dendritic compartments (i.e., the distal
dendritic Iy; was blocked), the summated EPSPs were further
strongly increased [compare (2) and (3) in E]. This suggests that,
if Iy; was uniformly distributed or distributed at a comparable
density only in the distal dendrites, blocking perisomatic Iy, or
blocking the distal dendritic I,; would have clear effects on EPSP
summation at the soma. This supports the conclusion that the

J. Neurosci., February 21,2007 - 27(8):1853-1867 * 1863

experimental results illustrated in Figure 9 does indeed strongly
suggest a perisomatic distribution of I,.

Finally, given the incompleteness of experimental data on I,
activation and deactivation time constants in pyramidal neurons
and the high temperature sensitivity of I, kinetics (Q,, = 5), it is
of interest to explore the effect of changing I, kinetics by varying
the temperature parameter (Fig. 10F, left). I, kinetics changed
dramatically with temperature (Fig. 10 F, left). Nevertheless, vari-
ations in this parameter did not affect synaptic summation (Fig.
10F, right) as strongly as varying the V,,, of the steady-state ac-
tivation curve (Fig. 10C).

Discussion

In this study, we sought to determine the subcellular distribution
of functional M-channels within the somatodendritic compart-
ments of hippocampal CA1 pyramidal cells. In each of the seven
different tests we used, the results pointed to the same conclu-
sion: that M-channels in CA1 pyramidal neurons are concen-
trated near the soma and can strongly regulate somatic excitabil-
ity, whereas this channel type seems to have little or no impact in
the distal apical dendrites. The seven converging lines of evidence
are as follows. (1) When applied at the soma, both retigabine and
XE991 had clear effects on local subthreshold voltage response to
current ramp injection, whereas no clear effects of these drugs
were observed in the dendrites. (2) Dendritic applications of re-
tigabine did not affect somatic spike bursts triggered by dendritic
Ca** spikes (in the presence of 4-AP). (3) Perisomatic but not
dendritic applications of M-channel blockers enhanced Ca**
spikes (in 4-AP and TTX). (4) Bath-applied retigabine did not
affect dendritic field EPSPs, although it strongly reduced somatic
population spikes. (5) The mAHP was fully blocked by periso-
matic applications of XE991 and showed pronounced attenua-
tion along the apical dendrite. (6) Perisomatic application of
XE991 strongly enhanced the summation of somatically recorded
EPSPs. (7) Computational modeling indicated that the experi-
mentally observed effects of XE991 on somatic EPSP summation
were best explained by M-channels confined to the perisomatic
region.

The consistently strong similarity between bath-applied and
local somatically applied M-channel drugs support the hypothe-
sis than no substantial dendritic M-channel effects went undetec-
ted because the local dendritic drug applications were too re-
stricted. These results speak against the possibility that there
might be a significant density of M-channels in the distal den-
drites. It also seems highly unlikely that presynaptic M-channels
might affect our synaptic tests (Figs. 8, 9), because we recently
found that there are no such effects in strata radiatum and lacu-
nosum moleculare under the basal conditions we used here (Ver-
vaeke et al., 2006a).

Together, our results indicate that M-channels in CA1 pyra-
midal cells are clustered near the soma and the channel density is
far lower in the distal apical dendrite. This conclusion is consis-
tent with immunocytochemical data indicating that M-channels
are concentrated in the axon IS (Devaux et al., 2004; Pan et al.,
2006) and targeted to the axon rather than the apical dendrite of
CA1 pyramidal neurons (Chung et al., 2006). Although putative
single M-channel events have been recorded from the distal api-
cal dendrites of these neurons, the density was low (Chen and
Johnston, 2004). Considering also their small single-channel
conductance [~10 pS (Selyanko et al., 2001)], M-channels prob-
ably do not significantly regulate dendritic excitability, at least
when other dendritic K™ channels are intact. In a recent report, it
was suggested that M-channels can repolarize dendritic Ca**
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spikes but only after blocking other den-
dritic K* channels with 4-AP (Yue and
Yaari, 2006). However, our tests of effects
of M-channel modulators on dendritic
Ca*™ spikes in the presence of 4-AP did
not support their conclusion (Figs. 5, 6)
(supplemental Figs. S3, S4, available at
www.jneurosci.org as supplemental mate-
rial). What might be the reason for this
discrepancy? Possibly, whole-cell record-
ing might cause more rundown of I, than
sharp-electrode intracellular recording.
However, this seems an unlikely explana-
tion, because of the following. (1) Our ex-
tracellular recordings, which do not dis-
turb the intracellular environment, did
not detect any change in the fEPSPs by
retigabine (Fig. 8) or XE991 (Vervaeke et
al., 2006a). (2) I; normally shows very lit-
tle rundown within the time window [~ 5
min (Hu et al., 2002, their Fig. 6 B)], dur-
ing which M-channel modulators were fo-
cally applied in this study. (3) M-channel
modulators consistently had clear effects
when applied to the perisomatic region, in
stark contrast to the weak effects of den-
dritic applications. An alternative expla-
nation might be the different drug appli-
cation methods: whereas Yue and Yaari
puffed drugs from a patch pipette on the
slice surface, we applied drugs from a pi-
pette positioned close to visually identified
dendrites of the recorded cell, thus re-
stricting drug effects to dendrites within
~50 wm from the pipette tip to avoid
spread to the perisomatic region.

We found that M-channels reduce so-
matic EPSP summation in CA1 pyramidal
cells. During a train of EPSP, the slow
M-channels open mainly toward the end
of the EPSP train, thus reducing the late
postsynaptic response ~150 ms after on-
set but having minimal effect on single
EPSP. This observation is consistent with
our previous results indicating that I,
mainly dampen voltage responses at fre-
quencies below ~3 Hz at ~30°C (Hu et
al., 2002). Because of the large electrotonic
distance between the soma and distal den-
drites, the somatic M-channels may have
only a very weak impact on distal dendritic
EPSP integration. Nevertheless, periso-
matic M-channels are capable of effec-
tively inhibiting spiking in response to
EPSPs of distant origin (Fig. 9A). Because
backpropagating spike acts as a retrograde
signal from the soma to the dendrite (Stu-
art et al., 1997), perisomatic M-channels

may “indirectly” control these dendritic spike functions by inhib-
iting spike output from the perisomatic region. Recent evidence
indicates that Schaffer collateral synapses can “gate” the informa-
tion flow from perforant-path inputs in the distal dendrites to the
soma (Jarsky et al, 2005). We hypothesize that perisomatic
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M-channels may facilitate such “gating” by raising the spike
threshold and inhibiting somatic spike initiation in response to
Schaffer input. Thus, although M-channels reduce somatic depo-
larization caused by Schaffer input, they also allow a stronger
Schaffer input to produce more dendritic depolarization without
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triggering somatic spikes, thus facilitating forward propagation
of distal dendritic spikes.

We also found evidence that the M-channel-dependent
mAHP (Gu etal., 2005) originated at the perisomatic region. One
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might argue that the lack of mAHP gener-
ation in distal dendrites might not neces-
sarily reflect a lack of dendritic
M-channels but might simply be caused
by less depolarization in the dendrites
than at the soma during action potentials.
However, in our distal dendritic record-
ings (>300 wm from soma) (Fig. 7), the
backpropagating spike reached approxi-
mately —10 mV at the dendritic recording
site, i.e., more than sufficient to activate
any dendritic M-channels. Hence, our ob-
servations that the dendritic mAHP was
strongly attenuated and that mAHP was
fully blocked by somatic application of
XE991 support a perisomatic M-channel
localization.

During the mAHP, I, both hyperpo-
larizes the membrane and produces
shunting that inhibits spiking. In hip-
pocampal pyramidal neurons, ortho-
dromic spikes are probably initiated in the
axon distal to the IS (Colbert and
Johnston, 1996). Immunocytochemical
data indicate that KCNQ proteins are
clustered at the IS (Pan et al., 2006), which
lies between the soma and the spike initi-
ation site. A high density of M-channels at
this strategic point is probably an effective
regulator of action potential generation,
by attenuating EPSPs before they reach the
spike initiation site, in particular during
repetitive firing, when mAHPs contribute
to feedback regulation of the spike fre-
quency. In addition, for the axonal spike
to invade the soma, the proximal axon
must generate enough inward current to
quickly depolarize the soma and activate
somatic Na™ channels before they inacti-
vate. In some conditions, in particular
during repetitive firing, cumulative acti-
vation of M-channels at the IS may block
spike invasion into the somatodendritic
compartments by shunting this inward
current. Hence, M-channels at the IS may
electrically isolate the somatodendritic
and the axonal compartments.

Theta oscillations in the hippocampal
network may be  essential for
hippocampus-dependent neural coding,
navigation, and memory and are thought
to be important for neural coding and
memory functions of the hippocampal py-
ramidal cells (Buzsaki, 2002). We recently
showed that I, in conjunction with the
persistent sodium current (Iy,p) generates
subthreshold resonance in the theta fre-
quency range (5-8 Hz) in CAl pyramidal
neurons (Hu et al., 2002). To understand

the hippocampal theta mechanisms, it is of crucial importance to
know the distribution pattern of M-channels within the somato-
dendritic compartments of hippocampal pyramidal cells. Ac-
cording to a “classical” model of theta generation, CA1 pyramidal
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cells receive coherent dendritic excitatory and somatic inhibitory
inputs: excitatory from the entorhinal cortex via the perforant
path to the distal dendrites and inhibitory from the septum to
feedforward inhibitory neurons impinging on the CA1 pyramidal
somata. The interplay between these two current generating di-
poles is assumed to generate the prominent hippocampal theta
oscillations. Although there may be inaccuracies in this model
(Buzsaki, 2002), the general scheme is supported by current-
source density analysis (Mitzdorf, 1985; Buzsaki et al., 1986;
Brankack et al., 1993). In conjunction with these network mech-
anisms, M-channels in the perisomatic region of CA1 pyramidal
cells, interacting with a similarly located persistent Na ™ current
(Vervaeke et al., 2006b), may play a crucial role in mediating theta
resonance (Leung and Yu, 1998; Hu et al., 2002) and rebound
excitation at theta frequencies (Cobb et al., 1995), as well as a
corresponding spiking frequency preference (Pike et al., 2000).
Thus, by supporting theta, as well as through other mechanisms
(Yue and Yaari, 2004; Gu et al., 2005), M-channels in pyramidal
and other hippocampal neurons (Cooper et al., 2001; Lawrence et
al., 2006) may be important for hippocampus-dependent mem-
ory, as indicated by results from transgenic suppression of this
channel type (Peters et al., 2005).
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