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Low expression of Kv7/M channels facilitates intrinsic
and network bursting in the developing rat hippocampus
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Early in development, network activity in the hippocampus is characterized by recurrent
synchronous bursts, whose cellular correlates are giant depolarizing potentials (GDPs). The
propensity for generating GDPs is attributed to GABAergic synaptic transmission being
depolarizing and excitatory in neonatal neurons. However, developmental regulation of intrinsic
conductances may also influence GDPs generation. A likely candidate is the non-inactivating,
low-threshold, muscarinic-sensitive K+ current (M current; I m), which down-regulates
intrinsic bursting activity in adult hippocampal pyramidal neurons. Western blot analysis of
homogenates of the CA3 hippocampal region showed that expression of the Kv7.2 subunit, one
of the constituents of neuronal M channels, is weak in neonatal neurons, and markedly increases
after the first postnatal week. Likewise, the density of I m was very low in neonatal CA3 pyramidal
cells and increased later on. Spontaneously occurring intrinsic bursts in neonatal neurons were
longer and more robust, and recurred more regularly, than in juvenile neurons. The I m blocker
linopirdine only mildly affected intrinsic bursting in neonatal neurons, but strongly facilitated
and regularized it in juvenile neurons. We conclude that the low expression of Kv7/M channels
and the depolarizing action of GABA early after birth enhance intrinsic bursting and neuronal
synchronization leading to generation of GDPs within the hippocampal network.
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Correlated neuronal activity constitutes a hallmark of
developing networks. In the immature hippocampus, the
so-called giant depolarizing potentials (GDPs) represent
a primordial form of synchrony between neurons, which
precedes more organized forms of activity such as theta
and gamma rhythms (Buzsaki & Draguhn, 2004). In
CA3 pyramidal cells, GDPs are readily observed in the
first postnatal week and disappear thereafter (Ben-Ari
et al. 1989). When recorded from a single neuron, GDPs
are characterized by recurrent depolarizing potential
shifts with superimposed fast action potentials, separated
by silent periods (Ben-Ari et al. 1989). During GDPs,
intracellular Ca2+ concentration rises, as Ca2+ enters
the cell through voltage-dependent Ca2+ channels and
N-methyl-D-aspartate (NMDA) receptors (Leinekugel
et al. 1997). GDP-associated Ca2+ waves have been
proposed to control the number of functional GABAergic
and glutamatergic synapses, thus contributing to the
structural refinement of the neuronal connectivity and
to the establishment of the adult neuronal circuit (Lauri

et al. 2003; Colin-Le Brun et al. 2004; Kasyanov et al. 2004;
Represa & Ben-Ari, 2005; Mohajerani et al. 2007).

The generation of GDPs in the neonatal hippocampus
is enabled by the synergistic action of synaptically
released glutamate and GABA, both of which are
depolarizing and excitatory at this developmental stage
(Cherubini et al. 1991; Ben-Ari, 2002). Another key
factor contributing to GDP generation is the presence of
intrinsically bursting neurons, which by virtue of their
spontaneous discharge and large spike output can drive
other neurons to fire in synchrony (Menendez de la
Prida & Sanchez-Andres, 2000; Sanabria et al. 2001; Sipila
et al. 2005). It has been shown recently (Yue & Yaari,
2004, 2006) that the propensity for intrinsic bursting in
hippocampal pyramidal neurons is tightly regulated by the
density of the muscarinic-sensitive, low voltage-activated,
non-inactivating K+ current (M-current or I m; Brown &
Adams, 1980; Halliwell & Adams, 1982). This current is
underlain by homomeric or heteromeric tetramerization
of subunits encoded by the Kv7 gene family (Wang
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et al. 1998; Shapiro et al. 2000; Selyanko et al. 2000)
and mutations of Kv7.2 or Kv7.3 genes are responsible
for benign familial neonatal convulsions (BFNC), a rare
autosomal-dominant form of epilepsy of the newborns
characterized by onset of seizures around the third day
after birth and their disappearance within the third month
of life (Charlier et al. 1998).

Here we have hypothesized that GDP generation
by neuronal networks in the neonatal hippocampus is
enabled not only by the excitatory nature of GABAergic
transmission, but also by a low density of Kv7/M channels
at this developmental stage. According to this hypothesis a
deficiency in Kv7/M channels has a disinhibitory action on
intrinsically bursting neurons, enhancing their potential
of recruiting other neurons into synchronized bursting.
We tested this hypothesis in CA3 pyramidal cells using
selective Kv7/M channel antibodies and modulators. Our
results show that the density of I m is comparatively low
during the first postnatal week, when GDPs are generated,
and that the subsequent developmental increase in I m

density contributes to GDP disappearance during the
second postnatal week.

Methods

All experiments were carried out in accordance with the
European Community Council Directive of 24 November
1986 (86/609EEC) and were approved by the local
authority veterinary service.

Western blotting

Animals were decapitated after being anaesthetized with
an I.P. injection of urethane (2 g kg−1). The brain was
removed from the skull and the hippocampus was
dissected free. Hippocampal slices (500 μm tick) were cut
with a vibrating microtome. Under a dissecting micro-
scope, the CA3 region was isolated from the rest of the
hippocampus and suspended in homogenization buffer
(calcium and magnesium-free phosphate buffered saline
(PBS), supplemented with complete protease inhibitors
(Roche Molecular Biochemicals, Indianapolis, IN, USA)
and 1 mM dithiothreitol followed by homogenization with
a glass tissue homogenizer. Crude membranes were pre-
pared by differential centrifugation, followed by tissue lysis
using 500 μl RIPA buffer (150 mM NaCl, 50 mM Tris-HCl
(pH 7.4), 1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS) over 10 min. Solutions were centrifuged for
30 min at 20 000 g at 4◦C and Western Blot was performed
following standard protocol. Supernatants were resolved
on 10% SDS-PAGE gel and blotted onto nitrocellulose
membranes. Membranes were blocked with 5% milk,
0.1% Tween-20 in TBS for 1 h followed by overnight
incubation with polyclonal antibodies against the Kv7.2

channel (Alomone labs, Jerusalem, Israel) at 4◦C, followed
by incubation with appropriate secondary antibodies.
Visualization was performed using chemiluminescence
(Amersham, Freiburg, Germany). An anti-β-tubulin III
antibody (Sigma, Milan, Italy) was used to check for equal
protein loading, following the same procedure.

To quantify Western blot signals, band density was
measured using CorelDraw Photo Paint software (Corel,
Ottawa, Ontario, Canada) and normalized with respect to
controls.

Slice preparation

Experiments were performed on hippocampal slices
obtained from neonatal (postnatal day P0–P6) and
juvenile (P14–P21) Wistar rats as previously described
(Gasparini et al. 2000). Briefly, after being anaesthetized
with an I.P. injection of urethane (2 g kg−1), the brain was
quickly removed from the skull and placed in ice-cold
artificial cerebrospinal fluid (ACSF) containing (in mM):
NaCl 130, KCl 3.5, NaH2PO4 1.2, NaHCO3 25, MgCl2

1.3, CaCl2 2, glucose 25, saturated with 95% O2 and
5% CO2 (pH 7.3–7.4). Transverse hippocampal slices
(400–500 μm thick) were cut with a vibrating micro-
tome and stored at room temperature (22–24◦C) in a
holding bath containing the same solution as above.
After a recovery period of at least 1 h, an individual slice
was transferred to the recording chamber where it was
continuously superfused with oxygenated ACSF at a rate
of 2–3 ml min−1 at 33–34◦C.

Electrophysiological recordings

Whole cell patch clamp recordings (in current- and
voltage-clamp mode) were obtained from the soma of
visually identified CA3 pyramidal neurons. Principal cells
were also identified on the basis of their characteristic
firing pattern: they accommodated in response to long
depolarizing current pulses. We used an Axopatch 1D
amplifier (Axon Instruments, Union City, CA, USA), or in
some experiments (n = 16), a Multiclamp 700A amplifier
(Axon Instruments) to avoid distortion of fast signals like
action potentials (Magistretti et al. 1996). Patch electrodes
were pulled from borosilicate glass capillaries (Hingelberg,
Malsfeld, Germany). They had a resistance of 5–7 M�

when filled with an intracellular solution containing (in
mM): KCl 140, Hepes 10, EGTA 1, MgATP 2, MgCl2 2
(pH 7.3 with NaOH). No significant differences in burst
duration and number of intraburst spikes were found
using the two amplifiers and therefore data were pooled.
The term burst refers to a high-frequency (> 100 Hz)
cluster of two or more spikes capping a distinct slow
depolarizing potential and followed be a lengthy pause
in firing (see below, Fig. 6A and B).
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Kv7/M currents were recorded under voltage clamp
conditions at 33–34◦C using the perforated patch
technique (Rae et al. 1991) to preserve the intra-
cellular integrity of the neurons. To this end, a
stock solution of nystatin (60 mg ml−1) was prepared
in dimethyl sulfoxide (DMSO) and diluted in the
recording solution immediately before use yielding a final
concentration of 125–250 μg ml−1. Capacitance currents
were continuously monitored by applying 5–10 mV
pulses from a holding potential of −70 mV. To mini-
mize voltage error in voltage-clamp recordings, this was
usually compensated by 75–80%. If series resistance
changed > 15% during the experiments, the data were
discarded (the series resistance value was 4.6 ± 0.4 M�).
To minimize contamination with other voltage-dependent
channels, Kv7/M currents were recorded in the presence
of TTX (1 μM), ZD 7288 (20 μM) and CdCl2 (500 μM) to
block sodium, I h, Ca2+ and Ca2+-dependent K+ currents,
respectively. In these cases NaH2PO4 was omitted from
the bathing solution.

The Kv7/M currents were activated either by applying
1 s hyperpolarizing voltage steps from a holding potential
of −20 mV to −100 mV every 7 s in 10 mV increments or
1 s depolarizing voltage steps from a holding potential
of −80 mV to +30 mV and back to −40 mV, every
7 s in 10 mV increments using pCLAMP 9.2 (Axon
Instruments).

Extracellular field potential recordings were performed
using conventional glass microelectrodes (tip diameter
5–10 μM) filled with the standard ACSF and placed into
CA3 stratum pyramidale.

Chemicals and drugs

Drugs used were: D-(–)-2-amino-5-phosphonopentaoic
acid (D-AP5), 6,7-dinitroquinoxaline-2,3-dione
(DNQX), 4-(N-ethyl-N-phenylamino)-1,2-dimethyl-6-
(methylamino) pyrimidinium chloride (ZD 7288),
picrotoxin, bumetanide, all purchased from Tocris
Cookson Ltd (Bristol, UK), tetrodotoxin (TTX,
purchased from Latoxan, Valence, France), nystatin
and linopirdine (purchased from Sigma, Milan,
Italy). N-(2-Amino-4-(4-fluorobenzylamino)-phenyl)-
carbamic acid ethyl ester (retigabine) was from
ASTA Medica (Radebeul, Germany), 10,10-bis(4-
pyridinylmethyl)-9(10H)-anthracenone (XE-991) was
from DuPont Pharmaceuticals (Wilmington, DE, USA).
All drugs were dissolved in artificial cerebrospinal
fluid (ACSF), except DNQX, retigabine, linopirdine,
XE-991 and bumetanide, whcih were dissolved in
dimethylsulphoxide (DMSO; stock concentration: 10 mM;
final concentration in the bathing solution: ≤ 0.1%) and
picrotoxin that was dissolved in ethanol.

Drugs were applied in the bath via a three-way tap
system, by changing the superfusion solution to one

differing only in its content of drug(s). The ratio of flow
rate to bath volume ensured complete exchange within
2 min.

Data acquisition and analysis

Data acquisition and analysis were performed using
Clampfit 9.2 (Axon Instruments) after digitization with
an A/D converter (Digidata 1200, Axon Instruments).
Data were sampled at 20 kHz and filtered with a cut-off
frequency of 1 kHz. Membrane potentials were corrected
for a liquid junction potential of −1.9 mV.

The voltage dependence of activation was assessed by
plotting current amplitudes normalized to the maximal
current obtained at +30 mV versus membrane voltages.
The voltage dependence of deactivation was assessed
by plotting current amplitudes normalized to the
maximal current obtained at +10 mV versus membrane
voltages. Data points were fitted with a single Boltzmann
equation:

I/IMAX = 1/{1 + exp[(V1/2 − Vm)/k]}

where V 1/2 is the voltage for half-maximum activation and
deactivation, V m is the pulse potential and k is the slope
factor.

The activation and deactivation time constants of
linopirdine-sensitive currents were obtained by sub-
tracting linopirdine-resistant currents evoked by fixed
voltage steps from −80 mV to 0 mV and from −20 mV to
−90 mV, respectively, from controls. Current traces were
fitted with a double exponential function of the following
form:

y(t) = A fast exp(−t/tfast + A slow exp(−t/tslow)

where Afast and Aslow are the fractions of the fast and the
slow component, respectively, and τ fast and τslow are the
fast and the slow time constants. Fits were performed with
Clampfit 9.2 (Axon Instruments) and Origin software (v.
6.0; OriginLab Corp., Northampton, MA, USA) which
uses Levenberg–Marquardt least-squares.

The size of GDPs or intrinsic bursts was measured
by integrating the area underneath the membrane
depolarization by placing visually a cursor through the
baseline. The autocorrelation histograms were calculated
for lag times of 20 s, using Clampfit 9.2 (Axon
Instruments).

Values are given as means ± S.E.M. Statistical
comparisons of means were made by Student’s two tailed
t test. In some experiments, the non-parametric Wilcoxon
and ANOVA tests were used; P < 0.05 was selected as the
criterion for statistical significance.
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Results

Developmental increase in Kv7.2 protein expression
in CA3

In a first set of experiments, Western blot analyses were
performed on homogenates of the CA3 hippocampal
region obtained from P0, P7 and P21 rats (n = 6 animals
for each age group), using selective antibodies against the
Kv7.2 subunit. As shown in Fig. 1, expression of the Kv7.2
protein was low at P0 and progressively increased in the
subsequent three weeks.

Developmental changes in Im in CA3 pyramidal cells

Given that Kv7.2 subunits are thought to represent one of
the main components of I m, we next investigated whether
the developmental increase in Kv7.2 protein expression
is associated with an increase in I m density and/or in
changes in its functional properties. To that end, whole
cell perforated patch-clamp recordings (in voltage- and
current-clamp mode; see Methods) were performed from
CA3 pyramidal cells from neonatal (P0–P6; n = 117) and
juvenile rats (P17–P21; n = 49). A few experiments were
also performed at P14–P16 (n = 6). Neonatal and juvenile
neurons differed markedly in their passive membrane
properties, namely, in resting membrane potential
(−48.4 ± 2.3 mV versus −64.5 ± 2.3 mV, respectively),
in input resistance (505 ± 63 M� versus 166 ± 12 M�,

Figure 1. The Kv7.2 subunit is poorly expressed in immature
CA3 principal cells
A, example of western immunoblots of homogenates of the
hippocampal CA3 region obtained at P0, P7 and P21 probed with
polyclonal antibodies against the Kv7.2 subunit. Note the progressive
increase of the level of subunit expression with age. Bottom lanes
show control loading with β-tubulin III. B, bar graph showing Kv7.2
subunit optical density values expressed in arbitrary units at different
ages tested normalized with respect to the β-tubulin III signal (n = 5;
∗∗P < 0.01; ANOVA test).

respectively) and in membrane capacitance (25 ± 6.8 pF
versus 113 ± 8 pF, respectively). The more depolarized
membrane potential value obtained in immature neurons
could be due to the shunting through the contact between
the patch pipette and the membrane (Tyzio et al. 2003; see
Discussion).

We used two voltage protocols, as well as the
selective Kv7/M channel blocker linopirdine (Aiken et al.
1995; Lamas et al. 1997; Schnee & Brown, 1998), to
record I m in isolation from other voltage-dependent
K+ currents, and to characterize its voltage dependence
and kinetics in the two groups of neurons. In both
cases the ACSFs contained blockers of Na+ currents,
h current, and Ca2+ and Ca2+-dependent K+ currents
(see Methods). The first protocol was an I m activation
protocol. Depolarizing voltage steps (duration 1 s) were
applied from a holding potential of −80 mV up to
30 mV in increments of 10 mV. These commands elicited
outward currents comprising fast and slowly activating
components, the latter attributable to the slowly activating
I m (Halliwell & Adams, 1982). Both components were
much larger in juvenile than in neonatal neurons (Fig. 2A,
Control). Applying 10 μM linopirdine to the ACSF
resulted in suppression of the slowly activating outward
currents; indeed, K+ currents in linopirdine-containing
ACSF partially inactivated during the depolarizing pulses
(Fig. 2A, Linopirdine). Subtraction of the latter traces from
the control responses yielded the linopirdine-sensitive
currents attributable to I m (Fig. 2A, Difference). Because
pyramidal cell size increases during the first post-
natal weeks (Tyzio et al. 2003), we compared the
two groups of neurons with respect to I m density,
obtained by normalizing linopirdine-sensitive currents
to the cell capacitance (see Methods). As summarized
in Fig. 2B, linopirdine-sensitive current densities evoked
by stepping voltage to −10 mV were substantially
and significantly (P < 0.001; Wilcoxon’s test) greater
in juvenile (2.8 ± 0.3 pA pF−1; n = 7) than in neonatal
neurons (0.6 ± 0.1 pA pF−1; n = 8).

To compare the two groups of neurons with respect
to the voltage dependence of I m activation, we plotted
linopirdine-sensitive currents (normalized to the maximal
current obtained at +30 mV) versus voltage (I m–V
relations) and fitted them with the Boltzmann equation
(Fig. 2C; see Methods). The obtained I m–V relations
were significantly different (P < 0.05, Wilcoxon’s test),
disclosing a negative shift of the I m–V relation during
development. We obtained V 1/2 values of −22.2 ± 2.9 mV
and −37.2 ± 7.2 mV for neonatal (n = 8) and juvenile
neurons (n = 7), respectively. The corresponding slope
factors (k) were 15.4 ± 1.8 and 21.4 ± 8.6. However,
caution should be taken in interpreting the I m–V
relationship particularly in neonates where possible
sources of errors can be introduced by the perforated
patch-clamp technique (see Discussion on this point).
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The second protocol for I m isolation was an I m

deactivation protocol (Brown & Adams, 1980; Adams
& Brown, 1982). The neurons were held at a relatively
depolarized potential (−20 mV) to activate Kv7/M
channels and to inactivate other classes of voltage-gated
K+ channels. Hyperpolarizing voltage steps (duration 1 s)
incrementing by −10 mV down to −100 mV induced slow
current ‘relaxations’ following the instantaneous inward
current drops (Fig. 3A, Control). In each response the
current component undergoing ‘relaxation’ represents the
slow deactivation of I m. The reversal potentials of the I M

values isolated with this protocol were quite the same in
the two groups (−92.5 ± 1.7 mV and −87.7 ± 3.6 mV,
respectively; P > 0.05) and close to the estimated K+

equilibrium potential in our experimental conditions

Figure 2. In CA3 pyramidal neurons Im is developmentally regulated
Examples of current responses recorded from a P1 (upper traces, Neonates) and a P16 (lower traces, Juveniles) CA3
principal cell, by stepping the voltage from −80 mV up to 30 mV in increments of 10 mV, before (Control) and
during bath application of 10 μM linopirdine (Linopirdine). The voltage protocol is represented below the current
traces. On the right, linopirdine-sensitive currents obtained by subtracting the currents recorded in the presence
of linopirdine from control (Difference). B, each column represents the density (pA pF−1) of linopirdine-sensitive
currents (for voltage steps from −80 mV to −10 mV) normalized to the cell capacitances in neonatal (n = 8) and
in juveniles neurons (n = 7). ∗∗∗P < 0.001. C, voltage dependence of linopirdine-sensitive currents (normalized to
the maximal currents obtained at +30 mV) obtained in neonatal (filled symbols) and in juvenile neurons (open
symbols). Continuous lines, representing the Boltzmann fits of experimental data (each point is the average of 6
individual values), were significantly different (P < 0.05; Wilcoxon’s test). The voltages at which the currents were
half-activated (V 1/2) were −22.2 ± 2.9 mV and −37.2 ± 7.2 mV for neonatal and juvenile neurons, respectively.
The corresponding slope factors were 15.4 ± 1.8 and 21.4 ± 8.6.

(EK = −96 mV). Adding 10 μM linopirdine to the ACSF
reduced the holding current (at −20 mV) by 27 ± 7 pA
(n = 5) and 223 ± 53 pA (n = 5) in neonatal and juvenile
neurons, respectively (P < 0.001; Fig. 3B; traces under
Linopirdine). Again, the I m obtained by subtracting
linopirdine-resistant currents from control currents were
much larger in juvenile than in neonatal neurons at all step
potentials (Fig. 3A, Difference).

Plotting the linopirdine-sensitive currents obtained by
the deactivation protocol (normalized to maximal current
obtained at +10 mV) versus voltage and fitting them
with the Boltzmann equation (Fig. 3B; see Methods),
again yielded two significantly different I m–V relations
(P < 0.05, Wilcoxon’s test), with the juvenile I m–V
relation more negative than the neonatal I m–V relation.
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The calculated V 1/2 values were −16.5 ± 3.8 mV and
−36.9 ± 5.7 mV for neonatal (n = 5) and juvenile neurons
(n = 5), respectively. The corresponding slope factors (k)
were 17.5 ±3.2 and 16.4 ± 6.7. These results are similar to
those obtained with the activation protocol.

The fast and slow time constants (τ fast and τslow)
of I m activation and deactivation were calculated by
fitting the linopirdine-sensitive currents obtained from the
activation and deactivation protocols with biexponential
functions (Fig. 4A and B). Similar values of τ were
found in neonatal (n = 6) and juvenile neurons (n = 6).
Thus, using the activation protocol τ fast and τslow were
25.1 ± 4.1 ms and 143.1 ± 15.3 ms in neonatal neurons
and 37.6 ± 8.5 ms and 147.1 ± 22.3 ms in juvenile neurons
(Fig. 4B). Likewise, using the deactivation protocol τ fast

and τslow were 20.6 ± 2.6 ms and 119 ± 13.1 ms in
neonatal neurons and 23.7 ± 11.4 ms and 152.5 ± 43.1
in juvenile neurons (Fig. 4C). The ratio between
Aslow and Afast, which represent the relative fractions
of the respective components (see Methods), were
1.36 ± 0.41 and 0.42 ± 0.16 for the activation protocol
(P > 0.05; Fig. 4B) and 0.89 ± 0.19 and 0.31 ± 0.15 for the
deactivation protocol (P > 0.05; Fig. 4C) in neonatal and
juvenile neurons, respectively. The τ fast and τslow values
in neonatal and juvenile neurons were not significantly
different (P > 0.05 Wilcoxon’s test). They were similar to
the τ fast and τslow values of I m in cultured hippocampal
and neuroblastoma cells (Robbins et al. 1992; Shahidullah
et al. 2005).

Figure 3. Im measured with a deactivation protocol
A, examples of deactivation currents recorded from a P1 (upper traces, Neonates) and from a P16 (lower traces,
Juveniles) CA3 principal cell. The deactivation protocol (represented below the current traces) consisted in stepping
the voltage from −20 mV down to −100 mV in increments of 10 mV, before (Control) and during bath application
of 10 μM linopirdine (Linopirdine). On the right, linopirdine-sensitive currents obtained by subtracting the currents
recorded in the presence of linopirdine from control (Difference). The horizontal dotted lines mark the Im reversal
potential. B, voltage dependence of deactivated linopirdine-sensitive currents (normalized to the maximal currents
obtained at +10 mV) obtained in neonatal (filled symbols) and in juvenile neurons (open symbols). Continuous
lines, representing the Boltzmann fits of experimental data (each point is the average of 5 individual values)
were significantly different (P < 0.05; Wilcoxon’s test). V 1/2 values were −16.5 ± 3.8 mV and −36.9 ± 5.7 mV
for neonatal and juvenile neurons, respectively. The corresponding slope factors were 17.5 ± 3.2 and 16.4 ± 6.7.

We next tested the sensitivity of I m to the Kv7/M
channel opener retigabine (Main et al. 2000; Rundfeldt
& Netzer, 2000; Wickenden et al. 2000; Tatulian et al.
2001) using the I m deactivation protocol. As shown
in the examples of Fig. 5A, retigabine (10 μM) clearly
augmented the slowly deactivating components of the
outward currents in juvenile neurons, while it had only
a minor effect on neonatal neurons (Fig. 5A, compare
Control and Retigabine). This is particularly evident in
the traces obtained by subtracting the currents achieved
in the presence of retigabine from the currents in
control (Fig. 5A, Difference). As summarized in Fig. 5B,
retigabine-sensitive current densities evoked by stepping
voltage from −20 mV to −100 mV were substantially and
significantly (P < 0.05; Wilcoxon’s test) greater in juvenile
(2.13 ± 0.3 pA pF−1; n = 5) than in neonatal neurons
(0.82 ± 0.27 pA pF−1; n = 5). In addition, retigabine
induced an increase in the holding current (at −80 mV),
which was small in neonatal neurons (3.7 ± 1.4 pA;
n = 5) compared to juvenile neurons (26.2 ± 5.7 pA;
n = 5; P < 0.05; Wilcoxon’s test). Plotting the amplitudes
of retigabine-sensitive currents (normalized to maximal
current obtained at + 10 mV) versus voltage and
fitting them with the Boltzmann equation again yielded
two significantly different I m–V relations (P < 0.05;
Wilcoxon’s test), with the juvenile I m–V relation being
more negative than the neonatal I m–V relation (Fig. 5C).
The calculated V 1/2 values were −16.6 ± 6.0 mV and
−39.8 ± 3.4 mV for neonatal (n = 5) and juvenile neurons
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(n = 5), respectively. The corresponding slope factors (k)
were 16.5 ± 4.4 and 24.6 ± 3.2.

Altogether, these results indicate that the expression of
Kv7/M channels is low during the first week of postnatal
life, and markedly increases within the subsequent weeks.

Intrinsic bursting activity in neonatal
versus juvenile neurons

Neonatal CA3 pyramidal cells display an intrinsically
bursting pattern of firing that plays an instructive
pacemaker role in the generation of GDPs (Sipila et al.
2005). We compared neonatal and juvenile neurons with
respect to this firing mode using patch-clamp recordings
in current-clamp mode. Representative recordings from a
neonatal (P5) neuron are shown in Fig. 6A. The neuron
manifested recurrent burst discharges identified as GDPs
because their recurrence frequency was independent of

Figure 4. Similar kinetic properties of
linopirdine-sensitive currents recorded in neonatal
and juvenile neurons
A, linopirdine-sensitive currents deactivated by 1 s
voltage step from −20 to −90 mV (left) and activated
(right) by 1 s voltage step from −80 to 0 mV. Each trace
(average of 3 traces) could be fitted with the sum of a
fast and a slow exponential. B and C, each bar
represents the mean fast (τ fast) and slow (τ slow)
components as well as their relative fractions Aslow/Afast
of deactivated (C) and activated (B) linopirdine-sensitive
currents obtained in neonatal (black; n = 7) and in
juvenile neurons (white; n = 5) as in A.

the membrane potential (Ben-Ari et al. 1989). Thus,
at both −90 and −70 mV the recurrence frequencies
of these events were the same (0.10 ± 0.004 Hz and
0.10 ± 0.005 Hz, respectively; Fig. 6A, top trace). To
identify the intrinsic discharge pattern of this neuron,
the network-driven discharges were blocked by adding
ionotropic glutamate (20 μM DNQX and 50 μM APV)
and GABA receptor (100 μM picrotoxin) blockers to the
ASCF (Sanabria et al. 2001). This revealed recurrent
bursting that was blocked by hyperpolarizing the neuron
(Fig. 6A, bottom trace). In the presence of these blockers,
31 of 71 neonatal neurons (45%) displayed intrinsic
bursting activity. At about resting potential, intrinsic
bursts recurred at a frequency of 0.33 ± 0.04 Hz (n = 26).
The proportion of bursting neonatal neurons and the
frequency of bursts are similar to those previously
described using the cell-attached configuration (Sipila
et al. 2005). For 10 neurons, the average potential at
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which these bursts erupted (i.e. burst ‘threshold’) was
−56 ± 2 mV. Each intrinsic burst was preceded by a slow
depolarization, probably underlain by the activation of
persistent Na+ current (Sipila et al. 2006a) and was
followed by a slow afterhyperpolarization (sAHP) that
lasted 2.8 ± 0.4 s (n = 26). On average, intrinsic bursts
lasted 1.4 ± 0.1 s and were associated with 7.3 ± 0.8
spikes per burst. The mean intraburst spike frequency
was 5.6 ± 0.6 Hz. A further membrane depolarization
increased burst frequency and reduced the amplitude and
duration of the sAHPs. The coefficient of variation (CV)
of burst intervals was higher than 0.25 for burst frequency
lower than 0.20 Hz, and decreased to a stable level when
bursts frequency increased to 0.40 Hz (Fig. 6D).

Figure 5. The Kv7/M channel enhancer retigabine potentiates Im more in juvenile than in neonatal
neurons
Examples of deactivating currents recorded from a P1 (upper traces, Neonates) and from a P18 (lower traces,
Juveniles) CA3 principal cell. The deactivation protocol (represented below the current traces) consisted in stepping
the voltage from −20 mV down to −100 mV in increments of 10 mV, before (Control) and during bath application
of 10 μM retigabine (Retigabine). On the right, retigabine-sensitive currents obtained by subtracting the currents
recorded in the presence of retigabine from control (Difference). The horizontal dotted lines mark the Im reversal
potential. B, each column represents the density (pA pF−1) of retigabine-sensitive currents (for voltage steps
from −20 to −100 mV) normalized to the cell capacitances in neonatal (n = 5) and in juvenile neurons (n = 5).
∗P < 0.05. C, voltage dependence of deactivated retigabine-sensitive currents (normalized to the maximal currents
obtained at +10 mV) obtained in neonatal (filled symbols) and juvenile neurons (open symbols). Continuous lines
represent the Boltzmann fits of experimental data (each point is the average of 4–5 individual values). The V 1/2

values were −16.6 ± 6.0 mV and −39.8 ± 4 mV for neonatal and juvenile neurons, respectively. These values
were significantly different (P < 0.05). The corresponding slope factors were 21.4 ± 6.4 and 24.5 ± 3.2.

The incidence of intrinsic bursters amongst juvenile
neurons (23 of 35 neurons; 65%) was higher than in
neonatal neurons (Fig. 6B and C). Although the threshold
(−55 ± 3 mV) and the frequency (0.24 ± 0.02 Hz) of
intrinsic bursts were not significantly different (P > 0.5;
Wilcoxon’s test) from those of neonatal neurons, burst
duration was much shorter (0.49 ± 0.05 s; P < 0.05;
Fig. 6E). In addition, the number of intraburst spikes
was much smaller (3.9 ± 0.5; P < 0.05; Fig. 6F), though
their frequency was higher (9.8 ± 2.0 Hz; P < 0.05) than
in neonatal neurons. As in the latter neurons, the
recurrence frequency of intrinsic bursts in juvenile
neurons also was not related to the CV of burst intervals
(Fig. 6D).
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Figure 6. Intrinsic bursting activity in neonatal and juvenile neurons
A, upper trace, GDPs recorded from a CA3 pyramidal cell at P5. The frequency of GDPs did not change by
depolarizing the membrane from −90 mV to −70 mV (dashed line) indicating that GDPs are network-driven
events. Lower trace, same cell, after blocking synaptic activity and GDPs with DNQX (20 μM), APV (50 μM) and
picrotoxin (100 μM). Depolarizing the membrane from −80 mV to −56 mV (dashed line) induced the appearance
of intrinsic voltage-dependent bursts, different in shape from GDPs (see individual samples on the right). B,
representative tracing from a P21 neuron. At this postnatal age, GDPs are not present any more. Depolarizing the
membrane to −65 mV (dashed line) in the presence of DNQX, APV and picrotoxin revealed intrinsic bursts which
differed in frequency and shape from those recorded in neonatal neurons (see individual burst on the right). C,
incidence of intrinsic bursts in neonatal and in juvenile neurons. D, the coefficient of variation (CV) of interburst
intervals plotted against burst frequency in neonatal (left) and in juvenile neurons (right). E and F, mean burst
duration and number of intraburst spikes in neonatal (n = 26) and in juvenile neurons (n = 20). Note that in
juvenile neurons burst duration was significantly shorter and the number of intraburst spikes was significantly
smaller than in neonatal neurons. ∗P < 0.05; ∗∗∗P < 0.001.
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Effects of Kv7/M channel modulators on intrinsic
bursting

We next studied the involvement of Kv7/M channels
in intrinsic bursting (9 neonatal and 10 juvenile
neurons) by monitoring the effects of linopirdine
and retigabine on this activity. In these experiments
all ACSFs contained ionotropic glutamate and GABA
receptor blockers to suppress the synaptically driven
GDPs occurring in juvenile neurons. Adding 10 μM

linopirdine to the ACSF had more pronounced effects
on juvenile than on neonatal neurons. Thus, linopirdine
caused a depolarizing shift of 3.4 ± 1.7 mV in neonatal
and 5.3 ± 1.5 mV in juvenile neurons. Concurrently,
membrane input resistance increased by 13% (from
478 ± 73 M� to 542 ± 75 M�) in neonatal and by
27% (from 135 ± 14 M� to 171 ± 11 M�) in juvenile
neurons. Likewise, linopirdine induced a 29% increase
in the frequency of bursts (from 0.31 ± 0.07 Hz to
0.40 ± 0.11 Hz; P < 0.05, paired t test; n = 9) in neonatal
neurons (Fig. 7A) compared to a 109% increase (from
0.20 ± 0.02 Hz to 0.42 ± 0.05 Hz; P < 0.001, paired t test;
n = 10) in juvenile neurons (Fig. 7B). It also caused a
30% increase in burst duration (from 1.34 ± 0.08 s to
1.73 ± 0.13 s; P < 0.05, paired t test; n = 9) in neonatal
neurons (Fig. 7A) versus a 66% increase (0.58 ± 0.13 s to
0.98 ± 0.17 s; P < 0.05, paired t test; n = 10) in juvenile
neurons (Fig. 7B). These results indicate that Kv7/M
channel activation normally restricts the perpetuation of
intrinsic bursts (Yue & Yaari, 2004). This restrictive action
is more pronounced in juvenile neurons than in neonatal
neurons, consistent with the greater functionality of these
channels in the former group.

We also examined how blocking Kv7/M channels
affects the regularity of intrinsic bursting in both
groups of neurons. To that end we compared auto-
correlation plots of burst timing in the absence and
in the presence of linopirdine. Figure 7 shows typical
examples of intrinsic bursting in neonatal and juvenile
neurons. In neonatal neurons, bursts recurred with a
certain degree of periodicity, as evidenced in the auto-
correlation plot; this periodicity was slightly enhanced by
linopirdine (Fig. 7A). Overall, linopirdine increased the
autocorrelation coefficient from 0.21 ± 0.01 to 0.27 ± 0.02
in these neurons (n = 9; P < 0.01; paired t test; Fig. 7C).
In juvenile neurons, intrinsic bursting was less regular
than in neonatal neurons (autocorrelation coefficient
0.10 ± 0.02), but linopirdine transformed it into a
periodic oscillatory activity, increasing the autocorrelation
coefficient to 0.25 ± 0.02 (n = 10, P < 0.001, paired t test;
Fig. 7B), similar to that found in neonatal neurons.
Linopirdine reduced also the CV of burst intervals from
0.39 ± 0.07 to 0.20 ± 0.02 in neonatal neurons (P < 0.01,
paired t test), and from 0.81 ± 0.11 to 0.23 ± 0.02
in juvenile neurons (P < 0.001, paired t test; Fig. 7D).

Moreover, this drug caused a significant increase in mean
burst duration (Fig. 7E) without affecting the number of
intraburst spikes (Fig. 7F).

In both neonatal (n = 7) and juvenile neurons (n = 8),
addition of retigabine (10 μM) to the ACSF caused
a progressive reduction in frequency and duration of
intrinsic bursts until they disappeared (Fig. 8; in one
exceptional P5 neuron, retigabine only decreased the
frequency and the duration of bursts without abolishing
them). These effects were associated with a membrane
hyperpolarization and a reduction in membrane input
resistance, which again were more remarkable in juvenile
neurons (9.6 ± 3.2 mV and 43%, respectively) than in
neonatal neurons (3.0 ± 0.5 mV and 37%, respectively).
Depolarizing the membrane with current injection
induced the appearance of isolated action potentials
but not intrinsic bursts (data not shown). Addition of
linopirdine (10 μM) to the retigabine-containing ACSF
restored burst activity in both groups of neurons
(Fig. 8).

Together, these data show that although intrinsic
bursting occurs more frequently in juvenile neurons,
this activity is more robust in neonates, as evidenced
by burst duration, number of intraburst spikes, and
regularity of bursting. Moreover, blocking Kv7/M channels
facilitates intrinsic bursting more strongly in juvenile than
in neonatal neurons, corresponding to the developmental
increase in the functionality of these channels.

Effects of Kv7/M channel modulators on GDPs

All neonatal neurons tested (n = 23) exhibited GDPs
that comprised a depolarizing shift (lasting 0.87 ± 0.05 s)
giving rise to several action potentials and often followed
by a hyperpolarizing shift. Adding 10 μM linopirdine to
the ACSF significantly increased GDP frequency (from
0.09 ± 0.001 Hz to 0.16 ± 0.002 Hz; n = 8; P < 0.05; two
tailed t test; Fig. 9A and C). Likewise, GDP size, estimated
by the area under the depolarizing shift, increased from
47.4 ± 8.0 mV s to 65.8 ± 10.1 mV s; n = 8; (P < 0.001;
Fig. 9D). Another conspicuous effect of linopirdine was to
increase the regularity of GDP recurrence (Fig. 9A and B).
This effect was quantified by the autocorrelation function
and by the CV of GDP intervals. Thus, linopirdine
significantly increased the autocorrelation coefficient from
0.09 ± 0.02 to 0.36 ± 0.04 (n = 9; P < 0.001; Fig. 9E) and
reduced the CV value from 0.61 ± 0.12 to 0.19 ± 0.04
(n = 8; P < 0.05; Fig. 9F). Similar effects on GDP
frequency, duration and area of the depolarizing shift were
observed when XE991 (5 μM), another selective Kv7/M
channel blocker (Wang et al. 1998; Yue & Yaari, 2004), was
applied (n = 6; data not shown).

We next tested whether I m blockade could induce the
appearance of GDPs at intermediate stages of development
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in which they are not normally observed. Linopirdine
(10 μM) was applied to hippocampal slices obtained
from P14–P16 old rats. In 4/6 cells, linopirdine was
able to induce synchronized correlated activity (Fig. 10).

Figure 7. Linopirdine has more
pronounced effects on juvenile than in
neonatal neurons
A, left, examples of intrinsic bursting activity
recorded from a P6 CA3 principal neuron
before (upper tracing) and during (lower
tracing) bath application of 10 μM linopirdine.
Middle, individual bursts in the absence
(Control) and in the presence of linopirdine
(Linopirdine) shown on an expanded time scale.
Right, autocorrelograms for the same cell
shown on the left in the absence (upper graph)
and in the presence (lower graph) of
linopirdine. Linopirdine increased the frequency
and the duration of intrinsic bursts which
became more regular. B, as in A, but from a
P21 CA3 pyramidal cell. Note differences in
burst duration between neonatal and juvenile
neurons. In the former neurons, a certain
degree of periodicity of bursts activity already
existed before the application of linopirdine
while this was almost absent in juvenile
animals. C, summary data showing the
autocorrelation coefficients of intrinsic burst
activity analysed in neonatal (n = 9) and in
juvenile neurons (n = 10), in the absence
(Control) and in the presence of linopirdine
(Linopirdine). D, CV of bursts intervals
measured in neonatal and in juvenile neurons,
in the absence and in the presence of
linopirdine. E and F, mean burst duration and
number of intraburst spikes before (Control,
open bars) and during application of
linopiridine (Linopiridine, filled bars) in neonatal
(n = 26) and in juvenile neurons (n = 20).
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

However, in these cases, GDPs occurred at very low
frequency (0.024 ± 0.008 Hz). During the third postnatal
week, similar linopirdine applications failed to trigger
GDPs (n = 4).
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In neonatal neurons, adding 10 μM retigabine to the
ACSF first reduced the frequency and duration of GDPs,
then completely suppressed them in all cases (n = 9;
Fig. 11). GDP suppression was associated with
a membrane hyperpolarization of 3.5 ± 0.9 mV, but
GDPs could not be restored by depolarizing the
membrane 10–20 mV (data not shown). However, GDPs
reappeared when linopirdine (10 μM) was added to the
retigabine-containing ACSF (Fig. 11).

These data show that although in neonatal neurons
I m is smaller than in juvenile neurons, it still exerts a
significant inhibitory action on the generation of GDPs.
Blocking this current augments the GDPs in neonatal
neurons and can invoke them at an intermediate stage
of development in which normally they are no longer
generated, though not at a later developmental stage.
Conversely, augmentation of this current (with retigabine)
suppresses GDPs generation entirely.

Effects of blocking NKCC1 on GDPs

To further evaluate the interplay of GABA action and
I m in modulating GDP activity in neonatal neurons, we
tested the consequences of converting GABA action from
depolarizing to hyperpolarizing by superfusing the slices
for at least 30 min with 10 μM bumetanide, a blocker of
the cation–chloride cotransporter NKCC1 (responsible

Figure 8. Retigabine completely abolished intrinsic bursts in both neonatal and juvenile neurons
A, intrinsic bursting activity recorded from a CA3 principal cell at P6 before (Control) 2 min and 4 min after bath
application of 10 μM retigabine (Retigabine) and after addition of 10 μM linopirdine to retigabine (+Linopirdine).
B, as in A but from a CA3 principal neuron at P17. Note that in both cases, retigabine first reduced the frequency
and the duration of intrinsic bursts and then completely abolished them. Intrinsic bursting activity could be restored
by adding linopirdine to the bathing solution.

for the accumulation of chloride inside the cell; Dzhala
et al. 2005; Sipila et al. 2006b). In agreement with previous
studies (Dzhala et al. 2005; Sipila et al. 2006b), bumetanide
slightly hyperpolarized the neurons (3–6 mV), shifted
GABA reversal potential (EGABA) from −47.6 ± 3.3 mV to
−71.5 ± 3.09 mV (n = 5; Sivakumaran et al. unpublished
observations), and blocked GDPs in all slices tested
(n = 7; Fig. 12). Further application of linopirdine (10 μM)
in the presence of bumetanide failed to invoke GDPs.
These results show that irrespective of I m activity, the
depolarizing action of GABA is essential for GDPs
production during the first postnatal week.

Discussion

In this study we have investigated the developmental
regulation of Kv7/M channels responsible for I m We report
that in CA3 pyramidal cells, expression of the Kv7.2
subunit is very low at birth and markedly increases in the
subsequent 3 weeks. The low density of I m in early post-
natal life enhances the robustness of intrinsic bursting,
which, in conjunction with the depolarizing action of
GABA, drives the neuronal network into GDP generation.
The developmental increase in I m density, together with
the shift of GABA from the depolarizing to the hyper-
polarizing direction, contributes to the disappearance of
GDPs in the second postnatal week.
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Developmental regulation of Kv7/M channels
expression

The postnatal increase in I m density in CA3 pyramidal cells
(Figs 2 and 3) was associated with enhanced Kv7.2 protein
expression in hippocampus (Fig. 1), consistent with the
notion that this channel subunit is a major determinant of
functional neuronal I m (Wang et al. 1998; Shah et al. 2002).
Previous immunohistochemical studies also disclosed a
developmental increase in Kv7.2 and Kv7.3 staining during
the first three postnatal weeks (Tinel et al. 1998; Geiger
et al. 2006; Weber et al. 2006). This increase was associated
with a shift from a widespread staining pattern to a
predominantly axonal staining pattern (Weber et al. 2006).
Indeed, in adult hippocampal pyramidal neurons, Kv7.2

Figure 9. GDPs are modulated by
linopirdine
A, GDPs recorded from a CA3 pyramidal cell at
P5, before (upper tracing, Control) and during
bath application of 10 μM linopirdine (lower
tracing, Linopirdine). On the right average of
10 GDPs (represented on an expanded time
scale) obtained in the absence (Control) and in
the presence of linopirdine (Lin). The two
averaged GDPs are superimposed at the
bottom. B, autocorrelograms for the cell shown
in A, before (upper graph) and during
linopirdine application (lower graph). C and D,
mean GDP frequency (C) and area (D) in the
absence (Control) and in the presence of
linopirdine (Linopirdine; n = 8 for frequency
and area). E and F, autocorrelation coefficient
(n = 9, E) and CV of GDP intervals (n = 8, F) for
cells recorded between P1 and P6 (filled circles).
Open circles represent the mean values.
∗P < 0.05; ∗∗∗P < 0.001.

channels are expressed predominantly in the axon initial
segment and nodes of Ranvier (Devaux et al. 2004; Pan
et al. 2006). Thus, the developmental regulation of Kv7/M
channels involves not only an increase in channel protein,
but also targeting of the channels to the axon. Whether
other Kv7 subunits, which may also partake in I m function
(Wang et al. 1998; Schroeder et al. 2000; Shah et al. 2002),
exhibit a similar developmental profile, is yet unknown.

In addition to manifesting differences in I m density, the
two groups of neurons differed with respect to the voltage
dependence of I m activation, which was about 20 mV more
positive in neonatal than in juvenile neurons (Figs 2 and
3). Developmentally regulated differential expression of
Kv7.2 splice variants may account for this finding (Smith
et al. 2001). However, these results should be taken with

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



5450 V. F. Safiulina and others J Physiol 586.22

caution in view of the possible sources of error introduced
by the perforated patch-clamp technique. A short-circuit
effect of the leak through the contact between the pipette
and the membrane may lead to membrane depolarization
of several millivolts, particularly in neurons having a high
input resistance, such as the small neonatal neurons (see
also Tyzio et al. 2003; Mohajerani & Cherubini, 2005). In
the larger juvenile neurons, the poorer control of voltage
may lead to a wrong estimation of membrane potential.

Low density and high threshold of Kv7/M channels
potentiates intrinsic bursting in neonatal neurons

We found that intrinsic bursts in neurons manifesting
bursting behaviour was much more intense and regular
in neonatal than in juvenile neurons. This was evidenced
by the longer burst duration (as measured by integrating
the depolarizing shift of bursts and by counting the
number of intraburst spikes; Fig. 6E and F), as well as
by the lower CV of intervals between bursts (Fig. 7D)
and the higher spike autocorrelation coefficient (Fig. 7C),
in neonatal versus juvenile neurons. These differences

Figure 10. Linopirdine can invoke GDPs at an intermediate
developmental stage
Extracellular field potentials (A) and whole cell patch clamp recordings
(B) in hippocampal slices from P14–P15 rats not exhibiting GDPs
(Control). Bath application of linopirdine (10 μM for 5 min) induced
the appearance of GDPs (asterisks).

Figure 11. Retigabine completely abolishes GDPs
Representative tracings from a CA3 pyramidal cell at P4 recorded
before (Control) and 2 and 4 min after application of 10 μM retigabine
(Retigabine) and after addition of 10 μM linopirdine to retigabine
(+Linopirdine). Retigabine first reduced and then completely abolished
GDPs, which could be restored by adding linopirdine to the
extracellular solution.

are readily explained by the lower density and the more
positive activation voltage of I m in neonatal versus juvenile
neurons. In adult neurons, where I m activates at sub-
threshold potentials, it plays a predominant role in

Figure 12. Linopirdine fails to invoke GDPs once these are
blocked with bumetanide
Representative extracellular field potential tracings from pyramidal
cells (at P4) recorded before (Control), and during bath application of
bumetanide (10 μM for 30 min). Note that bumetanide completely
blocked GDPs (middle trace). Addition of 10 μM linopirdine to
bumetanide (lower trace) failed to invoke the generation of GDPs.
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curtailing the spike after depolarization and producing
an AHP of medium duration (mAHP; Storm, 1989; Yue
& Yaari, 2004; Gu et al. 2005). Through these actions I m

would be expected to limit the duration of intrinsic bursts.
Our finding that application of linopirdine markedly
enhanced and regularized intrinsic bursting activity in
juvenile neurons (Fig. 7B) suggests that, indeed, I m plays
a major role in burst termination in these neurons. In
neonatal neurons, however, linopirdine was much less
effective in modulating intrinsic bursting (Fig. 7C). This
observation is congruent with the reduced availability of
Kv7/M channels immediately after birth. The fact that,
despite this difference, the fraction of bursters was smaller
amongst neonatal than amid juvenile neurons (43% versus
66%; Fig. 6C) may be due to a developmental increase
in the density of low-threshold inward currents, such as
persistent Na+ current and T-type Ca2+ current, which
provide the depolarizing drive for burst generation (Chen
et al. 2005; Sipila et al. 2005).

Low density and high threshold of Kv7/M channels
supports GDP generation in neonatal neurons

Intrinsic bursters, in conjunction with the depolarizing
action of GABA, play a critical role in GDP generation
in CA3 (Sipila et al. 2005). Therefore, it is reasonable to
assume that the prolonged intrinsic bursts in neonatal
CA3 pyramidal cells, enabled by the low density and high
activation voltage of I m, support GDP generation in these
neurons. In addition, the increase in intracellular calcium
due to the depolarizing action of GABA (Leinekugel et al.
1995) may further increase intrinsic neuronal excitability
and GDP generation by inhibiting the Kv7/M channels
already present in these neurons (Selyanko & Brown,
1996; Chen & Yaari, 2008). Congruently, blocking I m

with linopirdine or XE991 even further enhanced GDP
frequency, duration and regularity (Fig. 9), whereas
increasing I m with retigabine suppressed them entirely
(Fig. 11). It should be noted, however, that these effects
could result from linopirdine or retigabine acting at Kv7/M
channels present not only on pyramidal cells, but also
on GABAergic interneurons and/or on presynaptic nerve
terminals, where Kv7/M channels have been shown to
exert a powerful control on transmitter release (Martire
et al. 2004; Vervaeke et al. 2006; Peretz et al. 2007).
Apart from that, it is improbable that the developmental
enhancement of I m is the sole reason for the disappearance
of GDPs after the first postnatal week. The shift in EGABA

towards more hyperpolarized potentials would certainly
play a major role in this phenomenon (Ben-Ari et al.
1989, 2007; Ben-Ari, 2002), as also demonstrated by
the experiments with bumetanide, in which linopirdine
was unable to invoke GDPs once GABA’s action became
hyperpolarizing (Fig. 12). The observation that GDPs
could still be invoked by linopirdine in some P14–P16

neurons (Fig. 10) suggests that at this intermediate stage
of postnatal development, GABA may still be moderately
depolarizing, but I m has become sufficiently effective in
impeding GDP production.

Clinical implications

In humans, loss-of-function mutations in Kv7.2 or Kv7.3
subunits cause the neonatal epileptic disorder benign
familial neonatal convulsions (BFNC; Schroeder et al.
1998; for reviews see Jentsch, 2000 and Maljevic et al.
2008). In neurons harbouring these mutations I m is
reduced, though not abolished (Schroeder et al. 1998).
An intriguing observation is that in BFNC, seizures begin
shortly after birth, and spontaneously disappear within a
few months of life. We speculate that the vulnerability of
the neonatal brain to these mutations is due not only to the
depolarizing action of GABA, but also to the low density
and high voltage of activation of neuronal I m. Likewise,
the eventual disappearance of spontaneous seizures in
BFNC patients with brain maturation may reflect not only
developmental changes in GABA’s action, but also changes
in Kv7/M channels, similar to those described here.
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