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a b s t r a c t

Neurons in the auditory cortex are believed to utilize temporal patterns of neural activity to accurately
process auditory information but the intrinsic neuronal mechanism underlying the control of auditory
neural activity is not known. The slowly activating, persistent K+ channel, also called M-channel that
belongs to the Kv7 family, is already known to be important in regulating subthreshold neural excitability
and synaptic summation in neocortical and hippocampal pyramidal neurons. However, its functional role
in the primary auditory cortex (A1) has never been characterized. In this study, we investigated the roles
of M-channels on neuronal excitability, short-term plasticity, and synaptic summation of A1 layer 2/3
regular spiking pyramidal neurons with whole-cell current-clamp recordings in vitro. We found that
blocking M-channels with a selective M-channel blocker, XE991, significantly increased neural excitabil-
ity of A1 layer 2/3 pyramidal neurons. Furthermore, M-channels controled synaptic responses of intra-
laminar-evoked excitatory postsynaptic potentials (EPSPs); XE991 significantly increased EPSP
amplitude, decreased the rate of short-term depression, and increased the synaptic summation. These
results suggest that M-channels are involved in controlling spike output patterns and synaptic responses
of A1 layer 2/3 pyramidal neurons, which would have important implications in auditory information
processing.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The primary auditory cortex (A1) uses temporal patterns of
neural activity for auditory neural information processing [1] and
disruption in temporal patterns of spikes with increased spike
excitability has been observed in the case of hearing loss [2,3].
Understanding the intrinsic mechanism underlying the control of
neural activity patterns of A1 neurons would shed light on how
auditory information is processed. Among many intrinsic mem-
brane channels, M-type K+ channel (M-channel) [4], a slowly acti-
vating, non-inactivating channel belonging to the KCNQ (Kv7)
family [5], has a well-established role in regulating subthreshold
neural excitability in neocortical neurons of the sensory and motor
cortices and the hippocampus [7–9]. It is found throughout the
cortex [6] and is also known to regulate spike-frequency adapta-
tion [7], intrinsic subthreshold resonance [10] and spike after-
hyperpolarization (AHP) [10,11]. Interestingly, Kv7 has already
been closely linked with auditory information processing [12],
with defects in Kv7 channel subunits in cochlear [13] and central
auditory pathway nuclei [14], causing hereditary hearing loss.
ll rights reserved.
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However, the roles of M-channels in the A1 pyramidal neuronal
function remains unknown.

Here, we investigated the roles of M-channels in A1 layer 2/3
pyramidal neurons’ excitability, short-term plasticity, and synaptic
summation in vitro. Using a selective M-channel blocker, XE991,
we found that XE991 increases neural excitability, decreases
spike-burst AHP amplitude and increases spike probability. In
addition, XE991 was found to influence the rate of short-term
depression (STD) and synaptic summation, suggesting that
M-channels are extensively involved in controlling neural excit-
ability and synaptic responses of A1 layer 2/3 pyramidal neurons.
2. Materials and methods

2.1. Slice preparation

All use and care of animals followed the guidelines of Institutional
Animal Care and Use Committee of Korea University (KUIACUC-
2011-114). After cervical dislocation and decapitation of
Sprague–Dawley rats (postnatal day 21–28), the brains were rapidly
removed into ice-cold, oxygenated artificial cerebrospinal fluid
(ACSF) containing (in mM) NaCl, 126; KCl, 3; NaH2PO4, 1.25; MgSO4,
2; CaCl2, 2; NaHCO3, 25; and glucose, 10 (pH 7.2–7.4), which was bub-
bled with carbogen gas (95% O2, 5% CO2). Coronal slices of auditory
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Fig. 1. M-channels modulate the intrinsic excitability of A1 layer 2/3 pyramidal neurons. (A) Voltage response of an A1 layer 2/3 pyramidal neuron to 200-pA somatic current
input (1-s duration) in the control condition (black) and in the presence of XE991 (gray). (B) Frequency of spikes plotted as a function of current input amplitude (f–I curve) in
the control condition (open circles) and in the presence of XE991 (filled circles). (C) Inter-spike interval (ISI) of A1 layer 2/3 pyramidal neurons calculated from the voltage
response to 200-pA current step in the control condition (open circles) and in the presence of XE991 (filled circles). (D) Spike-onset latency of an A1 layer 2/3 pyramidal
neuron subject to a 200-pA current step in the control condition (black) and in the presence of XE991 (gray). (E) Summary result of spike-onset latency in the control
condition (white bar) and in the presence of XE991 (black bar). All data are mean ± SEM, ⁄⁄p < 0.01, Student’s t-test. The number of experiments is shown in parentheses.
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cortex (350 lm) were cut with a vibratome (VT1000s, Leica), and
slices were maintained at room temperature (22–25 �C) in a sub-
merged-style holding chamber with oxygenated ACSF for at least
60 min before being transferred to the recording chamber perfused
with oxygenated ACSF at room temperature.
2.2. Electrophysiology

Regular spiking A1 layer 2/3 pyramidal neurons were visually
identified by infrared differential interference contrast video
microscopy (BX51WI, Olympus). Whole-cell patch-clamp record-
ings were performed using a Multiclamp-700B (Molecular Devices)
in current clamp-mode with patch pipettes pulled from borosili-
cate glass (tip resistance, 6–12 MX) filled with intracellular solu-
tion containing (in mM) potassium gluconate, 110; HEPES, 40;
NaCl, 4; ATP–Mg, 4; and GTP, 0.3 (pH 7.2–7.3; 270–300 mOsmol/
L). To block M-channel that underlies M-current (IM), 25 lM
[15,16] of the Kv7/M-channel blocker, XE991 (Tocris), was added
to the ACSF. All recordings were low-pass filtered at 2 kHz and ac-
quired at 5 kHz using ITC-18 AD board (HEKA) and Igor Pro soft-
ware (Wavemetrics). Igor Pro software was used for command
signal generation, data acquisition, and data analysis.

Changes in neural excitability were investigated by studying the
neuronal voltage responses to current inputs (Figs. 1–3). 1-s tonic
step-currents incrementing in 20-pA steps, increasing up to
200 pA, were injected into the soma to characterize the fre-
quency–input (f–I) curve (Fig. 1A, B). Inter-spike intervals (ISIs,
Fig. 1C) and spike onset-latency (Fig. 1D, E) were calculated with
the voltage response to 200-pA step-current input. Spike onset-la-
tency was calculated as the time taken for the first spike to occur in
response to the current input (Fig. 1D).
To characterize the spike AHP, a single spike and spike-burst
were elicited by injecting brief current pulses of 2-ms and
100-ms duration, respectively (Fig. 2). In order to study the spike
probability, 50 brief current pulses (5-ms duration; 270–650 pA)
were injected into the soma at 5, 10, 20, 40, 80, and 100 Hz
(Fig. 3A), as has been described in Xu et al. [3]. To study the synap-
tic responses, a stainless steel monopolar electrode was placed in
the A1 layer 2/3 region to evoke intralaminar excitatory postsynap-
tic potentials (EPSPs) (Fig. 4A, B). A train of 10 EPSPs were evoked
at 5, 10, 20, and 40 Hz to study the effect of XE991 on STD and syn-
aptic summation (Fig. 4C–E).
2.3. Data analysis and statistics

Neuronal membrane time constant (sm) and resistance (Rin,
Table 1) were calculated by fitting an exponential curve to the
early voltage response to the 40-pA hyperpolarizing current step.
Spike probability was calculated as the total number of spikes
evoked at each frequency divided by 50 (Fig. 3C). Peak EPSP ampli-
tudes were normalized to the first EPSP amplitude (EPSPnorm) and a
single exponential curve fit was used to estimate the decay time
constant of STD (sSTD, Fig. 4C) such that,

EPSPnorm ¼ C0 þ C � exp
�t
sSTD

� �

where C0 is the initial value and C is the amplitude constant.
The significance of differences was tested with two-sample,

paired Student’s t-tests. All data are represented as mean ± stan-
dard error of the mean (SEM).
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Fig. 2. M-channels modulate the after-hyperpolarizing potential (AHP) following spike-burst of A1 layer 2/3 pyramidal neurons. (A, E) A single spike (A) and a spike-burst (E)
evoked in the control condition (black) and in the presence of XE991 (gray) by a brief 2-ms (A) and 100-ms (E) current pulses. (B–D) AHP amplitude, duration, and area of a
single spike in the control condition (white bar) and in the presence of XE991 (black bar). (F–H) Same as in B–D but for AHP following a spike-burst. All data are mean ± SEM,
⁄p < 0.05, Student’s t-test. The number of experiments is shown in parentheses.
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3. Results

3.1. M-channels modulate the intrinsic excitability and spike-frquency
adaptation of A1 layer 2/3 pyramidal neurons

Application of the selective M-channel blocker, XE991, signifi-
cantly depolarized the A1 layer 2/3 pyramidal neuron resting
membrane voltage (Vm) and increased both sm and Rin than in
the control condition (Table 1, p < 0.01, n = 20). In response to 1-s
depolarizing tonic step-current inputs (Fig. 1A), spike frequency in-
creased with increasing current input amplitude in both conditions
(Fig. 1B), but XE991 significantly increased the overall spike
frequency for each current input amplitude (Fig. 1B, p < 0.01,
n = 14). In response to 200-pA tonic current input, spike ISI in-
creased with successive spike number showing spike-frequency
adaptation in the control condition. However, spike-frequency
adaptation decreased in the presence of XE991 and ISI reached a
near-steady state (Fig. 1C, n = 14). Spike onset-latency was ana-
lyzed by calculating the time taken for the first spike to occur from
the onset of the 200 pA current step (Fig. 1D) and was found to
significantly shorten in the presence of XE991 than in the control
condition (Fig. 1E, control: 43.5 ± 4.9 ms; XE991: 27.7 ± 2.7 ms,
p < 0.01, n = 14).

3.2. M-channels modulate the spike-burst AHP of A1 layer 2/3
pyramidal neurons

Next, we assessed the effect of XE991 on AHP following a single
spike and a spike-burst elicited by brief current pulses (Fig. 2A).
The AHP amplitude, AHP duration, and AHP area following a single
spike elicited by a 2-ms long current pulse (�1 nA) were not
significantly different with or without XE991 (AHP amplitude:
control = 0.92 ± 0.15 mV, XE991 = 1.15 ± 0.45 mV; AHP duration:
control = 0.13 ± 0.03 s, XE991 = 0.11 ± 0.03 s; AHP area: control =
0.06 ± 0.02 mV � s, XE991 = 0.06 ± 0.02 mV� s; n = 21, all p > 0.05;
Fig. 2B–D). However, AHP amplitude following a spike-burst elicited
by a brief current pulse (100 ms; 500–1000 pA; Fig. 2E) significantly
decreased in the presence of XE991 than in the control condition
(control: 2.72 ± 0.39 mV; XE991: 2.02 ± 0.25 mV, n = 14, p < 0.05;
Fig. 2F). However, neither AHP duration nor area following a
spike-burst were significantly different (AHP duration: control =
0.38 ± 0.03 ms, XE991 = 0.43 ± 0.03 ms, n = 14, p > 0.05; AHP area:
control = 0.56 ± 0.09 mV� s, XE991 = 0.69 ± 0.09 mV� s, n = 14,
p > 0.05; Fig. 2G, H).
3.3. XE991 increases spike probability of A1 layer 2/3 pyramidal
neurons

To determine whether M-channels influence the discharge pat-
terns of A1 layer 2/3 pyramidal neurons subject to different input
frequencies, 50 trains of brief, depolarizing current pulses were gi-
ven at 5, 20, 40, 60, 80, and 100 Hz (Fig. 3A). The pulse amplitude
was adjusted at the beginning of each experiment so that spikes
were evoked for every pulse at 5 Hz in the control condition and
this was kept constant for all stimulus frequencies throughout
the experiments. Spike number decreased as stimulus frequency
increased (Fig. 3A, B). Spike probability, calculated as the number
of spikes divided by the number of current pulses (50, Fig. 3C), in-
creased in the presence of XE991 compared to the control condi-
tion (20 Hz: control = 0.78 ± 0.04, XE991 = 0.96 ± 0.02; 40 Hz:
control = 0.71 ± 0.02, XE991 = 0.90 ± 0.03; 60 Hz: control = 0.54
± 0.04, XE991 = 0.54 ± 0.02; 80 Hz: control: 0.45 ± 0.04, XE991:
0.49 ± 0.03; 100 Hz: control = 0.34 ± ± 0.04, XE991: 0.36 ± 0.02,
n = 14; Fig. 3C). However, spike probability significantly increased
only at 20 and 40 Hz (n = 14, p < 0.01; Fig. 3C).
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Fig. 3. Modulation of spike probability of A1 layer 2/3 pyramidal neurons by M-channels. (A) Top, a schematic of a train of current pulses (5-ms duration) injected at the soma
at 100 Hz. The corresponding voltage response to 20, 40, 60, 80, and 100 Hz of current pulses in the control condition (left, black) and in the presence of XE991 (right, gray).
(B) Number of spikes elicited at each frequency in the control condition (white bar) and in the presence of XE991 (black bar). (C) Spike probability plotted against the input
frequencies. All data are mean ± SEM, ⁄⁄p < 0.01, Student’s t-test. The number of experiments is shown in parentheses.
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3.4. The effect of M-channels on intralaminar-evoked EPSPs, short-
term depression, and synaptic summation of A1 layer 2/3 pyramidal
neurons

Finally, we investigated the roles of M-channels on synaptic re-
sponses evoked by intralaminar synaptic stimulation of A1 layer 2/
3 region. The amplitude of a single EPSP evoked in the presence of
XE991 was larger than that in the control condition (Fig. 4A, left).
When the EPSP amplitude with XE991 was normalized to that of
the control condition, it was significantly larger than that in the
control condition (control: 1.00 ± 0.07, XE991 = 1.28 ± 0.12,
n = 13, p < 0.05; Fig. 4A, right).

STD has been widely observed in the A1 layer 2/3 region and
has been implicated in regulating adaptive responses during audi-
tory information processing [17,18]. Consistent with previous re-
ports [19,20], a train of 10 synaptic stimulations evoked at 5, 10,
20, and 40 Hz resulted in STD at all frequencies in both conditions
(Fig. 4B). The time constant of STD, sSTD, was shorter in the control
condition than in the presence of XE991 across all frequencies
(5 Hz: control = 477.7 ms, XE991 = 732.4 ms; 10 Hz: control =
265.2 ms, XE991 = 443.4 ms; 20 Hz: control = 150.5 ms, XE991 =
215.2 ms; 40 Hz: control = 40.0 ms, XE991 = 51.7 ms, solid lines
are exponential fit; Fig. 4C). The EPSP ratio of the first EPSP (EPSP1)
and the tenth EPSP (EPSP10) (EPSP10/EPSP1) in the presence of
XE991 was significantly larger for all frequencies (5 Hz: control =
0.61 ± 0.05, XE991 = 0.70 ± 0.05; 10 Hz: control = 0.45 ± 0.06,
XE991 = 0.57 ± 0.06; 20 Hz: control = 0.30 ± 0.04, XE991 = 0.39 ±
0.05; all p < 0.01, n = 13; Fig. 4D) except at 40 Hz (control =
0.19 ± 0.03, XE991 = 0.23 ± 0.05; p > 0.05, n = 13; Fig. 4D).
To study the role of M-channels in synaptic summation, the
area under the train of 10 EPSPs evoked at each frequency was
quantified (Fig. 4E). As previously observed in hippocampal neu-
rons [9], XE991 increased the area of EPSPs at all tested frequen-
cies. However, the increase was only statistically significant at
5 Hz (control = 1.17 ± 0.20 mV � s, XE991 = 1.81 ± 0.31 mV � s,
p < 0.05, n = = 13; Fig. 4E) but there was no significant differences
at higher frequencies (10 Hz: control = 1.04 ± 0.16 mV � s, XE991 =
1.43 ± 0.31 mV � s, 20 Hz: control = 0.84 ± 0.11 mV � s,
XE991 = 1.06 ± 0.18 mV � s, 40 Hz: control = 0.51 ± 0.07 mV � s,
XE991 = 0.61 ± 0.11 mV � s, p > 0.05, n = 13; Fig. 4E). These results
indicate that M-channels modulate EPSP amplitude, STD, and syn-
aptic summation of A1 layer 2/3 pyramidal neurons.
4. Discussion

Our results demonstrate the roles of M-channels on neural excit-
ability and synaptic responses in regular spiking A1 layer 2/3 pyra-
midal neurons in vitro. Blocking M-channels with XE991 increased
neural excitability and spike probability, whereas it decreased
spike-onset latency and spike-frequency adaptation. These
alterations in intrinsic excitability were accompanied by changes
in spike-burst AHP where XE991 decreased AHP amplitude.
M-channels also modulated STD and synaptic summation of layer
2/3 synapses; XE991 decreased the rate of STD and enhanced synap-
tic summation. Modulation of neural excitability, STD, and synaptic
summation by M-channels suggests that M-channels might have
important functions in auditory information processing.
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Table 1
The effect of XE991 on membrane properties of A1 layer 2/3 pyramidal neurons.
Resting membrane potential (Vm), input resistance (Rin), and time constant (sm) of A1
layer 2/3 pyramidal neurons in the control condition and in the presence of XE991
(n = 20). All data are mean ± SEM, ⁄⁄p < 0.01, Student’s t-test.

Resting membrane
potential (Vm, mV)

Input resistance
(Rin, MX)

Time constant
(sm, ms)

Control �69.4 ± 0.9⁄⁄ 106.5 ± 4.7⁄⁄ 20.0 ± 1.6⁄⁄

XE991 �67.0 ± 0.9 149.6 ± 9.6 34.5 ± 2.8
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A1 layer 2/3 pyramidal neurons are reported to exhibit spike-
frequency adaptation in response to constant [21] and repetitive
depolarizing current inputs [22]. Spike-frequency adaptation was
recently shown to partly be mediated by K+, Ca2+-activated K+

and Na+-activated K+ channels [21,22]. However, blocking these
K+ channels did not completely remove spike-frequency adapta-
tion [21]. In our study, XE991 was found to decrease spike-fre-
quency adaptation (Fig. 1A, C), which suggests that it is the M-
channels that underlie the remainder of the adaptive current in
A1 layer 2/3 pyramidal neurons. Blocking M-channels significantly
increased spike excitability (Fig. 1B) and the spike probability
(Fig. 3). These changes in intrinsic excitability might be due to
alterations in neuronal membrane property, as well as spike shape.
Indeed, XE991 significantly depolarized Vm and increased both sm

and Rin (Table 1). Increased excitability could also be due to alter-
ations in the AHP during and after repetitive spike discharges
[10,11,23] because XE991 significantly reduced the spike-burst
AHP amplitude (Fig. 2E, F). These changes of intrinsic neuronal
properties following M-channel modulation are similar to those
observed in sensory and motor cortical neurons [8], entorhinal cor-
tex [24], and the hippocampus [7,9–11]. Thus, the presence of M-
channels in A1 layer 2/3 pyramidal neurons may also serve as an
intrinsic mechanism that stabilizes neuronal membrane properties
and neural firing, which may be important for accurate auditory
processing [1].

Activity-dependent changes in intrinsic properties occur in cor-
tical and hippocampal neurons to control spike pattern and fre-
quency [25–27], which are vital for neural computation [1,27].
Although these changes have not been demonstrated in the A1
yet, Kv7 channel expression is known to increase in an activity-
dependent manner [27]. A decrease in sound-driven neural activity
reaching the auditory cortex, such as in the case of sensorineural
hearing loss (SNHL) and conductance hearing loss (CHL) [2,3],
could potentially interfere with activity-dependent Kv7 modula-
tion and consequently alter A1 spike output patterns. Indeed, K+

channels have already been suggested as a possible candidate
underlying development-related changes in subthreshold intrinsic
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properties [19] in cochlear, auditory brain stem, and cortical neu-
rons [28–30]. The number of KCNQ channels is known to increase
with development [31]. Also, layer 2/3 pyramidal neurons in SNHL
and CHL show increased neural excitability and spike probability,
similar to the activity we observed following Kv7 blockade
(Figs. 1–3). Thus, an attractive hypothesis to be tested in the future
is to assess Kv7 modulation in the A1 in animal models of hearing
loss and in Kv7 knock-out mice [32].

We demonstrated that XE991 increases EPSP amplitude, consis-
tent with the observations in hippocampal CA1 pyramidal neurons
[33]. STD was observed at all tested frequencies in both conditions
(Fig. 4B–D) and the rate of STD decreased in the presence of XE991
compared to the control condition (Fig. 4C). STD is believed to be
mostly mediated by a presynaptic mechanism where the release
probability decreases with repetitive stimuli [34]. However,
M-channels are present in both presynaptic and postsynaptic
locations [35]. Therefore, it would be interesting to find out the
synaptic location of M-channels involved in the modulation of
STD in future experiments. XE991 also enhanced synaptic summa-
tion of A1 layer 2/3 pyramidal neurons, where the summated EPSP
area in the presence of XE991 significantly increased relative to the
control condition at 5 Hz (Fig. 4E). Because EPSP summation is
known to decrease with development [19], it would be interesting
to test whether developmental changes modulate Kv7 expression
and function.

In conclusion, we show the M-channels can control neural
excitability and synaptic responses of A1 layer 2/3 pyramidal neu-
rons. Impaired neuronal firing patterns may be a central issue in
dysfunctional auditory processing observed with hearing loss
and, on the basis of the known therapeutic potentials of the Kv7
channels [36], M-channel could play an important role in under-
standing the mechanisms underlying hearing loss as well as audi-
tory information processing.
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