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SUMMARY 28 
Reliable and precise signal transmission is essential in circuits of the auditory brainstem in order 29 
to encode timing with submillisecond accuracy. Globular bushy cells reliably and faithfully 30 
transfer spike signals to the principal neurons of the medial nucleus of the trapezoid body 31 
(MNTB) through the giant glutamatergic synapse, the calyx of Held. Thus, the MNTB works as a 32 
relay nucleus that preserves the temporal pattern of firing at high frequency. Using whole-cell 33 
patch-clamp recordings, we observed a K+ conductance mediated by small-conductance 34 
calcium-activated potassium (SK) channels in the MNTB neurons from rats of either sex. SK 35 
channels were activated by intracellular Ca2+ sparks and mediated spontaneous transient 36 
outward currents in developing MNTB neurons.  SK channels were also activated by Ca2+ influx 37 
through voltage-gated Ca2+ channels and synaptically activated NMDA receptors. Blocking SK 38 
channels with apamin depolarized the resting membrane potential, reduced resting 39 
conductance and affected the responsiveness of MNTB neurons to signal inputs.  Moreover, SK 40 
channels were activated by action potentials and affected the spike afterhyperpolarization. 41 
Blocking SK channels disrupted the one-to-one signal transmission from presynaptic calyces to 42 
postsynaptic MNTB neurons and induced extra postsynaptic action potentials in response to 43 
presynaptic firing. These data reveal that SK channels play crucial roles in regulating the resting 44 
properties and maintaining the reliable signal transmission of the MNTB neurons.  45 
 46 
 47 
SIGNIFICANT STATEMENT 48 
Reliable and precise signal transmission is required in auditory brainstem circuits to localize the 49 
sound source. The calyx of Held synapse in the mammalian medial nucleus of the trapezoid 50 
body (MNTB) plays an important role in sound localization. We investigated the potassium 51 
channels that shape the reliability of signal transfer across the calyceal synapse and observed a 52 
potassium conductance mediated by small-conductance calcium-activated potassium (SK) 53 
channels in rat MNTB principal neurons. We found that SK channels are tonically activated and 54 
contribute to the resting membrane properties of MNTB neurons. Interestingly, SK channels are 55 
transiently activated by calcium sparks and calcium influx during action potentials and control 56 
the one-to-one signal transmission from presynaptic calyces to postsynaptic MNTB neurons.  57 
 58 
 59 
INTRODUCTION 60 
Sound source localization by the mammalian auditory system is accomplished via the binaural 61 
comparison of the timing and strength of sound detected at each ear (Grothe et al., 2010). The 62 
reliability and precision of signal transmission are required in circuits of the auditory brainstem 63 
in order to encode timing with submillisecond accuracy for sound localization (Trussell, 1997). 64 
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The medial nucleus of trapezoid body (MNTB) of the superior olivary complex plays important 65 
roles in sound localization. The MNTB principal neurons are glycinergic/GABAergic that receive 66 
excitatory glutamatergic inputs from contralateral globular bushy cells (GBCs) in the anterior 67 
ventral cochlear nucleus and send inhibitory projections to the lateral superior olivary (LSO) 68 
neurons (Smith et al., 1991). LSO neurons also receive excitatory inputs from the ipsilateral 69 
spherical bushy cells. The computation of excitatory signals from the ipsilateral ear and 70 
inhibitory signals from the contralateral ear provides the initial point for interaural level 71 
difference processing (Tollin, 2003).  72 

GBCs reliably transmit high-frequency signals to principal neurons in the contralateral 73 
MNTB through the giant glutamatergic nerve terminal—the calyx of Held (von Gersdorff and 74 
Borst, 2002). The calyx-MNTB synapse is featured by its high-fidelity synaptic transmission that 75 
preserves the temporal pattern of firing at frequencies up to hundreds of hertz (Taschenberger 76 
and von Gersdorff, 2000; Lorteije et al., 2009; Borst and Soria van Hoeve, 2012). Both pre- and 77 
postsynaptic mechanisms contribute to the reliable one-to-one neurotransmission at such a 78 
high rate. For example, calyceal terminal possesses hundreds of active zones with low release 79 
probability, ensuring reliable release of the neurotransmitter glutamate; the fast kinetics of 80 
postsynaptic AMPA-type glutamate receptors allows rapid transmission to the postsynaptic 81 
MNTB neurons; different voltage-gated K+ channels are expressed on the pre- and postsynaptic 82 
components to determine spike threshold and shape, control the neuronal excitability and 83 
enable high-frequency firing (Taschenberger and von Gersdorff, 2000; Taschenberger et al., 84 
2002; Borst and Soria van Hoeve, 2012; Yang et al., 2014).  85 

We investigated the K+ channels that shape the reliability of signal transfer across the 86 
calyx-MNTB synapse and observed a potassium conductance mediated by small-conductance 87 
Ca2+-activated K+ (SK) channels in rat MNTB neurons. SK channels are voltage-independent K+ 88 
channels that are activated by submicromolar concentrations of cytosolic Ca2+ (Blatz and 89 
Magleby, 1986; Xia et al., 1998). We found that SK channels are tonically activated and control 90 
the resting membrane properties of MNTB neurons and affect their response to signal inputs. 91 
SK channels are also transiently activated by Ca2+ sparks and Ca2+ influx during action potentials 92 
and support the one-to-one spike transmission from presynaptic calyces to postsynaptic MNTB 93 
neurons.  94 
 95 
 96 
MATERIALS AND METHODS 97 
Slice Preparation 98 
The handling and care of animals were approved by the Institutional Animal Care and Use 99 
Committee of Tulane University and in compliance with U.S. Public Health Service guidelines. 100 
Brainstem slices containing the MNTB were prepared from P6-16 Wistar rats of either sex as 101 
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previously described (Huang and Trussell, 2014). Briefly, 210 μm sections were cut in ice-cold, 102 
low-Ca2+, low-Na+ saline using a vibratome (VT1200S, Leica), incubated at 32°C for 20–40 min in 103 
normal artificial cerebrospinal fluid (aCSF) and thereafter stored at room temperature before 104 
use. The saline for slicing contained (in mM) 230 sucrose, 25 glucose, 2.5 KCl, 3 MgCl2, 0.1 CaCl2, 105 
1.25 NaH2PO4, 25 NaHCO3, 0.4 ascorbic acid, 3 myo-inositol, and 2 Na-pyruvate, bubbled with 5% 106 
CO2/95% O2. The aCSF for incubation and recording contained (in mM) 125 NaCl, 25 glucose, 2.5 107 
KCl, 1.2 CaCl2, 1.8 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, 0.4 ascorbic acid, 3 myo-inositol, and 2 Na-108 
pyruvate, pH 7.4 bubbled with 5% CO2/95% O2.  109 
 110 
Whole-Cell Recordings 111 
Brain slices were transferred to a recording chamber and were continually perfused with aCSF 112 
(2–3 ml/min) warmed to ~32oC by an inline heater (Warner Instruments). Neurons were viewed 113 
using an Olympus BX51 microscope with infrared Dodt gradient contrast optics and a 40× 114 
water-immersion objective. Whole-cell current- and voltage-clamp recordings were made with 115 
a Multiclamp 700B amplifier (Molecular Devices). Pipette solution contained (in mM) 135 K-116 
Gluconate, 10 KCl, 4 MgATP, 0.3 Tris-GTP, 7 Na2-phosphocreatine, 0.2 EGTA, 10 HEPES, (290 117 
mOsm, pH 7.3 with KOH), except otherwise noted. In some recordings as indicated, the EGTA 118 
concentration was increased to 1 or 10 mM by substituting for K-Gluconate with equal 119 
osmolarity. Pipettes pulled from thick-walled borosilicate glass capillaries (WPI) had open tip 120 
resistances of 2–4 MΩ. Series resistances (4–15 MΩ) were compensated by 60%–80% 121 
(bandwidth 3 kHz).  122 

To examine the SK activation under voltage-ramp and -step experiments, TTX (0.5 μM), 123 
margatoxin (10 nM), CsCl (2 mM) were added to block the Na+, KV1, and HCN channels, 124 
respectively, which enhanced space-clamp and provided stable recordings.  125 

To isolate the transient SK currents, picrotoxin (50 μM), strychnine (1 μM), DNQX (20 126 
μM), (R)-CPP (5 μM), and TTX (0.5 μM) were added to the recording solution to block the GABA, 127 
glycine, AMPA and NMDA receptors, and voltage-gated Na+ channel-mediated current, 128 
respectively. CaCl2 and MgCl2 were adjusted to 2.0 mM and 1.0 mM, respectively.  129 

EPSCs were evoked by using a bipolar electrode positioned to the midline. To record 130 
NMDA receptor-mediated EPSCs, strychnine (1 μM), picrotoxin (50 μM) and NBQX (20 μM) 131 
were added to the recording solution. For AMPA receptor-mediated EPSC recordings, pipettes 132 
contained (in mM) 130 Cs-methanesulfonate, 10 CsCl, 10 HEPES, 5 EGTA, 0.3 Tris-GTP, 4 Mg-133 
ATP, 5 Na2-phosphocreatine and 2 QX-314 (289 mOsm, pH 7.3 with CsOH).  Strychnine (1 μM), 134 
picrotoxin (50 μM) and (R)-CPP (5 μM) were added to the recording solution. 135 

Signals were filtered at 4-10 kHz and sampled at 10-50 kHz. Liquid junction potentials 136 
were measured (13 mV for K-Gloconate-based and 10 mV for Cs-methanesulfonate-based 137 
internal solutions) and adjusted appropriately. Resting membrane potential was determined in 138 
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current-clamp with zero holding current. Membrane conductance was measured using current 139 
ramps (–100 to +100 pA at a duration of 100 ms) under current-clamp mode.  140 
 141 
Drugs 142 
Drugs were obtained from Alomone labs (apamin, 1-EBIO), Abcam ((R)-CPP, TTX), and all others 143 
from Sigma. Drugs were stored as aqueous stock solutions at –20°C and dissolved in aCSF 144 
immediately before experiments. Drug solutions were applied by bath perfusion or pressure 145 
ejection (‘puff’). 146 
 147 
Analysis 148 

Data were analyzed using Clampfit (Molecular Devices) and Igor (WaveMetrics). The 149 
spontaneous transient outward currents were sampled by template matching using a rise time 150 
of 10 ms and decay of 20 ms, threshold of 4× noise SD, using Axograph X. The voltage threshold 151 
of SK activation was detected under voltage-ramp protocols. The detection threshold for 152 
activation of SK current was determined from 200 Hz-filtered trace by extrapolating a line fitted 153 
between –100 and –90 mV; the point of deviation from this line (2x noise SD, typically by 154 
several pA to be obvious by eye) was considered as the point of detectable activation of SK. 155 
Statistical significance was established using paired t-tests unless otherwise indicated. Data are 156 
expressed as mean ± S.E.M. 157 
 158 
 159 
RESULTS 160 
A spontaneous transient outward current mediated by SK channels 161 
Spontaneous transient outward currents (STOCs) were detected in rat MNTB neurons under 162 
whole-cell voltage-clamp recordings with a K-gluconate based internal solution (Fig. 1). At –65 163 
mV, these transient outward currents had an average amplitude of 65.3 ± 1.0 pA, a 10-90% rise 164 
time of 8.8 ± 0.1 ms and decay time constant of 17.4 ± 0.2 ms (n = 11). The STOCs were 165 
resistant to Na+ channel blocker tetrodotoxin and blockers for ionotropic AMPA, NMDA, GABA 166 
and glycine receptors, and metabotropic glutamate, GABAB, muscarinic acetylcholine and 167 
dopamine receptors (data not shown). Instead, 100 nM apamin, a peptide that specifically 168 
blocks small-conductance calcium-activated potassium (SK) channels (Adelman et al., 2012), 169 
completely suppressed the STOCs (Fig 1A and C; p = 0.004, n = 8), indicating the involvement of 170 
SK channels in mediating the STOCs.  We also tested the effects of 1-EBIO, a SK channel opener 171 
that enhances calcium sensitivity of SK channels (Pedarzani et al., 2001; Mateos-Aparicio et al., 172 
2014), on the STOCs. 1-EBIO (100 μM) increased the frequency from 0.54 ± 0.20 Hz to 1.20 ± 173 
0.38 Hz (p = 0.03) and slowed the decay time constant from 14.7 ± 1.1 ms to 42.5 ± 1.3 ms (Fig. 174 
D-G; p < 0.0001, n = 5). Meanwhile the overall STOC amplitude was slightly decreased from 62.9 175 
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± 6.7 to 45.9 ± 4.3 pA (Fig. 1H, p = 0.005, n = 5). The amplitude distributions of STOCs were 176 
typically well-fitted with a Gaussian function; 1-EBIO did not largely affect the amplitude of the 177 
existing STOCs but created an apparently new STOC group with smaller amplitude (Fig. 1I).   178 

During early postnatal development, the pre- and postsynaptic components of the calyx 179 
of Held synapse undergoes a variety of morphological and functional changes. We then 180 
measured STOCs of the MNTB from rats of different age (Fig. 2A). At P6, 40% (8/20) MNTB 181 
neurons showed apparent STOCs (Fig. 2B-C). After reaching the peaks at P10-11, both the 182 
amplitude and the frequency of the STOCs started to decline and. At P14, STOCs were detected 183 
in only 1 out of 19 cells and apparent STOC were detected in P16 cells (Fig. 2B-C).  184 

SK channels are activated by increases in cytosolic Ca2+. STOCs in smooth muscle cells 185 
and neurons are activated by Ca2+ sparks resulting from spontaneous Ca2+ release from internal 186 
Ca2+ stores (Nelson et al., 1995; Arima et al., 2001; Cui et al., 2004). We found that ryanodine, 187 
an opener of ryanodine receptor that depletes internal ryanodine-sensitive Ca2+ stores, 188 
completely blocked the STOCs of MNTB neurons (Fig. 3A-B; p = 0.003, n = 6), indicating that the 189 
STOCs are triggered by the Ca2+ sparks caused by the opening of ryanodine receptor located in 190 
the endoplasmic reticulum.  To test if SK channels are in close proximity with their Ca2+ source, 191 
we next examined the effects of Ca2+ buffering on STOCs. When the MNTB neurons were 192 
broken into a pipette solution contained 1 mM EGTA (compared to 0.2 mM EGTA in the 193 
standard solution), both the frequency and the amplitude of the STOCs were gradually 194 
decreased (Fig. 3C-E; p = 0.02, n = 8). When the pipette EGTA was increased to 10 mM, the 195 
STOCs were fully eliminated (Fig. 3F-G; p = 0.009, n = 4). These results indicate that SK channels 196 
are loosely coupled with Ca2+ sparks (Neher, 1998; Jones and Stuart, 2013). Ryanodine 197 
receptors can be activated by calcium-induced calcium release in neurons (Verkhratsky and 198 
Shmigol, 1996). We then tested if Ca2+ influx through voltage-gated Ca2+ channels (VGCCs) is 199 
required for triggering STOCs. Bath-application of 100 μM cadmium, a non-selective voltage-200 
gated calcium channel blocker, decreased the STOC frequency from 0.54 ± 0.15 Hz to 0.22 ± 201 
0.07 Hz (Fig. 3H-I; p = 0.04, n = 7) and reduced the STOC amplitude from 55.9 ± 7.0 pA to 41.5 ± 202 
7.7 pA (Fig. 3J; p = 0.0007, n = 7).  Therefore, Ca2+ influx through VGCCs facilitates the STOC 203 
activity.  STOCs were then recorded at different holding potentials to test their voltage-204 
dependence. When the cells were clamped at –100 mV, which is close to the Nernst K+ 205 
equilibrium potential (EK) of –102 mV, no apparent STOCs were detected. Depolarizing the 206 
membrane potential gradually increased both the amplitude and the frequency of STOCs.  At 207 
around –50 mV, both the amplitude and the frequency reached to their peaks.  When the 208 
holding potential was further depolarized, however, the STOCs started to decline and 209 
disappeared at –30 mV (Fig. 3K-M).  210 

 211 
Activation of tonic SK Current 212 
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The decline of STOC amplitudes at depolarized voltages (> –50 mV) was unexpected, as 213 
depolarization increases the K+ driving force. Indeed, the STOC amplitudes showed linear 214 
relation with K+ driving force (EM - EK) in different types of neurons (Merriam et al., 1999; Arima 215 
et al., 2001; Klement et al., 2010). We hypothesized that SK channels are tonically activated at 216 
depolarizations and the STOCs are occluded by tonic SK activation. Voltage-step recordings 217 
were made in the presence of blockers of Na+, Kv1, and HCN channels (see Materials and 218 
Methods, which allowed us to clamp the membrane potential over a wider range of values) to 219 
record the overall apamin-sensitive SK currents (Fig. 4A-B). By subtracting traces with 100 nM 220 
apamin from the control, a sustained current, in addition to STOCs, were detected (Fig. 4C; n = 221 
5). This tonic current had an amplitude of 81.9 ± 21.0 pA at –40 mV. Thus, we concluded that SK 222 
channels are tonically activated when the MNTB neurons are depolarized.    223 

SK channels do not desensitize and the open probability of these channels solely 224 
depends on the cytosolic Ca2+ (Hirschberg et al., 1998), allowing us to examine SK currents using 225 
voltage-ramp protocols. A slow voltage ramp (5 mV/s) from –100 mV to –40 mV evoked an 226 
outward current with STOCs rising at depolarized voltages (Fig. 5A). This outward current was 227 
partially suppressed by bath application of 100 nM apamin. By subtracting the apamin trace 228 
from the control, a current-voltage relation of SK channels was determined (Fig. 5B). The tonic 229 
SK current had an amplitude of 90.9 ± 20.4 pA at –40 mV and the threshold for detection of 230 
current (see Materials and Methods) was remarkably negative (–85.5 ± 3.0 mV; n = 6).  By 231 
contrast, 1-EBIO (100 μM) enhanced the outward current for 110.6 ± 20.6 pA at –40 mV (Fig. 5C; 232 
n = 4).  Since the voltage-insensitive SK channels are not activated by voltage per se (Adelman 233 
et al., 2012), the activation of SK channels may reflect the Ca2+ elevation by the activation of 234 
VGCCs. Indeed, apamin did not affect the outward current evoked by the same voltage-ramp in 235 
the presence of 100 μM cadmium (Fig. 5D; p = 0.87, n = 4), indicating that the sustained SK 236 
current is activated by Ca2+ influx through VGCCs. MNTB neurons express R-, N-, and P/Q-, but 237 
not T-type, Ca2+ channels (Barnes-Davies et al., 2001), we then identified the VGCC subtypes 238 
that contribute to the SK activation. Low concentrations of Ni2+ (100 μM), specific for R- and T-239 
type channels (Wu et al., 1998; Kampa et al., 2006), shifted the activation threshold to –62.3 ± 240 
0.9 mV (Fig. 5E-F; n = 7; p < 0.001, unpaired t-test). TTA-P2 (2 μM), a specific T-type blocker, 241 
however did not affect the activation threshold (Fig. 5G-H; –80.3 ± 7.0 mV; n = 5; p = 0.51, 242 
unpaired t-test). These data indicate that Ni2+

 and Cd2+-sensitive calcium-permeable ion 243 
channels, likely R-type Ca2+ channels, control the tonic activation of SK channels at or around 244 
resting membrane potentials. 245 

We next tested if ryanodine-sensitive Ca2+ stores are required for the tonic SK activation. 246 
In the present of 20 μM ryanodine, neither the threshold (–80.4 ± 6.6 mV; n = 5; p = 0.50, 247 
unpaired t-test) nor amplitude (122.1 ± 12.36 pA at –40 mV; n = 5; p = 0.25, unpaired t-test) of 248 
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the tonic SK current is changed (Fig. 5I-J), suggesting that VGCCs, rather than calcium release 249 
from stores, are the Ca2+ sources to generate the tonic SK current. 250 
 251 
SK channels contribute to resting membrane potential and conductance 252 
The resting membrane potential of the MNTB neurons is typically –60 mV to –75 mV (Banks and 253 
Smith, 1992; Brew and Forsythe, 1995). Given that we detected the activation of SK current at –254 
85 mV, one would expect that some channels should be open at the resting membrane 255 
potential and contribute to resting properties. Under current-clamp, we found indeed that puff 256 
application of 1 μM apamin depolarized the resting membrane potential from –73.7 ± 0.6 mV 257 
to –72.1 ± 0.6 mV (Fig. 6A-B;, p = 0.0002, n = 6).  Meanwhile, the resting membrane 258 
conductance decreased from 5.4 ± 0.7 nS to 4.5 ± 0.6 nS (Fig. 6C; p = 0.002, n = 6). 259 

By contrast, puff 1-EBIO (1 mM) hyperpolarized the membrane potential from –72.4 ± 260 
0.7 mV to –73.8 ± 0.7 mV (Fig. 6D-E; p = 0.001, n = 5) and increased the resting membrane 261 
conductance from 5.9 ± 0.4  nS to 7.6 ± 0.5 nS (Fig. 6F; p = 0.006, n = 5). Accompanying 262 
membrane potential hyperpolarization, transient voltage hyperpolarizations were also 263 
observed, indicating the activation of STOCs.  We concluded that SK channels are partially open 264 
at the resting potential and contribute to resting potential and resting conductance.   265 
 266 
SK currents modulate signal responsiveness  267 
Since SK channels are activated at resting membrane potential and contribute to resting 268 
conductance, we predicted that SK channels would modulate the response to stimulation.  We 269 
injected MNTB neurons with current waveforms of different amplitudes to generate 270 
depolarizations (Fig. 7). Application of 100 nM apamin resulted in a 20% increase in the 271 
amplitude of the voltage response (n = 5; Fig. 7A-E).  These results indicate that the 272 
effectiveness of subthreshold signaling is regulated by the activity of SK channels. 273 
 274 
Activation of SK channels by NMDA receptors   275 
SK channels are activated by Ca2+ through NMDA receptors in hippocampal and cortex neurons 276 
(Faber et al., 2005; Ngo-Anh et al., 2005; Faber, 2010). Electrical stimulation was used to evoke 277 
presynaptic glutamate release and postsynaptic current were recorded. We found that apamin 278 
enhanced the synaptically activated postsynaptic NMDA current (Fig. 8A-B; p = 0.004; n = 5).  By 279 
subtracting the apamin trace from the control, we obtained a NMDA receptor-activated SK 280 
current of 243.8 ± 56.4 pA (n = 5). However, the postsynaptic AMPA current were not affected 281 
when Cs+-based pipette solution contained 5 mM EGTA (Fig. 8C-D; p = 0.34, n = 5), indicating 282 
that SK channels did not affect presynaptic glutamate release. We also tested how SK channels 283 
modulate the excitatory postsynaptic potential (EPSP). 2 mM QX-314 was added into the 284 
pipette solution to prevent spiking. Incubation of apamin (100 nM) increased the EPSP 285 
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amplitude from 24.0 ± 3.8 mV to 27.6 ± 3.6 mV (Fig. 8E-F; p = 0.009, n = 7). Thus, Ca2+ influx 286 
through NMDA receptors activates SK channels, shunts the EPSP and regulates the synaptic 287 
efficacy.  288 
 289 
Activation of SK channels during action potential 290 
In the presence of blockers for Na+, KV1, and HCN channel, a brief 1-ms voltage step from –80 291 
mV to +10 mV was used to study the SK activation during action potential. This artificial spike 292 
triggered an inward Ca2+ current followed by an outward K+ current. Bath application of 100 nM 293 
apamin significantly reduced the afterhyperpolarization current. Subtracting of the apamin 294 
trace from the control, an outward SK current was detected, which started during the 295 
depolarizing pulse, peaked at 8.4 ±2.8 ms with an amplitude of 85.5 ± 19.2 pA, and decayed 296 
with a time constant of 9.1 ± 1.2 ms (Fig. 9A; n = 7).  297 

Next, we examined how SK channels affect the waveform of synoptically-evoked action 298 
potentials. Presynaptic afferent fiber stimulation allowed us to record reliable and stable action 299 
potentials in MNTB neurons. Bath application of 100 nM apamin depolarized the afterpotential 300 
by 5.2 ± 0.6 mV (Fig. 9B; n = 6). 301 
 302 
SK currents regulate reliability of signal transmission 303 
Globular bushy cells fire action potentials up to hundreds of hertz during sound.  The high-304 
frequency signals of globular bushy cells are faithfully transmitted to the postsynaptic MNTB 305 
neurons through the giant glutamatergic synapse, the calyx of Held, with few or no failures (Mc 306 
Laughlin et al., 2008; Lorteije et al., 2009). To test if SK channel activity plays a crucial role in 307 
maintaining the faithful one-to-one signaling, we stimulated the presynaptic fiber and recorded 308 
the postsynaptic response. At 100 Hz, each presynaptic stimulation evoked an action potential 309 
in MNTB neuron under control condition (Fig. 10A). Bath application with apamin disrupted the 310 
one-to-one reliability and one presynaptic stimulation started to trigger two spikes in 311 
postsynaptic MNTB neurons after a few spikes (Fig. 10B), suggesting that the spike-activated SK 312 
current is critical in controlling MNTB excitability and prevent firing extra spikes.   313 

A previous study showed that upon blocking KV1 channels with dendrotoxin, a single 314 
stimulus could evoke multiple presynaptic action potentials and multiple EPSCs in the MNTB 315 
neurons  (Dodson et al., 2003), we then tested if apamin affects the presynaptic release during 316 
stimulation train. Bath application of apamin (100 nM) did not affect the one-to-one release 317 
and each stimulus evoked a single EPSC during the whole stimulation train (Fig. 10C-D). 318 
Together with Figure 6, these results confirmed that apamin does not change the presynaptic 319 
firing properties or glutamate release.  320 
 321 
 322 
DISCUSSION 323 
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In this study, we demonstrated a potassium conductance mediated by SK channels in rat MNTB 324 
neurons. SK channels are transiently activated by Ca2+ sparks and mediate the STOCs. SK 325 
channels can be also tonically activated by Ca2+ influx through VGCCs. Surprisingly, the tonic 326 
activation of SK channels control the resting membrane potential and conductance, and thus 327 
the response of MNTB neurons to signal inputs. SK channels are activated by Ca2+ influx through 328 
NMDA receptors and regulates the synaptic efficacy. Moreover, SK channels are activated by 329 
Ca2+ influx during action potentials and control the afterpotential and neuronal excitability. 330 
Blocking of SK channels disrupts the one-to-one signal transmission from the presynaptic 331 
calyces to the postsynaptic MNTB neurons. These data revealed that SK channels play 332 
important roles in controlling the resting properties and the reliable and precise signal 333 
transmission in the MNTB neurons.  334 
 335 
Activation of SK channels at MNTB neurons  336 
While SK channel subunits share the similar architecture and serpentine transmembrane 337 
topology of voltage-gated K+ channels, these channels are voltage-independent K+ channels 338 
that are activated solely by cytosolic Ca2+ (Blatz and Magleby, 1986; Xia et al., 1998). The 339 
elevations in cytosolic Ca2+ could result from several different sources, including Ca2+ influx 340 
through voltage-gated Ca2+ channels, Ca2+ influx via Ca2+-permeable ligand-gated ion channels, 341 
Ca2+ released from intracellular Ca2+ stores, and Ca2+-induced Ca2+ release (Adelman et al., 342 
2012). We found that SK channels in the MNTB neurons could be activated by all these Ca2+ 343 
sources.  344 

SK channels were transiently activated by Ca2+ sparks and mediate STOCs (Fig. 1 and 3). 345 
The non-selective VGCC blocker cadmium reduced the STOC amplitude and frequency, 346 
indicating that Ca2+ influx via Ca2+ channels facilitates STOC activity. However, blocking VGCCs 347 
failed to completely block STOCs, with 40% of STOCs remaining in the presence of cadmium. 348 
Ryanodine however fully abolished the STOCs at different voltages (Fig. 5I), suggesting that Ca2+ 349 
stores are essential and VGCCs indirectly modulate for STOCs. Thus, both spontaneous 350 
intracellular Ca2+ release and Ca2+-induced Ca2+ release activate SK channels and mediate STOCs. 351 
The STOCs appear around P6 and start to disappear at P14. The decline of STOCs after hearing 352 
onset may reflect the decline of SK channels, the decline of Ca2+ sparks, or the coupling 353 
between Ca2+ sparks and SK channels. Further experiment is necessary to clarify the 354 
mechanisms for development change of STOCs. 355 

The amplitude distributions of STOCs were fitted with a Gaussian function (Fig. 1) while 356 
the SK channel opener 1-EBIO created an apparently new STOC group with smaller amplitude, 357 
suggesting the heterogeneous Ca2+ sparks in MNTB neurons. At control conditions, only big Ca2+ 358 
sparks triggered STOCs while 1-EBIO increased the Ca2+ sensitivity of SK channels and small Ca2+ 359 
sparks were then able to activate SK channels and trigger STOCs. We found that lower affinity 360 
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Ca2+ chelator EGTA at 1 mM significantly decreased the frequency and the amplitude of the 361 
STOCs and 10 mM of EGTA eliminated all STOCs (Fig. 3), indicating the loose coupling of Ca2+ 362 
sparks and SK channels at microdomains (Neher, 1998; Jones and Stuart, 2013). It is interesting 363 
that 1-EBIO did not affect the amplitude of the existing STOCs (Fig. 1I). A possible explanation is 364 
that at peak concentration, big Ca2+ sparks may saturate SK channels. Indeed, studies in 365 
hippocampal and cortical pyramidal neurons showed that Ca2+ sparks could be spatially greater 366 
than 5 μm in size and the peak Ca2+ concentration of the sparks reaches over 5 μM (Ross, 2012).  367 
 368 
SK channels and membrane properties 369 

SK channels are extensively expressed in the nervous system and are gated by 370 
submicromolar concentrations of intracellular Ca2+ ions with a half-maximal activation 371 
concentration of 0.1-1 μM (Kohler et al., 1996; Joiner et al., 1997; Xia et al., 1998; Pedarzani et 372 
al., 2001). The activation of SK channels requires elevated levels of cytosolic Ca2+, such as Ca2+ 373 
influx during firing action potentials. Under resting membrane potential, however, the cytosolic 374 
Ca2+ level is usually low and SK channels are not active (Adelman et al., 2012). By contrast, our 375 
data in the MNTB neurons showed that SK channels were partially activated at resting 376 
membrane potentials. We detected a tonic SK current that start to activate at around –85 mV 377 
(Fig. 5B), a voltage below the resting membrane potentials of –60 mV to –75 mV (Banks and 378 
Smith, 1992; Brew and Forsythe, 1995).  SK channels are not activated by voltage per se 379 
(Adelman et al., 2012), the activation of SK channels should reflect the cytosolic Ca2+ elevation 380 
during the activation of VGCCs. Indeed, the tonic SK current was fully abolished by 100 μM 381 
cadmium (Fig. 5D).  MNTB neurons express R-, N-, and P/Q-, but not T-type, Ca2+ channels 382 
(Barnes-Davies et al., 2001), we did not detect the contribution of T-type (Fig. 5H) while 100 μM 383 
Ni2+, a concentration believed to be specific for R- and T-type channels (Wu et al., 1998; Kampa 384 
et al., 2006), shifted the activation threshold, suggesting that R-type Ca2+ channels is involved in 385 
the SK activation at voltages below –60 mV although intermediate voltage-activated R-type 386 
channels are usually activate at more depolarized voltages. Alternatively, other Cd2+ and Ni2+-387 
sensitive, calcium-permeable ion channels may be responsible for the tonic activation of SK 388 
channels. At more depolarized voltages, the high-voltage gated N- and P/Q- types would be 389 
involved. 390 

The background conductance of MNTB neurons is mainly determined by TWIK two-pore 391 
potassium leak channels (Berntson and Walmsley, 2008). We found here that that SK channels 392 
play a significant role in resting membrane properties of MNTB neurons, a result dependent 393 
entirely on the activation of SK channels at hyperpolarized voltages. Apamin depolarized the 394 
resting membrane potential and decreased the membrane conductance of MNTB neurons. 395 
Interestingly, in the calyx-MNTB synapse, totally different ion channels are involved in 396 
determining the resting membrane potential and conductance at the pre- and postsynaptic 397 
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components. At the calyceal terminals, voltage-gated Na+, KCNQ and HCN channels contribute 398 
to the resting conductance (Cuttle et al., 2001; Huang and Trussell, 2008, 2011). 399 
 400 
SK channels subserve auditory function 401 
GBCs fire action potentials reliably and precisely synchronize to sound. For example, GBCs with 402 
characteristic frequency of 700 Hz entrain to the sound and fire an action potential to every 403 
stimulus cycle with a phase locking value of 0.99 (Joris et al., 1994). High-frequency signals of 404 
GBCs reliably transmit to the target MNTB neuron through the calyx of Held synapse (von 405 
Gersdorff and Borst, 2002). Several cellular mechanisms have been established that are 406 
important to support neurotransmission at such high rates, including presynaptic ion channels 407 
that enable reliable presynaptic spike waveform and calcium influx; large readily releasable 408 
pool, many release sites, and low release probability that enhance the release reliability; as well 409 
as fast kinetics of postsynaptic AMPA-type glutamate receptors that allow fast and faithful 410 
transmission to the postsynaptic MNTB (Taschenberger and von Gersdorff, 2000; 411 
Taschenberger et al., 2002; Wu et al., 2009; Borst and Soria van Hoeve, 2012). Moreover, 412 
different voltage-gated K+ channels are expressed on the pre- and postsynaptic components to 413 
control the neuronal excitability, determine spike shape, and enable high-frequency firing 414 
(Brew and Forsythe, 1995; Wang et al., 1998; Dodson et al., 2002; Ishikawa et al., 2003; Dodson 415 
and Forsythe, 2004; Huang and Trussell, 2011; Yang et al., 2014). 416 

We found that SK channels are activated by Ca2+ through NMDA receptors in the MNTB 417 
neurons. The activation of SK channels partially offset the EPSC and shunted the EPSP, thus 418 
regulating the synaptic efficacy. SK channels are activated by Ca2+ influx during single and burst 419 
of action potentials and mediate the afterhyperpolarization, thus controlling the intrinsic 420 
excitability in many neurons for setting the firing frequency and spike adaptation (Adelman et 421 
al., 2012).  Here we measured the single action potentials-triggered SK current in MNTB 422 
neurons. This 85 pA SK current peaked at a few of milliseconds, lasted for tens of milliseconds, 423 
and mediated the medium afterhyperpolarization (mAHP) (Fig. 9). The calyx-MNTB synapse is a 424 
relay that transfer the presynaptic spike to the postsynaptic site and each presynaptic action 425 
potential evoked one action potential in the MNTB neurons. The evoked postsynaptic action 426 
potentials displayed a distinct afterdepolarization. During 100 Hz firing, the afterdepolarization 427 
accumulated and substantially depolarized the membrane potential (Fig. 10). The relatively 428 
slow kinetics allows SK current summation during 100 Hz firing, thus counteracting the 429 
afterdepolarization and stabilizing the overall excitability. Interestingly, the activation of SK 430 
channels is required to maintain the reliable signaling at high-frequency. Bath application of 431 
apamin disrupted the one-to-one reliability and each presynaptic stimulus started to trigger 432 
two postsynaptic spikes after a few spikes at 100 Hz stimulation (Fig. 10), while the reliability 433 
was not affected when the presynaptic stimulation is at 10 Hz (data not shown). This activity-434 
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dependent activation of SK channel is different from voltage-gated K+ channels such as KV1 435 
channels. Blocking KV1 channels changes the overall excitability and each presynaptic action 436 
potential triggers multiple postsynaptic spikes no matter the firing frequency  (Brew and 437 
Forsythe, 1995).  438 
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 451 
FIGURE LEGENDS 452 
Figure 1. SK channels mediated spontaneous transient outward currents (STOCs). (A) STOC 453 
recordings in control and after bath application of 100 nM apamin. (B) A representative STOC 454 
event. (C) Summarize data of apamin effects on the STOC frequency.  (D) STOC recordings in 455 
control and after bath application of 100 μM 1-EBIO. (E) Representative STOC events in control 456 
condition (black) and in the presence of 1-EBIO with different amplitudes (red and blue). (F-H) 457 
Summarize data of 1-EBIO effects on STOC frequency (F), decay time (G), and amplitude (H). (I) 458 
Amplitude distributions of STOCs recorded in the absence (black) and presence (red) of 1-EBIO, 459 
which were fit with one (black) and two (red) components Gaussian function, respectively. 460 
MNTB neurons were voltage-clamped at –65 mV. Recordings were made in the presence of 50 461 
μM picrotoxin, 1 μM strychnine, 20 μM DNQX, and 50 μM APV to block the GABA, glycine, 462 
AMPA, and NMDA receptors, respectively. *p < 0.05; **p < 0.01; ***p < 0.001; Paired Student 463 
t-test; Error bars are mean ± SEM. 464 
 465 
Figure 2. Development change of STOCs. (A) Representative STOC recordings in rat MNTB 466 
neurons from P7 to P16. (B-C) Summary data of STOC frequency (B) and amplitude (C) change 467 
during development. Only cells with STOCs were included in the amplitude plot. 468 
 469 
Figure 3. Calcium sparks activated the transient SK current. (A) STOC recordings in control and 470 
after bath application of 20 μM ryanodine. (B) Ryanodine completely blocked the STOCs. (C) 471 
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STOC recordings immediately (<1 min, control) and >10 min (EGTA) after break-into a pipette 472 
solution containing 1 mM EGTA. (D-E) 1 mM EGTA decreased both the frequency and amplitude 473 
of the STOCs. (F) Same as panel C except the EGTA concentration was 10 mM. (G) The STOCs 474 
were completely eliminated by 10 mM EGTA. (H) STOC recordings in control conditions and 475 
after bath application of 200 μM CdCl2. (I-J) STOC frequency and amplitude were decreased by 476 
Cd2+. (K) Representative STOC recordings under different holding potentials. (L-M) Normalized 477 
amplitude (L) and frequency (M) of STOCs under different holding potential from –100mV to –478 
30mV at 5 mV increment, normalized to the values at –65 mV. *p < 0.05; **p < 0.01; ***p < 479 
0.001; Paired Student t-test; Error bars are mean ± SEM. 480 
 481 
Figure 4. Tonic SK current.  (A-B) Depolarizing voltage steps (15 s) from a holding potential of –482 
80 mV to –30 mV in the increment of 10 mV evoked outward currents in control (A) and after 483 
bath application of 100 nM apamin (B). (C) Apamin-sensitive currents at different holding 484 
voltages obtained by subtracting the traces in panel B from that of panel A, showing the 485 
activation of tonic SK current along with the STOCs. Recordings were made in the presence of 486 
TTX (0.5 μM), margatoxin (10 nM), CsCl (2 mM) to block the Na+, KV1 and HCN channels, 487 
respectively. 488 
 489 
Figure 5. Activation of SK current. (A) A slow voltage ramp (5 mV/s) evoked an outward current 490 
(black) that was partially blocked by 100 nM apamin (red). (B) Apamin-sensitive current, 491 
obtained by subtracting the red trace from the black in panel A. Activation SK current was 492 
apparent at approximate –85 mV. (C) The voltage ramp-evoked outward current was 493 
potentiated by 100 μM 1-EBIO. (D) In the presence of 100 μM Cd2+, application of apamin did 494 
not affect the outward current. (E) In the presence of 100 μM Ni2+, outward current recorded in 495 
control and after application of apamin. (F) Apamin-sensitive current by subtracting the red 496 
trace from the black in panel E. (G-J) Similar recordings as panels E and F, except in the 497 
presence of 2 μM TTA-P2 (G-H) or 20 μM ryanodine (I-J). All recordings were made in the 498 
presence of TTX (0.5 μM), margatoxin (10 nM), CsCl (2 mM).  499 
 500 
Figure 6. Effects of SK channels on resting membrane properties of MNTB neurons. (A-B)  Puff 501 
application of 1 μM apamin depolarized the resting potential by about 2 mV. (C) Bath 502 
application of 100 nM apamin decreased the resting conductance. (D-E) Puff application of 1 503 
mM 1-EBIO hyperpolarized the resting potential. (F) Bath application of 100 μM 1-EBIO 504 
increased resting conductance. **p < 0.01; ***p < 0.001; Paired Student t-test; Error bars are 505 
mean ± SEM. 506 
 507 
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Figure 7. Effects of SK channels on the responsiveness. (A-D) Voltage responses to synaptic-like 508 
waveforms (rise time constant, 7.5 ms; decay time constant, 25 ms; top trace in A) of different 509 
amplitudes injected into the MNTB neuron at control (black) or after bath application of 100 510 
nM apamin (red). Voltage response traces were averages of 4–8 repeats. (E) Statistical data 511 
summarizing the apamin effects on the response amplitudes in A-D (n = 5). *p < 0.05; **p < 512 
0.01; ***p < 0.001; Paired Student t-test; Error bars are mean ± SEM. 513 
 514 
Figure 8. Activation of SK channels by Ca2+ influx through NMDA receptors. (A-B) Under voltage-515 
clamp, extracellular Mg2+-free and K+-based internal solution, 100 nM apamin potentiated the 516 
NMDA receptor-mediated postsynaptic current. The blue trace in panel A represented NMDA 517 
receptor-activated SK current obtained by subtracting the red trace from the black. (C-D) With 5 518 
mM EGTA, Cs+-based internal solution, the AMPA receptor-mediated EPSC was not affected by 519 
apamin (100 nM). (E-F) Representative traces of EPSP before and after apamin (100 nM) 520 
application. 2 mM QX-314 were added into the pipette solution. *p < 0.05; **p < 0.01; ***p < 521 
0.001; Paired Student t-test; Error bars are mean ± SEM. 522 
 523 
Figure 9. Activation of SK channels during action potential. (A) A brief voltage-step to +10 mV 524 
was used to mimic the action potential evoked current. The action current recorded in control 525 
condition (black) and after bath application of 100 nM apamin (red). The blue trace represented 526 
the apamin-sensitive current. Recordings were made in the presence of 0.5 μM TTX, 10 nM 527 
margatoxin, and 2 mM CsCl. (B) Presynaptic fiber stimulation-evoked action potentials recorded 528 
in control (black) and after bath application of 100 nM apamin (red). Recordings were made in 529 
the presence of Strychnine (1 μM), picrotoxin (50 μM) to block the glycinergic and GABAergic 530 
synaptic transmission. 531 
 532 
Figure 10. SK channel activation was required for high-reliability signal transmission. (A) 533 
Representative trace showing presynaptic 100 Hz stimulation generated a trains of action 534 
potentials in postsynaptic MNTB neurons. (B) Bath perfusion with apamin (100 nM), the 535 
stimulation generated extra action potentials in MNTB neurons. (C-D) EPSCs recordings 536 
following 100 Hz stimulation in control (C) and with apamin (D). (E) Counting spike number 537 
after each stimulation before and after apamin application (n = 10). (F) Summary data that 538 
apamin increased the overall postsynaptic spiking in response to presynaptic stimulation. *p < 539 
0.05; **p < 0.01; ***p < 0.001; Paired Student t-test. Error bars are mean ± SEM. 540 
 541 
 542 
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