


 

 

 

 

ABSTRACT

 

Reliable and precise signal transmission is essential in circuits of the auditory 

brainstem to encode timing with sub-millisecond accuracy. Globular bushy cells 

reliably and faithfully transfer spike signals to the principal neurons of the medial 

nucleus of the trapezoid body (MNTB) through calyx of Held, a giant glutamatergic 

synapse. Therefore, the MNTB works as a relay nucleus that preserves the temporal 

pattern of firing at high frequency. Using whole-cell patch-clamp recordings, we 

investigated the K+ channels that shape the reliability of signal transfer across the rat 

calyx-MNTB synapse. 

We observed that small-conductance calcium-activated potassium (SK) 

channels are expressed in the postsynaptic MNTB neurons. SK channels were activated 

by intracellular Ca2+ sparks and mediated spontaneous transient outward currents in 

developing MNTB neurons. SK channels were also activated by Ca2+ influx through 

voltage-gated Ca2+ channels and synaptically activated by NMDA receptors. Blocking 

SK channels with apamin depolarized the resting membrane potential, reduced resting 

conductance, and affected the responsiveness of MNTB neurons to signal inputs.  

Moreover, SK channels were activated by action potentials and affected the spike 

afterhyperpolarization. Blocking SK channels disrupted the one-to-one signal 

transmission from presynaptic calyces to postsynaptic MNTB neurons and induced 

extra postsynaptic action potentials in response to presynaptic firing.  



 

 

 

 

KCNQ channels are slow-activating and non-inactivating, voltage-gated K+ 

channels. In addition to controlling the resting properties of the presynaptic calyceal 

terminal, we found that KCNQ channels were cumulatively activated during high-

frequency firing and contributed to maintaining the normal presynaptic action potential 

waveform. Blocking KCNQ channels led to the cumulative inactivation of presynaptic 

Na+ and Kv1 channels, and disrupted the reliable action potential waveform and 

calcium influx required for reliable synaptic transmission.  

These data reveal that both postsynaptic SK channels and presynaptic KCNQ 

channels play important roles in regulating electrical activity and are crucial for reliable 

high-frequency signal transmission across the calyx-MNTB synapse. 
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CHAPTER 1. INTRODUCTION

 

1.1 Overview 

 

Synapses are highly specialized structures that mediate interaction and 

communication between neurons. In average, a human brain is composed of 

approximately 100 to 500 trillion synapses for about 86 billion neurons (Azevedo et al., 

2009). In general, a synapse in central nervous system (CNS) consists of 3 basic 

components: 1) a presynaptic element, usually an axon terminal, 2) a synaptic cleft, and 

3) a postsynaptic element. These chemical synapses can be categorized by the nature of 

different neurotransmitters released from presynaptic terminals. Activation of an 

excitatory synapse, commonly triggered by glutamate, depolarizes neuronal cell 

membrane, while on the other hand, an inhibitory synapse utilizes its neurotransmitter, 

likely GABA or Glycine, to produce an opposite effect, hyperpolarizing neuronal cell 

membrane (Deutch, 2013). Neurons receive both synaptic inputs simultaneously, which 

subsequently alter neuron resting membrane potential (RMP) that is typically around 

70 mV. Under certain circumstance, summation of excitatory synaptic inputs brings 

neuron RMP closer to its threshold to generate an action potential (AP) at the initial 

segment, from which it propagates along the axon to axon terminals, triggering the 

releasing of different neurotransmitters (McCormick, 2013).  

 



 

 

 

2 

To ensure accuracy, reliable and precise signal transmission across synapses is 

essential for synaptic transmission, especially for fast-spiking neurons. It has been 

documented that both presynaptic and postsynaptic mechanisms contribute to the 

reliability of synaptic transmission, however, the exact mechanism is not fully 

addressed, partially due to the technical difficulty to record directly from synaptic 

terminals in conventional synapses using classic electrophysiological techniques.  

The calyx of Held is one of the largest synapses in the mammalian brain. In 

postnatal day 9 (P9) mice, the area of the calyceal membrane is ~2500 μm2 , and the 

volume is ~480 μm3 (Sätzler et al., 2002). Its giant size allows electrophysiologists to 

conduct direct patch-clamp recordings from both the presynaptic terminal and its 

postsynaptic partner, the MNTB neuron. The calyx-MNTB synapse has been 

extensively studied and is an established model system for investigating voltage-gated 

ion channels of presynaptic terminals and fast glutamatergic neurotransmission (Ryugo 

and Spirou, 2010; Schneggenburger and Forsythe, 2006). Futhermore, the calyx-

MNTB synapse is a component of the inverting relay pathway in the auditory system, 

processing important information for sound localization. In this thesis, I examined two 

essential potassium channels in the calyx-MNTB synapses: SK channels in the MNTB 

neuron and KCNQ channels in the calyx of Held. I investigated how they regulate the 

synaptic properties and neurotransmission in calyx-MNTB synapses with their different 

localizations and revealed their profound roles in the auditory system. My data also 

provide considerable insight into their potential functions in conventional synapses. 
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1.2 MNTB 

 

1.2.1 Circuitry of the MNTB 

 

The MNTB is one of the nuclei in the superior olivary complex (SOC) localizing 

in the auditory brainstem. The prominent excitatory inputs for MNTB neurons originate 

from the contralateral anteroventral cochlear nucleus (AVCN). One single axon from 

the globular bushy cell (GBC) of contralateral AVCN forms one single axon terminal, 

calyx of Held, connecting with one target principal neuron in MNTB. The MNTB also 

receives a few excitatory inputs from the contralateral posteroventral cochlear nucleus 

(PVCN) and some other noncalyceal excitatory inputs with unclear origin (Borst and 

Soria van Hoeve, 2012; Hamann et al., 2003). The inhibitory inputs of MNTB originate 

from the contralateral and ipsilateral lateral nucleus of the trapezoid body (LNTB) and 

ventral nucleus of the trapezoid body (VNTB) (Burger et al., 2015).  

Principal neurons in the MNTB form inhibitory synapses at multiple targets in 

the SOC. The main projections of MNTB neurons are ipsilateral lateral superior olive 

(LSO) and superior paraolivary nucleus (SPON) (Borst and Soria van Hoeve, 2012). 

Additionally, research has found that MNTB neurons also project to medial superior 

olive (MSO) (Grothe, 2003; Schneggenburger and Forsythe, 2006).  

 

 

1.2.2 Function of the MNTB 
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 The primary function of the MNTB is to participate in computing the spatial 

location of sound sources. Since the MNTB neurons are driven by glutamatergic 

calyceal terminals to release glycine, MNTB serves as an inverting relay in the binaural 

auditory pathway to invert the contralateral excitatory signal to an inhibitory signal and 

to provide inhibition to the downstream nuclei in the SOC, which is the first stage of 

the auditory circuit to compute the sound localization. The MNTB provides the critical 

information for interaural time difference (ITD) and interaural intensity difference (IID) 

through inhibiting different downstream nuclei.  

The LSO is the main projection of the MNTB, and it is the first site of the 

auditory circuit for computing IID, which is a significant source of information used to 

localize high-frequency sounds. The LSO also receives direct excitatory projection 

originating from the ipsilateral ear via the cochlear nucleus except for contralateral 

inhibition from the MNTB. The LSO integrates information by subtracting contralateral 

inhibition from the ipsilateral excitation (Boudreau and Tsuchitani, 1968). In addition 

to the LSO, another projection of MNTB – MSO is the first stage responsible for ITD 

processing. Low-frequency sounds are localized mainly based on ITD. The excitatory 

inputs of MSO originate from cochlear nuclei on both sides of the brainstem. Neurons 

in the MSO use the latency of arrivals of the two excitatory inputs to identify the 

difference in the arrival times of sounds at two ears. The inhibition from MNTB adjusts 

the temporal sensitivity of neurons in the MSO, but its ultimate function is not clear 

(Grothe, 2003). 

Sound localization is essential for both the survival of mammalian animals from 

the hunting by predators, and the quality of life of humans. Multiple sclerosis (MS) and 

stroke patients with brainstem lesions involving the MNTB are reported to have 

impaired ability in sound localization (Furst et al., 2000). In the test of binaural 
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lateralization, these subjects show side-oriented performance, having trouble with 

discriminating test stimuli from the center position and tending to lateralize all test 

stimuli to one side or the other of the head. 

 

1.3 Development and topology of MNTB  

 

1.3.1 Developmental change of MNTB 

 

The calyx-MNTB synapse is the largest synapse in the mammalian brain. In the 

rodent brain, the diameter of the MNTB neuron is approximately 15–20 μm. Each 

mature MNTB neuron is innervated by a single calyx. However, the shape of the calyx 

and its connection with the MNTB principal neuron undergo dramatic transition during 

development. The original contact between calyx and MNTB neurons starts to form at 

embryonic day 17 (E17) (Hoffpauir et al., 2010). Initial somatic contact then expands 

to form the protocalyx at P2 (Hoffpauir, 2006). During the early formation of the 

calyceal synapse, a single axon of GBC can branch and establish multiple connections 

with nearby principal neurons (Kuwabara et al., 1991; Rodríguez-Contreras et al., 

2006). Also, more than half of the MNTB neurons receive multiple innervations from 

the cochlear nucleus during E18 to postnatal day 2 (P2). Striking changes were detected 

at P4. The protocalyx grows into an immature calyx, which is a cup-like structure that 

covers 40% of the surface area of the MNTB neuron (Sätzler et al., 2002). At this time, 

85% of the MNTB neurons become mono-innervated by the immature calyceal 

terminals, and other superfluous connections disappear (Hoffpauir et al., 2010; 
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Nakamura and Cramer, 2011). Morphological transformations last several weeks. The 

calyx develops from the cup- to the finger-digit-like shape which is the adult 

morphology of the calyx (Ford et al., 2009; Kandler and Friauf, 1993). The multi-

finger-like structure facilitates the rapid clearance of glutamate from the synaptic cleft, 

which might ensure the fast decay kinetics of the synaptic current and facilitate precise 

signal transmission.   

 

1.3.2 Topographic organization of MNTB  

 

With the maturation of the auditory system, the three-dimensional topographic 

organization of the MNTB is also established and reaches adult properties around P14 

(Friauf, 1992). In general, MNTB is arranged in an orderly layout along the 

mediolateral axis. The principal neurons located medially within the nucleus receive 

inputs of high acoustic frequency, while the neurons located laterally receive inputs of 

low acoustic frequency (Kandler et al., 2009; Sonntag et al., 2009). To respond to inputs 

of different frequency along the mediolateral axis, neurons in the MNTB develop a 

topographic arrangement of firing properties and ion channel expression. For example, 

because of the higher expression level of high-voltage-activated Kv3.1 channels and 

hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, the high-

threshold K+ conductance and hyperpolarization-activated currents are larger in medial 

than lateral neurons, which promote proper firing properties of the medial neurons in 

response to high-frequency tones. In contrast, the expression of low-voltage-activated 

Kv1.1 is significantly greater in lateral MNTB neurons (Leao et al., 2006). Spontaneous 

auditory nerve activity before hearing onset is essential for the tonotopic organization 
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of the MNTB (Clause et al., 2014). Impairment of prehearing spontaneous activities in 

deaf mice disrupts the normal topographic gradient of neuronal membrane properties 

in the MNTB (Leao et al., 2006). 

 

1.4 Calyx-MNTB synapse 

 

1.4.1 Calyx of Held 

 

Accompanying the morphological maturity of the calyx during development, 

the shape of the action potential undergoes a distinguishing change, as well. The half-

width of APs significantly shortens to less than 0.2 ms, while the amplitude of APs 

remains stable. (Taschenberger and von Gersdorff, 2000). A typical AP in the calyx 

exhibits an afterhyperpolarization succeeded by an afterdepolarization after maturation.  

The calyx of Held has a specialized complement of voltage-gated ion channels 

to achieve briefer APs. First of all, the calyx expresses a high density of Na+ channels 

in the calyceal terminal and heminodes (Leão et al., 2005; Sierksma and Borst, 2017a; 

Xu et al., 2017). The subtype of Na+ channels in the calyx is NaV1.6 (Leão et al., 2005). 

Opening Na+ channels generate three different types of currents: transient, resurgent 

and persistent Na+ current in the calyx of Held. Transient Na+ current is activated during 

the depolarizing phase of the AP. It has a very fast rate of activation and inactivation 

which can be finished within 3 ms. Furthermore, the recovery from inactivation is rapid 

(τ = 2.4 ms at V = −80 mV), which promotes the short AP shape (Leão et al., 2005). A 

resurgent Na+ current is generated at the repolarizating phase of an AP and plays an 

important role in regulating the depolarizing afterpotential (DAP) (Hee Kim et al., 
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2010a). The calyx of Held is also expressed a persistent Na+ current, which has an 

activation voltage of −85 mV (Huang and Trussell, 2008). Blockage of persistent Na+ 

current affects the resting properties of calyceal terminals and their responses to 

glycine.  

Voltage-gated K+ channels also play essential roles in controlling the AP in the 

calyx. Based on the activation threshold, they can be divided into two types: low-

threshold K+ channels and high-threshold K+ channels. In the calyx, low-threshold K+ 

channels contain subtypes Kv1.1, Kv1.2, Kv1.3, and KCNQ channels. While Kv1.1 

and Kv1.2 predominantly localize in the transition zone between axon and terminal, 

Kv1.3 is expressed in the terminal itself (Dodson et al., 2003; Gazula et al., 2010). The 

primary function of Kv1 channels in the calyx is to reduce the DAP amplitude and 

further prevent any aberrant firing. However, blockage of Kv1 with specific blocker 

margatoxin does not affect the AP waveform. However, Kv3, which belongs to the 

high-threshold K+ channel, contributes to shaping the AP waveform by regulating the 

repolarization and limiting the AP duration (Ishikawa et al., 2003). Since Kv3 channels 

open only during strong depolarizing activity, such as an AP, without affecting spike 

initiation, they are also essential for facilitating high-frequency firing. Immunostaining 

reveals that Kv3 channels are present in the synaptic terminal of the calyx and that the 

main subtype is Kv3.1 (Dodson et al., 2003; Li et al., 2001; Puente et al., 2003). 

Except for currents that are activated by depolarization of membrane potential, 

hyperpolarizing the membrane potential of the calyx can activate a non-specific cation 

current, Ih which is mediated by HCN channels in the calyx (Cuttle et al., 2001). The 

predominent role for Ih is to establish the resting membrane potential and to regulate the 

post-tetanic afterhyperpolarization (Kim et al., 2007a). 
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The presynaptic terminal AP provides a critical window of time for voltage-

dependent Ca2+ channels (VGCCs) to be activated, which induces calcium influx and 

further triggers neurotransmitter release (Borst and Sakmann, 1996, 1998; Borst et al., 

1995; Wu et al., 1999). Therefore, the shape of the AP plays a vital role in regulating 

the amount of calcium influx and further determining the timing and strength of 

synaptic transmission (Borst and Sakmann, 1999; Sabatini and Regehr, 1997; Yang, 

2006a). Ion channels with the capability of sculpting the AP waveform have a profound 

effect on signal transmission across the synapse (Hee Kim et al., 2010a; Hori and 

Takahashi, 2009a; Ishikawa et al., 2003). At early development, multiple subtypes of 

VGCCs have been detected in the calyx, which includes N-type, R-type, and P/Q-type 

Ca2+ channels (Wu et al., 1998). Among these subtypes, P/Q-type of Ca2+ channels are 

the most effective in regulating the glutamate release. The specific blocker of P/Q-type 

Ca2+ channels, ω-agatoxin-IVA, was found to reduce the calcium influx about 70% and 

decreased the EPSC to 26% (Wu et al., 1999). There is a relatively greater distance of 

a substantial fraction of N-type and R-type Ca2+ channels from the release sites. 

Accordingly, the calcium influx through N-type and R-type Ca2+ channels is less 

effective in controlling glutamate release in the calyx (Inchauspe et al., 2007). The 

subtypes of VGCCs undergo a developmental switch with the morphological 

maturation of the calyx. P/Q-type Ca2+ channels gradually replace the N-type and R-

type Ca2+ channels, and control almost all of the glutamate release in the calyx (Iwasaki 

and Takahashi, 1998a, 1998b). 

The resting membrane potential of the calyx is typically around −70 mv to −80 

mV (Forsythe, 1994). Generally, the ion channels involved in setting the RMP of a 

neuron include the inwardly rectifying potassium channels (Kir), the leak channels 

(K2p) and voltage-gated channels opening around the RMP (Johnston et al., 2010). 
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Among all the ion channels involved, the contribution of the voltage-gated channels in 

regulating the RMP is most extensively examined in the calyx. Voltage-gated channels 

have a relatively negative activation threshold such as persistent sodium channels, 

KCNQ channels, and HCN channels, contribute to mediate RMP. (Huang and Trussell, 

2008, 2011; Kim et al., 2007b). Presynaptic RMP plays an important role in regulating 

the background calcium concentration and has a profound effect on the transmitter 

release. Depolarization of RMP facilitates transmitter release by promoting presynaptic 

calcium current (Hori and Takahashi, 2009a). 

 

1.4.2 Principal MNTB neuron 

 

Glutamates released from the calyx binds to the AMPA and NMDA receptors 

and induces APs in MNTB neurons (Forsythe and Barnes-Davies, 1993; Joshi, 2004; 

Joshi and Wang, 2002). Similar to the calyx of Held, MNTB neurons also express 1) 

Na+ channels with rapid recovery time from inactivation to maintain the short AP shape 

(Leão et al., 2005, 2008; Ming and Wang, 2003); 2) Kv1 channels to inhibit MNTB 

neuron from aberrant firing by shunting the DAP (Brew and Forsythe, 1995); 3) Kv3 

potassium channels to regulate the firing pattern (Wang et al., 1998) and 4) P/Q-type, 

N-type, and R-type of Ca2+ channels to mediate glycine release. However, ion channels 

detected in the MNTB neurons are not exactly the same as in the calyx of Held. First of 

all, the subtypes of Kv1 channels localizing in the MNTB neurons are different from 

those in the calyx. Instead of Kv1.3, Kv1.6 is expressed in the soma, along with Kv1.1 

and Kv1.2, which are in the somatic and axonal sites of MNTB neurons (Brew and 

Forsythe, 1995). Second, Kv2.2 channels have been detected in the axon initial segment 
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(AIS) of MNTB neurons, accelerating the AP repolarization and hyperpolarizing the 

inter-spike potential during high-frequency firing (Johnston et al., 2008). Third, L-type 

Ca2+ currents have been reported in MNTB neurons with unknown function (Barnes-

Davies et al., 2001). 

While most of the research has focused on the voltage-gated conductance during 

the action potentials, less attention has been paid to the resting conductance of MNTB 

neurons, which is mainly determined by a potassium-based leak conductance, K2p. In 

addition to exerting a significant effect on regulating the resting membrane properties, 

it also influences the cell excitability and spike timing (Berntson and Walmsley, 2008). 

 

1.4.3 Signal transmission between calyx of Held and MNTB neuron 

 

In order to encode timing with sub-millisecond accuracy, the calyx-MNTB 

synapse can fire at a very high frequency. In physiological condition, the spontaneous 

firing rate of a single afferent fiber of MNTB in cats is between 10 to 150 Hz (Sierksma 

and Borst, 2017a; Spirou et al., 1990). In in vivo studies of mice, a developmental 

change in spontaneous firing rate was detected. At P8 to P9, the range of spontaneous 

firing is between 1 ~ 20 sp/s. After hearing onset, the upper limit further increases to 

around 200 sp/s. Acoustically driven responses have a range between 2 to 40 kHz 

(Sonntag et al., 2009). The refractory period following AP is critical for high-frequency 

firing. In the refractory period, the excitability of the membrane decreases, which 

effectively limits the generation of the next action potential. Two major determinants 

of the refractory period are the inactivation of Na+ channels and the deactivation of  K+ 

channels (Bucher and Goaillard, 2011). 
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In some terminals including hippocampal mossy fiber boutons (MFBs) and 

pituitary nerve terminals, long lasting, high-frequency firing can result in AP 

broadening due to the accumulative inactivation of Kv1 channels (Geiger and Jonas, 

2000; Jackson et al., 1991). However, activity-dependent AP broadening was not 

observed in the calyx of Held. Mechanisms underlying the maintenance of the calyx 

AP stability during high-frequency firing are poorly understood. 

Furthermore, the calyx-MNTB synapse is characterized by its high-fidelity 

signal transmission that preserves the temporal pattern of firing at high frequency 

(Laughlin et al., 2008; Lorteije et al., 2009; Taschenberger and von Gersdorff, 2000). 

Simple interpretation of the reliable synaptic transmission assumes that a presynaptic 

AP elicits a single postsynaptic spike. GBCs fire action potentials reliably and precisely 

synchronize to sound. For example, GBCs with the characteristic frequency of 700 Hz 

entrain to the sound and fire an action potential to every stimulus cycle with a phase 

locking value of 0.99 (Joris et al., 1994). Several cellular mechanisms have been 

established that are important to support neurotransmission at such high rates, including 

presynaptic ion channels that enable reliable presynaptic spike waveform and calcium 

influx; large readily releasable pool; many release sites; and low release probability that 

enhance the release reliability; as well as fast kinetics of postsynaptic AMPA-type 

glutamate receptors that allow fast and faithful transmission to the postsynaptic MNTB 

(Borst and Soria van Hoeve, 2012; Taschenberger and von Gersdorff, 2000; 

Taschenberger et al., 2002; Wu et al., 2009). Moreover, different voltage-gated K+ 

channels are expressed on the pre- and postsynaptic components to control neuronal 

excitability, determine spike shape, and enable high-frequency firing (Brew and 

Forsythe, 1995; Dodson et al., 2002; Huang and Trussell, 2011; Wang et al., 1998; 

Yang et al., 2014).  
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1.5 K+ channels: focus on SK channels and KCNQ channels. 

 

1.5.1 Overview 

 

K+ channels are the most diverse class of ion channels and exist in various types 

of cells such as neurons, cardiomyocytes, pancreatic β-cells, and many more. In 

humans, over 70 genes encode different types of K+ channels. In neurons, K+ channels 

actively participate in setting the resting membrane potential, shaping the AP 

waveform, and regulating firing frequency of APs. However, with their unique kinetics 

and properties, each of them plays multiple different roles in controlling neuronal 

features and electrical activities. Mutations in K+ channels have been implicated in 

several neurological diseases. For example, mutations in the human voltage-gated K+ 

channel gene Kv1.1 are related to episodic ataxia type 1 and partial epilepsy (Zuberi et 

al., 1999). 

 

1.5.2 SK channels 

 

Small conductance calcium-activated potassium (SK) channels belong to the 

subfamily of Ca2+-activated K+ channels and was first characterized in red blood cells 

in 1958 (GARDOS, 1958). It was called the small-conductance channels because 

compared to the big-conductance K+ (BK)  channels that have a single channel 

conductance of 100-200 pS,  SK channels have a relatively lower unit conductance 

value of 10-20 pS (Vergara et al., 1998). There are three different subtypes of SK 
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channels: KCa2.1 (SK1), KCa2.2 (SK2), and KCa2.3 (SK3) that are encoded by the genes 

KCNN1, KCNN2, and KCNN3, respectively. Four subunits assemble as a homomeric 

or heteromeric SK channel tetramer. Each subunit consists of six transmembrane (TM) 

domains and cytosolic N- and C-termini residing within the cytoplasm. The TM domain 

5 and 6 of each subunit form the core of the SK channel (Maylie et al., 2004). SK 

channels are predominantly distributed in brain regions such as the neocortex, 

hippocampus, thalamus, and various brainstem nuclei. Each subunit has a different 

expression level in various brain regions. For example, in the layer V pyramidal neurons 

in the neocortex, SK1 and SK2 have higher expression level than SK3 (Sailer et al., 

2004; Stocker and Pedarzani, 2000). A highly selective blocker of SK channels is 

apamin, and the SK channel is the only known target for apamin. 

SK channels are voltage-independent channels that are activated by 

submicromolar concentrations of cytosolic Ca2+ with a half-maximal activation 

concentration of 0.1-1 µM (Blatz and Magleby, 1986; Xia et al., 1998). Although the 

activation of SK channels by Ca2+ is rapid with activation time constants of 5-15 ms 

(Xia et al., 1998), SK channels do not contain direct intrinsic Ca2+-binding motifs. 

Instead, Ca2+ gating is achieved by the constitutive association between the pore-

forming subunits and calmodulin (Schumacher et al., 2001). To activate the SK 

channels, calcium first binds to the calmodulin and leads to the subsequent 

conformational change of the SK channels. Four major cytosolic calcium sources 

activate the SK channels: 1) Ca2+ influx via VGCCs; 2) Ca2+ influx via Ca2+-permeable 

agonist-gated ion channels, such as NMDAR and nAChRs; 3) Ca2+ released from 

intracellular Ca2+ stores by generation of inositol trisphosphate (IP3) via G protein-

coupled receptors, as well as the ryanodine receptor, and 4) Ca2+-induced Ca2+ release 

(CICR) (Adelman et al., 2012a). Under resting membrane potential, however, the 
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cytosolic Ca2+ level is usually low, and SK channels are not active (Adelman et al., 

2012b). 

The Ca2+-gated property couples the opening of SK channels with membrane 

potential. Activation of SK channels causes a change in cellular excitability. APs serve 

as important electrical activity within a neuron that promotes the opening of VGCCs 

and influx of Ca2+, driving the opening of SK channels (Bevan and Wilson, 1999; 

Edgerton and Reinhart, 2003; Hallworth et al., 2003). As a result, SK channel activity 

is one of the major determinants of the AHP phase of APs, especially the medium (m) 

AHP, which activates rapidly and decays over several hundred milliseconds (Stocker 

et al., 1999).  

SK channel activity is associated with synaptic plasticity and the regulation of 

learning and memory (Hammond, 2006; Kramar, 2004; Stackman et al., 2002). 

Blocking SK activity can facilitate the induction of synaptic plasticity and enhance 

hippocampal-dependent spatial learning and memory, while overexpression of SK 

channels in the hippocampus produces opposite effects. The activity of SK channels is 

related to diseases such as schizophrenia and Alzheimer’s disease (Chandy et al., 1998; 

Ikonen and Riekkinen, 1999; Imbrici et al., 2013). In mouse models of Alzheimer’s 

disease that exhibit cognitive deficits, impairments in the cholinergic excitation of layer 

six prefrontal neurons are associated with altered SK channels activity (Proulx et al., 

2015). 

 

1.5.3 KCNQ channels 
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Unlike SK channels, KCNQ channels are voltage-dependent K+ channels that 

mediate a slow-activating delayed rectifier current (Delmas and Brown, 2005; Greene 

and Hoshi, 2017; Jentsch, 2000). Five Kv7 subtypes belong to this family – Kv7.1 to 

Kv7.5 (Jentsch, 2000). With the exception of Kv7.1, which is the predominant subunit 

found in heart and peripheral epithelial cells, as well as smooth muscle, Kv7.2–Kv7.5 

are mainly expressed throughout the CNS in various types of neurons (Passmore et al., 

2003; Sanguinetti et al., 1996; Yus-Nájera et al., 2003). The structure of KCNQ proteins 

is similar to other Kv proteins that contain 6 TM domains; a single P-loop that functions 

as the selectivity filter component of the pore, and a long C-terminal tail (Howard et 

al., 2007). They assemble as tetramers to form the functional KCNQ channels. KCNQ 

channels are the essential component of M-currents, which are so named because 

stimulation of muscarinic acetylcholine receptors (mAChR) suppressed this current at 

the time it was first identified (Adams and Brown, 1980). Further research found that 

the suppression of M-current is due to the activation of Gq, which is coupled with 

mAChR (Brown et al., 1989; Haley et al., 1998; Pfaffinger, 1988). Other types of 

receptors coupled to Gq, such as mGluR1 and mGluR5 metabotropic glutamate 

receptors, histamine H1, and several peptide receptors, can also inhibit the M-current 

(Brown and Passmore, 2009; Lee et al., 2010; Marrion, 1997). 

The current mediated by KCNQ channels is characterized by slowly activating 

and non-inactivating properties (Brown and Passmore, 2009). The main functions of 

KCNQ channels in the CNS include regulation of AP initiation, propagation, and 

control of repetitive firing. KCNQ channels are essential in regulating the intrinsic 

excitability and gamma oscillation in neurons (Leao et al., 2009; Yue and Yaari, 2006). 

Additionally, KCNQ is expressed in the calyceal terminal. This channel is the major K+ 

channels responsible for setting the resting properties of the calyx. Modulation of the 
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channel controls resting potential, resting conductance, subthreshold electrical activity, 

and neurotransmitter release probability of the calyx of Held (Huang and Trussell, 

2011).  

Mutations in all five genes of the KCNQ family (KCNQ1-5) encoding the 

Kv7.1-7.5 have been found to be associated with inherited diseases, including deafness, 

epilepsy, and cardiac arrhythmias. For example, a KCNQ1 mutation causes a heart 

disorder called Long QT Syndrome (Wang et al., 1996). Mutations in KCNQ2 (Biervert 

et al., 1998), KCNQ3 (Charlier et al., 1998), and KCNQ5 (Jentsch, 2000) cause 

neonatal convulsions, an inherited form of epilepsy, while mutations in KCNQ4 

underlie congenital deafness (Kubisch et al., 1999). Due to the important function of 

KCNQ in the nervous system, many drug discoveries focus on KCNQ as a potential 

therapeutic target for disorders such as epilepsies, pain, and neurodegenerative and 

psychiatric disorders (Chen et al., 2017; Davoren et al., 2015; Gribkoff, 2003). 

 

1.6 Aims of the study 

 

To identify the sub-millisecond difference of binaural signals, the calyx-MNTB 

synapses are specialized for firing at very high frequency. Action potentials provide 

critical prerequisites: calcium influx to activate SK channels and the depolarization of 

membrane potential to open KCNQ channels. The generation of SK current and KCNQ 

current, in turn, shapes the action potential activities. We observed these K+ 

conductances in the calyx-MNTB synapse - SK channels in the postsynaptic MNTB 

neuron and KCNQ channels in the calyx of Held. Although the functions of SK 

channels and KCNQ channels in regulating neuronal excitability have been studied over 
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the years, their roles in this particular synapse are unclear. The main objective of this 

thesis project was to address the functions of SK channels and KCNQ channels in 

the calyx-MNTB synapse. One of the important purposes associated with the calyx-

MNTB synapse having various types of K+ channels at both presynaptic and 

postsynaptic sites is the ability to transmit high-frequency signals reliably. For the 

reasons above, combined with the properties and features of SK channels and KCNQ 

channels, I aimed to test the hypothesis that both SK channels and KCNQ channels 

have essential roles in affecting the reliable high-frequency signal transmission in the 

calyx-MNTB synapse. In particular, my studies answer the following questions: 

1. How are SK channels activated under physiological conditions?  

2. Do SK channels open at RMP of MNTB neurons and what are the 

underlying mechanisms? How do they regulate the resting properties of 

MNTB neurons?  

3. Are SK channels activated by APs?  How do SK channels regulate the firing 

properties of MNTB neurons?  Are they important for the reliable synaptic 

signaling at high frequency?  

4. What are the features of high-frequency firing in the calyx of Held? Are 

KCNQ channels activated during high-frequency firing?  

5. What are the functions of KCNQ channels during high-frequency firing? 

How do KCNQ channels regulate reliable high-frequency firing? 
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CHAPTER 2. MATERIALS AND METHODS 

 

2.1 Slice preparation 

 

The handling and care of animals were approved by the Institutional Animal 

Care and Use Committee of Tulane University and in compliance with U.S. Public 

Health Service guidelines. Brainstem slices containing the MNTB were prepared from 

P6-16 Wistar rats of either sex as previously described (Huang and Trussell, 2014). 

Briefly, 210 μm sections were cut in ice-cold, low-Ca2+, low-Na+ saline using a 

vibratome (VT1200S, Leica), incubated at 32°C for 20–40 min in normal artificial 

cerebrospinal fluid (aCSF) and thereafter stored at room temperature before use. The 

solutions used in slicing, incubation, and recording are shown in Tables 2.1 and 2.2. 
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Chemicals Concentration (mM) 

Sucrose 230 

Glucose 25 

KCl 2.5 

MgCl2 3 

CaCl2 0.1 

NaH2PO4 1.25 

NaHCO3 25 

Ascorbic acid 0.4 

Myo-inositol 3 

Na-pyruvate 2 

 

Table 2.1 Saline for slicing. 

Saline was bubbled with 5% CO2/95% O2. 
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Chemicals Concentration (mM) Concentration (mM) 

CaCl2 2 1.2 

NaCl 125 125 

Glucose 25 25 

KCl 2.5 2.5 

MgCl2 1 1.8 

NaH2PO4 1.25 1.25 

NaHCO3 25 25 

Ascorbic acid 0.4 0.4 

Myo-inositol 3 3 

Na-pyruvate 2 2 
 

Table 2.2 The aCSF for incubation and recording. 

ACSF was adjusted to pH 7.4 and bubbled with 5% CO2/95% O2. 
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2.2 Whole-cell recordings 

 

Brain slices were transferred to a recording chamber and were continually 

perfused with aCSF (2–3 ml/min) warmed to ~32oC by an inline heater (Warner 

Instruments). Neurons were viewed using an Olympus BX51 microscope with infrared 

Dodt gradient contrast optics and a 40× water-immersion objective lens. Whole-cell 

current- and voltage-clamp recordings were made with a Multiclamp 700B amplifier 

(Molecular Devices). In some recordings as indicated, the EGTA concentration was 

increased to 1 or 10 mM by substituting for K-gluconate with equal osmolarity. Pipettes 

pulled from thick-walled borosilicate glass capillaries (WPI) had open tip resistances 

of 2–4 MΩ for postsynaptic recordings and 3–5 MΩ for presynaptic recording. Series 

resistances (4–15 MΩ) were compensated by 60%–80% (bandwidth 3 kHz). Pipette 

solution used for pre- and post-synaptic recording are shown in table 2.3. 

To examine the SK activation under voltage-ramp and -step experiments, TTX 

(0.5 μM), margatoxin (10 nM), and CsCl (2 mM) were added to block the Na+, Kv1, 

and HCN channels, respectively, which enhanced space-clamp and provided stable 

recordings.  

To isolate the transient SK currents, picrotoxin (50 μM), strychnine (1 μM), 

DNQX (20 μM), (R)-CPP (5 μM), and TTX (0.5 μM) were added to the recording 

solution to block the GABA, glycine, AMPA, and NMDA receptors, and voltage-gated 

Na+ channel-mediated current, respectively. CaCl2 and MgCl2 were adjusted to 2.0 mM 

and 1.0 mM, respectively.  

EPSCs were evoked by using a bipolar electrode positioned to the midline. To 

record NMDA receptor-mediated EPSCs, strychnine (1 μM), picrotoxin (50 μM) and 

NBQX (20 μM) were added to the recording solution. Pipette solution used for AMPA 
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receptor-mediated EPSC recordings is shown in Table 2.4. Strychnine (1 μM), 

picrotoxin (50 μM) and (R)-CPP (5 μM) were added to the recording solution. 

To isolate the K+ currents in calyx, TTX (0.5 μM), CsCl (2 mM), CdCl2 (100 

μM) and XE991 (10 μM) were added to the recording solution to block the Na+, HCN 

, Ca2+ and KCNQ channels. 

To examine the Na+ current in response to AP-voltage command templates, 

CdCl2 (100 μM), Tetraethylammonium chloride (TEA-Cl) (10 mM), 4-aminopyridine 

(2 mM), CsCl (2 mM) and XE991 (10 μM) were added to block the Ca2+, K+, HCN and 

KCNQ channels. NaCl in the aCSF was replaced by equimolar TEA-Cl. The 

intracellular solution for recording Na+ currents is shown in Table 2.5. The same 

intracellular solution was used for recording presynaptic Ca2+ current. 0.5 μM TTX 

replaced 100 μM CdCl2 to block Na+ channels in recording solution.  

Signals were filtered at 4-10 kHz and sampled at 10-50 kHz. Liquid junction 

potentials were measured (13 mV for K-gluconate-based and 10 mV for Cs-

methanesulfonate-based internal solutions) and adjusted appropriately. Resting 

membrane potential was determined in current-clamp with zero holding current. 

Membrane conductance was measured using current ramps (from –100 pA to +100 pA 

at a duration of 100 ms) under current-clamp mode.  
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  Concentration (mM) 
Chemicals Presynaptic  

pipette solution  

Postsynaptic  

Pipette solution  

K-Gluconate 135 110 

KCl 10 20 

MgATP 4 4 
Tris-GTP 0.3 0.3 

Na2-phosphocreatine 7 3 

EGTA 0.2 0.2 

HEPES 10 10 

MgCl2 --- 1 

Tris-phosphocreatine --- 10 
 

Table 2.3 Post- and Pre- synaptic pipette solutions. 

pH for both pipette solutions was adjusted to 7.3 with KOH, 290 – 295 mOsm.   
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Chemicals Concentration (mM) 

Cs-methanesulfonate 130 

CsCl 10 

HEPES 10 

EGTA 5 

Tris-GTP 0.3 

Mg-ATP 4 

Na2-phosphocreatine  5 

QX-314  2 
 

Table 2.4 Pipette solution for AMPA receptor-mediated EPSC recordings. 

pH for pipette solution was adjusted to 7.3 with CsOH, 290 – 295 mOsm. 
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Chemicals Concentration (mM) 

Cs-methanesulfonate 120 

TEA-Cl 20 

HEPES 10 

EGTA 5 

Tris-GTP 0.4 

Mg-ATP 3 

Na2-phosphocreatine  5 

MgCl2 1 

 

Table 2.5 Pipette solution for examining sodium current. 

pH for pipette solution was adjusted to 7.3 with CsOH, 290 – 295 mOsm.  
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2.3 Drugs  

 

A list of all drugs and reagents used as part of this study is shown in Table 2.6. 

Drugs were stored as aqueous stock solutions at –20°C and dissolved in aCSF 

immediately before experiments. Drug solutions were applied by bath perfusion or 

pressure ejection (‘puff’). 

 

2.4 Analysis 

 

Data were analyzed using Clampfit (Molecular Devices) and Igor 

(WaveMetrics). The spontaneous transient outward currents were sampled by template 

matching using a rise time of 10 ms and decay of 20 ms, threshold of 4× noise SD, 

using Axograph X. The voltage threshold of SK activation was detected under voltage-

ramp protocols. The detection threshold for activation of SK current was determined 

from 200 Hz-filtered traces by extrapolating a line fitted between –100 and –90 mV; 

the point of deviation from this line (2x noise SD, typically obvious by visual inspection 

for a range of several pA was considered as the point of detectable activation of SK.  

Presynaptic voltage-gated currents were leak subtracted in Clampex (Molecular 

Devices) by using the P/N protocol with the AP waveform templates. Statistical 

significance was established using paired t-tests unless otherwise indicated. Data are 

expressed as mean ± S.E.M. 
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Compound Supplier 

KCl Sigma 

MgCl2 Sigma 

CaCl2 Sigma 

NaH2PO4 Sigma 

NaHCO3 Sigma 

NaCl Sigma 

Glucose Sigma 

Ascorbic acid Sigma 

Myo-inositol Sigma 

Na-pyruvate Sigma 

MgATP Sigma 

 Tris-GTP Sigma 

Na2-phosphocreatine Sigma 

EGTA Sigma 

HEPES Sigma 

Tris-phosphocreatine Sigma 

Cs-methanesulfonate Sigma 

K-gluconate Sigma 

XE991 Alomone 

Apamin Alomone 

1-EBIO Alomone 

TTX Abcam 

(R)-CPP Abcam 

Flupirtine Alomone 

Picrotoxin Tocris 

Strychnine Sigma 

Cadmium Sigma 

Margatoxin Alomone 

TEA-Cl Sigma 

CsCl Sigma 

QX-314 Alomone 

Glutamate Sigma 

4-aminopyridine Sigma 
 

Table 2.6 Drugs and suppliers. 
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CHAPTER 3. SK CHANNELS REGULATE RESTING PROPERTIES AND 

SIGNALING RELIABILITY OF A DEVELOPING FAST SPIKING NEURON

3.1 Abstract 

 

Reliable and precise signal transmission is essential in circuits of the auditory 

brainstem to encode timing with submillisecond accuracy. Globular bushy cells reliably 

and faithfully transfer spike signals to the principal neurons of the medial nucleus of 

the trapezoid body (MNTB) through the giant glutamatergic synapse, the calyx of Held. 

Thus, the MNTB works as a relay nucleus that preserves the temporal pattern of firing 

at high frequency. Using whole-cell patch-clamp recordings, we observed a K+ 

conductance mediated by small-conductance calcium-activated potassium (SK) 

channels in the MNTB neurons from rats of either sex. SK channels were activated by 

intracellular Ca2+ sparks and mediated spontaneous transient outward currents in 

developing MNTB neurons.  SK channels were also activated by Ca2+ influx through 

voltage-gated Ca2+ channels and synaptically activated NMDA receptors. Blocking SK 

channels with apamin depolarized the resting membrane potential, reduced resting 

conductance and affected the responsiveness of MNTB neurons to signal inputs.  

Moreover, SK channels were activated by action potentials and affected the spike 

afterhyperpolarization. Blocking SK channels disrupted the one-to-one signal 

transmission from presynaptic calyces to postsynaptic MNTB neurons and induced 
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extra postsynaptic action potentials in response to presynaptic firing. These data reveal 

that SK channels play crucial roles in regulating the resting properties and maintaining 

the reliable signal transmission of the MNTB neurons. 

 

3.2 Results 

 

3.2.1 A spontaneous transient outward current mediated by SK channels 

 

Spontaneous transient outward currents (STOCs) were detected in rat MNTB 

neurons under whole-cell voltage-clamp recordings with a K-gluconate based internal 

solution (Fig. 3.1). At –65 mV, these transient outward currents had an average 

amplitude of 65.3 ± 1.0 pA, a 10-90% rise time of 8.8 ± 0.1 ms and decay time constant 

of 17.4 ± 0.2 ms (n = 11). The STOCs were resistant to Na+ channel blocker TTX and 

blockers for ionotropic AMPA, NMDA, GABA and glycine receptors, and 

metabotropic glutamate, GABAB, muscarinic acetylcholine and dopamine receptors 

(data not shown). Instead, 100 nM apamin, a peptide that specifically blocks small- SK 

channels (Adelman et al., 2012), completely suppressed the STOCs (Fig 3.1A and C; p 

= 0.004, n = 8), indicating the involvement of SK channels in mediating the STOCs.  

We also tested the effects of 1-EBIO, an SK channel opener that enhances calcium 

sensitivity of SK channels (Pedarzani et al., 2001; Mateos-Aparicio et al., 2014), on the 

STOCs. 1-EBIO (100 μM) increased the frequency from 0.54 ± 0.20 Hz to 1.20 ± 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. 3.1D-G; p < 0.0001, n = 5). Meanwhile the overall STOC amplitude was decreased 

from 62.9 ± 6.7 to 45.9 ± 4.3 pA (Fig. 3.1H, p = 0.005, n = 5). The amplitude 
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distributions of STOCs were typically well-fitted with a Gaussian function; 1-EBIO did 

not largely affect the amplitude of the existing STOCs but created an apparently new 

STOC group with smaller amplitude (Fig. 3.1I).   

During early postnatal development, the pre- and postsynaptic components of 

the calyx of Held synapse undergo a variety of morphological and functional changes. 

We then measured STOCs of the MNTB from rats of different age (Fig. 3.2A). At P6, 

40% (8/20) MNTB neurons showed apparent STOCs (Fig. 3.2B-C). After reaching the 

peaks at P10-11, both the amplitude and the frequency of the STOCs started to decline 

and, at P14, STOCs were detected in only 1 out of 19 cells, and no apparent STOC were 

detected in P16 cells (Fig. 3.2B-C).  

SK channels are activated by increases in cytosolic Ca2+. STOCs in smooth 

muscle cells and neurons are activated by Ca2+ sparks resulting from spontaneous Ca2+ 

release from internal Ca2+ stores (Nelson et al., 1995; Arima et al., 2001; Cui et al., 

2004). We found that ryanodine, an opener of ryanodine receptor that depletes internal 

ryanodine-sensitive Ca2+ stores, completely blocked the STOCs of MNTB neurons 

(Fig. 3.3A-B; p = 0.003, n = 6), indicating that the STOCs are triggered by the Ca2+ 

sparks caused by the opening of ryanodine receptor located in the endoplasmic 

reticulum.  To test whether SK channels are in close to their Ca2+ source, we next 

examined the effects of Ca2+ buffering on STOCs. When the MNTB neurons were 

broken into a pipette solution contained 1 mM EGTA (compared to 0.2 mM EGTA in 

the standard solution), both the frequency and the amplitude of the STOCs were 

gradually decreased (Fig. 3.3C-E; p = 0.02, n = 8). When the pipette EGTA was 

increased to 10 mM, the STOCs were fully eliminated (Fig. 3.3F-G; p = 0.009, n = 4). 

These results indicate that SK channels are loosely coupled with Ca2+ sparks (Neher, 

1998; Jones and Stuart, 2013). Ryanodine receptors can be activated by calcium-



 

 

 

34 

induced calcium release in neurons (Verkhratsky and Shmigol, 1996). We then tested 

whether Ca2+ influx through voltage-gated Ca2+ channels (VGCCs) is required for 

triggering STOCs. Bath-application of 100 μM cadmium, a non-selective voltage-gated 

calcium channel blocker, for 15 min, decreased the STOC frequency from 0.54 ± 0.15 

Hz to 0.22 ± 0.07 Hz (Fig. 3.3H-I; p = 0.04, n = 7) and reduced the STOC amplitude 

from 55.9 ± 7.0 pA to 41.5 ± 7.7 pA (Fig. 3.3J; p = 0.0007, n = 7).  Therefore, Ca2+ 

influx through VGCCs facilitates the STOC activity.  STOCs were then recorded at 

different holding potentials to test their voltage-dependence. When the cells were 

clamped at –100 mV, which is close to the Nernst K+ equilibrium potential (EK) of –

102 mV, no apparent STOCs were detected. Depolarizing the membrane potential 

gradually increased both the amplitude and the frequency of STOCs.  At around –50 

mV, both the amplitude and the frequency reached their peaks.  When the holding 

potential was further depolarized, however, the STOCs started to decline and 

disappeared at –30 mV (Fig. 3.3K-M).  
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FIGURE 3.1 

 

 

 

Figure 3. 1. SK channels mediated STOCs. 

(A) STOC recordings in control and after bath application of 100 nM apamin. (B) A 

representative STOC event. (C) Summarize data of apamin effects on the STOC 

frequency.  (D) STOC recordings in control and after bath application of 100 μM 1-

EBIO. (E) Representative STOC events in control condition (black) and in the presence 

of 1-EBIO with different amplitudes (red and blue). (F-H) Summarize data of 1-EBIO 

effects on STOC frequency (F), decay time (G), and amplitude (H). (I) Amplitude 

distributions of STOCs recorded in the absence (black) and presence (red) of 1-EBIO, 

which were fit with one-component (black) and two-components (red) Gaussian 
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functions, respectively. MNTB neurons were voltage-clamped at –65 mV. Recordings 

were made in the presence of 50 μM picrotoxin, 1 μM strychnine, 20 μM DNQX, and 

50 μM APV to block the GABA, glycine, AMPA, and NMDA receptors, respectively. *p 

< 0.05; **p < 0.01; ***p < 0.001; Paired Student t-test; Error bars are mean ± SEM. 
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FIGURE 3.2 

 

 

 

Figure 3. 2. Development change of STOCs. 

A) Representative STOC recordings in rat MNTB neurons from P6 to P14. (B-C) 

Summary data of STOC frequency (B) and amplitude (C) change during development. 

Only cells with STOCs were included in the amplitude plot. For each postnatal day, the 

number of cells was indicated above the points. 

 



38 

 

 

 

FIGURE 3.3 

 

 

 

Figure 3. 3. Calcium sparks activated the transient SK current. 

(A) STOC recordings in control and after bath application of 20 μM ryanodine. (B) 

Ryanodine completely blocked the STOCs. (C) STOC recordings immediately (<1 min, 

control) and >10 min (EGTA) after break into a pipette solution containing 1 mM 

EGTA. (D-E) 1 mM EGTA decreased both the frequency and amplitude of the STOCs. 

(F) Same as panel C except the EGTA concentration was 10 mM. (G) The STOCs were 

eliminated by 10 mM EGTA. (H) STOC recordings under control conditions and after 

bath application of 200 μM CdCl2. (I-J) STOC frequency and amplitude were decreased 
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by Cd2+. (K) Representative STOC recordings at different holding potentials. (L-M) 

Normalized amplitude (L) and frequency (M) of STOCs at different holding potentials 

from –100mV to –30mV in 5 mV increment, normalized to the values at –65 mV. *p < 

0.05; **p < 0.01; ***p < 0.001; Paired Student t-test; Error bars are mean ± SEM.  
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3.2.2 Activation of tonic SK Current 

 

The decline of STOC amplitudes at depolarized voltages (> –50 mV) was 

unexpected, as depolarization increases the K+ driving force. Indeed, the STOC 

amplitudes showed a linear relation with K+ driving force (EM - EK) in different types 

of neurons (Merriam et al., 1999; Arima et al., 2001; Klement et al., 2010). We 

hypothesized that SK channels are tonically activated at depolarizations, and the 

STOCs are occluded by tonic SK activation. Voltage-step recordings were made in the 

presence of blockers of Na+, Kv1, and HCN channels (see Materials and Methods, 

which allowed us to clamp the membrane potential over a wider range of values to 

record the overall apamin-sensitive SK currents (Fig. 3.4A-B). By subtracting traces 

with 100 nM apamin from the control, a sustained current, in addition to STOCs, was 

detected (Fig. 3.4C; n = 5). This tonic current had an amplitude of 81.9 ± 21.0 pA at –

40 mV. Thus, we concluded that SK channels are tonically activated when the MNTB 

neurons are depolarized.    

SK channels do not desensitize, and the open probability of these channels 

solely depends on the cytosolic Ca2+ (Hirschberg et al., 1998), allowing us to examine 

SK currents using voltage-ramp protocols. A slow voltage ramp (5 mV/s) from –100 

mV to –40 mV evoked an outward current with STOCs rising at depolarized voltages 

(Fig. 3.5A). This outward current was partially suppressed by bath application of 100 

nM apamin. By subtracting the apamin trace from the control, a current-voltage relation 

of SK channels was determined (Fig. 3.5B). The tonic SK current had an amplitude of 

90.9 ± 20.4 pA at –40 mV and the threshold for detection of current (see Materials and 

Methods) was remarkably negative (–85.5 ± 3.0 mV; n = 6).  By contrast, 1-EBIO (100 
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μM) enhanced the outward current for 110.6 ± 20.6 pA at –40 mV (Fig. 3.5C; n = 4).  

Since the voltage-insensitive SK channels are not activated by voltage per se (Adelman 

et al., 2012), the activation of SK channels may reflect the Ca2+ elevation by the 

activation of VGCCs. Indeed, apamin did not affect the outward current evoked by the 

same voltage-ramp in the presence of 100 μM cadmium (Fig. 3.5D; p = 0.87, n = 4), 

indicating that the sustained SK current is activated by Ca2+ influx through VGCCs. 

The previous study showed that MNTB neurons express R-type, N-type, and P/Q-type, 

but not T-type, Ca2+ channels (Barnes-Davies et al., 2001), we then identified the 

VGCC subtypes that contribute to the SK activation. Low concentrations of Ni2+ (100 

μM), specific for R- type and T-type channels (Wu et al., 1998; Kampa et al., 2006), 

shifted the activation threshold to –62.3 ± 0.9 mV (Fig. 3.5E-F; n = 7; p < 0.001, 

unpaired t-test). However, TTA-P2 (2 μM), a specific T-type blocker, did not affect the 

activation threshold (Fig. 3.5G-H; –80.3 ± 7.0 mV; n = 5; p = 0.51, unpaired t-test). 

These data indicate that calcium-permeable ion channels sensitive to Ni2+
 and Cd2, 

likely R-type Ca2+ channels, control the tonic activation of SK channels at or around 

resting membrane potentials. 

We next tested if ryanodine-sensitive Ca2+ stores are required for the tonic SK 

activation. In the present of 20 μM ryanodine, neither the threshold (–80.4 ± 6.6 mV; n 

= 5; p = 0.50, unpaired t-test) nor amplitude (122.1 ± 12.36 pA at –40 mV; n = 5; p = 

0.25, unpaired t-test) of the tonic SK current is changed (Fig. 3.5I-J), suggesting that 

VGCCs, rather than calcium release from stores, is the Ca2+ sources to generate the 

tonic SK current. 
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FIGURE 3.4 

 

 

Figure 3. 4. Tonic SK current. 

(A-B) Depolarizing voltage steps (15 s) from a holding potential of –80 mV to –30 mV 

in the increment of 10 mV evoked outward currents in control (A) and after bath 

application of 100 nM apamin (B). (C) Apamin-sensitive currents at different holding 

voltages obtained by subtracting the traces in panel B from that of .A, showing the 

activation of tonic SK current along with the STOCs. Recordings were made in the 

presence of TTX (0.5 μM), margatoxin (10 nM), CsCl (2 mM) to block the Na+, KV1 

and HCN channels, respectively. 
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FIGURE 3.5 
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Figure 3. 5. Activation of SK current. 

(A) A slow voltage ramp (5 mV/s) evoked an outward current (black) that was partially 

blocked by 100 nM apamin (red). (B) Apamin-sensitive current, obtained by subtracting 

the red trace from the black in A. Activation SK current was apparent at ~ –85 mV. (C) 

The voltage ramp-evoked outward current was potentiated by 100 μM 1-EBIO. (D) In 

the presence of 100 μM Cd2+, application of apamin did not affect the outward current. 

(E) In the presence of 100 μM Ni2+, outward current recorded in control and after 

application of apamin. (F) The apamin-sensitive current obtained by subtracting the 

red trace from the black in E. (G-J) Similar recordings as E and F, except in the 

presence of 2 μM TTA-P2 (G-H) or 20 μM ryanodine (I-J). All recordings were made 

in the presence of TTX (0.5 μM), margatoxin (10 nM), CsCl (2 mM).  
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3.2.3 SK channels contribute to resting membrane potential and conductance 

 

The resting membrane potential of the MNTB neurons is typically –60 mV to –

75 mV (Banks and Smith, 1992; Brew and Forsythe, 1995). Given that we detected the 

activation of SK current at –85 mV, one would expect that some channels should be 

open at the resting membrane potential and contribute to resting properties. Under 

current-clamp, we found indeed that puff application of 1 μM apamin depolarized the 

resting membrane potential from –73.7 ± 0.6 mV to –72.1 ± 0.6 mV (Fig. 3.6A-B; p = 

0.0002, n = 6).  Meanwhile, the resting membrane conductance decreased from 5.4 ± 

0.7 nS to 4.5 ± 0.6 nS (Fig. 3.6C; p = 0.002, n = 6). 

By contrast, puff 1-EBIO (1 mM) hyperpolarized the membrane potential from 

–72.4 ± 0.7 mV to –73.8 ± 0.7 mV (Fig. 3.6D-E; p = 0.001, n = 5) and increased the 

resting membrane conductance from 5.9 ± 0.4 nS to 7.6 ± 0.5 nS (Fig. 3.6F; p = 0.006, 

n = 5). Accompanying membrane potential hyperpolarization, transient voltage 

hyperpolarizations were also observed, indicating the activation of STOCs.  We 

concluded that SK channels are partially open at the resting potential and contribute to 

resting potential and resting conductance. 
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FIGURE 3.6 

 

 

 

Figure 3. 6. Effects of SK channels on resting membrane properties of MNTB 

neurons. 

(A-B) Puff application of 1 μM apamin depolarized the resting potential by about –2 

mV. (C) Bath application of 100 nM apamin decreased the resting conductance. (D-E) 

Puff application of 1 mM 1-EBIO hyperpolarized the resting potential. (F) Bath 

application of 100 μM 1-EBIO increased resting conductance. **p < 0.01; ***p < 

0.001; Paired Student t-test; Error bars are mean ± SEM. 
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3.2.4 SK currents modulate signal responsiveness  

 

Since SK channels are activated at resting membrane potential and contribute 

to resting conductance, we predicted that SK channels would modulate the response to 

stimulation.  We injected MNTB neurons with current waveforms of different 

amplitudes to generate depolarizations (Fig. 3.7). Application of 100 nM apamin 

resulted in a 20% increase in the amplitude of the voltage response (n = 5; Fig. 3.7A-

E).  These results indicate that the effectiveness of subthreshold signaling is regulated 

by the activity of SK channels. 

 

3.2.5 Activation of SK channels by NMDA receptors   

 

SK channels are activated by Ca2+ through NMDA receptors in hippocampal 

and cortex neurons (Faber et al., 2005; Ngo-Anh et al., 2005; Faber, 2010). Electrical 

stimulation was used to evoke presynaptic glutamate release, and postsynaptic current 

was recorded. (R)-CPP was added into the recording solution to isolate the NMDA 

current. We found that apamin enhanced the synaptically activated postsynaptic NMDA 

current (Fig. 3.8A-B; p = 0.004; n = 5).  By subtracting the apamin trace from the 

control, we obtained an NMDA receptor-activated SK current of 243.8 ± 56.4 pA (n = 

5). However, the postsynaptic AMPA current was not affected when Cs+-based pipette 

solution contained 5 mM EGTA since they can eliminate the postsynaptic SK effect 

(Fig. 3.8C-D; p = 0.34, n = 5), indicating that SK channels did not affect presynaptic 

glutamate release. We also tested how SK channels modulate the excitatory 

postsynaptic potential (EPSP). 2 mM QX-314 was added into the pipette solution to 
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prevent spiking. Incubation of apamin (100 nM) increased the EPSP amplitude from 

24.0 ± 3.8 mV to 27.6 ± 3.6 mV (Fig. 8E-F; p = 0.009, n = 7). Thus, Ca2+ influx through 

NMDA receptors activates SK channels, shunts the EPSP and regulates the synaptic 

efficacy.  
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FIGURE 3.7 

 

 

 

Figure 3. 7.  Effects of SK channels on the responsiveness. 

(A-D) Voltage responses to synaptic-like waveforms (rise time constant, 7.5 ms; decay 

time constant, 25 ms; A top trace) of different amplitudes injected into the MNTB 

neuron at control (black) or after bath application of 100 nM apamin (red). Voltage 

response traces were averages of 4–8 repeats. (E) Statistical data summarizing the 

apamin effects on the response amplitudes in A-D (n = 5). *p < 0.05; **p < 0.01; ***p 

< 0.001; Paired Student t-test; Error bars are mean ± SEM. 
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FIGURE 3.8 

 

 

 

Figure 3. 8. Activation of SK channels by Ca2+ influx through NMDA receptors. 

(A-B) Under voltage-clamp, extracellular Mg2+-free and K+-based internal solution, 

100 nM apamin potentiated the NMDA receptor-mediated postsynaptic current. The 

blue trace in A represented NMDA-receptor-activated SK current obtained by 



 

 

 

51 

subtracting the red trace (apamin) from the black (control). (C-D) With 5 mM EGTA, 

Cs+-based internal solution, the AMPA-receptor-mediated EPSC was not affected by 

apamin (100 nM). Black trace is AMPA-receptor-mediated EPSC in control condition, 

and red trace is recording after application of apamin. (E-F) Representative traces of 

EPSP before and after apamin (100 nM) application. 2 mM QX-314 were added into 

the pipette solution. Black trace is EPSP evoked in control condition and red trace is 

recording after application of apamin. *p < 0.05; **p < 0.01; ***p < 0.001; Paired 

Student t-test; Error bars are mean ± SEM. 
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3.2.6 Activation of SK channels during action potential 

 

In the presence of blockers for Na+, KV1, and HCN channel, a brief 1 ms voltage 

step from –80 mV to +10 mV was used to study the SK activation during action 

potential. This artificial spike triggered an inward Ca2+ current followed by an outward 

K+ current which is due to the activation of the high-threshold activating K+ channels -

Kv3 channels. Bath application of 100 nM apamin significantly reduced the 

afterhyperpolarization current. Subtracting of the apamin trace from the control, an 

outward SK current was detected, which started during the depolarizing pulse, peaked 

at 8.4 ±2.8 ms with an amplitude of 85.5 ± 19.2 pA, and decayed with a time constant 

of 9.1 ± 1.2 ms (Fig. 3.9A; n = 7).  

Next, we examined how SK channels affect the waveform of synaptically-

evoked action potentials. Presynaptic afferent fiber stimulation enabled us to record 

reliable and stable action potentials in MNTB neurons. Bath application of 100 nM 

apamin depolarized the afterpotential by 5.2 ± 0.6 mV (Fig. 3.9B; n = 6). 

 

3.2.7 SK currents regulate reliability of signal transmission 

 

Globular bushy cells fire action potentials up to hundreds of hertz during the 

sound.  The high-frequency signals of globular bushy cells are faithfully transmitted to 

the postsynaptic MNTB neurons through the giant glutamatergic synapse, the calyx of 

Held, with few or no failures (Mc Laughlin et al., 2008; Lorteije et al., 2009). To test 

whether SK channel activity plays a crucial role in maintaining the faithful one-to-one 

signaling, we stimulated the presynaptic fiber and recorded the postsynaptic response. 
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At 100 Hz, each presynaptic stimulation evoked an action potential in MNTB neuron 

under control condition (Fig. 3.10A). Bath application with apamin disrupted the one-

to-one reliability, and one presynaptic stimulation started to trigger two spikes in 

postsynaptic MNTB neurons after a few spikes (Fig. 3.10B), suggesting that the spike-

activated SK current is critical in controlling MNTB excitability and prevent firing 

extra spikes.   

A previous study showed that upon blocking KV1 channels with dendrotoxin, 

a single stimulus could evoke multiple presynaptic action potentials and multiple 

EPSCs in the MNTB neurons  (Dodson et al., 2003), This led us to test whether apamin 

affects the presynaptic release during stimulation train. Bath application of apamin (100 

nM) did not affect the one-to-one release, and each stimulus evoked a single EPSC 

during the whole stimulation train (Fig. 3.10C-D). Together with Figure 3.6, these 

results confirmed that apamin does not change the presynaptic firing properties or 

glutamate release.  
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FIGURE 3.9 

 

 

 

 

Figure 3. 9. Activation of SK channels during the action potential. 

(A) A brief voltage-step to +10 mV was used to mimic the action potential evoked 

current. The current was recorded in control condition (black) and after bath 

application of 100 nM apamin (red). The blue trace represented the apamin-sensitive 

current. Recordings were made in the presence of 0.5 μM TTX, 10 nM margatoxin, and 

2 mM CsCl. (B) Presynaptic fiber stimulation-evoked action potentials recorded in 

control (black) and after bath application of 100 nM apamin (red). Recordings were 

made in the presence of strychnine (1 μM), picrotoxin (50 μM) to block the glycinergic 

and GABAergic synaptic transmission. 
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FIGURE 3.10 

 

 

 

Figure 3. 10. SK channel activation was required for highly reliable signal 

transmission. 

(A) Representative trace showing presynaptic 100 Hz stimulation generated a trains of 

action potentials in postsynaptic MNTB neurons. (B) Bath perfusion with apamin (100 

nM), the stimulation generated extra action potentials in MNTB neurons. (C-D) EPSC 

recordings following 100 Hz stimulation in control (C) and with apamin (D). (E) Spike 

number counts after each stimulation before and after apamin application (n = 10). (F) 

Summary data that apamin increased the overall postsynaptic spiking in response to 
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presynaptic stimulation. *p < 0.05; **p < 0.01; ***p < 0.001; Paired Student t-test. 

Error bars are mean ± SEM. 
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3.3 Discussion 

 

In this study, we demonstrated a potassium conductance mediated by SK 

channels in rat MNTB neurons. SK channels are transiently activated by Ca2+ sparks 

and mediate the STOCs. SK channels can also be tonically activated by Ca2+ influx 

through VGCCs. Surprisingly, the tonic activation of SK channels controls the resting 

membrane potential and conductance, and thus the response of MNTB neurons to signal 

inputs. Moreover, SK channels are activated by Ca2+ influx through NMDA receptors 

and regulate the synaptic efficacy. Lastly, SK channels are activated by Ca2+ influx 

during action potentials and control the afterpotential and neuronal excitability. 

Blocking of SK channels disrupts the one-to-one signal transmission from the 

presynaptic calyces to the postsynaptic MNTB neurons. These data revealed that SK 

channels play important roles in controlling the resting properties and in ensuring the 

reliable and precise signal transmission in the MNTB neurons. 

 

3.3.1 Activation of SK channels at MNTB neurons 

 

While SK-channel subunits share the similar architecture and serpentine 

transmembrane topology of voltage-gated K+ channels, these channels are voltage-

independent K+ channels activated solely by cytosolic Ca2+ (Blatz and Magleby, 

1986; Xia et al., 1998). The elevations in cytosolic Ca2+ could result from several 

different sources, including Ca2+ influx through voltage-gated Ca2+ channels, 

Ca2+ influx via Ca2+-permeable ligand-gated ion channels, Ca2+ released from 



 

 

 

58 

intracellular Ca2+ stores, and Ca2+-induced Ca2+ release (Adelman et al., 2012). We 

found that SK channels in the MNTB neurons could be activated by all these 

Ca2+ sources. 

SK channels were transiently activated by Ca2+ sparks and mediate STOCs 

(Figs. 3.1, 3). The nonselective VGCC blocker cadmium reduced the STOC amplitude 

and frequency, indicating that Ca2+ influx via Ca2+ channels facilitates STOC activity. 

However, blocking VGCCs failed to completely block STOCs, with 40% of STOCs 

remaining in the presence of cadmium. Ryanodine, however, fully abolished the STOCs 

at different voltages (Fig. 3.5I), suggesting that Ca2+ stores are essential and VGCCs 

indirectly modulate for STOCs. Thus, both spontaneous intracellular Ca2+ release and 

Ca2+-induced Ca2+ release activate SK channels and mediate STOCs. The STOCs 

appear at ∼P6 and start to disappear at P14. The decline of STOCs after hearing onset 

may reflect the decline of SK channels, the decline of Ca2+ sparks, or the looser 

coupling between Ca2+ sparks and SK channels. Further experiment is necessary to 

clarify the mechanisms for development change of STOCs. 

The amplitude distributions of STOCs were fitted with a Gaussian function (Fig. 

3.1) while the SK channel opener 1-EBIO created an apparently new STOC group with 

a smaller amplitude, suggesting the heterogeneous Ca2+ sparks in MNTB neurons. At 

control conditions, only big Ca2+ sparks triggered STOCs while 1-EBIO increased the 

Ca2+ sensitivity of SK channels and small Ca2+ sparks were then able to activate SK 

channels and trigger STOCs. We found that lower-affinity Ca2+ chelator EGTA at 1 

mm significantly decreased the frequency and the amplitude of the STOCs and 10 

mm EGTA eliminated all STOCs (Fig. 3.3), indicating the loose coupling of 

Ca2+ sparks and SK channels at microdomains (Neher, 1998; Jones and Stuart, 2013). 

It is interesting that 1-EBIO did not affect the amplitude of the existing STOCs (Fig. 
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3.1I). A possible explanation is that at peak concentration, big Ca2+ sparks may saturate 

SK channels. Indeed, studies in hippocampal and cortical pyramidal neurons showed 

that Ca2+ sparks could extend to >5 μm and reach peak concentration of >5 μm (Ross, 

2012). 

 

3.3.2 SK channels and membrane properties 

 

SK channels are extensively expressed in the nervous system and are gated by 

submicromolar concentrations of intracellular Ca2+ ions with a half-maximal activation 

concentration of 0.1–1 μm (Köhler et al., 1996; Joiner et al., 1997; Xia et al., 

1998; Pedarzani et al., 2001). The activation of SK channels requires elevated levels of 

cytosolic Ca2+, such as Ca2+ influx during firing action potentials. Under resting 

membrane potential, however, the cytosolic Ca2+ level is usually low, and SK channels 

are not active (Adelman et al., 2012). By contrast, our data in the MNTB neurons 

showed that SK channels were partially activated at resting membrane potentials. We 

detected a tonic SK current that starts to activate at ∼−85 mV (Fig. 3.5B), a voltage 

below the resting membrane potentials of −60 to −75 mV (Banks and Smith, 

1992; Brew and Forsythe, 1995). Because SK channels are not activated by voltage per 

se (Adelman et al., 2012), the activation of SK channels should reflect the cytosolic 

Ca2+ elevation during the activation of VGCCs. Indeed, the tonic SK current was fully 

abolished by 100 μm cadmium (Fig. 3.5D). Consistent with that MNTB neurons 

express R-, N-, and P/Q-, but not T-type, Ca2+ channels (Barnes-Davies et al., 2001), 

we did not detect the contribution of T-type (Fig. 3.5H). Meanwhile 100 μm Ni2+, a 

concentration believed to be specific for R- and T-type channels (Wu et al., 
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1998; Kampa et al., 2006), shifted the activation threshold, suggesting that R-type Ca2+ 

channels are involved in the SK activation at voltages below −60 mV, although 

intermediate voltage-activated R-type channels are usually activated at more 

depolarized voltages. Alternatively, other calcium-permeable ion channels that 

sensitive to Cd2+ and Ni2+ may be responsible for the tonic activation of SK channels. 

At more depolarized voltages, the high-voltage gated N-type and P/Q-types would be 

involved. 

The background conductance of MNTB neurons is mainly determined by two-

pore potassium leak channels (Berntson and Walmsley, 2008). We found here that SK 

channels play a significant role in resting membrane properties of MNTB neurons, a 

result dependent entirely on the activation of SK channels at hyperpolarized voltages. 

Apamin depolarized the resting membrane potential and decreased the membrane 

conductance of MNTB neurons. Interestingly, in the calyx–MNTB synapse, totally 

different ion channels are involved in determining the resting membrane potential and 

conductance at the presynaptic and postsynaptic components. At the calyceal terminals, 

voltage-gated Na+, KCNQ and HCN channels contribute to the resting conductance 

(Cuttle et al., 2001; Huang and Trussell, 2008, 2011). 

 

3.3.3 SK channels subserve auditory function 

 

GBCs fire action potentials reliably and precisely synchronize to sound. For 

example, GBCs with the characteristic frequency of 700 Hz entrain to the sound and 

fire an action potential to every stimulus cycle with a phase-locking value of 0.99 (Joris 

et al., 1994). High-frequency signals of GBCs reliably transmit to the target MNTB 
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neuron through the calyx of Held synapse (von Gersdorff and Borst, 2002). Several 

cellular mechanisms have been established that are important for supporting 

neurotransmission at such high rates, including presynaptic ion channels that enable 

reliable presynaptic spike waveform and calcium influx; large readily releasable pool, 

many release sites, and low release probability that enhance the release reliability; as 

well as fast kinetics of postsynaptic AMPA-type glutamate receptors that allow fast and 

faithful transmission to the postsynaptic MNTB (Taschenberger and von Gersdorff, 

2000; Taschenberger et al., 2002; Wu et al., 2009; Borst and Soria van Hoeve, 2012). 

Moreover, different voltage-gated K+ channels are expressed on the presynaptic and 

postsynaptic components to control the neuronal excitability, determine spike shape, 

and enable high-frequency firing (Brew and Forsythe, 1995; Wang et al., 1998; Dodson 

et al., 2002; Ishikawa et al., 2003; Dodson and Forsythe, 2004; Huang and Trussell, 

2011; Yang et al., 2014). 

We found that SK channels are activated by Ca2+ through NMDA receptors in 

the MNTB neurons. The activation of SK channels partially offsets the EPSC and 

shunted the EPSP, thus regulating the synaptic efficacy. SK channels are activated by 

Ca2+ influx during a single or a burst of action potentials and mediate the 

afterhyperpolarization, thus controlling the intrinsic excitability in many neurons for 

setting the firing frequency and adaptation (Adelman et al., 2012). Here we measured 

the single action potential-triggered SK current in MNTB neurons. This 85 pA SK 

current peaked at a few milliseconds, lasted for tens of milliseconds, and mediated the 

medium afterhyperpolarization (Fig. 3.9). The calyx–MNTB synapse is a relay that 

transfers the presynaptic spike to the postsynaptic site and each presynaptic action 

potential evoked one action potential in the MNTB neurons. The evoked postsynaptic 
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action potentials displayed a distinct afterdepolarization. During 100 Hz firing, the 

afterdepolarization accumulated and substantially depolarized the membrane potential 

(Fig. 3.10). The relatively slow kinetics allow SK current summation during 100 Hz 

firing, thus counteracting the afterdepolarization and stabilizing the overall excitability. 

Interestingly, the activation of SK channels is required to maintain the reliable signaling 

at high-frequency. Bath application of apamin disrupted the one-to-one reliability, and 

each presynaptic stimulus started to trigger two postsynaptic spikes after a few spikes 

at 100 Hz stimulation (Fig. 3.10), while the reliability was not affected when the 

presynaptic stimulation is at 10 Hz (data not shown). This activity-dependent activation 

of the SK channel is different from that of voltage-gated K+ channels, such as Kv1 

channels. Blocking Kv1 channels changes the overall excitability, and each presynaptic 

action potential triggers multiple postsynaptic spikes no matter the firing frequency 

(Brew and Forsythe, 1995). 
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CHAPTER 4. KCNQ CHANNELS REGULATE FIRING PROPERTIES OF 

THE CALYX OF HELD 

 

4.1 Abstract 

 

Reliable and precise signal transmission is required in auditory brainstem 

circuits to localize the sound source. The medial nucleus of the trapezoid body (MNTB) 

works in the auditory circuits as an inverting relay nucleus that provides essential 

inhibitory signals for sound localization. To detect the sub-millisecond difference in the 

arrivals of binaural signals, the calyx of Held, the giant presynaptic terminal targeting 

to the MNTB neuron is able to faithfully follow, propagate and transmit high-frequency 

action potentials (APs). The waveform of the presynaptic AP shapes the presynaptic 

calcium transient and thus is crucial in determining timing and strength of synaptic 

transmission. During moderate- to high-frequency trains, the presynaptic APs of several 

central synapses such as mossy fiber boutons are altered, and the half-width of APs is 

substantially increased. However, the calyx of Held shows a minor AP broadening at 

frequencies up to hundreds of hertz. Using whole-cell patch-clamp recordings, we 

examined the functions of KCNQ channels in regulating the firing properties of the 

presynaptic terminal. We previously found that KCNQ channels localize in the calyceal 

terminal. Here we demonstrated that KCNQ channels were activated during 

depolarizations and high-frequency AP activity. KCNQ channels were required for the 

calyx to control the terminal excitability and maintain the normal presynaptic AP 

waveform at high-frequency firing. Blocking KCNQ channels with XE991 increased 
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presynaptic excitability, reduced the AP height, and broadened the AP half-width 

during high-frequency stimulation. It was further shown that blocking KCNQ channels 

led to cumulative inactivation of presynaptic Na+ channels and low-voltage-activated 

Kv1 potassium channels, and thereby indirectly affected the AP waveform. Application 

of low doses of TTX and margatoxin to partially block Na+ and Kv1 channels mimicked 

the AP waveform change during high-frequency firing. Constant AP waveform during 

high-frequency activity ensured that the calyx reliably triggers calcium influx. These 

data suggest that KCNQ channels play key roles in maintaining the presynaptic AP 

waveform during high-frequency firing, which further facilitates reliable high-

frequency signal transmission by stabilizing the calcium inflow. 

 

4.2 Results 

 

4.2.1 KCNQ channels regulate the terminal excitability 

 

KCNQ channels are widely distributed in the subcellular components of the 

neuron including soma, dendrite, and axon (Cooper et al., 2000a; Greene and Hoshi, 

2016; Hu et al., 2007). Its roles in regulating excitability in soma and dendrite, but not 

the presynaptic terminal, are well described (Hu et al., 2007). Previous work from our 

lab has identified the expression of KCNQ channels in the calyx of held. (Huang and 

Trussell, 2011). To examine the contribution of KCNQ channels to terminal 

excitability, we recorded in the current clamp mode and applied a series of 1-s 

depolarizing current steps in 50 pA increments to the calyx. Inhibition and activation 

of KCNQ conductance had a striking effect on presynaptic excitability. Typically, 



 

 

 

65 

calyces responded to current pulses by generating only a few action potentials, 

regardless of the length of the pulse (Dodson et al., 2003; Ishikawa et al., 2003).  As 

shown in Figure 4.1A-C&G, application of XE991, a KCNQ channel blocker, caused 

calyces to fire continuously at high rates for the duration of the stimulus.  On average, 

XE991 increased the number of action potentials over 1 second from 5.0 ± 1.7 to 60.0 

± 15.7 (p < 0.05, n=6 calyces) for 50-pA current injection; from 15.2 ± 9.1 to 112.5 ± 

18.3 (p < 0.01) for 100-pA current injection; from 21.3 ± 5.3 to 121.8 ± 24.6 (p < 0.01) 

for 150-pA current injection; and from 27.8 ± 8.4 to 135.8 ± 25.0 (p < 0.01) for 200-

pA current injection. The KCNQ channels activator, flupirtine (Fig. 4.1D-F&H) 

decreased spike number from 4.3 ± 1.0 to 0.0 ± 0.0 (p < 0.05, n = 4 calyces) for 50 pA 

current injection; from 10.5 ± 2.1 to 0.5 ± 0.3 (p < 0.05) for 100 pA current injection; 

from 17.0 ± 3.7 to 1.0 ± 0.0 (p < 0.05) for 150 pA current injection, and from 21.5 ± 

4.6 to 1.5 ± 0.3 (p < 0.05) for 200 pA current injection. Thus, changes in KCNQ current 

affected responses to both weak and strong stimuli. It is important to note that KCNQ 

channels in the calyx of Held have a relative hyperpolarizing activation threshold that 

is below the resting membrane potential (RMP) of the calyx. Accordingly, KCNQ 

channels contribute to set the resting properties of the calyx of Held (Huang and 

Trussell, 2011). Application of either drug caused a shift in resting potential. For these 

recordings, we injected bias currents to restore the membrane potential and repeated the 

pulse protocol. Values provided above were measured after restoring membrane 

potential. Together, they show that excitability of the terminal is dependent not only on 

the fast-gating channels that underlie the action potential, but also slow conductances 

like KCNQ that are active at or close to rest.  
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FIGURE 4.1 

 

 

 

 

Figure 4. 1. KCNQ channels regulate the excitability of calyx of Held. 

(A-C) APs elicited by 1-s, −20 pA (red) and 100 pA (black) current steps before (A) 

and after (B) bath application of 10 μM XE991 to block KCNQ channels. Blocking 
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KCNQ also led to the depolarization of RMP. Bias currente were injected (C) to correct 

for the depolarization of RMP. (D-F) APs elicited by 1-s, −20 pA (red) and 100 pA 

(black) current steps before (D) and after (E) bath application of 10 μM flupirtine to 

open KCNQ channels. Bias currents were injected (F) to correct for the hypolarization 

of RMP induced by the opening of KCNQ channels. (G-H) Mean number of APs elicited 

by 1-s-long depolarizing current steps to the values given on the x-axis before and after 

bath application of XE991 (G) and flupirtine (H) with bias currents injection. XE991 

increased, while flupirtine decreased, the total number of APs elicited by the 1 s-long 

depolarizing current steps. **p < 0.005; *p < 0.05, Student t-test. Error bars are mean 

± SEM. 

 

.
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4.2.2 Lack of activity-dependent AP broadening in calyx of Held 

 

To distinguish sub-millisecond differences in the timing of binaural signals, the 

calyx is featured to firing at high-frequency up to hundreds of hertz after hearing onset 

(Lorteije et al., 2009; Taschenberger and von Gersdorff, 2000; Trussell, 1999). High-

frequency AP activity-induced AP broadening has been reported in many terminals 

including the hippocampal mossy fiber boutons (MFBs) and pituitary nerve terminals 

(Geiger and Jonas, 2000; Jackson et al., 1991). We therefore examined the change of 

AP waveform in the calyx of Held during high-frequency firing. For this purpose, we 

stimulated the afferent fiber at midline to fire trains of 400 spikes at various frequencies 

(10, 33, 100 and 333 Hz) and recorded the AP trains at the calyx.  

Results are illustrated in Fig. 4.2. For four recordings at different frequencies, 

every hundredth AP in the trains was superimposed with the first AP (Fig. 4.2A). The 

calyx fired with a stable waveform during the high-frequency stimulation. The half-

width and amplitude of APs were maintained with remarkable constancy throughout 

the AP trains particularly at 10, 33 and 100 Hz. The maximal broadening of half-width 

was 18.9% ± 7.5%, and the maximal decrease of amplitude was 4.7% ± 1.5% for 10, 

33, 100 Hz AP trains. As we increased the stimulation frequency up to 333 Hz, we 

observed a slight activity-dependent AP waveform change. The maximal decrease of 

AP amplitude at 333 Hz stimulation was 34.3% ± 3.9%, while the maximal half-width 

increase was 91.2% ± 24.1% (Fig. 4.2B and C; n = 5).  Thus, we conclude that calyx of 

Held has the capability to fire at high frequency with stable AP waveform and the 

magnitude of AP waveform change is dependent on stimulation frequency. 
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FIGURE 4.2 

 

 

 

 

 

Figure 4. 2. Minimum AP waveform change during high-frequency AP activity in 

calyx of Held. 

(A) Trains of APs evoked at the frequency of 10, 33, 100 and 333 Hz by afferent fiber 

stimulation. Every 100th AP is superimposed with the first AP in each recording at the 
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frequency indicated above. Plots of normalized half-width (B) and amplitude (C) of AP 

against the number of the AP within the trains for the frequency indicated. Data of each 

point is normalized to the value of the first AP in each train. Error bars are mean ± 

SEM. 

 

 



71 

 

 

 

4.2.3 KCNQ contributes to maintaining AP waveform during high-frequency 

firing 

 

We further explored the underlying mechanism in the calyx to prevent the AP 

waveform change during high-frequency activity. Here we defined the membrane 

potential between each spike in the AP trains as inter-spike potential (ISP). In general, 

ISP consists of the afterpotential following each spike in high-frequency firing.  Change 

in afterpotential results in consecutive APs firing from different potentials. 

Interestingly, we observed that the ISP of AP trains at 333 Hz gradually hyperpolarized 

after a short-term depolarization during the first 50 spikes. In fact, this 

hyperpolarization of ISP during high-frequency activity in the calyx of Held is 

prevalent (Hee Kim et al., 2010a; Wang and Kaczmarek, 1998). However, little is 

known about the channels leading to the hyperpolarization of ISP. We postulate that 

the KCNQ channels take part in hyperpolarizing the ISP for several reasons. First, as a 

voltage-dependent potassium channel, opening of KCNQ channels could produce 

hyperpolarization of membrane potential. Second, with the slow-activating and non-

inactivating properties, repetitive activation caused by high-frequency firing is able to 

produce a cumulative effect of KNCQ channels  (Brown and Passmore, 2009; Huang 

and Trussell, 2011). KCNQ channels might have a minor impact on the first AP, but 

play an important role as the time of high-frequency firing is prolonged.  

To test this hypothesis, we next examined the function of KCNQ channels 

during high-frequency firing using 400 APs elicited by afferent fiber stimulation at the 

frequency of 333 Hz.  Fig. 4.3A-C illustrates the AP trains we recorded before and after 

application of 10 µM XE991. Bias current was injected into the calyx to restore the 
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RMP to control level. After application of XE991, the hyperpolarization of ISP during 

high-frequency firing was eliminated. Bias current injections were unable to rescue 

fully but partially decelerated the hyperpolarization of ISP (Fig. 4.3F).   

Accompanying the depolarization of ISP during high-frequency firing, we also 

observed a dramatic change of AP waveform. When the first and last APs in the spikes 

were contrasted, it is apparent that XE991 had a significantly greater impact on the 

waveform of the last rather the first APs (Fig. 4.3D and E). The amplitude of the last 

AP was reduced, and the half-width was broadened after application of XE991. In 

contrast, the amplitude and half-width change of the first AP are comparable (Fig. 4.3 

G and H). When injected hyperpolarizing bias current to partially rescue the 

depolarization of ISP during the high-frequency firing, we observed that the shape 

change of the first AP was fully corrected, while the change of the last AP was partially 

corrected to control level. These results indicate the repetitive activation of KCNQ 

channels during high-frequency firing produce a gradual hyperpolarization of ISP, 

which is essential in maintaining AP waveform during high-frequency firing. 
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 FIGURE 4.3 

 

 

 

Figure 4. 3. KCNQ regulates the shape of APs during high-frequency AP activity in 

calyx of Held. 
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(A-C) Trains of APs elicited at the frequency of 333 Hz before (black) (A) and after 

(red) (B) bath application of 10 μM XE991. Bias current was injected to restore the 

RMP to the value of control AP train (blue) (C). (D-E) The first (D) and last (400th) AP 

(E) in each train are superimposed at an expanded time scale. (F-H) Plots of ISP (F), 

height (G), and half-width (H) of APs against the number of the APs within the trains 

A, B and C.   
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4.2.4 KCNQ prevents the accumulative inactivation of Na+ and Kv1 channels in 

calyx during high-frequency firing 

 

The afterpotential following the AP remarkably affects the recovery speed of 

Na+ and fast K+ channels. In consequence, it determines the total number of Na+ and 

fast K+ channels available for activation at the next AP (Brody and Yue, 2000; Bucher 

and Goaillard, 2011; Sierksma and Borst, 2017a). Both Na+ and K+ channels are capable 

of shaping the AP waveform. However, their inactivations lead to differential results. 

For example, in MFBs, terminal Na+ conductance contributes to both the amplitude and 

half-width of AP (Bean, 2007; Engel et al., 2005). The cumulative inactivation of Kv1 

channels, a low-voltage-activated K+ channel, is the primary factor causing the activity-

dependent AP broadening (Dodson and Forsythe, 2004; Geiger and Jonas, 2000). 

Electrophysiological combined with immunocytochemical examinations have 

demonstrated that the calyx of Held and its affiliated axon express a high density of 

NaV and Kv1 channels, as well as the high-voltage-activated Kv3 channels (Huang and 

Trussell, 2008; Ishikawa et al., 2003; Leão et al., 2005; Nakamura and Takahashi, 2007; 

Puente et al., 2003; Sierksma and Borst, 2017a). The activation of KCNQ channels may 

affect the inactivation of Na+ and K+ channels to shape the waveform of AP during 

high-frequency firing via regulating the ISP. To investigate whether the existence of 

KCNQ channel influences the inactivation of Na+ and K+ during high-frequency firing, 

we attempted to directly record the change of INa and IK by using naive 333 Hz 

stimulation AP trains as our voltage-clamp command templates. For better comparison 

of current change after running different AP trains, 10 ms-long depolarizing pulses were 
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added before and immediately after (3 ms behind the last AP) the control, XE991, and 

XE991+current AP trains (Fig. 4.4A and Fig. 4.5A). 

We measured the currents evoked by the 10 ms depolarizing pulses before and 

after the AP trains with various channel blockers to isolate the current of NaV, Kv1, 

and Kv3, respectively (see Chapter 2: Materials and Methods). The remaining current 

was calculated by dividing the current evoked by the 1st depolarizing pulse with the 2nd 

one. We observed that the depressions of INa after running the XE991 and 

XE991+current command templates significantly increased compared with the control 

command templates. The remaining current evoked by the control AP trains templates 

is 65.8% ± 1.2%. It dramatically decreased to 26.6% ± 2.1% and 25.8% ± 2.1% in the 

XE991 and XE991+current AP trains templates, respectively (Fig. 4.4B and C; n = 8, 

control vs. XE991: p < 0.001; control vs. XE991 + current: p < 0.001). Isolated Ikv1 with 

1 mM TEA to block Kv3 channels obtained similar results. The remaining currents 

evoked by control, XE991, and XE991+current command templates were 64.1% ± 

3.6%, 60.5% ± 2.6%, and 54.9% ± 2.7% respectively (Fig. 4.5B – D; n = 5, control vs. 

XE991: p = 0.04; control vs. XE991 + current: p < 0.001). We also recorded the Ikv3 

using 10 nM margatoxin to block Kv1 channels and compared the changes.  However, 

the remaining currents for Ikv3 have no apparent difference for all 3 command templates 

(control: 50.1% ± 6.1%; XE991: 51.4% ± 6.1%; XE991 + current: 50.2% ± 6.1%). (Fig. 

4.5E-G; n = 7, control vs. XE991: p = 0.66; control vs. XE991 + current: p = 0.96). 

These results suggest that KCNQ regulates the AP waveforms during high-frequency 

firing by preventing the cumulative inactivation of Na+ and Kv1 channels. Thus, the 

activation of KCNQ channels increases the availability of Na+ and Kv1 channels for 

generating upcoming APs. 
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FIGURE 4.4 

 

 

 

Figure 4. 4. KCNQ inhibits accumulative inactivation of Na+ channels at high-

frequency firing. 

(A) Command templates were created by adding 10 ms-long depolarizing pulses before 

and after naive control, XE991 and XE991 + current AP trains. To mimic the 
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physiological condition, control and XE991 + current templates were clamped with 

initial holding potential at −72 mV; XE991 templates were clamped with initial holding 

potential at −66 mV. (B) Representative traces of INa evoked by the command templates 

after blockage of voltage-gated K+, Ca2+, and HCN by a combination of external TEA 

+ 4-AP + Cd2+ + Cs+ + XE991 and internal TEA + Cs+. (C) INa evoked by the 1st (Black) 

and 2nd (Red) 10 ms-long depolarizing pulses were superimposed at an expanded time 

scale. (D) Summarizing data of the remaining INa for the control, XE991, and XE991 + 

current command templates. ***p < 0.001, student t-test. Error bars are mean ± SEM. 
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FIGURE 4.5 

 

 

 

Figure 4. 5. KCNQ prevents the accumulative inactivation of Kv1, but not Kv3, for 

high-frequency firing. 

(A) Command templates are the same as described in Fig..4.5A. (B) Representative 

traces of IKv1 evoked by the command templates after blockage of voltage-gated Na+, 
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Ca2+, HCN, KCNQ, and Kv1 by a combination of external TTX + Cd2+ + Cs+ + XE991 

+ 1mM TEA. (C) IKv1 evoked by the 1st (Black) and 2nd (Red) 10 ms-long depolarizing 

pulses were superimposed at an expanded time scale. (D) Summarizing data of the 

remaining IKv1 for the control, XE991, and XE991 + current command templates. (E) 

Representative traces of IKv3 evoked by the command templates after blockage of 

voltage-gated Na+, Ca2+, HCN, KCNQ, and Kv1 by a combination of external TTX + 

Cd2+ + Cs+ + XE991 and margatoxin. (F) IKv3 evoked by the 1st (Black) and 2nd (Red) 

10 ms-long depolarizing pulses were superimposed at an expanded time scale.  (G) 

Summarizing data of the remaining IKv3 for the control, XE991 and XE991 + current 

command templates. **p < 0.005; *p < 0.05, Student t-test. Error bars are mean ± 

SEM. 
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4.2.5 KCNQ channels interact with Na+ and Kv1 channels to regulate the 

waveform of AP  

 

To further test our hypothesis, we stimulated the afferent fiber to elicit single 

AP and first perfused 10 µm XE991 to block KCNQ channels, and then partially 

blocked Na+ and Kv1 using TTX (10 nM) and margatoxin (50 pM) at low 

concentration. After XE991 perfusion, the half-width of AP increased slightly around 

18.6% ± 5.8% (p < 0.05), while the amplitude decreased about 14.7% ± 4.4% (p < 0.05).  

The change of AP waveform after XE991 perfusion could be fully corrected by bias 

current injection, which closely repeated our observation of the waveform change of 

first AP in Fig. 4.3D. Further applied 50 pM margatoxin and 10 nM TTX gradually 

increased the AP half-width about 49.2% ± 7.8% (p < 0.005) and declined the AP 

amplitude 40% ± 4.3% (p < 0.001). Hyperpolarizing bias current failed to fully store 

the AP waveform change. Accordingly, we still observed an increase of AP half-width 

of 17.8% ± 4.4% (p < 0.05) and decreased of AP amplitude of 21.3% ± 5.0% (p < 0.05) 

(Fig. 4.6A and B; n=5). These results reinforce our interpretation that KCNQ channels 

interact with Na+ and Kv1 channels in the calyx to maintain the AP waveform during 

high-frequency firing. 
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FIGURE 4.5 

 

 

 

Figure 4. 5. KCNQ interacts with NaV and Kv1 channels to regulate the AP 

waveform. 

(A) APs in the calyx were generated by afferent fiber stimulation. Bath application of 

10 μM XE991 induced the change of AP waveform, which could be restored by bias 

current injection. Gradually perfusion with 10 nM TTX and 50 pM margatoxin to 

partically block Na+ and Kv1 channels further increased the waveform change which 

could not be corrected by bias current injection. ***p < 0.001; **p < 0.005; *p < 0.05, 

student t-test. Error bars are mean ± SEM. 

 

 



83 

 

 

 

4.2.6 Function of KCNQ channels in regulating calcium response during high-

frequency firing  

 

Our results showed that KCNQ channels have important functions for calyceal 

terminals to stabilize the AP waveform during high-frequency firing. The shape of AP 

is the most critical determinant to affect the calcium charge transfer. The AP waveform 

affects both the amplitude of calcium current and the kinetics of activated VGCCs to 

mediate the total calcium influx (Wang et al., 2009; Yang, 2006a). To determine the 

effect of the KCNQ on regulating calcium current during high-frequency stimulation, 

we again employed the naive 333 Hz stimulation AP trains as our voltage-clamp 

command templates to evoke ICa (Fig. 4.7A). ICa was isolated and recorded using the 

same synapse under the condition that Na+, K+ and HCN channels were blocked (Fig. 

4.7B). 

We measured the amplitude and the area integral of ICa evoked by each spike in 

the voltage-clamp command templates (Fig. 4.7E and F; n = 5). Fig. 4.7B provides 

examples of ICa evoked by the three voltage-clamp templates. The first and last ICa 

evoked in each AP templates were expanded and superimposed in Fig. 4.7C and D 

respectively.  In all three recordings, the amplitude of ICa evoked by the command 

templates gradually decreased throughout the entire trains. The magnitude of amplitude 

changes of ICa induced by the first AP in each AP train (Control: −2.00 ± 0.14 nA; 

XE991: −1.2 ± 0.09; XE991+current: −1.87 ± 0.10) is smaller than the magnitudes in  

the last APs (Control: −1.75 ± 0.07, XE991: −0.43 ± 0.06, XE991+current: −1.43 ± 

0.15). However, the change of the area integral differs the amplitude. We found that 

although the amplitude of ICa in the control and XE991+ current recordings slowly 
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decreased, the area integral gradually increased. The first ICa evoked by the first AP in 

the control and XE991 + current command templates have comparable area integral 

(control: −0.51 ± 0.05 nA·ms; XE991 + current: −0.50 ± 0.06 nA·ms, p > 0.05). As the 

AP waveform changed from the last AP in the control command template to the last AP 

in the XE991+ current command template, the area integral significantly increased 

(Control: −0.67 ± 0.06 nA·ms; XE991 + current: −0.86 ± 0.08 nA·ms, p < 0.001), which 

suggested an increase in the total Ca2+ charge transfer. Interestingly, the change of area 

integral evoked by the XE991 command template did not constantly increase or 

decrease. The XE991 command template initially produced a gradual elevation in area 

integrals, then the area integrals significantly declined below the level that had been 

evoked by the last response of the control command (last ICa evoked by XE991 

command template: −0.37 ± 0.06 nA·ms , p < 0.005). The reduction in area integrals of 

ICa recorded by using the XE991 command template suggested that KCNQ channels are 

required to control the total Ca2+ charge transfer.  

Together, these observations indicate that KCNQ channels during high-

frequency firing have important effects on regulating the ICa. Hence, KCNQ channels 

help to maintain a stable AP waveform and ISP during high-frequency firing, which is 

important for stably evoking ICa.  
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FIGURE 4.7 

 

 

Figure 4. 6. Functions of KCNQ affect calcium currents during high-frequency AP 

activity. 
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(A) Naive control, XE991, and XE991 + current AP trains were used as voltage-clamp 

command templates (B) Representative traces of ICa evoked by three command 

templates with the same calyx. (C-D) First (C) and last (D) ICa in each recording are 

superimposed at an expanded time scale. (E-F) amplitudes (F) and integrals (E) of Ica 

were measured and plotted against the number of the APs within the three command 

templates.  
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4.3 Discussion 

 

In this study, we demonstrated that KCNQ channels actively participate in 

regulating presynaptic excitability and AP activity in the calyx. KCNQ channels are 

activated during high-frequency AP activity and are required to maintain normal AP 

waveform of the calyceal terminal during high-frequency firing. KCNQ channels 

stabilize the AP waveform via controlling the accumulative inactivation of NaV and 

Kv1. Moreover, when firing at high-frequency, a stable AP waveform ensures that the 

calyx precisely generates calcium currents. This establishes a mechanism by which the 

calyx maintains the shape of APs during high-frequency firing to preserve reliable 

signal transmission.  

 

4.3.1 KCNQ channels affect the presynaptic terminal excitability 

 

KCNQ channels have a broad subcellular distribution that is directly related to 

their function. For example, in the CA1 pyramidal neuron, KCNQ channels regulate 

the neuronal excitability, and spike generation relies on the cluster in the perisomatic 

compartment instead of distal apical dendrites (Hu et al., 2007). Increasing evidence 

has indicated that KCNQ channels also have high-density distribution in the axon and 

presynaptic terminal (Caminos et al., 2007; Chung et al., 2006; Cooper et al., 2001). 

Previously published data performed with a combination of electrophysiological and 

immunohistochemistry approaches demonstrated that KCNQ channels are expressed in 

the calyx of Held (Huang and Trussell, 2011). Their function in regulating firing 
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properties in the presynaptic terminal has remained exclusive. By directly recording 

from the calyx of Held, we are able to test the importance of KCNQ channels affecting 

presynaptic excitability. Here we found that KCNQ channels indeed have a substantial 

function in reducing presynaptic terminal excitability. Either blocker XE991 or 

activator flupirtine of KCNQ channels significantly changed the AP generation induced 

by sustained depolarizing current injection (Fig. 4.1).  

In the calyx, low-voltage-activated Kv1 channels were also reported to regulate 

synaptic terminal excitability (Nakamura and Takahashi, 2007). Blocking Kv1 with 

magatoxin induced a burst of spikes during sustained depolarization. It is not surprising 

that to ensure the fidelity of high-frequency signal transmission, the calyx incorporates 

various types of K+ channels to limit the excitability. Unlike the KCNQ channels that 

have more negative activation voltage, slow activation, and no inactivation kinetics, 

Kv1 channels have more positive activation voltage (around −40 mV), fast activation, 

and a small fraction of inactivation (Dodson et al., 2002; Ishikawa et al., 2003; 

Nakamura and Takahashi, 2007). The distinct properties of KCNQ channels and Kv1 

channels indicate that they may have complementary physiological functions in 

regulating presynaptic excitability. Kv1 channels react more quickly while KCNQ 

channels have sustained contribution to control the terminal excitability. 

 

4.3.2 KCNQ is important for constant AP waveform of calyx during high-

frequency firing  

 

The calyx of Held is capable of firing at very high frequency. Even in the early 

developmental stage (P2-3), in vivo recording detected a 150 Hz spontaneous firing rate 

of the calyx of Held in mice. With an increase in age, the spontaneous firing rate further 
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elevates and reaches above 300 Hz at P8 (Sierksma and Borst, 2017b). The high-

frequency firing in calyx has remarkable physiological importance. It is critical for the 

auditory brainstem to encode timing with sub-millisecond accuracy for sound 

localization (Trussell, 1997). To test the contribution of KCNQ channels in high-

frequency firing, we applied stimulation at different frequencies to generate AP trains 

in the calyx. In our experiments, the calyx could continuously fire at 333 Hz to generate 

400 spikes without any failure. However, unlike MFBs, we observed a relatively 

constant AP waveform throughout the AP trains (Fig. 4.2). In the MFBs, the broadening 

of half-width for the 400th spike comparing to the 1st spike at 100 Hz stimulation was 

above 250% (Geiger and Jonas, 2000), whereas in the calyx the maximal broadening 

of AP at 100 Hz was 18.9% ± 7.5%. Even when the firing frequency was increased to 

333 Hz, the maximal broadening was still below 100%. This suggests that the stable 

AP waveform for high-frequency firing is strongly related to the certain function of the 

calyx-MNTB synapse in auditory system. 

The constant AP waveform associated with high-frequency activity is 

maintained by the hyperpolarization of ISP, which depends on the slow activation of 

KCNQ channels (Fig. 4.3). ISP is constituted by the afterpotential succeeding each 

spike during high-frequency firing. A typical afterpotential in calyx exhibits a 

depolarizing phase that raises the membrane potential from a fast afterhyperpolarization 

(fAHP) to near, but not over, −60 mV. ( Kim, Kushmerick and von Gersdorff, 2010b). 

Interestingly, we showed that KCNQ channels play a significant role in regulating the 

ISP during high-frequency firing. Blocking KCNQ with XE991 led to the afterpotential 

following each spike becoming more positive as the time of high-frequency firing was 

prolonged, which overall impaired the hyperpolarization of the ISP. The impairment 

became more evident in the later phase of high-frequency firing, indicated by a 
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cumulative opening of KCNQ channels that was induced by the repetitive activation.  

Accompanying the depolarization of ISP, we observed a loss of constant AP waveform 

during high-frequency firing. The importance of ISP in regulating AP waveform during 

high-frequency firing was further demonstrated by injecting hyperpolarizing bias 

current. This type of current partially rescues the depolarization of ISP, at the same time 

partially rescuing the waveform change in the later phase of high-frequency firing.  

However, the hyperpolarized afterpotential itself could also inhibit the generation of 

the next spike by back-propagating to the axon (Paradiso and Wu, 2009). In our study, 

the hyperpolarizing current generated by KCNQ during high-frequency firing is not 

able to inhibit the generation of the next AP.  

The hyperpolarized ISP has several important physiological consequences. Our 

data showed that the hyperpolarized ISP prevents the cumulative inactivation of NaV 

channels and Kv1 channels. We detected larger Na+ as well as Kv1 currents under the 

control template comparing with the XE991 command template, which suggests that 

more Na+ and Kv1 channels are available to open with the activation of KCNQ 

channels. Na+ channels are capable of shaping the AP in multiple ways, which is highly 

dependent on the timing of Na+ current generation. For example, the transient Na+  

current shapes the depolarization phase of the AP, whereas the resurgent sodium current 

shapes the DAP (Brody and Yue, 2000; Kim et al., 2010a). Reduction in the number of 

Na+ channels could decrease the amplitude of AP and DAP. The Kv1 channel is crucial 

to shaping the half-width of APs during high-frequency firing (Geiger and Jonas, 2000). 

We took advantage of our naïve waveform, directly detecting the change of Na+ and 

Kv1 current which provided additional support for the previous conclusions. In the 

meanwhile, we demonstrated that not only fast-activating ion channels, but also slow-

activating ion channels, such as KCNQ, are also important for regulating the shape of 
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APs during high-frequency firing. They are not directly regulating, but act by affecting 

other fast-activating ion channels.   

 

4.3.3 Impact of AP waveforms on calcium influx during high-frequency firing 

 

The shape of the AP is the most important determinant affecting the calcium 

charge transfer. Using the naïve 333 Hz AP trains, we were able to detect the calcium 

current change during high-frequency firing, and the important role that KCNQ 

channels play in regulating calcium current change. We found that in the control 

condition, the slight change of AP shape (a minor decrease in amplitude and increase 

in half-width) during high-frequency firing induced a subtle reduction of the calcium 

amplitude, yet a subtle elevation of total calcium charge as the number of spike 

increases (Fig. 4.7 B).  This result is consistent with the previous observation in MFB 

(Geiger and Jonas, 2000). Change of AP waveform can affect the calcium current in 

multiple ways. The depolarization phase of AP selectively determins the total number 

of recruited VGCCs, while the repolarization phase controls both the number and 

kinetics of activated VGCCs (Yang, 2006b). It was also reported that the change in 

driving force for calcium entry could be canceled out by the change in calcium channels 

gating during afterpotential in the calyx of Held (Clarke et al., 2016). In general, we 

observed a relative constant calcium charge transfer evoked by the control command 

template regarding the amplitude and area integral.   

The function of KCNQ channels in stabilizing calcium current becomes 

obviously crucial as the time of high-frequency firing is prolonged. When the 

magnitude of AP waveform change increased to the later phase of XE991 command 

template, it no longer induced a rise but instead led to a significant decrease of total 
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calcium charger transfer as shown in Fig. 4.7B. One possible explanation for the decline 

in overall calcium current is due to the APs not being able to evoke all subtypes of 

VGCCs in the calyx of Held, which has multiple subtypes of VGCCs including P/Q-

type, N-type and R-type  (Borst and Soria van Hoeve, 2012; Wu et al., 1998, 1999). 

Some subtypes, such as N-type VGCC, have relative a positive activation threshold that 

required the membrane potential to be depolarized to at least −30 mV to evoke the 

current (Wu et al., 1999). However, the peak of APs in the later phase of the XE991 

command template decreased to ~ −40 mV, which is insufficient to activate N-type 

VGCCs (Fig. 4.7A). In the calyx of Held, the P/Q–type VGCC is responsible for 

inducing the majority calcium inflow and effectively triggering glutamate release (Wu 

et al., 1999). Interestingly, depolarizing pulses below the apparent activation range of 

P/Q-type VGCCs, which is around −45 to −50 mV, are still capable of causing an 

elevation of intracellular calcium level in the calyx of Held (Awatramani et al., 2005). 

Although N-type VGCCs and R-type VGCCs are also expressed in the calyx, they are 

less efficient to trigger glutamate release due to their relatively greater distance from 

the glutamate release sites (Inchauspe et al., 2007). Whether low-voltage-activated Ca2+ 

channels, T-type Ca2+ channels, are expressed in the calyx of Held still needs to be 

determined (Iwasaki and Takahashi, 1998b; Wu et al., 1998).  

The total amount of calcium is more important than the peak of calcium current 

to govern the neurotransmitter release (Clarke et al., 2016). A decrease in the total 

amount of calcium can induce a decrease of EPSC, suggesting a decreasing of glutamate 

released from the presynaptic terminal (Hori and Takahashi, 2009b). In consequence, 

constant calcium current during high-frequency firing can induce constant glutamate 

release and further ensure the reliability of high-frequency signal transmission. Given 

the key role of KCNQ channels in stabilizing the calcium current by affecting the AP 
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waveform during high-frequency firing, we conclude that KCNQ channels contribute 

to reliable high-frequency signal transmission. However, KCNQ channels are one of 

the ion channels responsible for hyperpolarizing the RMP of the calyx of Held. It is 

known that a small depolarization of RMP can increase the background level of calcium 

and further enhances the glutamate release at the calyceal terminal (Awatramani et al., 

2005). Increases in EPSCs was indeed observed after blocking KCNQ channels as we 

reported previously, suggesting an increase of overall glutamate release from the 

presynaptic terminal. It is possible that KCNQ channels play comprehensive and 

distinct roles in controlling the Ca2+ current for resting and firing conditions, 

respectively, that would have an overall complex effect on the glutamate releases. 

Comparing the EPSCs before and after blocking KCNQ channels during prolonged 

high-frequency stimulation would be beneficial to allow interpretation of the 

comprehensive functions of KCNQ on glutamate release.  
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CHAPTER 5. CONCLUSION AND PERSPECTIVES  

 

5.1 Conclusion 

 

Sound localization is the ability to recognize direction and estimate the distance 

of a sound source. Neurons of the auditory system are able to distinguish binaural 

signals with sub-millisecond accuracy; this characteristic enables them to identify the 

source of a sound precisely. As a result, they are specialized to fire with high frequency 

(up to hundreds of hertz), as well as transmit the signals with high fidelity. The MNTB 

is a key inverting relay in the auditory brainstem and takes part in sound localization 

by providing the downstream nucleus inhibitory signals to calculate IDT and IIT, which 

are two important cues for sound localization. Each principal neuron in MNTB receives 

a single input from the contralateral global bushy cell via a giant axosomatic terminal, 

the calyx of Held. Varieties of presynaptic and postsynaptic mechanisms have been 

found for regulating the reliable high-frequency signal transmission, including the 

expression of different types of K+ channels. Several K+ channels that have been well-

characterized in the calyx-MNTB synapse. Each specific type of K+ channel contributes 

toward preserving the temporal pattern of firing at high frequency with their unique 

properties. Given the significant roles that K+ channels have in the calyx-MNTB 

synapse, I focused on identifying and investigating the important physiological 

functions of two different types of K+ channels, postsynaptic SK channels and 
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presynaptic KCNQ channels in the calyx-MNTB synapse. Using whole-cell patch-

clamp recording, I investigated the properties of SK channels and KCNQ channels and 

illustrated how they participated in reliably transmitting the high-frequency signals in 

the calyx-MNTB synapse with their different subcellular localization. 

Although both SK channels and KCNQ channels selectively mediate K+ charger 

transfer and the openings lead to hyperpolarization of membrane potential in the calyx-

MNTB synapse, they have different activation mechanisms and properties. SK channels 

mediated both a transient spontaneous current and a tonic current in MNTB neurons. 

The activation of SK channels required cytosolic Ca2+ sources. Several types of Ca2+ 

sources in the MNTB neurons are involved in activating the SK channels. Ca2+ released 

from internal Ca2 stores form Ca2+ sparks that transiently activate the SK channels to 

generate the STOCs, while the Ca2+ influx from the VGCCs and NMDARs are capable 

of evoking the tonic SK current. SK channels have high sensitivity to the changes in 

intracellular Ca2+ concentrations. They can be activated by sub-micromolar 

concentrations of cytosolic Ca2+ and open with a time constant of 5-15 ms. In contrast, 

KCNQ channels are voltage-gated K+ channels and present in the calyx of Held. The 

activation of KCNQ channels solely depends on the change of membrane potential. 

KCNQ channels mediate a tonic current in the calyx of Held with a slow-activating 

(time constant for the fast component is 35 ms and the slow component is 308 ms) and 

non-inactivating kinetics. 

Understanding the activation mechanism and kinetics of ion channels assists us 

to better investigate their potential function in this synapse. Both SK channels and 

KCNQ channels have relative hyperpolarizing activation thresholds, which are below 

the RMP of their subcellular localization. As a result, SK channels and KCNQ channels 

participate in affecting the resting membrane potential and conductance of the MNTB 
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neuron and the calyx of Held, respectively. Additionally, both SK channels and KCNQ 

channels can be activated during action potentials which in turn regulate the firing 

activities of the calyx-MNTB synapse, though with differential physiological 

consequences. SK channels control the afterpotential and limit MNTB neuronal 

excitability by preventing the generation of aberrant APs during high-frequency firing. 

The effect of SK channels to the one-to-one signal transmission from the presynaptic 

calyces to the postsynaptic MNTB neurons is postsynaptic independent. The relatively 

slow kinetics allow SK current summation during high-frequency firing, thus 

counteracting the afterdepolarization and stabilizing the overall excitability. 

Nevertheless, the high-frequency firing in the calyx of Held induced a cumulative 

activation of KCNQ channels. As a consequence, it produced a sustained and gradually 

increase hyperpolarizing current during high-frequency firing that is critical for the 

calyx to reduce membrane excitability and maintain the AP waveform, especially in the 

later phase of high-frequency firing. The uniform waveform of AP ensures that the 

calyceal terminals repetitively trigger constant calcium current, which guarantees the 

reliable presynaptic mechanism for glutamate transmission. 

Overall, with the existence of SK channels in the postsynaptic component and 

KCNQ channels in the presynaptic component, this calyx-MNTB synapse transmits the 

high-frequency signal with increasing reliability. 

 

5.2 Future perspectives  

 

5.2.1 The physiological function of STOCs 
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STOCs, also called small miniature outward currents (SMOCs) in some 

previous studies, are widely expressed in various types of cells including smooth 

muscle cells, cardiac myocytes, and neurons (Cui, 2004; Driessen et al., 2010; Klement 

et al., 2010; Saito and Yanagawa, 2013; Satin and Adams, 1987). Over years of studies, 

the generation and regulation mechanisms of STOCs have become increasingly clear. 

The generation of STOCs is highly dependent on Ca2+-induced Ca2+ release (CICR), by 

which calcium is released from the ryanodine receptors on the ER. Basically, Ca2+ 

entering through VGCCs induces the Ca2+ release from the internal store via ryanodine 

receptors, further triggering the Ca2+-activated K+ channel to initiate STOC. However, 

in addition to the pathway I identified in MNTB neurons, other specialized mechanisms 

are also adopted for the activation of STOCs. For example, it has been shown that big 

conductance Ca2+-activated K+ (BK) channels are also involved in the generation of 

STOCs (Irie and Trussell, 2017; Mitra and Slaughter, 2002). Furthermore, in addition 

to R-type VGCC, diverse types of VGCCs such as P/Q-type,  L-type, and T-type 

VGCCs, have been reported to supply the Ca2+ for the opening of ryanodine receptors 

and to further activate STOCs (Cui, 2004; Irie and Trussell, 2017; Mitra and Slaughter, 

2002). 

The functional significance of STOCs in MNTB neurons requires additional 

investigation. Some previous studies reported that the STOCs are important in 

regulating the firing pattern. For example, in midbrain dopamine neuron, inhibiting the 

generation of SMOCs by depleting internal Ca2+ sources with amphetamine changes 

the irregular firing pattern to a regular firing pattern and increases the firing rate; 

recordings from the cartwheel cell have shown that blocking CICR with ryanodine 

switches the firing pattern from simple-firing to burst firing (Cui, 2004; Irie and 

Trussell, 2017). It is the important to identify the physiological function of STOCs in 
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MNTB neurons. Two independent lines of evidence suggest that STOCs have 

functional significance in MNTB neurons. First, in vivo recordings show that MNTB 

neurons also displays robust spontaneous firing activity and generate bursts of action 

potentials before hearing onset, although MNTB neurons in the brain slice rarely have 

spontaneously firing (Tritsch et al., 2010). Spontaneous activities are important for 

MNTB neurons to establish the precise topographic organization (Leao et al., 2006). 

Second, STOCs appear in early postnatal days, are sustained during the critical 

developmental period, and gradually decline after hearing onset. It is plausible that 

STOCs are specifically generated before hearing onset to regulate the firing pattern of 

MNTB neurons, which further ensures the precise topographic organization of the 

MNTB neurons. This hypothesis will be tested in future in vivo studies. 

 

5.2.2 Role of presynaptic KCNQ channels in the conventional synapse 

 

 The calyx of Held is the largest synapse in vertebrates. Its substantial size 

allows for direct patch-clamp recording, which solved the technical difficulty limiting 

research on the presynaptic terminal. Over decades, the calyx of Held has been well 

studied as a model system for investigating the ion channels of presynaptic terminals 

and fast glutamatergic transmission, and provides critical information regarding the 

conventional synapse. However, the calyx of Held is specialized for fulfilling the task 

of sound localization with characteristics such as phase locking, firing APs at extremely 

high frequency, and high-fidelity of signal transmission. In the calyx of Held, I found 

that KCNQ channels are required to maintain the constant AP waveform during the 

high-frequency firing, which ensures the reliable high-frequency signal transmission in 

a presynaptic mechanism. KCNQ channels are also highly expressed in conventional 
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synapses such as those in the hippocampus (Chung et al., 2006; Cooper et al., 2000b). 

Therefore, I would assume that KCNQ channels play an important role in shaping the 

AP waveform in the conventional synapses as well. It is important to notice that 

presynaptic terminal and signal transmission in conventional synapses such as in the 

hippocampus have some different properties compared with the calyceal terminal. For 

example, one type of presynaptic terminal, the mossy fiber bouton, which connects with 

the hippocampal CA3 pyramidal neurons, has activity-dependent AP broadening and 

fires at low frequency (gamma oscillations : 30–90 Hz; theta oscillations: 3–8 Hz),  

which differs from the calyx of Held (Delvendahl et al., 2013; Geiger and Jonas, 2000). 

Accordingly, blocking KCNQ channels might lead to different physiological 

consequences. Understanding the function of KCNQ channels in conventional synapses 

will not only complete our knowledge about their function at the level of the neuronal 

network, but will also provide a new insight into the structure-function relationship of 

KCNQ channels. 

 

5.2.3 Diseases related to SK channels and KCNQ channels 

 

Given that the available results from my studies on SK channels and KCNQ 

channels suggest that both channel types indeed play important functions in the reliable 

high-frequency signal transmission in this calyx-MNTB synapse, it is plausible that 

they directly affect the function of the MNTB in sound localization. The significant 

roles of the MNTB in sound localization have been demonstrated in clinical studies that 

have found that patients with a lesion in the trapezoid body have an impaired ability to 

detect the sound movement (Furst et al., 2000; Geiger and Jonas, 2000).  
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Furthermore, both the SK channels and KCNQ channels are widely distributed 

in the central nervous system. Malfunctions of these channels have been reported to be 

involved in multiple brain diseases. For example, alteration of SK activity in prefrontal 

neurons is related to cognitive deficits in Alzheimer’s disease (Proulx et al., 2015), and 

the activity of KCNQ channels contributes to hippocampus-dependent spatial memory 

(Peters et al., 2004). Fundamentally mechanistic study of SK channels and KCNQ 

channels might shed light on the development of new therapeutic treatments to cure 

these diseases. Additionally, mutations in KCNQ channels are implicated in human 

diseases, including deafness, epilepsy, and autism spectrum disorders (ASDs) (Biervert 

et al., 1998; Charlier et al., 1998; Gilling et al., 2013; Jentsch, 2000). It is important to 

note that deficits in sound localization have been found in a group of autistic patients 

(Teder-Sälejärvi et al., 2005; Visser et al., 2013). However, the internal relationship 

between the KCNQ mutation and its effect on sound localization in ASDs is not clear. 

Further investigation of KCNQ channels with mouse models might provide the 

explanation for this symptom in ASDs. 
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