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Distinct Distribution Patterns of Potassium Channel Sub-Units in Somato-Dendritic Compartments of Neurons of the Medial Superior Olive
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Coincidence detector neurons of the medial superior olive (MSO) are sensitive to interaural time differences in the range of a few tens of microseconds. The biophysical basis for this remarkable acuity is a short integration time constant of the membrane, which is achieved by large low voltage-activated potassium and hyperpolarization-activated inward cation conductances. Additional temporal precision is thought to be achieved through a sub-cellular distribution of low voltage-activated potassium channel expression biased to the soma. To evaluate the contribution of potassium channels, we investigated the presence and sub-cellular distribution profile of seven potassium channel sub-units in adult MSO neurons of gerbils. We find that low- and high voltage-activated potassium channels are present with distinct sub-cellular distributions. Overall, low voltage-activated potassium channels appear to be biased to the soma while high voltage-activated potassium channels are more evenly distributed and show a clear expression at distal dendrites. Additionally, low voltage-activated potassium channel sub-units co-localize with glycinergic inputs while HCN1 channels co-localize more with high voltage-activated potassium channels. Functionally, high voltage-activated potassium currents are already active at low voltages near the resting potential. We describe a possible role of high voltage-activated potassium channels in modulating EPSPs in a computational model and contributing to setting the integration time window of coincidental inputs. Our data shows that MSO neurons express a large set of different potassium channels with distinct functional relevance.
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INTRODUCTION

Neurons in the medial superior olive (MSO) detect interaural time differences (ITDs) in the microsecond time range by an exquisitely precise integration mechanism (Grothe et al., 2010). The temporal precision of this postsynaptic integration depends on the interaction of dendritic excitation with somatic inhibition (Couchman et al., 2012; Myoga et al., 2014) under the control of voltage-activated ion channels (Scott et al., 2005, 2010; Mathews et al., 2010; Baumann et al., 2013; Roberts et al., 2013; Myoga et al., 2014).

So far only a small number of voltage-gated ion channels have been described in MSO neurons. Pharmacological and immunohistochemical evidence have shown the presence of Kv1.1 (Scott et al., 2005; Mathews et al., 2010; Roberts et al., 2013), HCNs (Khurana et al., 2011; Baumann et al., 2013), Kv3.3 (Grigg et al., 2000; Li et al., 2001) and perisomatic Nav (Scott et al., 2010). HCN1 channels set the membrane potential, contribute to the low input resistance of MSO neurons, counteract inhibitory summation (Baumann et al., 2013), and sharpen the coincidence detection window (Khurana et al., 2012). Koch et al. (2004) show that these channels are expressed in the somatic and dendritic compartments of MSO neurons. Block of Kv3 channels broadens the large action potentials in mice (Fischl et al., 2016). As action potentials in adult gerbil MSO neurons are very small, the presence and function of high voltage-activated potassium channels is unclear. Kv1.1 channels appear to be expressed with a sub-cellular gradient, decreasing toward the distal dendrites (Mathews et al., 2010). These channels generate low voltage-activated currents, whose expression profile indicates a functional relevance in reducing the coincidence detection window (Scott et al., 2005; Mathews et al., 2010) and in interacting with local inhibition to achieve microsecond precise ITD detection (Myoga et al., 2014).

The restriction of Kv1.1 channel expression to the soma and proximal dendrite indicates that other voltage-activated potassium channels might be cooperating at distal dendrites to generate the required outward currents, counteracting the presence of hyperpolarization-activated cation channels (HCN). Furthermore, dendritic excitatory postsynaptic potentials (EPSPs) are likely to reach high voltage levels (Mathews et al., 2010) suited to gate different sets of higher voltage-activated potassium channels. Therefore, we hypothesize that additional voltage-activated potassium channels are likely to be present in neurons of the mature MSO.

Below, we describe the somato-dendritic distribution of seven potassium channel sub-units in the mature MSO. Each of these compartments expresses both low and high voltage-activated potassium channels, yet with different combinations of channel sub-units. In contrast, the counter-balancing HCN1 channel is expressed evenly throughout MSO neurons. Thus, ultra-fast coincidence detection most likely relies on the interplay between synaptic input and a variety of potassium currents expressed at distinct cellular compartments.

MATERIALS AND METHODS

All animal procedures were in accordance with the guidelines of the Regierung of Oberbayern and the Deutsches Tierschutzgesetz and were approved by the local authority’s ethics committee (55.2-1-54.2531.8-211-10).

In vitro Slice Preparation and Electrophysiology

Slices were prepared from Mongolian gerbils (Meriones unguiculatus) of either sex of postnatal day (P) 45–65. Animals were anesthetized with isoflurane and decapitated. Brains were removed in dissection solution containing (in mM) 50 sucrose, 25 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 3 MgCl2, 0.1 CaCl2, 25 glucose, 0.4 ascorbic acid, 3 myo-inositol and 2 Na-pyruvate (pH 7.4 when bubbled with 95% O2 and 5% CO2). Subsequent to brain removal, 120 μm horizontal slices were taken with a VT1200S vibratome (Leica). Slices were incubated in recording solution (same as slice solution but with 125 mM NaCl, no sucrose and 1.2 mM CaCl2 and 1 mM MgCl2 at 36°C for 15–45 min, bubbled with 5% CO2 and 95% O2).

After incubation, slices were transferred to a recording chamber attached to a microscope (BX50WI; Olympus) equipped with gradient contrast illumination and continuously perfused with recording solution. Cells were visualized and imaged with a TILL Photonics system composed of an Imago Retica DC2000 camera, a monochromator and its control unit. Whole-cell recordings were performed using an EPC10/2 amplifier (HEKA Elektronik) on visually identified MSO neurons at 34–36°C. Data were acquired at 50 kHz and low-pass filtered at 3 kHz. For voltage clamp recordings, the access resistances were compensated to a residual of 2 MΩ (access resistance ranged between 4.3 and 8.9 MΩ with the appropriate compensation ranging between 54 and 78%). Whole-cell potassium currents were pharmacologically isolated by SR95531 (SR; 10 μM), strychnine (Stry; 0.5 μM), DNQX (20 μM), DAP5 (50 μM), ZD7288 (50 μM), Cd2+ (100 μM), and TTX (1 μM). The intracellular solution was (in mM): 65 K-gluconate, 80 Na-gluconate, 4.5 KCl, 15 HEPES, 2 Mg-ATP, 2 K2-ATP, 0.3 Na2-GTP, 7.5 Na2-Phospocreatine, 5 Na-EGTA and 20–50 μM Alexa Fluor 568 (pH adjusted with NaOH to 7.3) leading to a calculated liquid junction potential of ∼14 mV and a calculated potassium reversal of -89 mV (Figure 6). For recordings in Figure 5 the external KCl concentration was raised to 5 mM leading to a calculated potassium reversal of -70.5 mV. Single somatic (Figure 6) and dual recordings from soma and dendrite were performed in current clamp with an internal solution containing in mM: 145 K-gluconate, 4.5 KCl, 15 HEPES, 2 Mg-ATP, 2 K2-ATP, 0.3 Na2-GTP, 7.5 Na2-phosphocreatine, 5 K-EGTA and 50 μm Alexa Fluor 488 or 568 (LJP ∼16 mV, pH adjusted with KOH to 7.25). For single recordings the electrode resistance was ∼4 MΩ; for somatic and dendritic recordings, electrode resistance in bath was 7–10 MΩ. Series resistance was below 20 MΩ in both somatic and dendritic recording sites used for analysis. For all electrophysiological data the liquid junction potential was corrected offline.

Immunofluorescence and Confocal Microscopy

Immunofluorescence was carried out on free floating slices taken from animals of P50 to 100. Animals were anesthetized (Narcoren, Pentobarbital-Natrium, 20 mg/kg) and perfused with phosphate-buffered saline (PBS) containing 0.1% Heparin and 155 mM NaCl for about 3 min before switching the perfusion to 4% paraformaldehyde. After 25–30 min of perfusion the brains were removed and post-fixed for 3 h or overnight. Brains were washed 3 times in PBS at room temperature for 5 min each and slices of 60 μm thickness were taken with a VT1000S vibratome (Leica, Wetzlar, Germany). The slices were washed four times in PBS at room temperature for 5 min each. Consequently, they were blocked in 1 ml blocking solution (0.3% Triton, 1% Saponin, 0.1% BSA) for 1 h. After blocking, the slices were incubated in primary antibodies (AB, Table 1) diluted in 500 μl blocking solution for 48 h at 4°C on a shaker and subsequently washed 8 times in PBS at room temperature for 5 min each. Additional information regarding the primary ABs is given below. Slices were incubated in secondary ABs (Table 2) diluted in 500 μl blocking solution at room temperature for 4 h. Then the slices were mounted in Vectashield medium (H-1000, Vector Laboratories Inc., AXXORA, Lörach, Germany) and sealed with nail polish. Confocal scans were taken with a Leica TCS SPL System (Leica, Wetzlar, Germany). MSO overview images were obtained with a 63× objective (1.32 NA) leading to a pixel size of 481.47 nm ∗ 481.47 nm. Importantly, the images shown represent maximal intensity projections of a 7 image stack with an inter-image distance of 290 nm. Therefore, the displayed dendrites correspond to a 2 μm optical section. Since the radius of MSO dendrites ranges from 1 to 2.5 μm thickness at the investigated locations (Rautenberg et al., 2009) most of the radial extent of a dendrite is collapsed into a single image. High magnification images were generated from scanned stacks with a 63× objective with a 2× zoom, leading to a voxel size of 241.03 nm ∗ 241.03 nm ∗ 293.73 nm. Images used to extract single MSO neurons off-line were acquired with a 63× objective using 1.7× zoom, leading to a voxel size of 282 nm ∗ 282 nm ∗ 293.73 nm. Scan intensity and gain were kept constant for all images regarding a given Kv sub-unit. The intensity of gray scale Kv images and images with blocking peptide are scaled equally to compare the impact of the blocking peptide. Consecutive dual or triple wavelength line scans were always averaged 5 times. Z-chromatic shift between color channels was corrected for red–green–blue (RGB) stacks in ImageJ. Montages of RGB optical sections and maximum-intensity projections were assembled into tables by using custom-written ImageJ plugins and Adobe Photoshop CS software.

TABLE 1. Primary antibodies used in this study.
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TABLE 2. Secondary antibodies used in this study.
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Antibody information: The Kv1.1 antibody used here was verified by Zhou et al. (1998) in knock-out mice. We used the same dilution as these authors. The Kv1.2 antibody is knock-out verified by the company NeuroMab. The specificity of this antibody in gerbils can be derived from its precise labeling in the hemi-nodes of MSO axons (Lehnert et al., 2014). Kv2.2 was knock-out verified by Johnston et al. (2008) and Tong et al. (2013). In these studies the presence of Kv2.2 was shown in medial nucleus of the trapezoid body (MNTB) neurons of mice. Kv3.1b and Kv3.2 were also knock-out verified by Kudo et al. (2011) and Barry et al. (2013), respectively. The antibody used to detect Kv1.6 was illustrated to selectively label cells that were also positive for Kv1.6 mRNA (Smart et al., 1997), indicating high specificity. For the antibody directed against Kv2.1 no knock-out verification has been demonstrated so far. To further test the antibody’s specificity we included an additional control with a low dilution and also tested the expression in cells that are known to be Kv2.1 positive. Despite our effort to use validated antibodies, standard staining procedures and blocking peptides, we are aware of the limitations and cannot fully rule out off-target protein detection in the Mongolian gerbil.

Data Analysis

Data were analyzed using Igor Pro (Wavemetrics), ImageJ and Excel. The intensity distribution profiles for Kvs, HCN1, glycine transporter 2 (GlyT2) and microtubule associated protein 2 (MAP2) were extracted by performing line scans (line width: 100 pixels) orthogonally to the MSO dorso-ventral axis on low magnification, maximum intensity projection images using ImageJ. Line scans were taken in the central third of the MSO dorso-ventral extent. These line scans were then fitted with a Gaussian function (IgorPro) and their half-widths were collected. Since the neurons in the MSO are mainly bipolar shaped (Rautenberg et al., 2009) and aligned into a columnar arrangement in gerbils, a Gaussian fit most adequately captures the profile of the fluorescence distribution. The average ratios of Kvs, HCN1 or GlyT2 to MAP2 half-widths were then calculated. A value close to one indicates a distribution largely biased to the somatic/perisomatic region, since MAP2 shows highest expression at the soma and proximal dendrites. Values larger than one indicate a broad, dendritic distribution profile.

For the single cell analysis, MSO neurons were manually labeled using the paintbrush tool in ImageJ to carefully follow the cell through each optical section of the confocal stack. Subsequently, the region outside the paintbrush label was deleted (digital extraction). Then a line scan (width: 9 pixels) was performed along the longitudinal axis of each of these neurons. The average intensity of the first ten pixels from the edge of the cell’s nucleus was used for normalization. Only dendrites of at least 75 μm length were taken into account. This dendritic length covers the previous immunofluorescent data in Couchman et al. (2010), and the distance of dendritic recordings (Mathews et al., 2010; Winters et al., 2017) and approximates about two thirds of the overall average length (Rautenberg et al., 2009). Results are presented as mean ± SEM.

Compartmental Modeling

We simulated a minimal multi-compartmental model where a somatic compartment of 30 μm length was sandwiched between two dendrites, each having a total length of 150 μm and consisting of 10 compartments (Figure 7B). Each compartment was cylindrical, with somatic diameter 15 μm and tapered dendrites such that the most proximal dendritic compartments had diameter 4.4 μm and the most distal 1.7 μm. The specific axial resistance connecting the compartments was taken as 200 Ωcm, and the specific membrane capacitance as C = 0.9 μF/cm2 (Gentet et al., 2000). Geometry was adjusted such that the total cell capacitance was approximately 40 pF as previously reported (Rautenberg et al., 2009).

The membrane potential of each compartment was modeled according to a Hodgkin–Huxley type equation:
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Where Iionic includes axial current between compartments (Lehnert et al., 2014) and transmembrane currents.

In addition to a leak current with 0.05 mS/cm2 conductance, all compartments were equipped with three active transmembrane currents: (1) A low-threshold potassium current (KLT) modeled according to Mathews et al. (2010). (2) An HCN current modeled according to Baumann et al. (2013) using the parameters for dorsal MSO neurons. (3) A high-threshold potassium current (KHT) modeled based on parameters measured in this study (Figure 6). This modeled current is supposed to comprise all molecular sub-types of high voltage-activated potassium channels that we have detected by immunofluorescence.

KHT was modeled as
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where the gating variable X, followed the equation
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with
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(voltage in mV). The square of the activation function was fitted to the measured peak activation function (filled circles in Figure 6B), thereby accounting for the exponent 2 in the conductance term. As time constants, we used τx = 0.8 ms or 1.5 ms as specified in the results section.

Three variants of the model were tested, with peak channel conductance as outlined in Table 3.

TABLE 3. Peak conductances, in mS/cm2, for each variant of the model.
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The peak channel conductance of KLT was implemented as distance dependent according to
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while the conductance was equal in all compartments for HCN and KHT.

The conductance amplitudes were chosen to fit the physiological resting potential and the input resistance recorded at the soma. The reversal potential of potassium was taken as -90 mV, of the HCN current as -35 mV, and of the leak current as -70 mV.

RESULTS

The expression profiles of seven voltage-activated potassium channel sub-units were investigated in neurons of the MSO in adult Mongolian gerbils. The classification of sub-units that contribute to the different types of potassium currents was based on Gutman et al. (2005). To quantify the sub-units’ sub-cellular distribution, sections were co-stained with the cellular marker MAP2. The MAP2 staining was used to delineate the somato-dendritic extent of MSO neurons and to evaluate distribution patterns.

Low Voltage-Activated Potassium Channels

All three low voltage-activated potassium channel sub-units tested were present in MSO neurons (Figure 1). Kv1.1 expression appeared biased to the somatic region of MSO neurons and restricted to the postsynaptic membrane surface (Figure 1A). The quality and specificity of the Kv1.1 staining was verified by the application of the specific control blocking peptide (Figure 1A). In a first gross analysis the expression patterns of MAP2 and Kv1.1 were compared. Toward this aim, line scans orthogonal to the dorso-ventral axis of the MSO were performed on co-stained images. The spatial intensity distribution (arbitrary units, a.u.) of the Kv1.1 and MAP2 line scans was fitted with a Gaussian function to obtain the distribution half-width (Figure 1A). From these half-widths the Kv-to-MAP2 ratio was calculated. The average Kv1.1 to MAP2 ratio was 0.92 ± 0.07 (n = 14, Figure 1D). A ratio of one indicated that expression profiles of MAP2 and Kv1.1 were similar. Since MAP2 expression was biased to the soma and proximal dendrites of neurons, this therefore indicated that Kv1.1 expression was more prominent at the soma, confirming previous electrophysiological evidence (Mathews et al., 2010).
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FIGURE 1. Low voltage-activated potassium channels in medial superior olive (MSO) neurons. (A) Immunofluorescent staining of Kv1.1, MAP2 (co-staining left, magnified Kv1.1 image middle) and Kv1.1 blocking peptide (+P, right). Intensity scaling of the gray scaled images is identical, to indicate the effect of the blocking peptide. Line scan intensity profiles are shown as arbitrary units (a.u.) on the right. The line scan was taken from the left image at the position of the gray dotted line. Colors match the color code in the left image. The black line indicates a Gaussian fit on the intensity distributions. Scale bars: left 50 μm, middle 10 μm, right 50 μm. (B) Same as in (A) but for Kv1.2 sub-unit staining. (C) Same as in (A) but for Kv1.6 sub-unit staining. (D) Quantification of the intensity distributions shown in (A–C). The half width of the Gaussian fit was used to calculate the potassium channel to MAP2 ratio for Kv1.1 (n = 14), Kv1.2 (n = 5), and Kv1.6 (n = 8). Black symbols represent single images, red symbols represent average values. The gray dotted line indicates distribution profile equivalent to that of MAP2. Large values indicate a broader, more dendritic distribution profile. (E) Single, digitally extracted MSO neuron stained for Kv1.1. The position of the line scan is given by the red dotted line. (F) Intensity profile of the line scan shown in (E). Gray area indicates the region of the cell’s nucleus. (G) Normalized intensity distribution of Kv1.1 (n = 19) in single MSO neurons. The edge of the nucleus was defined as zero position. Gray area indicates the region of the soma. Dotted horizontal line indicates the half decay of the normalized intensity. Dotted vertical line indicates the position the intensity reached half of its initial value. (H) Same as in (G) but for Kv1.2 (n = 7) sub-unit staining. (I) Same as in (G) but for Kv1.6 (n = 10) sub-unit staining.



Kv1.2 staining was more broadly distributed (Figure 1B) compared to Kv1.1. The higher magnification image indicates somatic and dendritic expression in the postsynaptic membrane domain, and also a possible contribution of presynaptic elements (Figure 1B). The blocking peptide strongly suppressed the Kv1.2 antibody staining, although a weak background of unspecific staining remained (Figure 1B). Irrespective of a possible presynaptic bias, line scans were performed from the co-stained image and their intensity distributions fit with a Gaussian (Figure 1B). Calculating the Kv1.2 to MAP2 ratio yielded an average value of 1.37 ± 0.12 (n = 5, Figure 1D). This indicated that Kv1.2 showed relatively higher dendritic expression with respect to the soma when compared to Kv1.1 sub-units.

Kv1.6 is another DTX-sensitive, low voltage-activated potassium channel (Gutman et al., 2005). Kv1.6 staining was more prominent at the soma but also indicated some expression at the dendrite (Figure 1C). The specificity of this staining pattern was supported by the nearly complete loss of fluorescence induced by the blocking peptide (Figure 1C). The somatically biased staining was quantitatively verified by the line scan analysis (Figures 1C,D) yielding an average ratio of 1.01 ± 0.03 (n = 8; Figure 1D). Therefore, Kv1.6 and Kv1.1 appeared locally co-expressed toward the soma, while Kv1.2 covered a larger part of the dendritic extent.

So far, our line scan analysis was based on images of the entire MSO and took all cellular components within this nucleus into account. To restrict the expression analysis to the postsynaptic somato-dendritic compartment, single MSO neurons were digitally extracted from the image stacks [(Couchman et al., 2010); Figure 1E]. This allowed a line scan analysis exclusively of the somato-dendritic compartment (Figures 1E,F), from which the region of the nucleus of an MSO neuron could be determined (Figure 1F). The borders of the nucleus were then used to align the spatial extent of line-scans from different dendrites. By this alignment the somatic region covered only about 8 μm (Figures 1G–I). The normalized Kv1.1 (dendrites: n = 19, Figure 1G) and Kv1.6 (n = 10, Figure 1I) fluorescence decayed rapidly from the soma to 50% at a dendritic distance of 35 and 24 μm, respectively. Kv1.2 (n = 7, Figure 1H) expression, however, remained above 50% of the somatic intensity for the entire dendritic distance measured here. Thus, different low voltage-activated potassium channels were expressed with distinct spatial profiles in MSO neurons, and were present in both the soma and the dendrite.

Distribution of Kv1.1 With HCN1 and GlyT2

Low voltage-activated currents have been proposed to interact with Ih currents (Khurana et al., 2011) mediated by HCN1 and HCN2 sub-units (Koch et al., 2004; Khurana et al., 2012; Baumann et al., 2013). To detect overlapping distribution profiles where these channels can directly interact for compartmentalized voltage signaling, we stained cells for Kv1.1, HCN1 and MAP2 (Figure 2B). The HCN1 sub-unit was broadly distributed (Figure 2A). The line scan analysis of these triple labeled samples (Figure 2A) leads to an average HCN1 to MAP2 ratio of 2.13 ± 0.44 and Kv1.1 to MAP2 ratio of 0.86 ± 0.05 (n = 8, Figure 2C). Moreover, low voltage-activated potassium currents have been suggested to interact with the voltage signaling of glycinergic inhibition (Myoga et al., 2014). Therefore, we also co-stained for GlyT2 and MAP2 proteins (Figure 2B). For GlyT2 and MAP2 the gross line scan analysis revealed a ratio of 0.82 ± 0.05 (n = 11, Figure 2C). Therefore, as demonstrated before (Clark, 1969; Kapfer et al., 2002; Couchman et al., 2010, 2012), inhibitory inputs are constrained to the soma and proximal dendrite (Figure 2A), and thus they localize exquisitely well with Kv1.1, indicative of a functional interaction between glycinergic inhibition and Kv1.1 activation (Myoga et al., 2014), whereas HCN channels were evenly distributed and only partially overlapped with Kv1.1. The dichotomy between Kv1.1 and HCN1 distribution was verified by single cell analysis (Figures 2D,E). On average, the normalized Kv1.1 fluorescence reached half maximum at 31.1 μm distance from the nucleus, whereas HCN1 fluorescence remained stable over the entire dendritic extent (n = 12). Thus, the differential distribution of HCN1 and Kv1.1 indicates that their proposed interplay (Khurana et al., 2011) is limited to the somatic region and that at distal dendrites HCN1 contributes to voltage signaling decoupled form Kv1.1.
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FIGURE 2. Matching distributions of Kv1.1 and GlyT2 but not HCN1. Panel (A) shows HCN1, KV1.1, and MAP2 co-staining (left). The lines scan intensity profiles are shown as arbitrary units (a.u.) on the right. The line scan was taken from the left image at the position of the gray dotted line. Colors match the color code of the left image. The black line indicates a Gaussian fit on the intensity distributions. Scale bar equals 50 μm. Panel (B) shows GlyT2 and MAP2 co-staining. (C) Quantification of the intensity distributions shown in (A,B). The half width of the Gaussian fit was used to calculate the GlyT2 (n = 11), HCN1/KV1.1 (n = 8) to MAP2 ratio. Black symbols represent single images, red symbols represent average values. The gray dotted line indicates a distribution profile equivalent to that of MAP2. Larger values indicate a broader, more dendritic distribution profile. (D) Single, digitally extracted, MSO neuron co-stained for HCN1 and Kv1.1. The position of the line scan is given by the red dotted line. (E) Normalized intensity distribution of HCN1 and the co-stained Kv1.1 (n = 12) in single MSO neurons. The edge of the nucleus was defined as zero position. Gray area indicates the region of the soma. Gray dotted line indicates the half decay of the normalized intensity. Colored dotted line indicates the position the intensity reached half of its initial value.



High Voltage-Activated Potassium Channels

Kv2.x and Kv3.x activate at higher voltage levels compared to Kv1.x channels (Gutman et al., 2005; Johnston et al., 2008). In MSO neurons, dendritic depolarizations might reach such voltage levels (Mathews et al., 2010) and therefore, potentially activate high voltage-activated potassium channels. We therefore stained for four high voltage-activated potassium channel sub-units to determine whether they could potentially contribute to voltage signaling in MSO neurons.

Both Kv2.1 and Kv2.2 could be detected all along the MSO neurons from the soma to the distal dendrite (Figures 3A,B). This expression pattern was apparent in the overview and the high magnification images. For both antibodies the blocking peptide prevented all staining (Figures 3A,B), indicating high specificity. The line scan analysis for the presented overview images indicated a broader intensity profile compared to the MAP2 staining (Figures 3A,B). The average Kv2.1 and Kv2.2 to MAP2 ratio was 1.46 ± 0.15 (n = 6) and 1.48 ± 0.20 (n = 7), respectively (Figure 4C). Since Kv2.x expression is rather unusual in auditory brainstem neurons and found to be restricted to medial (MNTB) and ventral nucleus of the trapezoid body (VNTB) neurons in mouse (Johnston et al., 2008; Tong et al., 2013) we used additional Kv2.1 staining to confirm antibody specificity. First, the same staining pattern was observed for a fivefold lower antibody concentration (Figure 3C). Second, the antibody detected Kv2.1 in moto-neurons, cortical neurons (Figures 3D,E) and the cerebellum, all of which are known to express these channel types (Escoubas et al., 2002; Guan et al., 2007; Zhuang et al., 2012; Bishop et al., 2015, 2018). Particularly for cortical pyramidal neurons, the patched staining obtained here in gerbils (Figure 3E) matches the staining pattern in mice (Bishop et al., 2015, 2018). Thus, we conclude that the high voltage-activated potassium channels Kv2.1 and 2.2 are distributed rather uniformly in MSO neurons.
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FIGURE 3. Medial superior olive neurons express Kv2.1 and Kv2.2. (A) Immunofluorescent staining of Kv2.1, MAP2 (co-staining left, magnified Kv2.1 image middle) and Kv2.1 blocking peptide (+P, right). Intensity scaling of the gray scaled images is identical, to indicate the effect of the blocking peptide. Line scan intensity profiles are shown as arbitrary units (a.u.) on the right. The line scan was taken from the left image at the position of the gray dotted line. Colors match the color code in the left image. The black line indicates a Gaussian fit on the intensity distributions. Scale bars: left 50 μm, middle 10 μm, right 50 μm. (B) Same as in (A) but for Kv2.2 sub-unit staining. (C) Control staining of higher Kv2.1 antibody dilution of the superior olivary complex (left) and in the MSO (right). Scale bars equal 200 μm (left) and 10 μm (right). (D,E) Control images of brain regions of well documented Kv2.1 expression. (D) Moto-neurons in the brainstem of the facial nerve. Standard antibody dilution of 1:200 was used. (E) Pyramidal neurons in cortex. Scale bars equal 100 μm.



Positive immunostainings were also obtained for the high voltage-activated potassium channel sub-units Kv3.1b and Kv3.2 (Figure 4). This contrasts earlier reports (Li et al., 2001) that have detected Kv3.3 but not Kv3.1b expression in neurons of the rat MSO. Kv3.1b sub-units were detected in overview and magnified images in the soma and dendrites in addition to strong nuclear labeling (Figure 4A). All labeling appeared specific as indicated by the fluorescence loss by the addition of the blocking peptide (Figure 4A). Despite the strong nuclear labeling, the line scan analysis indicated a broad distribution of Kv3.1b throughout the MSO (Figure 4A). The average line scans led to a Kv3.1b to MAP2 ratio of 1.25 ± 0.13 (n = 7, Figure 4C). This Kv3.1b expression profile contrasted with the expression of Kv3.2, which appeared more localized to the soma (Figure 4B). In the higher magnification images weaker dendritic staining was also apparent (Figure 4B). The gross quantification by the line scans of the overview images (Figure 4B) yields a Kv3.2 to MAP ratio of 0.71 ± 0.06 (n = 8, Figure 4C). Thus, our data showed that high voltage-gated potassium channels were present in MSO neurons with distinct expression patterns (Figure 4C).
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FIGURE 4. High voltage-activated potassium channels in MSO neurons. (A) Immunofluorescent staining of Kv3.1b, MAP2 (co-staining left, magnified Kv3.1b image middle) and Kv3.1b blocking peptide (+P, right). Intensity scaling of the gray scaled images is identical, to indicate the effect of the blocking peptide. Line scan intensity profiles are shown as arbitrary units (a.u.) on the right. The line scan was taken from the left image at the position of the gray dotted line. Colors match the color code in the left image. The black line indicates a Gaussian fit on the intensity distributions. Scale bars: left 50 μm, middle 10 μm, right 50 μm. (B) Same as in (A) but for Kv3.2 sub-unit staining. (C) Quantification of the intensity distributions shown in (A,B) and for Kv2.1 and Kv2.2 staining shown in Figure 2. The half width of the Gaussian fit was used to calculate the potassium channel to MAP2 profile for Kv3.1b (n = 7), Kv3.2 (n = 8), Kv2.1 (n = 6), and Kv2.2 (n = 7). Black symbols represent single images, red symbols represent average values. The gray dotted line indicates a distribution profile equivalent to that of MAP2. Larger values indicate a broader, more dendritic distribution profile. (D) Single, digitally extracted MSO neuron stained for Kv3.1b. The position of the line scan is given by the red dotted line. (E) Intensity profile of the line scan shown in (D). Gray area indicates the region of the cell’s nucleus. (F) Normalized intensity distribution of Kv2.1 (n = 13) in single MSO neurons. The edge of the nucleus was defined as zero position. Gray area indicates the region of the soma. Dotted horizontal line indicates the half decay of the normalized intensity. (G) Same as in (F) but for Kv3.1b (n = 6) sub-unit staining. Dotted vertical line indicates the position the intensity reached half of its initial value. (H) Same as in (F) but for Kv3.2 (n = 9) sub-unit staining. Dotted vertical line indicates the position the intensity reached half of its initial value.



Line scan analysis of digitally extracted single cells was carried out for the high voltage-gated sub-units Kv2.1, Kv3.1b, and Kv3.2 (Figures 4D,E). The images and the line scans were again used to detect the edges of the nucleus (Figure 4E). The normalized and spatially aligned fluorescence values corroborated the somatic and dendritic expression patterns of Kv2.1 and Kv3.1b (Figures 4F,G). In contrast, Kv3.2 expression dropped below 50% of somatic expression at a distance of only 25 μm from the nucleus rim (Figure 4H).

Pharmacological Verification of Expression of Multiple Potassium Channels

Diverse potassium channels could be pharmacologically identified during voltage clamp recordings. We used subsequent application of low concentrations of tetraethylammonium (TEA 1 mM) and 4-aminopyridine (4-AP 2 mM, Figure 5) on a background of dendrotoxin (DTX) to directly demonstrate the presence of Kv3 and Kv4 type potassium channels, leaving Kv2 channels as a predominant remaining current (Gutman et al., 2005; Johnston et al., 2010). As the presence of a large low voltage-activated potassium current has been demonstrated before using DTX (Scott et al., 2005; Mathews et al., 2010; Roberts et al., 2013), we conducted this pharmacological assay on a background of 100 nM α-DTX, which blocks Kv1.1, Kv1.2, and Kv1.6.
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FIGURE 5. Pharmacological verification of different classes of voltage-activated potassium channels. (A) MSO whole-cell currents in the presence of 100 nM α-DTX (left), after the addition of 1 mM TEA (middle) and 2 mM 4-AP (right). Inset (right) shows the magnified remaining potassium current in the presence of α-DTX, TEA, and 4-AP. (B) The potassium peak (left) and steady state (right) current as a function of step potential. Colors represent the different pharmacological conditions: black: α-DTX; blue: α-DTX + TEA; red: α-DTX + TEA + 4-AP. The steady state current was determined at the end of the step potential. (C) Fraction of inactivation (peak – steady state/peak) for the potassium currents under the pharmacological conditions described in (B). (D) Weighted decay time course of inactivation of the currents recorded under α-DTX (black) or α-DTX + TEA (blue). (E) The peak (square symbols) and steady state (round symbols) current of the TEA (black symbols) and 4-AP (open symbols) sensitive currents gained after subtraction. (F) The fractional inactivation of the TEA and 4-AP sensitive current. Symbols as in (D).



Despite the presence of α-DTX, MSO neurons (n = 6) generated a large inactivating outward current (Figure 5A). This current shows peak and steady state values of about 6.17 ± 0.77 nA and 2.57 ± 0.38 nA, respectively, at 1 mV holding potential (Figure 5B). The resulting current shows a large fraction of inactivation (Figure 5C). Additional bath application of 1 mM TEA reduced the overall peak and steady state MSO potassium current (Figure 5B), leaving a remaining inactivating potassium current (Figures 5B,C). To corroborate that under the α-DTX and α-DTX/TEA conditions different currents types remain, we analyzed their inactivating time course. The weighted decay time constant was faster after the addition of TEA (Figure 5D). The subtraction of the TEA sensitive current itself is consistent with the presence of a Kv3.x driven potassium current (Gutman et al., 2005). In agreement with the presence of Kv3.x channels in auditory brainstem (Wang et al., 1998; Li et al., 2001; Chang et al., 2007; Kulesza, 2014) this TEA sensitive current had average peak and steady state values of 3.76 ± 0.48 nA and 1.42 ± 0.29 nA at a holding potential of 1 mV, respectively (Figure 5E). Thus, this TEA sensitive current showed a substantial fractional inactivation (Figure 5E). The subsequent application of 4-AP reduced the potassium current further, indicating the presence of inactivating A-type potassium current based on Kv1.4 and/or Kv4.x channels (Gutman et al., 2005; Johnston et al., 2010). The 4-AP sensitive current had an average peak amplitude of 1.47 ± 0.36 nA and a steady state amplitude of 0.28 ± 0.11 nA at a holding potential of 1 mV, and inactivated by about 50% (Figure 5E). The final remaining potassium current had an average peak amplitude of 0.93 ± 0.11 nA and a steady state amplitude of 0.86 ± 0.1 nA for a holding potential of 1 mV (Figure 5B), and hence showed little inactivation (Figure 5C). Therefore its inactivation time course was not analyzed. The pharmacological profile and the low fractional inactivation suggested that the remaining potassium current was driven by Kv2.x channels (Gutman et al., 2005; Johnston et al., 2010). Taken together, we pharmacologically verified the presence of the low and high voltage-activated potassium currents, which we have identified with immunofluorescence. In addition, our pharmacological analysis suggests the presence of further A-type potassium channel sub-units that underlie 4-AP sensitivity.

So far our data show that mature MSO neurons express many low and high voltage-activated and possibly A-type potassium channel sub-units. On the sub-cellular level each sub-unit showed expression along the full length of the cell, albeit with a somatic or dendritic bias. Each potassium current type is therefore likely to be present at each cellular compartment, yet with low voltage-activated potassium currents localized more somatically and high voltage-activated potassium currents located more dendritically. Next, we aimed to obtain functional insights into the presence of high voltage-activated potassium currents.

In order to obtain functional insights from a computational model we first quantified the biophysical characteristics of the overall whole-cell high voltage-activated potassium current. Toward this aim we recorded potassium currents in the presence of DTX and pre-depolarized (to 0 mV for 1 s) the cells to inactivate possible A-type currents before using step commands between -84 and 36 mV to activate high voltage-activated potassium currents (Figure 6). The voltage dependent activation of the peak and steady state conductance indicates that high voltage-activated potassium currents are already activated at low voltages in adult MSO neurons (n = 6). Fitting the voltage dependent activation indicates rather shallow voltage dependence, which is in accord with the presence of several channel sub-types with distinct but overlapping kinetics. The activation time of this lumped whole-cell high voltage-activated potassium current was determined by exponential fits to the rising phase of the current following the artifact. Step potentials to above -10 mV yielded fits appropriate for further analysis. The average activation time constant was voltage dependent and was below 1.5 ms above 0 mV (Figure 6C). To determine the deactivation time constant a depolarization for 7 ms to 36 mV was followed by a step command between 6 and -114 mV (Figure 6D). The resulting tail current was best fit by a double exponential function, of which the fast time constant was attributed to the high voltage-activated potassium channel’s deactivation. This analysis showed that voltage dependent deactivation ranged from 3.14 ± 0.348 ms to 0.56 ± 0.003 ms (Figure 6E). This time course is in the range with fits obtained from the tail currents to the holding command potential of -74 mV (0.532 ± 0.47 ms) of the stimulation paradigm shown in Figure 6A. Thus, our data indicate a broad voltage activation range of fairly rapidly activating high voltage-activated potassium currents with low activation thresholds that allow some of these channels to be open at the resting potential of adult MSO neurons. The broad voltage dependent activation range is likely due to the overlap of several different high voltage-activated potassium channel sub-types, consistent with our immunofluorescence.
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FIGURE 6. Voltage dependent kinetics of high voltage-activated potassium currents. (A) Potassium currents evoked by step potentials between 36 and –84 mV after a 1 s long pre-depolarization to 0 mV to pre-inactivate possible remaining low voltage-activated and A-type potassium currents. Currents recorded in the presence of 100 nM DTX. Gray inset magnifies the onset of the current. Circle and triangle highlight regions of the onset and steady state current used for further analysis shown in (B). (B) Voltage dependent activation of potassium currents as shown in (A). Circle and triangle correspond to the onset and steady state current, respectively. (C) Activation time constants derived from exponential fits to the onset of the potassium currents as shown in (A). (D) High voltage-activated potassium tail currents recorded in the presence of 100 nM DTX. A 7 ms long depolarization to 36 mV was followed with step potentials between 6 and –114 mV. (E) Deactivation time was derived from the rapid component of a bi-exponential fit to the deactivation currents as shown in (D). (F) Membrane deflections in response to a 5 and 10 pA current injection. Black trace depicts control recorded in the presence of DTX (100 nM), ZD7288 (50 μM), and TTX (1 μM). Gray trace shows the response following under the addition of TEA (1 mM). (G) Membrane resistance after additional application of TEA (1 mM) and TEA plus 4-AP (2 mM) derived from experiments illustrated in (F). Asterisk indicates significance (paired T-Test, p < 0.05).



To verify the low voltage activation of the non-DTX sensitive high voltage-activated potassium channel, we determined its impact on the membrane resistance close to resting potentials. A step current between 5 and 50 pA was applied 30 times and the average voltage deflection (Figure 6F) was used to determine the membrane resistance from the steady state level according to Ohm’s law. Cells were kept at similar potentials before (-55.8 ± 1.68 mV) and after (-57.0 ± 1.04 mV) the application of high voltage-activated potassium blockers by current injections. After DTX, TTX, and ZD7288 were present for ∼10 min in the bath TEA (1 mM) or TEA plus 4-AP (2 mM) were additionally applied. The input resistance significantly increased for both conditions from an average of 74.6 ± 20.1 to 126.5 ± 19.8 (n = 5; p = 0.04; Figure 6G) and from 62.0 ± 25.4 to 83.8 ± 31.4 MΩ (n = 5; p = 0.013; Figure 6G) for TEA alone and TEA plus 4-AP, respectively. Thus, high voltage-activated potassium channels contribute significantly to the resting input resistance of adult MSO neurons.

Modeling the Impact of High Voltage-Activated Potassium Currents on Postsynaptic Integration

To investigate a possible role for high voltage-activated potassium channels, we constructed a conductance-based compartmental model based on dual somatic and dendritic patch clamp recordings (Figures 7A,B). We constrained the model with the measured cellular parameters somatic input resistance (6 MΩ) and resting membrane potential (-68 mV). Both parameters were consistent between the recordings and the model (Figures 7C,D). The modeled morphology represents a simplified version of the adult MSO dendrite (Rautenberg et al., 2009) and consisted of a single somatic compartment and two tapering dendrites (see section “Materials and Methods”). In the following, three versions of the model were tested, one with only low voltage-activated potassium channels (“KLT”), one with only the DTX insensitive potassium currents we measured (“KHT”), and one with a mix of both (“KLT + KHT”). For the mixed model, we reduced the maximum conductance of each potassium current to maintain the passive membrane properties. Both conductances were reduced by an equal percentage from the values in their respective single potassium current models. This necessitated an adjustment of the HCN peak conductance as indicated in the section “Materials and Methods.” Although both potassium conductances activate at resting potential their main distinction is the steeper activation curve of the KLT. We repeated all simulations with two different time constants for the KHT gating variable (see section “Materials and Methods”). We found no qualitative difference between the simulations using either time constant. All results reported in this section are from simulations using the faster time constant of 0.8 ms for activation and deactivation.
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FIGURE 7. Compartmental model of an MSO neuron incorporating KHT. (A) Dual patch clamp in MSO. Traces show response to a triangular current pulse injected at the somatic electrode. Scale bar = 50 μm. (B) Schematic of compartmental model, showing spatial distribution of active conductances. Below: membrane potential of each model variant in response to the same triangular current pulse used for dual recordings, injected into a single distal dendritic compartment. Blue = KLT, red = KHT, and yellow = KLT + KHT. Solid line = dendritic compartment, dotted line = somatic compartment. (C) Input resistance divided by the somatic value with respect to distance from soma. (D) Resting membrane potential less the somatic value with respect to distance from soma. (E) Peak membrane voltage change in the model in response to the triangular current pulse used in recordings. Current amplitude set to produce a somatic voltage change of approximately 9 mV. (F) Attenuation of EPSP amplitude with respect to distance of stimulation site from soma.



The passive properties varied along the dendrite to a different extent between models. The KLT model showed a greater increase in input resistance compared to the KHT model, with the mixed model intermediate between the two. Nevertheless, as these differences were greatest in the distal dendrite, all models appear consistent with measured values (Figure 7C). Resting membrane potential varied only minimally along the dendrite, consistent with the recorded values, which showed no trend (linear regression, p = 0.38; Figure 7D).

We compared the attenuation of membrane potential deflections between recordings and each version of the model. For both patch clamp recordings and model simulations we used a triangular current pulse injected through the dendritic electrode (Figures 7A,B). The peak current magnitude used for simulations was adjusted to give an approximately 9 mV voltage change at the soma. The change in dendritic membrane potential required to produce a 9 mV somatic deflection increased with greater distance from the soma, but did not differ noticeably between model variants (Figure 7E). Attenuation therefore did not differ between model variants (Figure 7F). Attenuation was somewhat less than the recorded values from patch clamp experiments, most likely due to the absence of dendritic branching in our model, which artificially increases dendritic diameter for a fixed cell surface area.

We next looked at EPSP kinetics and observed a difference in peak timing between variants of the model when we simulated single EPSGs [peak conductance = 37 nS; (Couchman et al., 2010)] at a single distal dendritic compartment (Figure 8A). We found that peak time was latest in the KHT only model and earliest in the KLT only model over a range of synaptic conductances (Figure 8B). The mixed model peak times at the soma were consistently just under 60 μs later than the KLT model over the range of synaptic conductance. Somatic EPSP amplitudes were highest for the KHT only model, which were up to 4 mV larger than in the KLT only model, although the differences were smaller for smaller synaptic strengths (Figure 8C). Amplitudes in the mixed model were generally intermediate between the other two variants.
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FIGURE 8. Model response to simulated synaptic stimulus. (A) Example model responses to EPSG of 37 nS at a single dendritic site. Traces from stimulated dendritic (solid lines) and somatic (dotted lines) compartments as indicated by pipette icons. Blue = KLT, red = KHT, and yellow = KLT + KHT. (B) EPSP peak times relative to EPSG onset for a single, distal dendritic input. (C) Amplitude of EPSPs with respect to peak synaptic conductance for a single, distal dendritic input. Legend same as (B). (D) Same as (A), but with synaptic input spread evenly across all compartments of one dendrite. (E) EPSP peak times relative to EPSG onset for synaptic input distributed across the full dendrite. (F) Amplitude of EPSPs with respect to peak synaptic conductance for distributed synaptic input. Legend same as (E).



We repeated these simulations with the synaptic conductance distributed among all compartments along the dendrite (Figure 8D). Total synaptic conductance was the same as for stimulation at a single synaptic site. With this synaptic configuration, both peak timing and amplitude showed the same qualitative trend between each model variant (Figures 8E,F). Differences in somatic peak times were somewhat closer between variants with this synaptic configuration, with 40–50 μs between the KLT only and mixed models for most synaptic strengths. In summary, KHT channels seem to trade latency for amplitude, where latency and amplitude are reduced the less KHT is in the model, due to the consequently larger amount of KLT.

We also simulated trains of synaptic input, with the synaptic conductance distributed throughout the dendrite (Figure 9A). We first simulated a train of EPSGs (peak total conductance = 37 nS) on one dendrite and looked at how the peak membrane potential varied throughout the train (Figure 9B). For a lower input frequency (400 Hz) each model variant showed minimal change in EPSP amplitude throughout the train. For higher frequencies, models containing KLT responded with an initial larger EPSP followed by a reduction in amplitude for the remaining EPSPs, by up to about 40% for the KLT only model at 1000 Hz. The mixed model followed this trend, with somewhat smaller amplitude reductions, while the KHT only model did not.
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FIGURE 9. Temporal integration in model. (A) Example traces showing the somatic response to a train of twenty EPSPs at 700 Hz, with synaptic conductance distributed across one dendrite. Blue = KLT, red = KHT, and yellow = KLT + KHT. (B) EPSP amplitude divided by the amplitude of the first EPSP for each EPSP in the train at three different frequencies. (C) Simulations of 100 ms trains of EPSGs distributed along the length of each dendrite. Somatic voltage response shown. EPSP frequency = 400 Hz, time difference of EPSG onset between dendrites = 0.4 ms. (D) Peak membrane potential depolarization with respect to the difference in input timing between dendrites (ΔT). Measured at the end of the EPSP train. Peak membrane potential depolarizations (ΔVm) for each model version were normalized to the range 0–1 according to the following equation: Normalized ΔVm = [ΔVm – min(ΔVm)]/[max(ΔVm) – min(ΔVm)].



Finally, we simulated bilateral synaptic inputs (400 Hz, 100 ms, peak total conductance per dendrite = 37 nS) and varied the relative timing of inputs between each dendrite (example in Figure 9C). We measured the peak membrane potential depolarization from rest at the end of the EPSG train and plotted the normalized response relative to the peak at zero time difference (Figure 9D). The half-width of the response function was smallest for the KLT only model (0.43 ms) and largest for the KHT only model (0.61 ms), with the mixed model again falling in between the other variants (0.51 ms). These results corroborate our previous conclusion that the benefit of KHT channels is mostly reflected by the increase in the response amplitude (Figure 9C), but reduces the temporal resolution of the coincidence curve.

DISCUSSION

Here we show the diversity of spatial distribution profiles of potassium channels expressed in MSO neurons of mature gerbils. MSO neurons express low and high voltage-activated potassium channel sub-units in distinct spatial patterns. Sub-units for each of these current types are present in each dendro-somatic compartment of the MSO neuron, yet in different combinations and weights. Low voltage-activated potassium channels are more biased toward the soma, whereas high voltage-activated potassium channels also exhibit strong dendritic contributions. The presence of these types of channels and their contribution to the resting input resistance was verified pharmacologically. Computational modeling based on current kinetics indicated that high voltage-activated ion channels can modulate EPSP timing and amplitude, thereby directly affecting the binaural coincidence detector mechanism.

Low Voltage-Activated Potassium Channels

We show that, in addition to Kv1.1, the low voltage-activated potassium channel sub-units Kv1.2 and 1.6 are expressed in neurons of the mature MSO, similar to neurons of the medial nucleus of the trapezoid body (Dodson et al., 2002; Brew et al., 2003). These sub-units show different expression profiles along the dendro-somatic axis. Kv1.1 and 1.6 are predominantly localized to the soma and proximal dendrites. Conversely, Kv1.2 localization was also present at the dendrite. Overall, low voltage-activated potassium channels appeared localized more to the soma and proximal dendrite. This expression profile agrees with pharmacological data (Mathews et al., 2010). Since Kv1.x sub-units can form heteromultimers (Sheng et al., 1993), our data indicate that the low voltage-activated potassium current is most likely a heteromultimer based on at least Kv1.1, Kv1.2 and Kv1.6 sub-units, as in the medial nucleus of the trapezoid body (Dodson et al., 2002; Brew et al., 2003) and octopus cells (Cao and Oertel, 2017).

Functionally, as indicated by the application of DTX, the low voltage-activated potassium channel mediated currents decrease the input resistance, the membrane time constant, and the EPSP half width, and shorten action potential and IPSP duration in MSO neurons (Scott et al., 2005; Mathews et al., 2010; Baumann et al., 2013; Myoga et al., 2014). Besides the somatic bias, some low voltage-activated potassium channels were also located distal to the soma. Therefore, low voltage-activated potassium currents might possess additional functions at more distal dendrites where they could directly interact with distal rapid AMPA-receptor mediated synaptic excitation (Couchman et al., 2010). Moreover, our present data support the functional role of low voltage-activated potassium channels, especially Kv1.1 and Kv1.6, in reducing the time course of IPSPs (Baumann et al., 2013; Myoga et al., 2014). This support is based on the matching expression profiles of these channel sub-units with GlyT2, a marker for inhibitory synapses, suggesting local interactions during voltage signaling.

High Voltage-Activated Potassium Channels

We demonstrate here, pharmacologically and by immunofluorescence, the expression of high voltage-activated potassium channels in mature MSO neurons. The presence of Kv2.x and Kv3.x is consistent with a TEA sensitive current and the remaining DTX, TEA and 4-AP insensitive current (Johnston et al., 2010). Such a current has also been recently documented in MSO neurons of juvenile mice (Fischl et al., 2016). In mice this current supports the repolarization of a large action potential not present in gerbil MSO neurons. Kv2.x expression is less well documented in the auditory brainstem and was only recently found to be particularly strong in the medial and ventral nucleus of the trapezoid body (Johnston et al., 2008; Tong et al., 2013). While labeling was predominant in the axonal initial segments of MNTB neurons it was found somatically in the VNTB. Here we now present dendritic labeling of Kv2.x in the MSO of adult gerbils. Our Kv3.1b stainings indicate a species difference to rats, where expression of Kv3.1 RNA was not found in the MSO (Li et al., 2001). On the other hand, our pharmacological data indicating the presence of KV3.x in adult MSO neurons of gerbils matches the reported presence of Kv3 in juvenile MSO neurons of mice (Fischl et al., 2016). In regard to the distribution profiles, Kv2.1, Kv2.2 and Kv3.1b were predominantly expressed at the dendrite and only Kv3.2 was biased strongly to the soma of adult MSO neurons. The similar distribution pattern of Kv2.1 and Kv2.2 in the MSO might indicate that these sub-units form heteromultimers (Blaine and Ribera, 1998). Furthermore, speed of the activation and deactivation kinetics recorded at the soma is more in line with Kv3.x than Kv2.x channels. It can be speculated that the rapid kinetics at the soma are due to the differential distribution patterns of the distinct high voltage-activated potassium channels.

The expression of high voltage-activated potassium channels is unexpected in neurons that are well known to have only very little action potential backpropagation and small action potential amplitudes in vitro (Scott et al., 2005, 2007; Chirila et al., 2007; Lehnert et al., 2014). Yet our electrophysiological data suggest that these channels contribute to the resting input resistance, consistent with activation at low voltages. As our data is based on insensitive DTX currents our interpretation might be slightly contaminated if DTX insensitive low voltage-activated potassium channel subunits such as Kv1.3, Kv1.4 or Kv1.5 were present in MSO neurons. Now with the assumption that DTX blocks all low voltage-activated potassium channels in MSO neurons, our computational model indicates that, even at resting levels, high voltage-activated potassium channels contribute to setting the membrane potential, as they were in competition with a low amount of low voltage-gated potassium channels. Nevertheless, due to their steeper activation curve, low voltage-activated potassium channels dominated the dynamics of the mixed KLT + KHT model membrane potential.

The addition of KHT, and concomitant reduction of KLT, appears to slightly “worsen” the performance of our model neuron in measures commonly considered important for MSO neurons (Scott et al., 2005; Mathews et al., 2010). KHT induces a peak delay of up to 60 μs, which is a relevant time delay for ITD processing (Lesica et al., 2010). It is not clear, however, whether this additional latency is detrimental for ITD processing. Indeed, in vitro recordings using conductance clamp suggest that slower EPSGs can allow the cell to more effectively modulate the timing of peak membrane depolarization (Myoga et al., 2014). Given that MSO neurons operate at an extreme in terms of the magnitude of membrane conductances and the brevity of time constants, KHT may help counterbalance the effects of the large DTX-sensitive KLT currents, and modulate the neuronal excitability to bilateral inputs.

Our study shows that voltage signaling in MSO neurons is based on many different potassium channels with distinct spatial expression profiles in the somato-dendritic compartments. As the focus of this study was on the somato-dendritic compartments, which carry out the voltage signaling underlying ultrafast coincidence detection, their expression and contribution to the voltage signaling in the axonal compartment and therefore to action potential generation remains unanswered. In spite of the lack of overshooting action potentials in the somato-dendritic compartments of these neurons, they still possess a full set of voltage-activated potassium channels whose full function we have just started to disentangle.

AUTHOR CONTRIBUTIONS

AN and SAG performed immunofluorescence. AC, NK, and FF performed electrophysiology. AC and CL performed computational modeling. AN, AC, NK, FF, and CL analyzed and interpreted data. SAG, CL, and FF devised experiments, AN, AC, CL, and FF wrote the manuscript.

FUNDING

This work was supported by the Elisabeth and Helmut Uhl Foundation and the DFG: CRC870.

ACKNOWLEDGMENTS

We thank Benedikt Grothe for generous support and discussion.

REFERENCES

Barry, J., Xu, M., Gu, Y., Dangel, A. W., Jukkola, P., Shrestha, C., et al. (2013). Activation of conventional kinesin motors in clusters by Shaw voltage-gated K+ channels. J. Cell Sci. 126, 2027–2041. doi: 10.1242/jcs.122234

Baumann, V. J., Lehnert, S., Leibold, C., and Koch, U. (2013). Tonotopic organization of the hyperpolarization-activated current (Ih) in the mammalian medial superior olive. Front. Neural Circ. 7:117. doi: 10.3389/fncir.2013.00117

Bishop, H. I., Cobb, M. M., Kirmiz, M., Parajuli, L. K., Mandikian, D., Philp, A. M., et al. (2018). Kv2 Ion channels determine the expression and localization of the associated AMIGO-1 cell adhesion molecule in adult brain neurons. Front. Mol. Neurosci. 11:1. doi: 10.3389/fnmol.2018.00001

Bishop, H. I., Guan, D., Bocksteins, E., Parajuli, L. K., Murray, K. D., Cobb, M. M., et al. (2015). Distinct cell- and layer-specific expression patterns and independent regulation of Kv2 channel subtypes in cortical pyramidal neurons. J. Neurosci. 35, 14922–14942. doi: 10.1523/JNEUROSCI.1897-15.2015

Blaine, J. T., and Ribera, A. B. (1998). Heteromultimeric potassium channels formed by members of the Kv2 subfamily. J. Neurosci. 18, 9585–9593. doi: 10.1523/JNEUROSCI.18-23-09585.1998

Brew, H. M., Hallows, J. L., and Tempel, B. L. (2003). Hyperexcitability and reduced low threshold potassium currents in auditory neurons of mice lacking the channel subunit Kv1.1. J. Physiol. 548, 1–20. doi: 10.1113/jphysiol.2002.035568

Cao, X. J., and Oertel, D. (2017). Genetic perturbations suggest a role of the resting potential in regulating the expression of the ion channels of the KCNA and HCN families in octopus cells of the ventral cochlear nucleus. Hear. Res. 345, 57–68. doi: 10.1016/j.heares.2017.01.001

Chang, S. Y., Zagha, E., Kwon, E. S., Ozaita, A., Bobik, M., Martone, M. E., et al. (2007). Distribution of Kv3.3 potassium channel subunits in distinct neuronal populations of mouse brain. J. Comp. Neurol. 502, 953–972. doi: 10.1002/cne.21353

Chirila, F. V., Rowland, K. C., Thompson, J. M., and Spirou, G. A. (2007). Development of gerbil medial superior olive: integration of temporally delayed excitation and inhibition at physiological temperature. J. Physiol. 584, 167–190. doi: 10.1113/jphysiol.2007.137976

Clark, G. M. (1969). The ultrastructure of nerve endings in the medial superior olive of the cat. Brain Res. 14, 293–305. doi: 10.1016/0006-8993(69)90111-5

Couchman, K., Grothe, B., and Felmy, F. (2010). Medial superior olivary neurons receive surprisingly few excitatory and inhibitory inputs with balanced strength and short-term dynamics. J. Neurosci. 30, 17111–17121. doi: 10.1523/JNEUROSCI.1760-10.2010

Couchman, K., Grothe, B., and Felmy, F. (2012). Functional localization of neurotransmitter receptors and synaptic inputs to mature neurons of the medial superior olive. J. Neurophysiol. 107, 1186–1198. doi: 10.1152/jn.00586.2011

Dodson, P. D., Barker, M. C., and Forsythe, I. D. (2002). Two heteromeric Kv1 potassium channels differentially regulate action potential firing. J. Neurosci. 22, 6953–6961. doi: 10.1523/JNEUROSCI.22-16-06953.2002

Escoubas, P., Diochot, S., Celerier, M. L., Nakajima, T., and Lazdunski, M. (2002). Novel tarantula toxins for subtypes of voltage-dependent potassium channels in the Kv2 and Kv4 subfamilies. Mol. Pharmacol. 62, 48–57. doi: 10.1124/mol.62.1.48

Fischl, M. J., Burger, R. M., Schmidt-Pauly, M., Alexandrova, O., Sinclair, J. L., Grothe, B., et al. (2016). Physiology and anatomy of neurons in the medial superior olive of the mouse. J. Neurophysiol. 116, 2676–2688. doi: 10.1152/jn.00523.2016

Gentet, L. J., Stuart, G. J., and Clements, J. D. (2000). Direct measurement of specific membrane capacitance in neurons. Biophys. J. 79, 314–320. doi: 10.1016/S0006-3495(00)76293-X

Grigg, J. J., Brew, H. M., and Tempel, B. L. (2000). Differential expression of voltage-gated potassium channel genes in auditory nuclei of the mouse brainstem. Hear. Res. 140, 77–90. doi: 10.1016/S0378-5955(99)00187-2

Grothe, B., Pecka, M., and McAlpine, D. (2010). Mechanisms of sound localization in mammals. Physiol. Rev. 90, 983–1012. doi: 10.1152/physrev.00026.2009

Guan, D., Tkatch, T., Surmeier, D. J., Armstrong, W. E., and Foehring, R. C. (2007). Kv2 subunits underlie slowly inactivating potassium current in rat neocortical pyramidal neurons. J. Physiol. 581, 941–960. doi: 10.1113/jphysiol.2007.128454

Gutman, G. A., Chandy, K. G., Grissmer, S., Lazdunski, M., McKinnon, D., Pardo, L. A., et al. (2005). International Union of Pharmacology. LIII. Nomenclature and molecular relationships of voltage-gated potassium channels. Pharmacol. Rev. 57, 473–508. doi: 10.1124/pr.57.4.10

Johnston, J., Forsythe, I. D., and Kopp-Scheinpflug, C. (2010). Going native: voltage-gated potassium channels controlling neuronal excitability. J. Physiol. 588, 3187–3200. doi: 10.1113/jphysiol.2010.191973

Johnston, J., Griffin, S. J., Baker, C., Skrzypiec, A., Chernova, T., and Forsythe, I. D. (2008). Initial segment Kv2.2 channels mediate a slow delayed rectifier and maintain high frequency action potential firing in medial nucleus of the trapezoid body neurons. J. Physiol. 586, 3493–3509. doi: 10.1113/jphysiol.2008.153734

Kapfer, C., Seidl, A. H., Schweizer, H., and Grothe, B. (2002). Experience-dependent refinement of inhibitory inputs to auditory coincidence-detector neurons. Nat. Neurosci. 5, 247–253. doi: 10.1038/nn810

Khurana, S., Liu, Z., Lewis, A. S., Rosa, K., Chetkovich, D., and Golding, N. L. (2012). An essential role for modulation of hyperpolarization-activated current in the development of binaural temporal precision. J. Neurosci. 32, 2814–2823. doi: 10.1523/JNEUROSCI.3882-11.2012

Khurana, S., Remme, M. W., Rinzel, J., and Golding, N. L. (2011). Dynamic interaction of Ih and IK-LVA during trains of synaptic potentials in principal neurons of the medial superior olive. J. Neurosci. 31, 8936–8947. doi: 10.1523/JNEUROSCI.1079-11.2011

Koch, U., Braun, M., Kapfer, C., and Grothe, B. (2004). Distribution of HCN1 and HCN2 in rat auditory brainstem nuclei. Eur. J. Neurosci. 20, 79–91. doi: 10.1111/j.0953-816X.2004.03456.x

Kudo, T., Loh, D. H., Kuljis, D., Constance, C., and Colwell, C. S. (2011). Fast delayed rectifier potassium current: critical for input and output of the circadian system. J. Neurosci. 31, 2746–2755. doi: 10.1523/JNEUROSCI.5792-10.2011

Kulesza, R. J. Jr. (2014). Characterization of human auditory brainstem circuits by calcium-binding protein immunohistochemistry. Neuroscience 258, 318–331. doi: 10.1016/j.neuroscience.2013.11.035

Lehnert, S., Ford, M. C., Alexandrova, O., Hellmundt, F., Felmy, F., Grothe, B., et al. (2014). Action potential generation in an anatomically constrained model of medial superior olive axons. J. Neurosci. 34, 5370–5384. doi: 10.1523/JNEUROSCI.4038-13.2014

Lesica, N. A., Lingner, A., and Grothe, B. (2010). Population coding of interaural time differences in gerbils and barn owls. J. Neurosci. 30, 11696–11702. doi: 10.1523/JNEUROSCI.0846-10.2010

Li, W., Kaczmarek, L. K., and Perney, T. M. (2001). Localization of two high-threshold potassium channel subunits in the rat central auditory system. J. Comp. Neurol. 437, 196–218. doi: 10.1002/cne.1279

Mathews, P. J., Jercog, P. E., Rinzel, J., Scott, L. L., and Golding, N. L. (2010). Control of submillisecond synaptic timing in binaural coincidence detectors by K(v)1 channels. Nat. Neurosci. 13, 601–609. doi: 10.1038/nn.2530

Myoga, M. H., Lehnert, S., Leibold, C., Felmy, F., and Grothe, B. (2014). Glycinergic inhibition tunes coincidence detection in the auditory brainstem. Nat. Commun. 5:3790. doi: 10.1038/ncomms4790

Rautenberg, P. L., Grothe, B., and Felmy, F. (2009). Quantification of the three-dimensional morphology of coincidence detector neurons in the medial superior olive of gerbils during late postnatal development. J. Comp. Neurol. 517, 385–396. doi: 10.1002/cne.22166

Roberts, M. T., Seeman, S. C., and Golding, N. L. (2013). A mechanistic understanding of the role of feedforward inhibition in the mammalian sound localization circuitry. Neuron 78, 923–935. doi: 10.1016/j.neuron.2013.04.022

Scott, L. L., Hage, T. A., and Golding, N. L. (2007). Weak action potential backpropagation is associated with high-frequency axonal firing capability in principal neurons of the gerbil medial superior olive. J. Physiol. 583, 647–661. doi: 10.1113/jphysiol.2007.136366

Scott, L. L., Mathews, P. J., and Golding, N. L. (2005). Posthearing developmental refinement of temporal processing in principal neurons of the medial superior olive. J. Neurosci. 25, 7887–7895. doi: 10.1523/JNEUROSCI.1016-05.2005

Scott, L. L., Mathews, P. J., and Golding, N. L. (2010). Perisomatic voltage-gated sodium channels actively maintain linear synaptic integration in principal neurons of the medial superior olive. J. Neurosci. 30, 2039–2050. doi: 10.1523/JNEUROSCI.2385-09.2010

Sheng, M., Liao, Y. J., Jan, Y. N., and Jan, L. Y. (1993). Presynaptic A-current based on heteromultimeric K+ channels detected in vivo. Nature 365, 72–75. doi: 10.1038/365072a0

Smart, S. L., Bosma, M. M., and Tempel, B. L. (1997). Identification of the delayed rectifier potassium channel, Kv1.6, in cultured astrocytes. Glia 20, 127–134. doi: 10.1002/(SICI)1098-1136(199706)20:2<127::AID-GLIA4>3.0.CO;2-6

Tong, H., Kopp-Scheinpflug, C., Pilati, N., Robinson, S. W., Sinclair, J. L., Steinert, J. R., et al. (2013). Protection from noise-induced hearing loss by Kv2.2 potassium currents in the central medial olivocochlear system. J. Neurosci. 33, 9113–9121. doi: 10.1523/JNEUROSCI.5043-12.2013

Wang, L. Y., Gan, L., Forsythe, I. D., and Kaczmarek, L. K. (1998). Contribution of the Kv3.1 potassium channel to high-frequency firing in mouse auditory neurones. J. Physiol. 509(Pt 1), 183–194.

Winters, B. D., Jin, S. X., Ledford, K. R., and Golding, N. L. (2017). Amplitude normalization of dendritic EPSPs at the soma of binaural coincidence detector neurons of the medial superior olive. J. Neurosci. 37, 3138–3149. doi: 10.1523/JNEUROSCI.3110-16.2017

Zhou, L., Zhang, C. L., Messing, A., and Chiu, S. Y. (1998). Temperature-sensitive neuromuscular transmission in Kv1.1 null mice: role of potassium channels under the myelin sheath in young nerves. J. Neurosci. 18, 7200–7215. doi: 10.1523/JNEUROSCI.18-18-07200.1998

Zhuang, J. L., Wang, C. Y., Zhou, M. H., Duan, K. Z., and Mei, Y. A. (2012). TGF-beta1 enhances Kv2.1 potassium channel protein expression and promotes maturation of cerebellar granule neurons. J. Cell. Physiol. 227, 297–307. doi: 10.1002/jcp.22735

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer JS and the handling Editor declared their shared affiliation

Copyright © 2019 Nabel, Callan, Gleiss, Kladisios, Leibold and Felmy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fncel-13-00038-t003.jpg
Model variant KLT KHT HCN

KLT only 63.4 0 1.265
KHT only 0 1.162 2.58
KLT and KHT 29.9882 0.5449 1.91





OPS/images/fncel-13-00038-t002.jpg
Antigen

Anti-mouse
Anti-mouse
Anti-mouse
Anti-rabbit
Anti-rabbit Fab
Anti-chicken
Anti-chicken

Conjugate

AMCA
Alexad88
DyLight 549
o3
Alexad88
AMCA
Alexad88

Host

Donkey
Dornkey
Goat

Donkey
Dornkey
Donkey
Donkey

Dilution

1:100
1:200
1:500

Company

Dianova
Invitrogen
Dianova
Dianova
Dianova
Dianova
Dianova

Cat#

A21202

115-505-207
711-165-152
711-547-003
703-156-155
703-546-155





OPS/images/fncel-13-00038-t001.jpg
Antigen

HON1 N70/28
Kv1.1
Kvi.2
Kv1.6
Kv2.1
Kv2.2
Kva.1b
Kv3.2
MAP2
$100p
sv2
GyT2

Host

Mouse
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Chicken
Rabbit
Mouse
Rabbit

Type

Monocional
Polyclonal
Polycional
Polycional
Polycional
Polycional
Polyclonal
Polycional
Polycional
Polycional
Monocional
Polyclonal

Amino acid residues

778-910
416-495
428-499
463-530
841-857
859-873
567-585
184-204

1-229

Use with secondary AB conjugate with

AMCA
Cy3/A4g8
DyLight 549
cy3

(%]

o3

cy3

o3
AMCA/A488
A488

A48

cy3

Dilution

1:500
1:200
1:500
1:200
1:200, 1:1000
1:200
1:200
1:200
1:1000
1:1000
1:500
1:1000

Company

NeuroMab
Alomone labs
NeuroMab
Alomone labs
Alomone labs
Alomone labs
Alomone labs
Alomone labs
Neuromics ACRIS
Swant

DSHB

Synaptic Systems

Cat#

75-110
APC-009
75-008
APC-003
APC-012
APC-120
APC-014
APC-011
CH22103
37

Sv-al SV2c
272003





OPS/images/fncel-13-00038-i003.jpg
aX X —X






OPS/images/cover.jpg


OPS/images/fncel-13-00038-i004.jpg
Xoo(V) =

1
—run)
e 30





OPS/images/fncel-13-00038-g002.jpg
1001

504

intensity (a.u.)

0d

100 pm

1001

intensity (a.u.)

Kv11 *
009
_._
HCN1 - oo e @ o
GlyT2 el N
0 2 4
Gaussian half-width ratio (Kvx / MAP)
D . = O Kv1.1 +0sHCN1
: :
/ E
| 20pm g
S
| =
1 OO- T T T T
3 0 20 40 60
HCN1  Kv1.1 dist. from nucleus (um)





OPS/images/fncel-13-00038-i001.jpg






OPS/images/fncel-13-00038-g001.jpg
100+

('n"e) Aysusyul

1001

n
('n"e) Aysusyul

1001

n
('n"e) Aysusyul

100 pm

VS T

£

T T T ITITTA

=

o
N

o o
< AN

(‘'n°e) Ausuajul

s 2l
¢ 8
[ ]
[ ]
® -
]
[ ]
. .
[ ]
= N ©
= = =
< < <

2(

1.5

1.0

0.5

0.0

Gaussian half-width ratio (Kvx / MAP)

Kv1.6

40 60

20

0

Kv1.2

0 20 40 60

~

90U89sal0

Kv1.1

o o
o o
njl pazijewsou

40 60

20
dist. from nucleus (um)

F O

~

O 90U89dsalo

1 1
o Q
o o

Ny} pazijewdou

pm)

(

dist. from nucleus

pm)

(

dist. from nucleus





OPS/images/fncel-13-00038-i002.jpg
I(V) = gkur., peak X~ (V — Eg)






OPS/images/fncel-13-00038-g004.jpg
-
a o
o o
L L

Intensity (a.u.)

o
L

-

o

o
L

a
o
L

Intensity (a.u.)

0+
C
N\
Kv3.1b - 3
%]
N ]
Kv3.2 . _~ it
S B
© il Iy
KV21 L ) .".. L :5100 §
:
Kv2.2 8 =
. ® esoe o o c - N
I T T T T 1 - 50 §
00 0.5 1.0 1.5 20 25 §
Gaussian half-width ratio (Kvx / MAP) 0- 2ﬁm \
F Kv2.1 G Kv3.1b H Kv3.2
g 8 1.5 S 1.0-
8 2 g
o o o
g S 1.044 g
2] go) o -
g s 0.54 g
2 5 2
0'0- T T T T O 0- T T T T 0 0- T T T T
0 20 40 60 0 20 40 60 0 20 40 60

dist. from nucleus (um) dist. from nucleus (um) dist. from nucleus (um)






OPS/images/fncel-13-00038-g003.jpg






OPS/images/fncel-13-00038-g006.jpg
F

o
(@)
1

act. time (ms)
>

0 20 40
step potential (mV)

3pA —1 | L

Q5mV| e / \
wi N o | -

100 ms

G

(MOhm)

mem. resist

=

(&)

o
1

100+

50+

G/Gmax

-50 0
step potential (mV)

e
+
o
deact. time (ms)—*

-100 -50 0
step potential (mV)

DTX

TEA DTX TEA+4AP





OPS/images/fncel-13-00038-i005.jpg
gkt (X) = guur, peak(1 + 1.5¢ 2





OPS/images/fncel-13-00038-g005.jpg
A a-DTX o-DTX + TEA o-DTX + TEA + 4-AP

4 nA| 1 il
0.5ms —
0.5ms
= ————

° ~a = “Zoe
z ., gl S,
= g ] ‘5 0.4
D = ' c
3 3 %+ o2
. AM.IM\A‘:'E:.:-"- L g e . S — +---; .......... '
-80 -40 40 -80 -40 0 40 0 20 40
step potential (mV) step potential (mV) step potential (mV)
DTE E 10- + F " 1.0-
_:-/ + * 2 g {] """"""""""" &
n 0.4 5 + w | T &
= = o
3 | S i ------------ 4 S S-F’f = | e *
() i = .f_.;:$ = 0.51
£0% S &
é 0 20 40-80 -40 0 40 0 20 40

step potential (mV) step potential (mV) step potential (mV)





OPS/images/fncel-13-00038-g008.jpg
single synapse

600 g '
KHT dend
0] KT KHTdena

0 40 80 120 0 40 80 120
synaptic conductance (nS) synaptic conductance (nS)

w
O
3

N

(=3

=]
B (4]
o =}

N
o

time to peak (us)
8

EPSP amplitude (mV)
w
o

N
o

o

distributed synapse E F

600 .
20 mv
1ms
" KHT dend
0 " KLT + KHT dend

0 40 80 120 0 40 80 120
synaptic conductance (nS) synaptic conductance (nS)

[=2]
t=}

4]
=]

N

Is3

=)
N
o

N
Q
t=}
N
=]

time to peak (us)

EPSP amplitude (mV)
w
o

-
o

o






OPS/images/fncel-13-00038-g007.jpg
vy

—
-

KLT
HCN/KHT

\

conductance
(normalized)

0.8;
0.61
0.4
0.2

04

O
O

® recordings ® °
@ KHT ‘o 5
g ©  KLT +KHT °
§ 10 ] - [ ] g ¢ * R TETEEES @ @ ® - @
*57 .“.i ‘g O ." ...... is. 4 @@ PY
8‘ . [ P [ J ..". """" ® Q... ®
g_ >IL @ R
2 ¢ g g -5 *
DCE pe _.“’ > 3 ® recordings
e 10 <@ KLT
s ® '."f. » * ®  KHT
g q‘~. ® ® @ KLT + KHT
0 , : . . -15 . . . .
0 40 80 120 160 0 40 80 120 160
distance from soma center (um) distance from soma center (um)
50 100
/>\ KLTdend
== KHT dend [}
:E/ 40 KLT + KHT dend B 80
O 5
b= g 60
230 | ©
S k=
D c 40
% 20 =
210 2 —_
== — KHT
<] KLT + KHT
0 - : - ! -20 4 : : : -
0 40 80 120 160 0 40 80 120 160

distance from soma center (um) distance from soma center (um)





OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





OPS/images/fncel-13-00038-g009.jpg
10 mV
10 ms

O

151
= KLT =400 Hz
KHT 700 Hz
ws KLT + KHT = 1000 Hz
D_\_
wn
a1
g 11 0
w —
o
L
0.5 '
0 5 10 15 20
EPSP #
1 -

0.75 -

0.5 1

0.25 1

KLT
" KHT
" KLT + KHT

A membrane potential (normalized)

0 0.25 0.5 0.75 1 1.25
AT (ms)





OPS/images/cross.jpg
3,

i





