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Abstract

Kv1.1 subunits of low voltage-activated (Kv) potassium channels are encoded by the Kcna1 gene 

and crucially determine the synaptic integration window to control the number and temporal 

precision of action potentials in the auditory brainstem of mammals and birds. Prior 

electrophysiological studies showed that auditory signaling is compromised in monaural as well as 

in binaural neurons of the auditory brainstem in Kv1.1 knockout mice (Kcna1−/−). Here we 

examine the behavioral effects of Kcna1 deletion on sensory tasks dependent on either binaural 

processing (detecting the movement of a sound source across the azimuth), monaural processing 

(detecting a gap in noise), as well as binaural summation of the acoustic startle reflex (ASR). 

Hearing thresholds measured by auditory brainstem responses (ABR) do not differ between 

genotypes, but our data show a much stronger performance of wild type mice (+/+) in each test 

during binaural hearing which was lost by temporarily inducing a unilateral hearing loss (through 

short term blocking of one ear) thus remarkably, leaving no significant difference between 

binaural and monaural hearing in Kcna1−/− mice. These data suggest that the behavioral effect of 

Kv1.1 deletion is primarily to impede binaural integration and thus to mimic monaural hearing.
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1. INTRODUCTION

The auditory nerve and many auditory brainstem neurons express Kv1 ion channels, 

comprised of heterogeneous tetramers that include the low-threshold potassium channel 

subunit Kv1.1, encoded by the Kcna1 gene (Adamson et al., 2002; Grigg et al., 2000; 

Rosenberger et al., 2003). Kv1.1 containing channels in cell membranes serve to limit the 

duration and amplitude of perturbations in the resting potential and thus to maintain brief 

integration windows for coincident inputs (Klug et al., 2006; Mathews et al., 2010; Oertel et 

al., 2000). The importance of Kv1.1 for maintaining neural function in auditory processing 

is apparent in in-vitro and in-vivo single-unit electrophysiological studies of Kcna1−/− mice, 

in which first, the firing pattern of monaural neurons in the medial nucleus of the trapezoid 

body are no longer synchronous with their acoustic inputs (Gittelman and Tempel, 2006; 

Kopp-Scheinpflug et al., 2003); second, binaural neurons in the lateral nucleus of the 

superior olivary complex are less sensitive to interaural level differences (Karcz et al., 

2011); and third; coincidence windows in the midbrain inferior colliculus are less precise 

(Karcz et al., 2012). These data suggest the hypothesis that a major contribution of Kv1.1 to 

neural processing is to refine the temporal integration of coincident inputs in both monaural 

and binaural auditory pathways. The functional significance of these electrophysiological 

results that were obtained in slice preparations or in anesthetized mice is demonstrated by 

behavioral experiments showing that Kcna1−/− mice are less sensitive to sounds moving 

from one spatial position to another across the frontal azimuth compared to their wild type 

littermates (Allen et al., 2012).

A series of different point mutations in the KCNA1 gene causes episodic ataxia type 1 (EA1) 

in humans, a neurological disorder of autosomal dominant inheritance (Heeroma et al., 

2009; Herson et al., 2003; Imbrici et al., 2008; Rajakulendran et al., 2007; Zuberi et al., 

1999). Recent studies of families with the EA1 phenotype report the presence of hearing loss 

and suggests a link between Kv1.1 channel malfunction and hearing impairment (Strupp, 

2013; Tomlinson et al., 2013). Given the known importance for Kv1.1 for coincidence 

detection in the auditory system, it is conceivable that Kv1.1 channels are necessary for 

encoding the temporal fine structure of acoustic signals which is especially important for 

binaural hearing. Although Kv1.1 containing channels are strongly expressed in fast firing 

neurons of the auditory periphery and lower brainstem, temporal processing deficits caused 

by malfunctioning of these channels are likely to decrease a listener's ability to combine 

information from the two: for example, inaccuracies in perceptual grouping based on 

incorrect temporal integration of auditory signals have been described for other forms of 

ataxia (Rance et al., 2008; Rance et al., 2012) and are likely to apply to all forms of neural 

integration that rely on the synchrony or temporal precision of the incoming signals.

Karcz et al. Page 2

Hear Res. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



In the present study we test whether the lack of Kv1.1 channel subunits can account for 

perceptual deficits similar to those acquired by the loss of binaural hearing. Therefore in our 

experiments we structured “monaural” and “binaural” processing in two ways, first by 

comparing performance in a task that is primarily dependent on binaural processing 

(behavioral sensitivity to changes in sound location) with one primarily dependent on 

monaural processing (gap detection); and second, by comparing performance of mice with 

normal binaural hearing to the same mice with monaural hearing, produced by inserting a 

foam plug into one ear. The degree of attenuation in thresholds across the frequency 

spectrum was assessed by the ABR audiogram.

2. METHODS

2.1 Animals

The C3HeB/FeJ-Kcna1tm1Tem mice were bred in the University of Rochester vivarium from 

heterozygotic (+/−) breeding pairs obtained from Jackson Laboratory (Bar Harbor, ME). 

Animal husbandry and genotyping procedures are described in Allen and Ison (2012). A 

total of 36 mice began testing: 21 Kcna1+/+ (10 male, 11 female) and 15 Kcna1−/− (6 male, 

9 female). Testing began at about 4 weeks of age and ended 7 to 10 days later. Body weight 

in +/+ mice increased from 15.4 ±0.5 g to 20.4 ±2.1 g and in −/− mice from 12.2 ±0.9g to 

13.8 ±0.9 g. The University of Rochester Committee on Animal Resources approved all 

procedures.

2.2 Apparatus and Procedures

The experimental procedures for assessing sensory processing were based on “Reflex 

Modification Audiometry” as described by Young and Fechter (1983). The method depends 

on the common observation that even at near threshold levels, preliminary stimuli that 

precede the elicitation of the acoustic startle reflex (ASR) at an appropriate brief lead time 

modify the expression of the motor response. The behavioral apparatus and procedures used 

here are detailed in Allen and Ison (2012) and in Allen et al. (2008). The experiment was 

conducted within a large (2.7m long, 1.8m wide, 2.4 m high) sound-attenuating room 

(Industrial Acoustics; IAC Inc.) with echo-attenuating Sonex acoustical foam lining the 

walls. The eliciting stimulus (ES) was generated using a Tucker-Davis Technology (TDT, 

Alachua, FL) RP2.1 Real-time Processor amplified with an Adcom (East Brunswick, NJ) 

GFA-535 II amplifier and broadcast via a Yamaha JA4281B compression tweeter. This ES 

stimulus was a 20 ms noise burst (120 dB SPL). The carrier stimulus for spatial sound 

localization and gap detection was a wide band noise (70 dB SPL) digitally generated using 

a second RP2 and broadcast from one of two matched TDT-ES1 electrostatic speakers 

located 50 cm from the mouse's head in the azimuth. The two electrostatic speakers were 

matched over the frequency range of the white noise, 1-50kHz. Sound levels were measured 

with a 1/4″ B&K model 4135 microphone.

The test cage was mounted at the center of a semicircle of 50 cm radius, with the carrier 

speakers placed on the semicircle with angular separations of 120° or 90° for spatial testing, 

or one speaker centered in front for the gap experiment. For spatial experiments the cage 

was either oriented so that the mouse faced the mid-line between the two speakers placed 
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left and right (front position) or was rotated 90° and the speakers were thus located front and 

back directly to the left of the mouse (side position). For gap detection a single speaker 

placed in the midline position along the semicircle provided the wide band noise carrier for 

the gaps. The force of the ASR was transduced by an accelerometer and its amplitude was 

scored as the integrated RMS voltage of this signal for 100 ms after the delivery of the ES. 

The experimental stimuli were controlled and the responses recorded by a PC using a 

custom LabView (National Instruments) front-end. The intertrial interval, during which the 

background noise was continuously present, averaged 20 s and was randomly selected from 

the range 15 to 25 s. Due to this relatively long intertrial intervals and rests between test 

days in our experiments we found little systematic habituation of the ASR or of PPI.

2.3 Ear plugging procedure and ABR validation

Earplugs were inserted under ketamine/xylazine anesthesia (120 and 10 mg/kg body weight, 

respectively) at the time of the ABR measurements. The earplugs consisted of small pieces 

cut from an “E.A.R. Classic” human foam earplug (Etymotic, Chicago, IL), compressed and 

inserted into the right external auditory meatus and sealed with Vetbond tissue adhesive. In 

addition, a polyvinyl siloxane ear impression material (Ready-Press; Microsonic®) was 

mixed to cover the external auditory meatus and fill the concha of the outer ear. Our 

experience was that the plug lasted for on average about 7 days with a range of 3 to 12 days; 

this limited the duration of behavioral testing in some mice. For the ABR measures the left 

meatus was temporarily filled with a similar earplug but not sealed. The free field ABR 

methods followed Allen and Ison (2012). In brief, the mice were anesthetized with a mixture 

of ketamine/xylazine (see above) and tested twice in order to determine the degree of sound 

attenuation across spectral frequencies provided by the insertion of the earplugs. The mouse 

was kept warm during the procedure with a circulating-water heating pad. Miniature 

subdermal needle electrodes (Nicolet) were inserted at the vertex (reference), over the bulla 

(active), and just above the hind limb (ground). Calibrated tone bursts (5 ms duration, 0.5 ms 

rise–fall time, phase alternating 90 deg) were synthesized with SigGenRP software on a 

TDT RP2.1 real-time processor and presented from a lateral speaker aligned with the right 

ear at a rate of 29/s at frequencies of 3, 6, 12, 24, 32, and 36 kHz. ABR waveforms were 

recorded using a TDT RA4LI low-impedance digital headstage and RA4PA Medusa 

preamplifier controlled by a RA16 digital signal processor, and averaged in response to 300 

tone bursts (150 x 2 replicates) at each tested frequency/amplitude combination. At each 

frequency, the amplitude of the signal was attenuated (PA5; TDT) in 5 dB steps from 80 dB 

SPL until the two average ABR waveforms obtained from 150 repetitions each were no 

longer distinguishable by eye from the background. The traces were recorded with filter 

settings of 100 to 3,000 Hz. By convention, threshold was established as the response at 5 

dB above this final level.

2.4 Behavioral Procedures

Two behavioral test protocols were used, first to measure sensitivity for a gap in noise 

(detailed in Allen et al., 2008) and second, to measure sensitivity to a change in sound 

location as detailed in Allen and Ison 2012). For the spatial experiment a prepulse trial 

began with a continuous noise from one speaker that lasted for 15 to 25 s, with its offset 

coincident with noise onset in the second speaker. For the gap experiment the prepulse trials 
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also began with a continuous noise but there was a 10 ms quiet period in the noise before the 

noise returned to the same speaker. For the control trials the ES was presented from an 

overhead position at the normal time (15-20 s) after the beginning of the trial, with no prior 

change in position or no gap. There were two rounds of behavioral testing, the second round 

changing in detail to reflect the transitory effect of the plug on hearing. The first round of 

tests included 8 spatial tests comprised of 4 spatial separations from typically 45 to 120 

degrees, each of these presented in the frontal field or in the lateral field (for example, 

starting with a speaker at 45o to the right of center of the mouse and moving from right to 

left across the midline prior to the ES; or starting at 45o in back of the imaginary line 

through the auditory meatus and then moving from the behind to ahead of the mouse). These 

spatial conditions were given in separate sessions which consisted of 21 blocks of 6 trials, 

two control trials (with no prior switch in the speaker location) and four prepulse trials with 

the switch preceding the startle stimulus by 7.5, 15, 30, or 60 ms, lasting for approximately 

40 minutes. In the second round of tests the spatial protocol was provided in just two tests at 

90 degrees and 120 degrees, with a constant lead time of the switch before the ES by a 

constant 20 ms. These tests required just 20 minutes. In both rounds of experiments the gap 

experiment preceded each spatial test. For the gap experiment the background noise was 

always presented from a frontal speaker and the prepulse was a 10 ms gap in the noise 

beginning either 10 ms or 60 ms before the ES. Each test day usually consisted of two 

different spatial conditions and two repetitions of the gap experiment. One set of tests 

preceded the insertion of the ear plug. Following ear plugging procedure each mouse was 

again tested in both experiments (gap detection and speaker swap). The first binaural series 

of tests preceded the insertion of the ear plug, and the second set of monaural tests began 

after a two day recovery from this procedure. The second round of tests was completed 

within 4-5 days after the ear plugging procedure.

2.5 Data Analysis

The median of the ASR and ACT (measure of “restless activity”) values for each condition 

was calculated for each mouse on each test after excluding the first block of trials to avoid 

the effects of the novelty of the ES. ASR amplitudes are given in arbitrary voltage units (aV-

units), the RMS of the accelerometer output for 100 ms after the ES. ACT values were 

provided by the RMS of the accelerometer output over a 100 ms period just before the onset 

of either the prepulse or the ES on control trials. The prepulse inhibition scores (PPI) were 

calculated as a ratio of each subject's median response amplitude for the appropriate 

prestimulus conditions (ASRp) compared with the no-prepulse control baseline (ASRc), 

using the formula PPI=1–[ASRp/ASRc] and then expressed in percent PPI. A precaution in 

interpreting the strength of PPI as a measure of subjective intensity or salience of the 

prepulse is that the control ASR should be sufficiently greater than the level of spontaneous 

activity to avoid a “ceiling effect” on the PPI level. In the present experiments the maximum 

possible PPI ceiling was (mean/SD) 0.90 ±0.06 in the +/+ mice and 0.80 ±0.08 in the −/− 

mice for the binaural condition. For the monaural condition with its lower startle levels, the 

PPI ceilings were 0.71 ±0.15 in the +/+ mice and 0.68 ±0.12. The obtained levels of PPI 

never approached these possible maximum limits.
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The analysis of the data was accomplished primarily with ANOVA (SPSS), using as within-

Subject(repeated) variables the binaural vs. monaural conditions, and variously front vs. side 

presentations in the spatial experiment (after summing over the 90° and 120° which were not 

different within a genotype). The between-Subject variable was Kcna1+/+ vs. −/−. The 

within-Subject p-values provided by the ANOVA were adjusted via the Hunyh-Feldt 

method for non-homogeneity of between-cell correlations. Effect sizes for the ANOVA 

were determined by SPSS partial-Eta-squared measures (ηp
2), and follow-up t-tests (Pearson 

or Welch's as appropriate) based on Graphpad Prism with effect size given by R2.

3. RESULTS

The focus of this study was to determine the role of Kv1.1 in monaural vs. binaural auditory 

processing by combining three experimental strategies: i) Kcna1+/+ and Kcna1−/− mice 

were temporarily monauralized by plugging one ear; ii) Kcna1+/+ and Kcna1−/− mice had to 

perform tasks based on monaural and binaural cues and iii) Kcna1+/+ and Kcna1−/− mice 

were solving the binaural tasks either in the frontal hemifield or they were rotated by 90° 

and were now solving the tasks in the lateral hemifield.

3.1 Inserting ear plugs resulted in elevated ABR thresholds with no difference between 
genotypes

Hearing thresholds were assessed by auditory brainstem recordings for Kcna1+/+ and 

Kcna1−/− mice before and immediately after ear plugging using auditory brainstem 

responses (ABR; Fig. 1a, b). Binaural mice showed no genotype specific differences in 

thresholds across all tested frequencies (Fig. 1c). The increase in ABR thresholds produced 

by the ear plugging procedure accelerated from 4.8 ±8.5dB at 3 kHz; to 11.8 ±9.1dB at 6 

kHz, and up to 35.5 ±7.7dB for the higher frequencies (mean/±SD). The hearing sensitivity 

in small headed mammals like mice for frequencies below 3 kHz is reportedly low (Heffner 

et al., 2003), so that the less effective earplug at these low frequencies can be disregarded.

3.2 The Acoustic Startle Reflex was more vigorous for binaural listening in Kcna1+/+ but 
not Kcna1−/− mice

The acoustic startle reflex (ASR) is a short latency reflex elicited by a sudden, loud sound 

and mediated via a short sensory-motor pathway integrating neural signals from both sides 

of the brain. Shown in Figure 2, the stimulus-elicited ASR amplitude was significantly lower 

in the −/− compared to the +/+ mice when tested in the binaural condition (by 49%; 

p=0.003), while in the monaural condition both genotypes were nearly identical (just 4% 

apart). Figure 2 also shows that the ASR amplitudes were significantly larger than the 

background levels of restless activity (ACT) in each group and hearing condition (all 

p≤0.001). A significant difference between the ASR and ACT measures verified that the 

startle eliciting stimulus (ES) had successfully triggered the startle response in every 

condition and in each group of mice ([.Delta]+/+: 6.46, n=19; p≤0.001; Δ−/−: 3.07, n=12; 

p≤0.01).
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3.3 Binaural hearing assists sound localization in Kcna1+/+ but not in Kcna1 −/− mice

Sound localization along the azimuth in mice is predominantly based on interaural intensity 

differences for matched acoustic inputs that are received within a small temporal window: 

and thus, based on binaural hearing. We suggest the hypothesis that Kcna1−/− mice have 

prolonged temporal integration windows and will therefore have a reduced ability to detect 

differences in sound location. The swap of a continuous noise from one speaker to another 

was used as a prepulse, which if detected will inhibit the ASR (= prepulse inhibition or PPI). 

Since previous studies showed that Kcna1−/− mice can only detect differences in the sound 

location if these are at least 90° apart (Allen and Ison, 2012), here only 90° and 120° speaker 

separation were tested. Within each genotype no significant differences were found between 

90° and 120° separation and the data for both angles were therefore pooled within 

genotypes, leaving six groups to be compared: Kcna1+/+ vs. Kcna1−/−, monaural vs. 

binaural and frontal hemifield vs. lateral hemifield. Figure 3 shows that for binaural listening 

Kcna1+/+ mice were significantly more responsive than the Kcna1−/− mice to sound source 

movement along the azimuth in both the frontal and lateral field (p≤0.001). Further, when 

the sound source moved across the frontal midline monaural Kcna1+/+ mice did better than 

monaural Kcna1−/− mice (Fig. 3B; p≤0.005), although the Kcna1+/+ mice lost this 

advantage when the sound moved through the same angular separations but within the 

lateral field (Fig. 3C). For Kcna1−/− mice, no differences were measured between binaural 

vs. monaural listening, nor between frontal vs. lateral changes in location.

3.3 Gap detection in Kcna1+/+ benefits from binaural hearing

The ability to detect brief intervals of silence within a carrier signal, such as noise, is an 

important listening skill and a widely used measure of temporal processing proficiency. 

Mice of both genotypes exhibited strong prepulse inhibition (PPI) of the startle response for 

gaps starting 10 ms before the ES stimulus under binaural conditions, while less PPI was 

observed for gaps starting 60 ms before the ES (Fig. 4). Binaural listening is not essential for 

gap-detection in human listeners and is in fact thought of as a monaural process because 

high acuity requires that the noise offset at the start of the gap and the noise onset at its end 

must be received in the same ear (Boehnke et al., 2005). However, we found that Kcna1+/+ 

mice did show a benefit from binaural stimulus input, while no such benefit was observed in 

Kcna1−/− mice (p≤0.001). This suggests that even for tasks that do not depend on binaural 

difference cues in order to be detected, Kcna1+/+ mice seem to benefit from binaural 

integration.

4. DISCUSSION

Consistent with our initial hypotheses that a major benefit of Kv1.1 for neural processing is 

to strengthen the integration of coincident inputs, our data showed that Kcna1+/+ mice have 

a maximal advantage compared to the Kcna1−/− mice in the binaural sound localization 

experiment and less so for monaural listening, that is, for gap detection. An alternative 

hypothesis is that because the monaural tests always followed the binaural tests, it is at least 

conceivable that the reduction in ASR amplitudes and in the strength of PPI was a result of 

habituation produced by the series of initial binaural tests. However, contrary to this second 

hypothesis, the first round of testing demonstrated that following the insertion of the ear 
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plug there was a precipitous decrement in both the ASR and in PPI, and when the plug fell 

out there was an immediate recovery in both of these behavioral endpoints.

4.1 The effect of binaural stimulation on the ASR

The hypothesis of a binaural advantage in Kcna1+/+ mice was strongly supported in the 

startle amplitude data shown in Figure 2: when presented with binaural input, the Kcna1+/+ 

mice had a more vigorous startle response than the Kcna1−/− mice, but with monaural input 

ASR amplitudes declined in both groups and there was no discernible difference between 

Kcna1+/+ and Kcna1−/− mice. Binaural summation of the ASR has been previously observed 

in human listeners (Bradley et al., 1991; Grillon et al., 1995), but the neural site of binaural 

integration was not certain. In rodents it is most likely that the responsible target cells that 

receive binaural information are on the motor side rather than the sensory side of the reflex 

pathways. As described in the rat by Lopez et al. (Lopez et al., 1999), the afferent 

component of the primary ASR reflex arc lies in the cochlear root nucleus which is 

projecting bilaterally to the motor neurons in the contralateral and ipsilateral caudal pontine 

reticular nucleus. From there, the caudal pontine reticular nucleus neurons form synapses 

onto the motor neurons in the facial motor nucleus (pinna reflex) and onto the spinal cord 

(whole body startle) with the whole reflex arc taking less than 10ms in total. Since there is 

no fast binaural integration between the cochlear nuclei, which could pass information about 

binaural summation onto the pontine reticular formation, it is more likely that the ascending 

projection of the cochlear root neurons converge onto neurons in the pontine reticular 

formation. Single unit recordings from pontine reticular nucleus neurons show higher firing 

rates when stimulated binaurally proving them to be the neural site for binaural summation 

(Gomez-Nieto et al., 2014). As Kv1.1 is expressed in the reticular formation of rodents 

(Verma-Kurvari et al., 1997), we suggest that the loss of binaural summation of the ASR in 

the Kcna1−/− mice results from failures in binaural summation in these sensory-motor reflex 

pathways because the absence of Kv1.1 containing channels will impede integration of 

coincident or near coincident inputs.

4.2 Binaural hearing was beneficial for sound localization in Kcna1+/+ but not in Kcna1−/− 

mice

The data in Figure 2 show a significant benefit of binaural hearing on sound localization in 

the Kcna1+/+ mice. Accordingly, the lack of binaural hearing benefits in Kcna1−/− mice 

suggests possible hearing deficits in EA1 patients especially in advanced functions like 

identifying sources of complex sounds or understanding speech in the presence of 

competing noises as observed in patients carrying a different potassium channel mutation 

(Middlebrooks et al., 2013).

Interestingly, there was also a small but significant advantage of the Kcna1+/+ mice in 

monaural hearing but only when the stimuli cross the midline on the frontal azimuth. This 

better performance of monaural Kcna1+/+ mice in the frontal position is consistent with the 

observed contribution of monaural spectral stimuli to sound localization in mice, and the 

conclusion that these cues are most apparent in the frontal azimuth (Lauer et al., 2011). Our 

data suggest that the monaural Kcna1+/+ mouse, akin to the monaural human (Slattery et al., 

1994), can use the monaural spectral cues detected at both ears independently to gain a 
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modest benefit for sound localization. The fact that Kcna1−/− mice cannot use monaural 

spectral cues confirms a contribution of Kv1.1 to monaural coincidence detection in addition 

to the more apparent binaural coincidence detection.

4.3 Tasks that do not depend on binaural difference cues also benefit from binaural 
integration in Kcna1+/+ but not in Kcna1−/− mice

The gap detection task was intended as a test for monaural processing of acoustic signals 

and in fact, a previous study of gap detection in Kcna1−/− mice used a more lateral speaker 

configuration that would mostly concur with our monaural listening condition and had 

revealed no threshold differences between Kcna1+/+ and −/− mice (Allen et al., 2008). In 

our current study the placement of the speaker in the front of the animal provided gap-in-

noise cues to both ears in the binaural condition, which appear to be integrated to improve 

performance. A similar finding in human listeners has been reported by Roberts and Lister 

(2004), showing that binaural presentation of the noise carriers for the gap provided 

significantly lower gap thresholds than monaural presentation. Recent work suggested 

neurons in the superior paraolivary nucleus (SPN) in the auditory brainstem are reliable 

detectors of gaps in noise (Kadner et al., 2008; Kadner et al., 2006; Kopp-Scheinpflug et al., 

2011; Kulesza et al., 2003; Yassin et al., 2014). The broad frequency tuning in wild type 

SPN neurons (Dehmel et al., 2002) enables across frequency integration to the benefit of 

better temporal resolution. The correct integration of convergent information of both SPNs 

within the inferior colliculus (Felix et al., 2014) might be the reason for the better 

performance of Kcna1+/+ in the binaural gap detection task.

The observation that the contribution of Kv1.1 was not limited to sound source localization 

tasks based on interaural signal comparisons but was also apparent in the monaural tasks 

suggests that the role of Kv1.1 in binaural hearing is to ensure the integration of near 

coincident inputs that may have their origin in either monaural or interaural signal detection. 

This finding is corroborated by unilaterally deaf individuals where the lack of proper 

binaural integration not only causes sound localization deficits, but also impairments in 

temporal processing and speech comprehension (Wie et al., 2010). Since Kv1.1 is expressed 

in the spiral ganglion neurons (Liu et al., 2014) it is conceivable that both monaural and 

binaural hearing would be influenced by the lack of Kcna1. The fact that monaural 

processing is less dependent on Kv1.1 than binaural processing could have at least three 

reasons: First, the features of Kv1 channels in spiral ganglion cells of the auditory nerve are 

dominated by Kv1.2 and Kv1.4 rather than Kv1.1 (Wang et al., 2013), so that the output of 

the auditory nerve is not significantly affected by the Kcna1 deletion. This is corroborated 

by the similarity of P1 amplitudes and ABR thresholds between Kcna1−/− mice and their 

wild type littermates (Allen and Ison, 2012). Second, once neurons in monaural nuclei such 

as the MNTB are compromised by the Kcna1 deletion (Brew et al., 2003; Gittelman and 

Tempel, 2006; Kopp-Scheinpflug et al., 2003), the effect on cellular signal processing will 

be summative when passed on to the next (binaural) neurons of the LSO and will 

consequently result in more severe deficits. Third, Kv1.1 channels are not only expressed at 

neural cell bodies but also in the juxtaparanodal regions of myelinated axons (Poliak et al., 

2003; Wang et al., 1993). Therefore the deletion of Kcna1 might lead to axonal signal 

conduction deficits which will have stronger affects with increasing axon length, e.g. 
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connecting one side of the brain with the other as found in the binaural signal processing 

pathway in the brainstem. Implications for KV1.1 function in those juxtaparanodal locations 

is given by mutations in the human KCNA1 which cause several neuropathies including 

Episodic Ataxia Type 1 (EA1) and neuromyotonia (Browne et al., 1994; Lassche et al., 

2014; Tomlinson et al., 2013; Zuberi et al., 1999). Our results support the findings of recent 

studies suggesting the role of Kv1.1 in hearing impairment (Strupp, 2013; Tomlinson et al., 

2013) and extend these to demonstrate its importance to auditory processing.

5. CONCLUSIONS

Our results support the hypothesis that Kv1.1 containing channels are needed to ensure 

accurate binaural integration in the auditory brainstem. Genetic deletion of the Kcna1 gene 

reduced the performances in sound localization and gap detection tasks to the level of 

monaural listening conditions. Therefore when testing for auditory functions in humans with 

mutations in the potassium channel genes, special attention should be paid to deficits that are 

known to occur under challenging listening conditions, such as perceiving temporal cues in 

noisy environments.
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HIGHLIGHTS

• We measured binaural and monaural auditory processing in Kcna1+/+ and −/− 

mice.

• Binaural Kcna1+/+ mice had the highest acoustic startle reflexes.

• Binaural Kcna1+/+ mice had better sound source discrimination and gap 

detection.

• Monaural performances of Kcna1+/+ mice were very similar to Kcna1−/− mice.

• We conclude that the many sensory benefits of binaural hearing depend on 

Kcna1.
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Figure 1. ABR thresholds are equally elevated in Kcna1+/+ and Kcna1−/− mice after plugging one 
ear
A, B) Averaged ABR waveforms in response to 12kHz/80dB SPL tone stimulation in A) 
Kcna1+/+ mice and B) Kcna1−/− mice before (black) and after (red) ear plugging procedure. 

C) Mean (±SEM) ABR thresholds for each tested frequency in Kcna1+/+ (closed symbols, 

solid lines) and Kcna1−/− mice (open symbols, broken lines) before (black) and after (red) 

ear plugging procedure. D) Both genotypes showed a 60-70% loss in threshold sensitivity.
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Figure 2. Amplitudes of the acoustic startle reflex (ASR) are decreased in monaural wild types as 
well as in monaural and binaural Kcna1 mice
ASR amplitudes (squares and circles) and restless activity (ACT) scores (triangles) for 

Kcna1+/+ (black symbols; n=19) and Kcna1−/− mice (white symbols; n=12), with normal 

hearing (left) and with one ear plugged (right). All data are given as Mean (±SEM).

Karcz et al. Page 16

Hear Res. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Kcna1+/+ mice but not Kcna1−/− mice benefit from binaural hearing in sound source 
discrimination tasks
A) For the spatial discrimination experiment, stimulus conditions illustrating the change of 

noise location from speaker 1 to speaker 2 at 20 ms before the startle eliciting stimulus (ES) 

that is presented at time point 0 s. B) PPI scores for Kcna1+/+ (circles, n=17) and Kcna1−/− 

mice (squares, n=12) with binaural (left) or monaural listening (right), with the test stimulus 

to the front of the mouse (cartoon), C) For the spatial discrimination experiment, same 

condition as in B except for the test stimulus presented to the side of the mouse (cartoon), 

PPI scores for Kcna1+/+ (circles, n=17) and Kcna1−/− mice (squares, n=12) with binaural 

(left) or monaural listening (right). All data are given as Mean (±SEM).
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Figure 4. Kcna1+/+ mice but not Kcna1−/− mice benefit from binaural hearing in gap detection 
tasks
A) Stimulus condition showing the offset and onset of otherwise ongoing noise presented by 

one speaker to produce a 10 ms gap starting 60 ms before the ES at time point 0 s. B) PPI 

scores for the Kcna1+/+ (circles, n=19) and the Kcna1−/− mice (squares, n=12) with binaural 

(solid lines) and monaural listening (dashed lines, cartoon) for ISIs between noise offset and 

ES of 10 ms (left) and 60 ms (right). All data are given as Mean (±SEM).
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