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1 Abstract 

The neural code from the inner ear to the brain is dynamically controlled by central nervous 
efferent feedback to the audio-vestibular epithelium. Although such efference provides the 
basis for a cognitive control of our hearing and balance, we know surprisingly little about this 
feedback system. This project has investigated the applicability of a transgenic mouse model, 
expressing a fluorescent protein under the choline-acetyltransferase (ChAT) promoter, for 
targeting the cholinergic audio-vestibular efferent neurons in the brainstem. It was found that 
the mouse model is useful for targeting the vestibular efferents, which are fluorescent, but not 
the auditory efferents, which are not highlighted. This model enables, for the first time, 
physiological studies of the vestibular efferent neurons and their synaptic inputs. We next 
assessed the expression of the potassium channel family Kv4, known to generate transient 
potassium currents upon depolarization. Such potassium currents are found in auditory 
efferent neurons, but it is not known whether Kv4 subunits are expressed in these neurons. 
Moreover, it is not known if Kv4 is present and has a function in the vestibular efferent 
neurons. Double labelling with anti-ChAT and anti-Kv4.2 or Kv4.3 demonstrates that the 
Kv4.3 subunits are abundantly expressed in audio-vestibular efferents, thus indicating that 
this subunit is a large contributor to the excitability and firing properties of the auditory 
efferent neurons, and most probably also for the vestibular efferent neurons. In addition, we 
also unexpectedly found a strong expression of Kv4.3 in principal cells of the superior olive, 
the neurons which are important for sound localization. 
 

Keywords:  
Vestibular efferents, olivocochlear efferents, principal cells, GFP, ChAT, superior olivary 
complex, Kv4.3, transient outward current, A-type current 
 

2 List of abbreviations  
 
BAC – bacterial artificial chromosome 
CN – cochlear nucleus 
ChAT – choline-acetyltransferase 
EVS – efferent vestibular system 
GFP – green fluorescent protein 
IHC – immunohistochemistry 
ISH – in situ hybridization 
LOC – lateral olivocochlear neuron 
LSO – lateral superior olive 

MNTB – medial nucleus of the trapezoid body 
MOC – medial olivocochlear neuron 
MSO – medial superior olive 
SOC – superior olivary complex 
SPON – superior periolivary nucleus  
VAchT – vesicular acetylcholine transporter 
VE – vestibular efferent neuron 
VNTB – ventral nucleus of the trapezoid body 
VOR – vestibulo-ocular reflex 

 

 

3 Introduction 

 

The inner ear, well enclosed by the temporal bone, contains two important organs; the 
cochlea, dedicated to hearing and the vestibular organ, dedicated to balance. All outputs from 
the inner ear are carried by afferent nerve fibers through the vestibulocochlear nerve (the 8th 
cranial nerve, N.VIII), and are integrated at brainstem level before being projected to reflex 
centers or higher order areas where the senses are perceived. These are well known and 
extensively studied pathways. However, much less is known about the central nervous 
efferent feedback from the brain to the audio-vestibular epithelium. This feedback system 
provides the basis for a cognitive control of our hearing and balance. To understand how this 
efference functions, it is essential to gain knowledge about the responsible neurons and their 
molecular properties. 
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3.1 The hearing organ 

The coiled tapered tube of the cochlea consists of three fluid-filled chambers that run from the 
base to the apex; the scala tympani, scala media and scala vestibuli. The scala vestibuli and 
scala media are separated by Reissner's membrane and the scala tympani and scala media are 
separated by the basilar membrane. The latter is the structural element which determines the 
mechanical wave propagation properties of the cochlear partition when sound enters the inner 
ear as vibrations coming from the middle ear via the oval window. The sensory organ of 
hearing, the Organ of Corti, is situated in the scala media, on the basilar membrane. The 
sensory cells, divided into outer and inner hair cells, are topped with hair-like structures called 
stereocilia, built up of actin filaments. As sound waves propagate through the fluid in scala 
tympani the stereocilia are deflected and mechanosensitive ion channels open. In the outer 
hair cells this leads to a receptor potential that powers a shortening and then elongation of the 
cell body, causing the cells to push the tectorial membrane with every sound wave. This 
electromotility functions to selectively amplify the vibration of the basilar membrane, thereby 
increasing our sensitivity to sound. The inner hair cells are the true sensory receptors of the 
cochlea and responsible for transmitting auditory information to the brain. Deflection of inner 
hair cell stereocilia opens the mechanosensitive channels, which leads to receptor potentials 
that facilitate the release of neurotransmitters at their synaptic ends. The neurotransmitters 
bind to receptors causing the nerves to fire action potentials, and signals are sent to the brain. 
 
3.2 The balance organ          
The vestibular organ creates the sense of balance and is important for our posture. The organ 
is also essential for the vestibulo-ocular reflex (VOR), which is a reflex eye movement that 
stabilizes images on the retina during head movement. It does so by producing an eye 
movement in the direction opposite to head movement, thus preserving the image on the 
center of the visual field.  
         
The organ consists of the membranous otolith organs, saccule and utricle, and three 
semicircular canals. The semicircular canals contain balance end organs called crista and the 
saccule and utricle contain similar end organs called macula. Both of these end organs have 
hair cells similar to those in the hearing organ, with an additional component called kinocilie 
next to the stereocilia. This kinocilie is longer and thicker than the stereocilia and is built up 
of microtubuli. If the stereocilia bend towards the kinocilie the mechanosensitive ion channels 
open, depolarizing the cell which increases the stimulus to the innervating nerves, i.e. the 
action potential frequency. If the stereocilia bend in the other direction, away from the 
kinocilie, the ion channels close and the cell instead hyperpolarizes, giving the opposite effect 
on the nerves. The three semicircular canals detect rotatory acceleration. They are aligned 
approximately orthogonally to one another with the lateral (horizontal) semicircular canal, 
detecting horizontal movements and the anterior (superior) and posterior semicircular canals, 
both detecting vertical movements. In every canal there is an extension called ampulla in 
which about a thousand sensory cells sits on a ridge called crista. The sensory cells are hair 
cells and are, as the cochlear hair cells, divided into two groups; type I and type II. These are 
classified according to their afferent nerve terminals, which is either calyx, type I, or bouton, 
type II (Fig.1). The hair cells are embedded in a gelatinous structure called the cupula. As the 
head twists in any direction, the fluid is set in motion, which will bend the cupula, and hence 
also the stereocilia, giving a stimulus. The otolith organs detect linear acceleration, with the 
gravity as the most important example. In the saccule the hair cells are positioned to the walls, 
hence detecting vertical orientation, and in the utricle they are positioned horizontally. The 
surface of the otolith organs are covered by a gelatinous membrane, the otolithic membrane. 
This contains crystalline particles of calcium carbonate, otoliths, which gives the membrane a 
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higher density than the surrounding fluid. Head acceleration along a line or tilting to change 
its orientation to gravity will, because of inertial forces, cause the otolithic membrane to glide 
along the sensory epithelium, which affects the stereocilia and cause a stimulation or 
inhibition of the cells, depending on the direction of the movement relative to the cell.  
 
3.3 The central nervous audio-vestibular system  
The superior olivary complex (SOC) in the auditory brainstem is the major locus for the 
olivocochlear efferent pathways, which are further divided into medial and lateral subsystems 
(Fig.1). The medial olivocochlear (MOC) neurons are located in the ventral nucleus of the 
trapezoid body (VNTB) and their axons make direct synapses with cochlear outer hair cells, 
and the lateral olivocochlear (LOC) neurons are distributed within or around the lateral 
superior olive (LSO) and they project mainly to the spiral ganglion cell dendrites at the base 
of the cochlear inner hair cells (Warr and Guinan, 1979). Proposed functions for the MOC 
neurons are to control the outer hair cells in their role as cellular amplifiers of the cochlear 
tuning and sensitivity (Ulfendahl and Flock, 1998) and to be involved in improving 
discrimination of complex sounds¸ possibly related to selective attention through cortical 
feedback loops (Xiao and Suga, 2001). The peripheral effects of the LOC neurons have been 
much more difficult to study due to the unmyelinated nature of these projections. However, 
recent experiments suggest that they seem to be of importance for balancing the afferent input 
from the two ears, meaning that the LOC neurons are involved in adjusting the interaural 
sensitivity to sounds, which is the most important cue for sound localization (Darrow et al., 
2006). In addition to the cochlear input to the efferent neurons, it has been demonstrated that a 
multitude of inputs from different parts of the brain converge onto the olivocochlear efferent 
neurons (Horváth et al., 2003). The efferent neurons must integrate all the activity they 
receive in order to generate a meaningful output signal that exerts continuous control over our 
hearing and balance. How the olivocochlear neurons achieve this is yet unknown.  
           
The vestibular efferent (VE) neurons reside dorsolateral to the genu of the facial nerve (the 7th 
cranial nerve, N.VII), close to the fourth ventricle (Fig.1). They are few in number with about 
200 neurons bilaterally symmetric on each side of the brainstem (Goldberg and Fernández, 
1980) and they project to the Type I and Type II hair cells in the vestibular sensory epithelia. 
They make direct contact (presynaptic efferent terminals) with the Type II peripheral hair 
cells and indirect contact (postsynaptic efferent terminals) with the Type I hair cells via the 
afferent nerve fibers or afferent terminals (Gacek, 1969; Boyle and Highstein, 1990). 
Generally, the efferents are heavily outnumbered by the afferents (Goldberg and Fernández, 
1980; Highstein, 1992). However, the efferents have a divergent nature of innervation and 
each efferent neuron branches so that it can make multiple synaptic contacts with afferent 
chalices and Type II hair cells (Goldberg and Fernández, 1980).  
 
It has been shown in mammals (Goldberg and Fernández, 1980; McCue and Guinan, 1994) 
and in toadfish (Boyle and Highstein, 1990) that efferent activation predominantly excites 
afferents. This causes an increase in background discharge of the primary afferents in 
combination with reduced response amplitudes, i.e. reduced afferent gain to adequate 
stimulation. The same effects of efferent activation on afferents have been shown by both 
behavioural and electrical stimulation (Boyle and Highstein, 1990) and by in vivo 
experiments in toadfish (Boyle et al., 2009). It has been hypothesized that the efferent 
vestibular system (EVS) functions to modulate the dynamic range of the afferents during the 
large accelerations accompanying volitional motion (Goldberg and Fernández, 1980). 
Moreover, in toadfish, increased VE neuron activity has also been associated with arousal and 
predation (Highstein, 1992) further building on a hypothesis that the EVS functions to reduce 
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the stimuli caused by self-generated motion to instead enhance biologically relevant 
sensations. However, experiments in alert macaques (Cullen and Minor, 2002) indicate that 
the EVS modulation of vestibular primary afferent response does not differ between voluntary 
or passively applied movements. Furthermore, results from transneuronal tracing experiments 
(Metts et al., 2006) suggest that the VE neuron input to the vestibular epithelium may be 
combined with reticular cell responses via the reticular formation. Reticular cells have been 
associated with a diverse range of functions, including respiration and cardio-vascular 
responses, postural reflexes, muscle tone, mediation of wakefulness or arousal and function of 
the VOR. A connection to the VE neurons could then provide a means for functional feedback 
from autonomic or autonomic-related areas to the peripheral vestibular system. Another 
tracing experiment (Shinder et al., 2001) showed a novel projection of the VE neurons to the 
flocculus and/or paraflocculus and also to arousal and autonomic brainstem pathways. This 
further indicates a role for the VE neurons in the VOR and in other autonomic responses. 
 
Although the effect of vestibular efferent neuron action on primary vestibular afferents is well 
studied and hypothesized, still little is known about the efferent neurons themselves, and their 
functional role in balance remains elusive.  
 
3.4 Kv4 family of potassium channel subunits 

One known characteristics of the olivocochlear efferents is a transient outward current, called 
IA or A-type (Fujino et al., 1997). These currents can be seen in electrophysiological 
experiments, e.g. the patch clamp method, and are caused by channels of the mammalian Kv4 
subfamily (consisting of Kv4.1-3) of potassium channel pore-forming (α) subunits (Anderson 
et al., 2010). It is, therefore, interesting to investigate the presence of Kv4 subfamily proteins 
in the LOC and MOC efferent neurons. The Kv potassium channels are built up of subfamily-
specific homo- or heterotetramers. Previous in situ hybridization (ISH) experiments in rodent 
brain have shown that Kv4.1 staining only is present in the olfactory bulb and CA1 of the 
hippocampus (Serodio and Rudy, 1998; Fitzakerley et al., 2000). This has been confirmed 
with immunohistochemistry (IHC) in neurons of the medial nucleus of the trapezoid body 
(MNTB), which are functionally related to the neurons of interest and show a lack of Kv4.1 
labelling (Johnston et al., 2008). This leaves Kv4.2 and Kv4.3 as possible candidates for 
causing the current in LOC and MOC neurons. Preliminary electrophysiological results 
(Magnusson, unpublished data, Fig.9) suggest that the VE neurons also generate a transient 
outward current like the one found in the SOC, why the next question is whether vestibular 
efferent neurons also express these potassium channels. And if so, do they express the same 
subtype(s) as the olivocochlear efferents?  
 

3.5 Aim of the study 
One reason why the knowledge about these areas is so limited, especially for the vestibular 
efferents, is due to difficulties singling out and functionally identifying small sub-populations 
of neurons. The use of a BAC (bacterial artificial chromosome) transgenic mouse (Tallini et 
al., 2006) with enhanced green fluorescent protein (eGFP) under the choline-acetyltransferase 
(ChAT) promoter (Fig.2) might, however, present a possibility of targeting the vestibular and 
olivocochlear efferents for molecular and electrophysiological experiments. ChAT is 
expressed in all peripheral and central cholinergic neurons, including the vestibular and 
olivocochlear efferents, which then also should express eGFP. The first aim of this thesis is 
to validate the model and to characterize its applicability for the intended use of targeting the 
vestibular and olivocochlear neurons. For doing so, techniques such as genotyping with PCR 
and immunohistochemistry and in situ hybridization have to be set up and optimized. When 
able to localize the correct cells, the second aim is to investigate the presence of Kv4 family 
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of potassium channel subunits in the vestibular and olivocochlear efferents and to compare the 
two types of efferent neurons to find differences and/or similarities. Finally, a pre- or 
postsynaptic localization of the channels may be of physiological relevance for the function of 
the cell and is therefore also investigated. Although the vestibular and olivocochlear efferent 
systems constitute separate anatomical neuronal populations and may function somewhat 
differently, it is also possible that they might share some functions, not the least since they 
both reside in the auditory brainstem and innervate the inner ear.  
      

 
Figure 1. (Left) Schematic view of mouse auditory brainstem when sectioning transversely. Useful landmarks to 
help localize the audio-vestibular efferents are the 7th nerve genu (VII genu), the nucleus of the 6th cranial (VI) 
and the 4th ventricle. (Right) Efferents projecting to the vestibular organ make direct contact with the Type II 
peripheral hair cells and indirect contact with the Type I hair cells via the afferent nerve fibers or afferent 
terminals. Efferents projecting to the hearing organ make direct contact with outer hair cells (MOC neurons) and 
indirect contact with inner hair cells via afferents (LOC neurons). 
 
4 Materials and Methods 

 

4.1 Animal model 
In this study, mice of C57B1/6 background and wildtype Sprague Dawley rats were used. The 
animals were bred at Karolinska Institutet animal facilities under normal light/dark conditions 
(LD 12:12). The mouse is a BAC transgenic model (Tallini et al., 2006) with an insertion of 
enhanced green fluorescent protein (eGFP) under the choline-acetyltransferase (ChAT) 
promoter (Fig.2), meaning that all cholinergic neurons in the peripheral and central nervous 
systems should express eGFP. Mice were used at an age of postnatal day 12 (P12) and up and 
rats were used as adults. All experiments have been approved by the Stockholms norra 
djurförsöksetiska nämnd (Dnr N32/07 and N13/10).  
 

4.2 Genotyping of heterozygous ChAT-eGFP mice 

To find the mice positive for eGFP, genotyping was performed. The preparation of genomic 
DNA was performed by the HotShot method as described by Truett et al., 2000. Briefly, 
tissue samples were collected as approximately 0.2 cm tail-snips. These were incubated for 40 
min at 95 °C in an alkaline lysis buffer (25 mM NaOH, 0.2 mM disodium EDTA, pH 12), 
quickly cooled to 4 °C, and thereafter briefly vortexed in a neutralizing buffer (40 mM Tris-
HCl, pH 5). An adjustment to the protocol was to perform three freeze-thaw cycles on the 
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lysates before running the PCR, since this had a positive effect on the final outcome and 
reduced false negatives. PCR was run with one primer from ChAT (chat7220-22bp; 
agtaaggctatgggattcattc) and one from eGFP (G20bp-496; agttcaccttgatgccgttc). Cycling 
conditions: 94 °C for 2 min followed by 48 cycles of 94 °C for 30 s, 58 °C for 30 s and 72 °C 
for 30 s. After PCR, samples were run on a 2 % agarose gel with 0.5 µg/mL Ethidium 
bromide for 45 min at 100 V. The primers produce a product of 600 bp.  
 

 
Figure 2. (A) Diagram of bacterial artificial chromosome (BAC) strategy to insert enhanced green fluorescent 
protein (eGFP) into the 3rd exon to replace the start codon of the choline-acetyltransferase (ChAT) gene. The 
mice are bred heterozygously; meaning that about 50 % of the offspring should carry the insertion and, hence, 
express eGFP in all cholinergic neurons. 
 

4.3 Immunohistochemistry 

 

4.3.1 Tissue fixation and sectioning 
Two different techniques were used for tissue fixation and sectioning. 
 
4.3.1.1. Transcardial perfusion with 4 % paraformaldehyde (PFA) 

In the first one, preceding perfusion the animal is euthanized with an overdose of sodium-
pentobarbital and adequate euthanasia is determined by the pinch-response method. The heart 
is accessed by making an incision through the chest and removing the rib-cage, whereupon 
the perfusion needle is inserted in the left ventricle and the right atrium is opened to enable 
flow of solutions. An initial 50-100 mL 0.9 % NaCl is pumped through to clear the animal 
from blood, followed by approximately 300 mL of ice-cold 4 % PFA in 0.1 M phosphate 
buffered saline (PBS). PFA is an efficient fixative that leads to cross-linking between free 
amino groups in the tissue (e.g. between -NH2- groups of lysines and -NH- groups of a nearby 
peptide backbone), thereby holding the overall structure together by a latticework of 
interactions. Next, the brain is carefully dissected and post-fixed for 2 h in 4 % PFA at 4 °C. 
Lastly, the brain is transferred to a cryoprotection solution of 30 % sucrose in 0.1 M PBS and 
kept at 4 °C overnight. The sucrose solution helps to protect against and reduce formation of 
ice-crystals and freezing-artefacts in the tissue when frozen for cryosectioning. After freezing, 
a Leica CM3050 S (Leica Microsystems, Germany) cryostat is used for sectioning of the brain 
in 30-50 µm thick transverse slices. When starting caudally, some landmarks to be used for 
localization of relevant structures (i.e. vestibular and olivocochlear efferents) are the fourth 
ventricle and the genu of the facial nerve (VII genu) (Fig.1). Sections are transferred to 



 7 

multiwell plates pre-filled with PBS, with one section put in each well to enable 
“remodelling” of the brain after staining. The tissue is kept at 4 °C until staining, which is 
preferably started shortly thereafter.  
 

4.3.1.2 The shock-freeze method 

In the second technique, the shock-freeze method, the animal is euthanized by an overdose of 
sodium-pentobarbital. It is then decapitated and the brain is carefully dissected, covered with 
Tissue-Tek (Sakura Finetek, Netherlands) and immediately frozen in isopentane and dry-ice. 
Until sectioning the samples are kept at -20 °C. The unfixed tissue is sectioned with a cryostat 
in 12 µm thick transverse sections that are mounted directly onto SuperFrost glass slides 
(Menzel-Gläser, Germany). After about 30 min at room temperature, the tissue is fixed for 20 
min in 4 % PFA in 0.1 M PBS and washed with 3xPBS, after which the staining should be 
started immediately. 
 

4.3.2 Immunolabelling 

Protocol A (Appendix A) is used for immunolabelling of sections obtained with the two 
different techniques (i.e. the free-floating sections and the ones mounted onto Super-Frost 
glass slides). Initially sections are pre-incubated in 5-10 % normal serum in a blocking 
solution (BS) of 1 % bovine albumin serum (BSA) and 0.3 % Triton X-100 in PBS for 1 h at 
room temperature. The normal serum should be of the same species as the host of the 
conjugated antibody, in this case donkey or goat. Triton X-100 is a detergent added for cell 
permeabilization. Normal serum and BSA bind non-specifically to epitopes that might 
otherwise be available for the conjugate, and thereby reduces background. Next, sections are 
incubated with the primary antibodies overnight at 4 °C in BS containing 2 % normal serum. 
Primary antibodies used were GFP-conjugated rabbit anti-GFP 1:500 (Invitrogen, Corp., 
Carlsbad, CA), goat anti-ChAT 1:100 (Millipore, Corp., Temecula, CA), rabbit anti-Kv4.2 
1:100 and rabbit anti-Kv4.3 1:100 (Alomone Labs, Ltd., Jerusalem, Israel). After washing 
with 3xPBS, sections are incubated in darkness with Cy3-conjugated donkey anti-goat and/or 
Cy2-conjugated donkey anti-rabbit (Dianova, GmbH., Hamburg, Germany) in BS for 2 h at 
room temperature. Sections are washed with 3xPBS, gelatine coated and cover-slipped with 
an anti-fading medium and kept in the dark at -20 °C until visualization. The purpose of the 
anti-GFP antibodies is to enhance the fluorescence of eGFP expressed in cholinergic neurons 
of those transgenic mice positive for eGFP. The anti-ChAT antibodies bind to all cholinergic 
neurons, meaning all neurons using acetylcholine as neurotransmitter. The specificity of the 
Kv4.2 and Kv4.3 antibodies was tested using the corresponding immunopeptides. These were 
added in a 1:1 relationship to primary antibody in the step of primary antibody incubation and 
the rest of the protocol was performed as above mentioned.  
 

4.4 In situ hybridization 

Radioactive in situ hybridization was performed on tissue sections from two mice. The 
experiment was performed according to Protocol B (Appendix B). Briefly, oligoprobes were 
labelled with dATP-35S and purified using Qiagen’s protocol for probe purification and 
radioactivity was measured in a scintillator after adding of Ultima Gold to a small sample of 
diluted probe. The probe labelling is considered successful if values are within the range of 
300 000 - 1 000 000 CPM (optimal value is 600 000 - 700 000). Unfixed tissue sections were 
covered with a hybridization solution containing the labelled oligoprobes, ssDNA, DTT and 
hybridization cocktail, and incubation was carried out overnight at 42 °C. Slides were washed 
in saline-sodium citrate (SSC) buffer, dehydrated in ethanol, covered with aluminium foil and 
were left to dry overnight before emulsion dipping. In the dark room, fresh NTB emulsion is 
made by diluting 1:1 with DDW and melted in a water bath. Slides are carefully dipped in the 
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emulsion for 7 s and let to dry for 2 h, after which they are packed in aluminium boxes 
together with a desiccant cartridge. The boxes were sealed with tape, put in a plastic bag and 
stored in a cold room (4 °C) until development. Exposure was stopped after 3 weeks and the 
slides were developed as following; 3 min in developer, 30 s in dH2O, 5 min in fixative and 
finally 30 min in dH2O. The side not holding the tissue sections was scraped with a blade to 
remove emulsion, and after drying, the slides were cover-slipped with mounting medium and 
examined in a microscope. 
 

4.5 Visualization of immunoreactivity 

Immunolabelling was visualized with light microscopy using a Zeiss Observer Z1 
fluorescence microscope (Carl Zeiss, Germany) equipped with a Zeiss AxioCam MRm 
camera and digitally processed using AxioVision 4.8. Confocal optical sections were acquired 
with a Zeiss LSM 510 confocal laser-scanning microscope (Carl Zeiss, Germany) equipped 
with Plan-Apochromat 63x/1.4 and 100x/1.4 DIC oil immersion objectives. Fluorochromes 
were visualized using an argon laser with excitation wavelengths of 488 nm (peak emission 
509 nm) for GFP and a He-Ne laser with a laser line of 543 nm (peak emission 570 nm) for 
Cy3. For each optical section the images were collected sequentially for two fluorochromes. 
Stacks of eight-bit grayscale images were obtained with axial distances of 100 nm between 
optical sections and pixel sizes of 20-200 nm depending on the selected zoom factor (0.7-7). 
After stack acquisition, Z chromatic shift between color channels was corrected. RGB stacks, 
montages of RGB optical sections, and maximum-intensity projections were created using 
AxioVision 4.8. In order to de-noise images, stacks of light optical sections were deconvolved 
with the ImageJ plugin for parallel iterative deconvolution 3D (method: WPL algorithm; 
boundary: reflexive; max iterations: 5; max number of threads (power of 2):2) using 
theoretical point-spread functions (PSF). 
 
 

 
Figure 3. Agarose gel after PCR genotyping with respect to eGFP (�). A control ladder indicating molecular 
weight is seen in lane number 8. Lane number 1 (from left) show positive control. Lanes 2-7 show males and 
lanes 9-16 show females. 50 % of the offspring carried the eGFP insertion and there was no difference in the 
outcome between genders.   
 

5 Results 

 

5.1 Approximately 50 % of the transgenic mice proved positive for eGFP 

In the mouse model investigated, using a bacterial artificial chromosome (BAC), eGFP is 
knocked-in under a cholinergic locus which contains the choline-acetyltransferase (ChAT) 
and vesicular acetylcholine transporter (VAchT) genes (Tallini et al., 2006). In order to 
identify eGFP positive individuals, the mice were genotyped with respect to the eGFP 
insertion. Since the ChAT-eGFP mice are bred heterozygously the expected outcome 
according to Mendelian inheritance would be 50 % positive animals. The genotyping was 
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based on extraction of DNA followed by PCR with specific primers against ChAT and eGFP, 
respectively. As expected, approximately 50 % of the offspring carried the eGFP gene (Fig.3). 
This result was independent of gender, as there was no difference in the outcome between 
males and females.    
 
5.2 Co-localization of ChAT and GFP in vestibular efferents and motor neurons 

As the eGFP is expressed under the ChAT promoter, the fluorescent molecule should be 
expressed in cholinergic cells only. However, given the complex nature of ChAT and VAchT 
regulator elements, which include enhancer and suppressor elements and significant splicing 
(Misawa et al., 1992; Li et al., 1993), this needs to be verified. Hence, mice identified as 
positive for the eGFP insertion were further investigated with immunolabelling against the 
ChAT protein, which is expressed in all cholinergic neurons including the vestibular and 
olivocochlear efferents and motor neurons of the brainstem. If the ChAT-eGFP expression 
system is working optimally, the eGFP and ChAT proteins should be co-expressed in all 
cholinergic neurons, resulting in an overlapping immunolabelling when using specific 
antibodies. The ChAT-antibody resulted in a robust cholinergic immunolabelling in vestibular 
efferents (Fig.4B), which were located in a small but clearly defined area dorsolaterally to the 
genu of the 7th cranial nerve. The olivocochlear efferents also displayed immunolabelling 
against ChAT. Both the LOC neurons in the LSO and the MOC neurons in the VNTB were 
equally immunoreactive for ChAT (Fig.4C).  
 
When performing a double immunohistochemistry against ChAT and eGFP, double labelling 
was observed in the VE neurons (Fig.4A-B). However, surprisingly, no overlap could be seen 
in either LOC or in MOC neurons (Fig.4C). Ectopic expression of eGFP in non-cholinergic 
neurons was also observed in the areas of interest (e.g. Fig.4, MOC area). The lack of eGFP 
expression in the olivocochlear efferents indicates that this mouse model is unsuitable for 
targeting those efferent neurons. However, the ChAT antibody gave strong and robust 
staining of the vestibular efferents and the two types of olivocochlear efferents. Therefore, 
immunohistochemistry with anti-ChAT was primarily used to localize the efferents in further 
experiments for characterization and comparison of the vestibular efferents to the more well-
known olivocochlear efferents. 
 
5.3 Vestibular and olivocochlear efferents express Kv4.3 

One characteristic feature of the olivocochlear efferents is their delayed firing of action 
potentials upon depolarizing current injections (Fujino et al., 1997; Adam et al., 1999) This 
type of firing pattern is largely caused by a transient outward potassium current, also known 
as the low-voltage activated A-type current (Fujino et al., 1997). The biophysical properties of 
the vestibular efferents have never been investigated, and therefore it is not known if VE 
neurons display a similar firing pattern when they are electrically activated, or if they have 
transient outward potassium currents.  Furthermore, it is not known what specific subtypes of 
potassium channels that are underlying the A-type currents in the olivocochlear efferents. The 
Kv4 family is considered to be responsible for generating the low voltage-activated A-type 
currents. The three pore-forming subunits, Kv4.1, Kv4.2 and Kv4.3, homo- or 
heterotetramerize to form a single transmembrane pore (Birnbaum et al., 2004). In order to 
investigate which Kv4 subunits that are expressed in the olivocochlear efferents, we combined 
immunolabelling against ChAT, identifying the efferent neurons, with Kv4.2 and Kv4.3 
antibodies in wild type animals. Moreover, we also wanted to investigate if also the vestibular 
efferents express Kv4 channels and, in that case, which specific subunits that are present in 
these cells. The third member of the Kv4 subfamily, Kv4.1, has previously been shown not to  
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Figure 4. Mouse auditory brainstem labelled with anti-GFP (green) to enhance the eGFP in the mouse model and 
with anti-ChAT to highlight cholinergic cells (red). (A-B) Confocal laser scanning microscopy images of double 
labelled VE neurons. (C) Medial olivocochlear efferents (MOC) in the ventral nucleus of the trapezoid body 
(VNTB) and lateral olivocochlear efferents (LOC) in the lateral superior olive (LSO). The MOC and LOC 
neurons are not double labelled. The GFP labelled neurons in (C) are not efferent neurons, since they do not 
express ChAT, but correspond to non-cholinergic neurons and display ectopic expression of eGFP. (D-F) Double 
labelling of motor neurons in the nuclei of the trigeminal nerve (5th cranial nerve, N.V), the abducens nerve (6th 
cranial nerve, N.VI) and the facial nerve (7th cranial nerve, N.VII), in order from top to bottom.  
    
 
be expressed in the areas of interest (Serodio and Rudy, 1998; Fitzakerley et al., 2000; 
Johnston et al., 2008) and was, therefore, not investigated. 
 
As the Kv4 antibodies used in the present study have been confirmed to produce specific 
immunolabelling of Kv4.2 and Kv4.3 in rat cochlear nucleus (Rusznák et al., 2008), we 
initially investigated the expression of these channel subunits in the rat. Our results show 
robust expression of Kv4.3 in both MOC and LOC neurons (Fig.5). The immunolabelling is 
evenly distributed throughout the LSO and VNTB with no obvious gradient, which could 
correspond to a tonotopic frequency-dependent organization. The immunoreaction is 
punctuated and observed in the cell body and the dendrites (e.g. Fig.5G). In analogy with the 
olivocochlear efferents, the VE neurons also have a strong co-immunolabelling against ChAT 
and Kv4.3, as shown in Fig. 5A-E. The Kv4.2 antibody resulted in a very weak staining of the 
olivocochlear and vestibular efferents, or was completely devoid in these areas (data not 
shown).   
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Figure 5. Confocal laser scanning microscopy images of adult rat labelled against Kv4.3 (green) and ChAT (red). 
(A-E) VE neurons dorsolateral of the 7th nerve genu. White arrows point to double labelled efferent neurons. (D) 
and (E) show 3x and 7x enlargement of the overlay. (F-J) Neurons in the LSO. White arrows point to double 
labelled LOC efferent neurons. Yellow arrows point to principal cells labelled against Kv4.3, but lacking 
labelling against ChAT. (F) and (G) show 3x and 7x enlargement of the overlay. Punctuate staining in seen for 
example in (G) indicates of specific labelling.   
 
To confirm that these antibodies give rise to specific staining in our areas of interest, the 
respective immunopeptides were added in control immunohistochemistry reactions (n=3). The 
peptides block the specific epitopes which hinders the reaction with the proteins in the tissue.  
Purkinje cells of the cerebellum that are known to express Kv4.3 (Serodio and Rudy, 1998) 
were used as a positive control (Fig.6A). The characteristic pattern in Purkinje cells could be 
completely abolished by the pre-incubation with the immunopeptide (Fig.6D). In addition, the 
immunolabelling of the VE (Fig.6B,6E) and MOC and LOC (Fig.6C,6F) neurons was lost, 
hence verifying the specificity of the antibodies and supporting the results. 
     
Next, we wanted to verify these results in the mouse brainstem as we used the ChAT-eGFP 
mouse to investigate the VE neurons physiologically. Initially, the antibodies failed to 
produce any specific staining in the mouse. We, therefore, switched the tissue preparation 
from transcardial perfusion to the shock-freeze method, during which the tissue was shock- 
frozen in dry-ice and isopentane and fixed first after sectioning. The rationale for this method  
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Figure 6. Adult rat labelled against Kv4.3 (green) and ChAT (red) in cerebellum (A), the area of the 7th nerve 
genu and the VE neurons (B) and the SOC (C). (D-F) Corresponding images of tissue from the same individual 
treated with the immunopeptide against Kv4.3, showing lack of specific labelling. This indicates that the 
labelling seen in A-C is specific and not caused by unspecific background labelling. 
 
 

 
Figure 7. Mouse (P16) labelled with Kv4.3 (green) and ChAT (red). VE neurons (A-C) as well as MOC and 
LOC neurons (D-F) are double labelled. White arrows point to double labelled cells. This tissue is obtained using 
the shock-freeze method, why the quality of the ChAT staining is somewhat decreased in comparison to tissue 
obtained with the perfusion protocol (e.g. Fig.5B). The choice of method here is however explained by the need 
to achieve sufficient penetration of the tissue for the Kv4.3 antibody, which in mice was not reached with the 
perfusion protocol.   
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is that it opens up the cell membrane more, which enables better targeting of intracellular 
epitopes. Utilizing this preparation of the brain tissue, we obtained Kv4.3 immunolabelling of 
both VE (Fig.7A-C) as well as MOC and LOC (Fig.7D-F) neurons also in the mouse. The 
Kv4.2 staining was not observed above background levels in the mouse (data not shown). 
 
Taken together, these results suggest that the potassium channel responsible for the transient 
outward A-type current, seen in olivocochlear efferents is mainly built up of Kv4.3 subunits. 
Moreover, as the vestibular efferents also express this channel subunit, it indicates that these 
neurons have similar biophysical properties to their olivocochlear counterparts, and would be 
expected to have some similarities to these neurons in terms of their electrophysiological 
profile. In fact, preliminary results from electrophysiologically targeted VE neurons show that 
these cells have large transient outward currents (Magnusson, unpublished data, Fig.9).  
 

5.4 Principal cells of the SOC express Kv4.3 
In addition to the ChAT-positive LOC neurons in the LSO, there is another, ChAT-negative, 
type of neurons that express Kv4.3 (Fig.5H-J,7D-F). These neurons most probably correspond 
to the LSO principal cells, which is the main projection neuron of the LSO. Apart from being 
ChAT-negative, they can also be distinguished from the efferent neurons by their 
morphology. The principal cells are large bipolar cells, while the efferents are comparably 
small to medium sized and fusiform or multipolar (e.g. Fig.5J). Principal cells of the SOC 
receive an ipsilateral excitatory input from the cochlear nucleus (CN) and a contralaterally 
driven feed-forward inhibitory input from the MNTB, which are used for extracting interaural 
intensity differences; an important cue for sound localization (Magnusson et al., 2008). 
Interestingly, we also found a strong expression of Kv4.3 in the rat MNTB (Fig.6C), which is 
in contradiction to the lack of transient outward currents in the rat MNTB observed by 
Johnston et al. (2008). 
  
5.5 Kv4.3 is located postsynaptically 
Potassium channels are not only important regulators of neural excitability, but are also 
present presynaptically where they shape the neurotransmitter release (Dodson and Forsythe, 
2004). It is, therefore, interesting to investigate if Kv4.3 is expressed pre- or postsynaptically. 
The synaptic vesicle glycoprotein 2A (SV2A) is commonly used as a presynaptic neuronal 
marker. Double labelling against Kv4.3 and SV2A proteins displayed no co-localization in the 
LSO (Fig.8) or in the VNTB (data not shown). In order to better resolve the subcellular 
localization of the immunoreactivity, we obtained stacks of optical sections with confocal 
microscopy and applied deconvolution to the images. The deconvolved images have an 
improved resolution of the immunostaining, and clearly demonstrate a segregated localization 
of the SV2A immunolabelling, present around the edges of the neurons, and the Kv4.3 
immunolabelling, abundant in the soma and dendrites of the neurons (Fig.8G-H). Based on 
morphological criteria, this suggests that Kv4.3 is located postsynaptically in both the LOC 
neurons and the LSO principal neurons. The VE neurons could not be evaluated, as a ChAT 
immunolabelling was not used in this experiment, and thus not identifiable.  
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Figure 8. Adult rat labelled against Kv4.3 (green) and the presynaptic marker SV2A (red). Overview (A-C) and 
zoomed (D-F) images of neurons in the LSO. The LSO contains both principal cells and LOC neurons. The latter 
are fewer in number and difficult to localize without ChAT labelling, but based on morphological criteria we can 
conclude that the staining does not overlap in either the principal cells or the LOC neurons, suggesting that 
Kv4.3 is located postsynaptically. (G-H) Confocal laser scanning image of the close-up of an LSO cell. (G) 
shows the unprocessed original image and (H) shows the same image after parallel iterative deconvolution 
performed to achieve better resolution. Deconvolution is a method that uses mathematical algorithms to estimate 
the “true” image, meaning the image as it would look if there were no distortions and no spreading of the light.  
 

 
Figure 9. Electrophysiological experiments on living cells (Magnusson, unpublished data) has shown that VE 
neurons have large transient outward currents. The current can be seen when performing patch clamp with 
specific voltage protocols after adding pharmacological blockers in order to isolate the current.     
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6 Discussion 

 
6.1 Validation of the transgenic mouse model 

The transgenic mice do, as expected, express eGFP in the vestibular efferents. The functional 
properties of these efferent neurons have previously never been investigated since it is 
impossible to single out the small population of vestibular efferents in the brainstem. The 
selective expression of eGFP in vestibular efferents will now enable targeted 
electrophysiological recordings from single VE neurons in brain slices by utilizing a 
fluorescent microscope in combination with a patch clamp amplifier. In contrast, neither the 
LOC nor the MOC neurons were highlighted by eGFP in this mouse model. This finding is 
somewhat unexpected since it has been shown that most, if not all, LOC and MOC neurons 
are cholinergic (Yao and Godfrey, 1998). The first question that arises is if the LOC and 
MOC neurons exist in this mouse model, and if so - do they have a cholinergic phenotype? 
ChAT immunolabelling resulted in strong staining of the areas known to harbour the 
vestibular efferents and the olivocochlear efferents, respectively. An overlap with eGFP 
expression was found in the vestibular efferent locus but not in the olivocochlear efferent 
regions, the latter finding implying that the olivocochlear efferents are present but that they do 
not express eGFP. A tracing study, injecting a retrograde tracer substance into the inner ear 
that will selectively be transported to the efferent neurons, is ongoing to verify the exact 
location of both vestibular and olivocochlear efferents and assess if they are co-expressing 
eGFP with the fluorescent tracer. 
      
The next question is: Why do the olivocochlear efferents not express eGFP? One explanation 
could be related to the fact that there are 7 different splice variants of ChAT (Trifonov et al., 
2009). It is possible that the MOC and LOC neurons express a different splice variant than the 
VE neurons, meaning that there is a differential gene regulation of ChAT or, alternatively, a 
differential posttranslational modification of ChAT between the efferents of the hearing and 
balance organs. An in situ hybridization study of the ChAT splice variants in all the efferent 
neurons is planned to verify or reject this hypothesis.  
      
The lack of eGFP expression in the olivocochlear efferents indicates that this mouse model is 
unsuitable for targeting those efferent neurons, as this means that they cannot be identified by 
eye in a fluorescence microscope. However, the LOC neurons are located in an easily defined 
nucleus, namely the LSO, and the efferent neurons can be found there without visual 
identification as their physiological profile is known (Fujino et al., 1997), and also by 
morphological criteria.  Therefore, the mouse model will be useful for comparing the 
physiological properties of the VE neurons and the LOC neurons. The MOC neurons in the 
VNTB might be more difficult to target without the eGFP, as this large nucleus contains many 
neurons with unknown projection patterns (Brown and Levine, 2008). Another application for 
the mouse model would be for investigations of motor neurons, which show robust eGFP 
expression in all motor nuclei existing in our tissue (Fig.4D-F). For morphological and 
structural analysis and for comparison of the vestibular and olivocochlear efferents, however, 
the robust and stable immunolabelling of ChAT in all audio-vestibular efferents, including the 
two types of olivocochlear efferents, may be preferable.  
    
6.2 Comparison of methods 

The main method used during this project is immunohistochemistry. For this method, two 
protocols were used for the fixation of the tissue. The transcardial perfusion with 
paraformaldehyde gave good results for the GFP antibody in mouse and also proved to work 
well for the ChAT antibody in both mouse and rat. The Kv4.3 staining, however, gave good 
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results in the rat but not in the mouse. In the latter species, the antibody appeared unable to 
sufficiently penetrate the tissue and, thereby, failed to target the intracellular epitope. 
Therefore, another protocol was tested in which the tissue is immediately frozen in isopentane 
and dry-ice, and fixed with paraformaldehyde following sectioning. As previously mentioned, 
this opens up the cell membrane more, which should improve accessibility of intracellular 
epitopes. As expected, this resulted in better quality of the Kv4.3 staining. The quality of the 
ChAT labelling, which was high in the perfused tissue, was however lower after the shock-
freeze method. Since Kv4.3-positive cells were confirmed to be of efferent origin using ChAT 
double labelling, we used the perfusion protocol whenever possible (i.e. in the rat), and the 
shock-freeze protocol only when needed (i.e. in the mouse).  
      
Immunohistochemistry is considered a purely qualitative method that does not allow 
quantification. For this purpose, in situ hybridization is more suitable. Both 
immunohistochemistry and in situ hybridization retains the morphology of the tissue, but in 

situ hybridization also has the advantage of quantification possibilities. In radioactive in situ 
hybridization, which is the technique used here, the amount of probe hybridized to the tissue 
can be assessed by counting the amount of silver grains per cell or per unit area. The silver 
grains originate from the NTB emulsion, in which the slides are dipped prior to exposure, and 
they will be seen only in areas where the radioactive probes have hybridized to the 
corresponding mRNA. The autoradiograms are thereafter analyzed in a computer software 
that measures diffuse integrated optical density. This quantification method is considered 
relatively accurate. However, it can be difficult to precisely measure the grain density, since 
many factors (e.g. emulsion thickness and radiation source) can affect how the emulsion 
responds to radiation. There are ways of avoiding this problem, on example being by co-
exposing all slides on an emulsion coated film that also includes a set of calibrated standards, 
as compared to separately emulsion-dipping the slides. Also to remember is that in situ 
hybridization measures mRNA, while immunohistochemistry measures proteins. Since the 
mRNA and protein levels often do not correlate, it is, for a full understanding, important to 
use these techniques as complements.  
      
For immunohistochemistry, one can improve the resolution and clarity of cellular structures 
of the staining by obtaining images with a confocal microscope and subsequently performing 
a deconvolution on them. The image acquired in the confocal microscope often does not 
correspond to the true picture, since environmental effects and imperfections in the imaging 
system can cause degradation by blurring and noise (Wendykier, 2009). Deconvolution is the 
use of mathematical algorithms to make an estimation of what the true image would look like 
if there was no spread of light by the microscope and no distortions. We performed parallel 
iterative deconvolution on our images of double labelling with the presynaptic marker SV2A 
and the Kv4.3 potassium channel subunit. In this experiment we wanted to see if Kv4.3 is 
expressed pre- or postsynaptically, why precise localization of the two antibodies is 
important. We found that the deconvolution decreased the level of background and increased 
the overall sharpness of the image (Fig.8G-H). The deconvolved image clearly demonstrates a 
segregated localization of the presynaptically localized SV2A and the postsynaptically 
localized Kv4.3 immunolabelling. It should be considered, though, that this type of processing 
simply gives an estimation of the truth, and not exact facts. Therefore, deconvolution should 
be used only when a more detailed picture is essential, and not as a means to process every 
image.         
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6.3 Kv4.3 expression in the audio-vestibular efferents   

It is well known that potassium channels are important for the regulation of neuronal 
excitability, for setting the resting membrane potentials and firing thresholds and for 
repolarizing action potentials and limiting excitability (Dodson and Forsythe, 2004). Transient 
outward currents, first described by Connor & Stevens (1971) and Neher (1971), have been 
demonstrated to produce long delays to firing during depolarization in olivocochlear efferents 
(Fujino et al., 1997). Such ‘delayed excitation’ has been proposed as a mechanism for 
temporal integration of excitatory synaptic inputs on a timescale of seconds (Storm, 1988; 
Turrigano et al., 1996). This is due to the ability of the transient outward potassium currents 
to activate at membrane potentials that are sub-threshold to action potential generation, 
causing the excitatory synaptic inputs impinging onto the neuron, and that will generate 
excitatory presynaptic potentials (ESPS) to be shunted if they are not strong enough or 
summate. This means that the neuron needs to receive summation of many excitatory inputs 
in order to overcome the voltage threshold that will lead to the firing of an action potential. 
There are two types of summation of excitatory inputs: temporal and spatial. Temporal 
summation occurs when the time constant and frequency of sub-threshold inputs are shaped 
so that a new potential begins before the last one ends, which eventually allows the potential 
to reach threshold and fire an action potential. Spatial summation is the algebraic summation 
of input potentials from multiple cells. The transient outward currents found in olivocochlear 
efferents (Fujino et al., 1997) and in vestibular efferents (Magnusson, unpublished data), that 
now have been shown to be caused, at least partly, by potassium channels built up of Kv4.3 
pore-forming subunits, are probably important for determining the level of summation and 
integration of such sub-threshold potentials. Moreover, transient outward currents have also 
been shown to be important for action potential repolarization and regulation of the inter-
spike interval (Yuan et al., 2005). 
      
Another interesting aspect of the transient outward potassium currents is that a large fraction 
is inactive in most neurons at the resting membrane potential and, thus, need to be preceded 
by hyperpolarizations before they are activated by depolarizations. The vestibular and 
olivocochlear efferents have unusually negative resting membrane potentials, which might 
cause the Kv4.3 channels to be more activated at rest in these neurons, thus raising the firing 
threshold for the synaptic inputs.  It also implies that the vestibular and olivocochlear 
efferents reasonably must express other strong outward currents, such as additional potassium 
currents, or receive considerable inhibitory input from some other part of the brain, which will 
reactivate the Kv4.3 currents following a period of firing action potentials. Future studies will 
investigate under what circumstances the transient outward currents are activated and if 
synaptic inputs modify them. It is also conceivable that these low-voltage activated potassium 
channels interact with other ion channels that operate over the same voltage range to influence 
specific firing properties. Recently, it was demonstrated that the low-voltage activated Ca2+ 
channel Cav3 forms are co-regulated with Kv4 in cerebellar stellate cells, enabling these 
neurons to dynamically regulate their excitability (Anderson et al. 2010). 
 

6.4 Kv4.3 expression in the SOC  
The neurons of the superior olivary complex are specialized to preserve temporally precise 
information, including phase locked action potentials (i.e. they fire on a cycle-by-cycle basis).  
Voltage-gated potassium channels have been shown to play an important role in the encoding 
of auditory temporal cues, extracted from the SOC neurons and used to create an auditory 
spatial map. So far, two types of voltage-sensitive potassium channels have been extensively 
studied in the SOC, namely the low-threshold Kv1.1 channel and the high-threshold Kv3.1 
channel, both generating large outward currents in these neurons upon depolarization. Using 
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quantitative in situ hybridization techniques, both Kv1.1 and Kv3.1 channels have been 
shown to be abundantly expressed in the SOC neurons of the mouse (Grigg et al., 2000). Both 
these potassium currents are active around the resting membrane potential and they shorten 
the membrane time constant so that synaptic potentials are brief and reduce temporal 
summation of jittery sub-threshold, converging inputs (Trussell, 1999). Current clamp 
recordings have illustrated the relative roles of high- and low-threshold currents in shaping the 
response properties of the neurons. Briefly, low-threshold potassium currents cause the 
neuron to fire once upon depolarization - called an ‘onset-response’, whereas high-threshold 
potassium currents allow the neuron to follow high frequency inputs (e.g. Brew and Forsythe, 
1995).  Our data demonstrate that, in addition to the Kv1.1 and the Kv3.1 channels, the SOC 
principal neurons strongly express Kv4.3 channels, and thus most probably have large 
transient outward currents. These neurons receive a large inhibitory input from the medial 
nucleus of the trapezoid body, which is driven by stimulation of the contralateral ear. Upon 
sound stimulation, a large hyperpolarizing input could contribute to reactivation of these 
transient potassium currents, which in turn could contribute to the processing of auditory 
inputs in the SOC. In order to shed light on the functional role of the transient outward 
potassium currents in the SOC, the effect of pharmacological blockade of transient outward 
currents on the firing properties will be investigated. 
 
7 Final conclusions 
The vestibular efferents comprise a small subpopulation of neurons in the auditory brainstem 
that project to the sensory cells in the vestibular organ. They are few in number and difficult 
to single out and target, which is one reason why not much is known about their 
electrophysiological or molecular properties. In this thesis project, the applicability of a 
transgenic mouse model for targeting the vestibular efferents was investigated. The model 
proved to highlight the correct cells and, thus, to be useful for the purpose of targeting the 
vestibular efferents. This enables, for the first time, in vitro electrophysiological experiments 
where the vestibular efferents can be recorded from in living tissue. Further, this project 
investigated the presence of the Kv4 family, known to cause transient outward potassium 
currents leading to delayed firing of action potentials, in the vestibular and olivocochlear 
efferents. Both the vestibular efferents (VE neurons) and the two types of olivocochlear 
efferents (MOC and LOC neurons) showed specific expression of the Kv4.3 potassium 
channel subunit. The olivocochlear efferents are possible to localize in vitro based on 
morphology and electrophysiological properties. With the help of the transgenic mouse 
model, we can now also target the vestibular efferents to learn more about the effects of the 
Kv4.3 potassium channels on the firing properties of these neurons, and to compare these to 
the olivocochlear efferents.  
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Appendix A - Immunolabelling 

 
Solutions: PBS 
                 Blocking solution (BS): 1 % BSA, 0.3 % Triton X-100 in PBS 
 

Primary antibodies: Goat anti-ChAT 
                                Rabbit anti-GFP 
                                Rabbit anti-Kv4.2 
                                Rabbit anti-Kv4.3 
                                Goat anti-SV2A 
 
Secondary antibodies: Donkey anti-Goat Cy3-conjugated 
                                    Donkey anti-Rabbit Cy2-conjugated 
 
Normal sera: Normal donkey (1-2 %) 
 
Day 1 
1) Wash in cold PBS 3x10 min 
2) Add BS + 5 % normal sera in RT for 1 h 
3) Add primary antibodies in 1 % BSA, 0.3 % Triton X-100 and 2 % normal sera 
    Incubate 3 h at RT or O/N at 4 °C (depending on the antibody) 
 
Day 2 
1) Wash in cold PBS 3x10 min 
2) Add secondary antibodies in 1 % BSA, 0.1 % Triton X-100. Incubate for 2 h in RT in 
    darkness 
3) Wash in cold PBS 3x10 min 
4) Cover with anti-fading mounting medium (e.g. Mowiol) 
5) Look at your sections in a fluorescence microscope 
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Appendix B - In Situ Hybridization with radioactively labelled probes 

 

Sectioning 
1) Remove the unfixed tissue block from -80ºC freezer and allow to equilibrate with cryostat    
     temperature 
2) Section thickness should be 14 µm 

Sterile technique is of the essence – make sure to use autoclaved glass- and plasticware when 

necessary! 
 

Labelling of Probes 
1) Turn on 37 °C water bath. Prepare a box of ice for storing reagents during labelling. 
2) Thaw dATP- 35S, one tube of 6 µL per probe. Once thawed, place on ice. 
3) Take out probes and prepare an aliquot of autoclaved water. 
4) Label autoclaved tubes (1 per probe) same as name of probe 
5) Mix in a tube on ice: 2.04 µL autoclaved distill water (in fridge) 
     2.56 µL 5x cobolt reaction buffer (comes with TdT, in freezer) 
     6.00 µL dATP- 35S (kept in freezer) 
     1.00 µL oligoprobe (40 ng/µL, in freezer) 
Total final volume will equal 12.8 µL. Mix by pipetting up and down slowly after adding each 
ingredient 
6) Add 1.2 µL TdT enzyme (equals 24 units) to each tube (very heat sensitive; always kept at  
    - 20 °C metal block). Mix by slowly swirling the pipette tip (no vortex or pipetting). Make  
    sure that the reaction mixture is collected in one drop at bottom of the tube, and not sprayed  
    over the tube wall 
7) Place tube into 37 °C water bath immediately 
8) Incubate for 1.5-4 h (usually 3 h is good; after some time the enzyme inactivates) 
 

Probe purification using the Qiagen protocol 
9. Prepare 2 mL eppendorf tubes by cutting off the caps and cut several small pieces of  
    parafilm. Each probe will require tubes plus the final collection tube that is taken from the 
    Qiagen kit; the parafilm will be used to wrap the columns and tubes in the centrifuge so  
    that no radioactivity leaks out in the centrifuge 
10. To each probe labeling tube, add 10x the volume of buffer PN. With the protocol we use,  
      this equals 128 µL 
11. Place a column in a tube, and apply the sample onto the center of the matrix without  
      actually touching it with the pipette tip 
12. Seal up the tube with parafilm and centrifuge 1 min, 6000 rpm 
13. Discard the tube with the collected liquid and place the column in a new tube. Apply 500  
      µL of Buffer PE, seal up with parafilm and centrifuge 1 min, 6000 rpm 
14. Discard the tube with the liquid waste and repeat this step by placing the column in a new  
      tube, applying another 500 µL of Buffer PE, wrapping with parafilm and centrifuge 1 min,  
     6000 rpm 
15. Again discard tube with flow-through, place the tube in a new tube but without applying  
      any buffer, centrifuge 1 min at 13 000 rpm. This step is necessary to remove any residual  
      ethanol. 
16. Discard the tube and place the column in one of the tubes provided with the kit. Apply  
     100-200 µL of Buffer EB at the center of the matrix and leave to stand for 1 min. The  
     smaller volume you apply, the higher will your radioactivity concentration be. You can go  
     as low as 30 µL, but this will of course give a smaller yield and sometimes too high  
     radioactivity counts. 



 24 

17. Centrifuge 1 min, 13 000 rpm. The flow-through is your labelled probe. 
18. Add 6 µL 0.5 M DTT (kept in freezer, discard any remaining DTT - do not refreeze),  
      vortex and store in fridge until further use.  
      If hybridization is to be started within a few days this step can be omitted. 

 

Measure radioactivity 
1) Take scintillation tube + fill it with 4 mL of Ultima Gold 
2) Add 2 µL diluted probe into plastic bottle (leave in pipette tip) 
3) Put rest of labeled probe (mark with red dot) into the fridge 
4) Shake plastic measuring tube couple times before measuring radioactivity 
    After counting, discard bottles. CPM should be around 300 000 - 1 000 000  
   (optimal 600   000 – 700 000) 
 
Hybridization 
Maintain sterile conditions with gloves and autoclaved glass- and plasticware! 

1) Turn on 42°C water bath and leave in tubes of filtered hybridization cocktail for at least 30 
    minutes. If the cocktail has not been filtered before, filter now and leave in water bath for  
    another 15 mins. Note that filtering can be quite hard. Use 0.45 µm pore filters and only  
    filter up to 5 ml at a time before changing filter. Note that some hybridization cocktail will  
    be lost in the filter. 
2) Pierce the top of eppendorf tube(s) of salmon sperm DNA (stored in freezer) with a needle  
    (so that it doesn’t pop open later), and boil it in water for 10 mins. Place on ice immediately  
    afterwards so that it doesn’t re-anneal; vortex before use. Any remaining ssDNA can be  
    re-frozen and used again. 
3) Fill a beaker with 42 °C water (to keep hybridization cocktail in stable temp); vortex.  
    Calculate total hybridization cocktail volume as 200µl/slide, with some extra margin to  
    compensate for loss by bubbles etc.  
    For 1000 µL of hybrid solution, mix: 
    50 µL ssDNA (to reduce non-specific binding) 
    37.5 µL labelled oligoprobe 
    Add hybridization cocktail to final volume of 1000 µL.  
4) Vortex after adding each ingredient. 
5) After mixing, put tubes into 42 °C water bath for 30 mins (vortex again afterwards) 
6) Prepare slide chamber by lining it with strips of filter paper dampened with autoclaved H2O  
    + cut strips of parafilm of appropriate size to cover the sections on the slides 
7) Vortex and add 200 µL of hybridization solution to slides and cover with parafilm. The  
    Side of the parafilm that has been covered by protective paper should be apposed to the  
    section. Be careful not to include any bubbles. 
8) Seal chamber well with tape and put it into 42 °C incubator overnight (fill culture dish with  
    DDW) 
9) Prepare SSC for next day: [100mL 20xSSC + 1900mL DDW]x4 bottles. Put 1xSSC into  
    60 °C water bath (set timer on) 
 
Washing + dehydration 
After the slide has been covered with hybridization solution it must not be allowed to dry out 

until dehydration! 

1) Turn on 55 °C water bath. 
2) Place bottles of SSC in water bath (dilute SSC to 1x from 20x stock). Calculate that for  
    each carousel of 24 slides, you need 4 rinses of 400 mL each, i.e. 1.6 L 
3) Take out incubation chamber from incubator. Prepare a beaker of 55°C SSC. 
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4) Place a slide carrousel into another beaker of 400 mL 55 °C SSC 
5) Wash each individual slide in the SSC beaker so that the parafilm covering comes off and  
    place it into the slide carrousel, immersed in SSC 
6) Once the carrousel in the SSC beaker is full, cover it with aluminum foil and place it in the  
    55 °C water bath for 15 minutes (repeat 3x; total of 4 “55 °C rinses”). Proceed with filling  
    the next carrousel and keep track of the time each is placed in the water bath so the  
    rinses always are 15 mins. It’s important to give the beakers a shake from time to time  
    while they are in the water bath to remove the air bubbles that form on the section. 
7) After the last rinse, leave the carroussel(s) in the beaker(s) in room temp. for >1hr or until  
    it has reached room temperature 

8) Dehydration: ~DDW⇨10sec 

 ~70% ethanol⇨30sec 

 ~70% ethanol⇨30sec 

 ~95% ethanol⇨30sec 

 ~Absolute ethanol ⇨20sec 
9) Cover slide rack with aluminum foil and leave to dry overnight in cupboard before  
    emulsion dipping 
 
Emulsion-dipping 
1) Mount slides in slide racks. Each rack holds ca. 18-19 slides. The slides at the end should  
    have the tissue section facing inward. For each slide holder, prepare three sets of labels  
    (one will go on the holder, one of the tin box and one on the plastic bag). You may want to  
    place a small amount of slides in a test rack that is developed before the others to determine  
    how long exposure is necessary. 
2) From this step, all is done in the dark room. Make fresh NTB emulsion (dilute 1:1 with  
    DDW in dark) [20ml for 250 Slides]. Mix in 50 mL. Falcon tubes. 
3) Melt emulsion in water bath in darkroom (44 °C) for at least 30 min; cover bath w/black  
    plastic cover. Once the emulsion has melted, mix thoroughly but very gently so that it is a  
    smooth solution and pour it in a trough. Pass a regular glass slide through the emulsion to  
    pick up any bubbles that may have formed on the surface. It is imperative that the emulsion  
    coats the hybridized slides evenly.  
4) Fill cuvette with H2O + cuvette insert with emulsion (over plastic cover) 
5) Dip slides in emulsion for 7 seconds and let it dry on rack for >2hrs 
6) Pack slide racks in aluminum boxes; include a desiccant cartridge (to minimize humidity  
    which is detrimental to a good signal). Seal with tape. Place the tin box in a black plastic  
    bag (label: exp/date) 
7) Store at 4 °C until development 
 
Developing emulsion (weeks later) 
1) Take out slides from cold room and let it come to room temperature in dark room. 
2) Once temperature-adjusted, take out the boxes from the plastic bags and then remove the  
    tape from around the boxes. Note that the tape sometimes can give off light as it is peeled  
    off. Therefore un-tape all boxes before opening them. Take out the racks from the 
    boxes. 
3) Dip slides for 3 min in developer 
4) Rinse 30 s in running water 
5) Dip slides for 5 min in fixative 
6) Rinse and leave to soak in water for 30 min in water-filled cuvettes 
7) After soaking, the racks (still in cuvettes) can be taken out of the dark room. They can be  



 26 

    left in water for at least an hour if desired. 
8) Scrape “non-section” side with blade to remove emulsion 
9) Leave section to dry for at least an hour (it is important that the emulsion is allowed to dry)  
    before mounting or counterstaining. 
10) Counter stain if desired 
11) Mount with mounting medium (when dry) 
12) Look at the slides in dark-field in a microscope 
 

 


