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Abstract 

 The aim of this work is to understand how primary auditory neurons in the brainstem adapt to 

altered acoustically driven and prehearing spontaneous activity.  It is well understood and documented 

that auditory pathologies result in the atrophy and death of principal neurons throughout the auditory 

pathway, but how do the surviving neurons respond and adjust to abnormal stimuli or to the lack of any 

sound evoked excitation?     

 To elucidate these answers we use a mouse model in which calcium induced exocytosis from 

inner hair cells to spiral ganglion neurons is absent.  These mutant mice never hear and are thought to be 

lacking most if not all prehearing patterned spontaneous activity after P4.  Here we investigate the 

innervation of cochlear nuclei by auditory nerve fibers, which are composed of the axons of spiral 

ganglion neurons, and how they maintain the precise topographic organization of frequency specific 

innervation within the cochlear nuclei; or in the case of a different mutant, how auditory nerve fibers fail 

to stereotypically infiltrate the cochlear nuclei due to an inability to bifurcate.  We also examine the 

morphology of the specialized axon terminals of spiral ganglion neurons which contact bushy cells, end 

bulbs of Held, and study how deafness affects their structure.  Additionally, the physiology of these 

mutant synapses, as well as the biophysically properties of the bushy cells themselves was compared with 

the wild type.  

 It is well known and characterized that neurons are plastic and can quickly adapt to changes in 

excitation, inhibition and innervation.  In a sensory system where neuronal plasticity could alter the 

reliable encoding of sound, how do principal neurons regulate themselves to faithfully convey neuronal 

transmission in the face of altered excitability?  We found that the principal auditory brainstem neurons 

and their connections are indeed modified in response to genetic and sensory manipulation.   
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We found that mice which lack typical acoustic excitation and most prehearing patterned 

spontaneous activation have alterations at the end bulb bushy cell interface.  End bulbs that contact bushy 

cells of the deaf mutant mice are less robust with shrunken morphologies compared to wild type hearing 

mice; however, the synaptic currents which are delivered through these wispy mutant end bulbs are larger 

than the synaptic currents of hearing animals with larger end bulb terminals.  In addition, the bushy cells 

from deaf mice had more auditory nerve fibers innervating each bushy cell compared to the hearing 

animals, as well as having larger maximal and individually evoked synaptic currents delivered to bushy 

cells in the deaf animals compared to the hearing mice.  The biophysical properties of the bushy cells 

themselves reveal a major difference between hearing and deaf animals, such that the rate of 

depolarization threshold in bushy cells is reduced in deaf animals compared to hearing littermates, 

indicating that they may be less effective coincidence detectors than bushy cells of hearing mice.  All of 

these alterations are likely adaptation mechanisms that principal neurons in a primary sensory system 

undertake to maintain optimal levels of excitation to ensure survival of these neurons in the face of 

diminished acoustically driven activity. 
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Chapter 1 

Introduction 

Aim of Research 

The goal of this research is to understand exactly how the end bulb terminals of auditory nerve 

fibers and their bushy cell targets adapt to the lack of most acoustically driven excitation and most, if not 

all, patterned spontaneous activity before the onset of hearing.   We know that neurons actively and 

dynamically modify their shapes and their biophysical properties in response to synaptic activation (Shah 

et al. 2010).  Specifically, cells regulate ion channels in their membranes, they regulate the number and 

type of neurotransmitter receptors and they also modulate neurotransmitter release in order to maintain an 

optimal level of activity specific for each cell (Turrigiano 1999).  The absence of sound driven activity 

modifies the auditory pathway (Trune 1982 a&b; Lustig et al. 1994; Harris and Rubel 2006) and we aim 

to better understand and characterize how deafness and the lack of most prehearing patterned spontaneous 

activity results in specific neural adaptations.   

 

Hair Cells of the Cochlea 

 Mechanotransduction occurs in the cochlea.  Sound pressure waves reach the tympanic 

membrane of the middle ear, or the temporal bone, and propagate into the fluid of the inner ear via the 

auditory ossicles.  As the fluid of the inner ear is displaced it creates a traveling wave along the basilar 

membrane which runs throughout the entire length of the cochlea.  Inner and outer hair cells reside along 

the basilar membrane.  At the base of the cochlea the basilar membrane is narrow and stiff and drives hair 

cells that respond to high frequencies, while at the apex the basilar membrane is wide and floppy and 

drives hair cells that respond to low frequencies.  Bundles of stereocilia at the top of each inner hair cell 

are deflected by fluid movement and shearing forces between the basilar membrane and tectorial 
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membrane (Dallos 1996; Slepecky 1996).  Transducer channels are attached to the bottoms of tip links at 

the tips of all but the tallest stereocilia and they open when stereocilia are deflected toward the tallest 

stereocilia, allowing the influx of ions.  The process of mechanotransduction thus converts mechanical 

energy to electrical signals.  The inward current though the transducer channels creates a depolarizing, 

graded receptor potential and stimulates calcium (Ca
2+

) induced exocytosis and neurotransmitter release.   

 Inner hair cells are the acoustic transducers from the outside world to our brains, but outer hair 

cells also play a critical role.  Outer hair cells improve the sharpness of tuning of the cochlea, affecting 

the mechanics of the cochlea with every cycle of the sound.  The lateral walls of outer hair cells are 

densely packed with a molecule called Prestin which, as its name implies, responds rapidly to changes in 

voltage with changes in length, a process called electromotility, which affects the mechanical properties 

of the Organ of Corti.  This process allows the outer hair cells to act as the cochlear amplifier by creating 

mechanical feedback via regulating the distance between the basilar membrane and the tectorial 

membrane and thus tuning the inner hair cells (Dallos 1996; Dallos et al. 1997).  Electromotility of the 

outer hair cells can be recorded as otoacoustic emissions and the presence of otoacoustic emissions is a 

measure of the health of the outer hair cells as the cochlear amplifier (Brownell 1990).   

 

Efferent Innervation 

Efferent fibers innervate the hair cells of the cochlea, providing feedback from the superior 

olivary complex.  Efferent activation of hair cells comes from two neuronal populations, the lateral 

olivocochlear and medial olivocochlear systems (Warr 1992; Smith and Spirou 2002).  Lateral 

olivocochlear neurons reside laterally around the lateral superior olive and project ipsilaterally; they are 

believed to protect the cochlea from noise damage and they also balance auditory nerve fiber excitation 

between the two ears (Darrow et al. 2006; Darrow et al. 2007).  Medial olivocochlear neurons reside 
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ventral and medial to the medial superior olive and ventral nucleus of the trapezoid body, with the 

majority of their projections being contralateral; they also protect the cochlea by reducing its sensitivity 

and are involved in acoustic adaptations for sound localization (Irving et al. 2011; Rajan 1988).  The 

lateral olivocochlear efferents are either myelinated or unmyelinated fibers which contact either the inner 

hair cells or the dendrites of afferent auditory nerve fibers through GABAergic and/or peptidergic 

synapses.  The medial olivocochlear efferents contact outer hair cells through myelinated cholinergic 

fibers that contact groups of outer hair cells (Slepecky 1996; Smith and Spirou 2002).  Innervation by 

medial olivocochlear efferents hyperpolarizes outer hair cells and thereby affects electromotility.   

 

Auditory Nerve Fibers and Afferent Innervation 

Auditory nerve fibers are the axons of bipolar spiral ganglion neurons that form the auditory part 

of cranial nerve eight, the vestibulocochlear nerve.  Spiral ganglion neurons are the direct link for acoustic 

communication between inner hair cells and the brain.  Auditory nerve fibers release glutamate onto their 

postsynaptic targets in the cochlear nucleus.  Afferent excitation from the cochlea to the cochlear nucleus 

is communicated though myelinated and unmyelinated spiral ganglion neuron axons.  The large, 

myelinated axons that receive input from inner hair cells account for >90% of the afferent projections 

from the inner hair cells; they are called type I fibers or spiral ganglion neurons (Dallos 1996; Slepecky 

1996).  Approximately 10-20 type I fibers contact each inner hair cell but each type I auditory nerve fiber 

receives excitation from only one inner hair cell.  In contrast, unmyelinated axons of small diameter fibers 

receive input from outer hair cells and account for <10% of the afferent projections; they are called type II 

fibers or type II spiral ganglion neurons (Smith and Spirou 2002).  Type II fibers end in the cochlear 

nuclei but little is known about their function (Brown and Ledwith III 1990).   
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All auditory nerve fibers terminate in the cochlear nucleus.  Type I fibers enter at the nerve root 

and bifurcate sending an ascending branch to the anterior ventral cochlear nucleus (aVCN) and a 

descending branch through the posterior ventral cochlear nucleus (pVCN) and on to innervate the dorsal 

cochlear nucleus (DCN).  Type II auditory nerve fibers also enter the cochlear nucleus and bifurcate, but 

only occasionally enter the DCN (Smith and Spirou 2002).  Auditory nerve fibers maintain the 

topographic organization of frequency from the cochlea, in both the VCN and DCN; where low frequency 

fibers innervate the most ventral and lateral regions of the nucleus and the high frequency fibers innervate 

more dorsal and medial portions of the nucleus (Bourk et al. 1981; Osen 1970b).   

 In cats, but not in mice, distinct and separate characteristics of auditory nerve fibers have been 

distinguished.  In cats, type I fibers have been shown to have different rates of spontaneous firing, 

different thresholds of activation that vary with fiber thickness, different mitochondrial content, different 

synapse morphologies and different contact sites upon inner hair cells (Liberman 1978).  These 

fundamentally different characteristics may endow auditory nerve fibers with distinct morphologies and 

patterns of activity.  Auditory nerve fibers with low or medium spontaneous firing rates (discharge less 

than 18 spikes/seconds), they have high activation thresholds, and large dynamic ranges, while high 

spontaneous firing fibers have lower activation thresholds and smaller dynamic ranges and their end bulb 

terminals are less branched (Liberman 1991; Ryugo and Spirou 2009).  Low and medium spontaneous 

rate fibers tend to terminate in more rostral and dorsal parts of the aVCN, while high spontaneous rate 

fibers generally innervate the caudal and ventral regions of the aVCN (Liberman 1991).   

 

End Bulbs 

Typically auditory nerve fiber axon terminals have normal synaptic bouton endings; however, in 

the VCN, type I fibers end in specialized synaptic terminals called end bulbs of Held (Held 1893).  These 
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calyceal terminals have highly branched, finger-like projections containing numerous varicosities that 

wrap around the soma of bushy cells in the aVCN (Cajal 1909; Lorente de No 1933; Brawer and Morest 

1975).  End bulbs have diverse sizes and shapes.  Generally, the largest end bulbs are found in the most 

anterior region of the aVCN, while smaller end bulbs are located more caudally; this is due to the 

distribution of the sub-types of postsynaptic cells on which they terminate and the types of fibers 

themselves. 

Functionally, the morphology of each end bulb is diverse. End bulb area is correlated to 

characteristic frequency of the auditory nerve fiber.  Larger end bulbs are attached to auditory nerve fibers 

tuned to lower frequencies, <4 kHz, and smaller end bulbs arise from auditory nerve fibers pertaining to 

any frequency (Sento and Ryugo 1989).  Also noteworthy, is that end bulb area is not directly correlated 

with spontaneous firing rate of the auditory nerve fibers but spontaneous rate is related to the complexity 

and fine structure of the terminal branching.  Sento and Ryugo (1989) described this by dividing the end 

bulb area by its perimeter, the form factor.  End bulbs of high spontaneous firing rate auditory nerve 

fibers have larger and fewer terminal branches and swellings, while the low-medium spontaneous firing 

rate fibers were more ‘lacey’ in their appearance with delicate, fine structures.  Importantly, end bulbs of 

different spontaneous firing rates do not converge onto the same bushy cell (Ryugo and Sento 1991).  

Additionally, postsynaptic soma size was usually smaller for low-medium spontaneous firing rate fibers 

than for high (Sento and Ryugo 1989).  In mice auditory nerve fibers have not been shown to fall into 

clear groups on the basis of their spontaneous firing rate (Taberner and Liberman 2005). 

The end bulb is a dynamic structure that can release unusually large amounts of neurotransmitter.  

The end bulb is reported to have anywhere from 400 to 1500 release sites with clear, round synaptic 

vesicles approximately 50 nm in diameter.  A single auditory nerve fiber can activate from 2,000 to 

10,000 α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors on a spherical bushy 

cell (Ryugo and Spirou 2009). The electrical hallmark of this synapse in extracellular, in vivo recordings 
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is the prepotential that occurs about 0.5 msec before the excitatory postsynaptic potential (EPSP) and 

represents the depolarization of the end bulb (Pfeiffer 1966; Kopp-Scheinpflug et al. 2002).  Direct patch-

clamp recordings of end bulbs reveal their functional characteristics, in combination with simultaneous 

recordings from spherical bushy cells show the membrane and discharge properties of end bulbs.  In 

addition, measurements of the presynaptic voltage-gated Ca
2+

 channels reveal that the predominant Ca
2+

 

current in end bulbs is through P/Q-type channels which may be developmentally regulated (Lin et al. 

2011).  The number of voltage-gated Ca
2+

 channels opened upon peak depolarization was estimated at 

5,500 and the total number expressed at each end bulb was 6,400.  In brain slices from P 9-11 mice, Ca
2+

 

current inactivation was absent from end bulbs in trains of stimulation and even showed facilitation 

during short trains; however the readily releasable pool was diminished after stimulations lasting longer 

that 40 msec.  The size of the readily releasable pool was calculated to be ~ 1,064 vesicles with single 

action potentials releasing ~40 vesicles, so that the Ca
2+

 entering the end bulb releases ~10% of the 

vesicle population.  Estimates reveal 8 voltage-gated Ca
2+

 channels are associated with one docked 

vesicle, and upon arrival of the action potential ~3-4 voltage-gated Ca
2+

 channels open.  Lin et al. report 

that depression at this synapse is from vesicle depletion or receptor desensitization rather than voltage-

gated Ca
2+

 channel inactivation.  Most importantly, they estimate that even at very depolarized membrane 

potentials single voltage-gated Ca
2+

 channels had open probabilities substantially lower than one and that 

the probability of release at the end bulb terminal is also very low.  It should be noted that data from other 

groups indicate different probabilities of release at the end bulb, which may be due to age, hearing 

experience and other experimental conditions (Brenowitz and Trussell 2001a &b).  Additional 

experiments indicate that probability of release is high from end bulbs in mature mice (Wang and Manis 

2008).    

                            

Deafness and End bulbs 
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In a well-studied case of hearing loss in cats, it is clear that the morphology of end bulbs is 

significantly distorted in the absence of auditory activity.  Deaf white cats have a form of non-syndromic, 

congenital deafness that reveals how auditory nerve fibers respond to early-onset cochlear degeneration.  

Deaf white cat pathology involves loss of hair cells, collapse of the organ of Corti, spiral ganglion neuron 

loss and atrophy of the primary neurons in the ventral cochlear nucleus and superior olivary complex 

(Ryugo et al. 1997).  Compared to normally hearing cats, the end bulbs from deaf white cats had fewer 

arborizations, less tertiary branching, with meager networks of fine filamentous processes, they also had 

fewer and smaller en passant and terminal swellings, this is in combination with encompassing much less 

of the soma compared to normally hearing animals.  Ultrastructurally, end bulbs in deaf white cats lacked 

the typical numerous round, clear synaptic vesicles, but instead had huge variability in synaptic vesicle 

density at the presynaptic active zones (Redd et al. 2000).  Interestingly, in deaf white cats the active 

zones with few or no vesicles were associated with extremely large mitochondria.  Deaf white cats had 

postsynaptic densities that were unusually long and thick, consistent with an upregulation of receptors, 

and they did not form the convex bulges into the active zone of the end bulb as in hearing cats.  Overall 

the normally hearing cats had approximately double the synaptic area per end bulb as deaf white cats.  

Additionally, smaller end bulbs that contact globular bushy cells in deaf white cats revealed that they 

were about half the size compared to hearing cats, with relatively normal complexity but there was a loss 

of the extracellular synaptic space which may be required for efficient uptake of glutamate in the synaptic 

cleft.   

 

Principal Cells of the Ventral Cochlear Nucleus 

The principal neurons of the ventral cochlear nucleus comprise bushy, stellate and octopus cells.  

Bushy and stellate cells each have specialized subtypes.  Bushy cells come in both large and small 
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spherical cells, along with globular bushy cells and the stellate cells have both T and D subtypes.  Each 

principal cell type projects its axons out of the cochlear nucleus to distinctively different targets, each 

carrying unique acoustic aspects of the sound stimuli.  

 

Bushy cells 

Bushy cells are named for the prominent tuft of spineless dendrites that emanates from one side 

of the soma; however some have two primary dendrites.  When two dendrites are present on a bushy cell 

the dendritic trees are always on opposite sides of the cell body (Gomez-Nieto & Rubio 2009).   They are 

generally contacted by auditory nerve fibers tuned to narrow frequency ranges.  Bushy cells come in three 

varieties; the large spherical bushy cell (large SBC), small spherical bushy cell (small SBC) and globular 

bushy cell (GBC).  In cats it is clear that each subtype is distinct in its morphology, location within the 

VCN, its innervation and projections and its biophysical characteristics (Brawer et al. 1974; Cant and 

Morest 1974; Osen 1969; Hackney et al. 1990; Cant and Benson 2003; Brawer and Morest 1975; Ryugo 

and Sento 1991).  However, in mice bushy cells are not distinguishable based on these qualities and the 

sub-types can only be determined by the projection patterns of their axons exiting the cochlear nucleus.   

All bushy cell axons leave the cochlear nucleus through the trapezoid body.  Small SBCs 

generally do not cross the midline, they innervate the ipsilateral lateral superior olive (Cant and Casseday 

1986), large SBCs innervate the medial superior olive bilaterally (Cant and Benson 2003; Cant and 

Casseday 1986; Osen 1970a; Osen 1970b).  Medial superior olive principal cells act as coincidence 

detectors, where they serve a major role in sound localization by calculating interaural timing differences 

(Yin 2002).  GBCs cross the midline and project to principal cells in the contralateral medial nucleus of 

the trapezoid body where they form the largest synapses in the mammalian brain, the calyces of Held 

(Tolbert et al. 1982; Tolbert and Morest 1982a; Tolbert and Morest 1982b).  Principal neurons in the 
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medial nucleus of the trapezoid body are glycinergic and inhibitory and they project to the ipsilateral 

lateral superior olive where stimulus intensities are compared for interaural level differences.  

Generally, GBCs have more oval shaped somas than the rounder somas of SBCs.  Small SBCs lie 

in the posterior part of the aVCN, while large SBCs are located in the anterior aVCN; GBCs on the other 

hand are more concentrated in the posterior aVCN (Tolbert et al. 1982; Tolbert and Morest 1982a; 

Tolbert and Morest 1982b).  All sub-types of bushy cells are involved in sound localization in the azimuth 

(Yin 2002).  Each bushy cell is innervated by at least one specialized, axosomatic synaptic terminal from 

an auditory nerve fiber, an end bulb of Held, but each bushy cell can also be innervated by many end 

bulbs.  In cats, the largest, calyceal endings innervate large SBCs in the most rostral aVCN that are tuned 

to low frequencies. Mice have poor low frequency hearing and as such have few large SBCs (Webster and 

Trune 1982; Yin 2002).  Other large end bulb terminals innervate small SBCs which are numerous in 

mice (Cant and Casseday 1986).  Smaller, less complex, ‘modified’ end bulbs terminate on to GBCs that 

are also numerous in mice.   

Physiologically, the characteristics of SBCs and GBCs are slightly different; however the main 

function of bushy cells is the same, to convey and even sharpen the information from auditory nerve 

fibers.  End bulbs faithfully transmit rapid acoustic signals with temporal precision from inner hair cells 

to bushy cells (Yin 2002), with the timing of the EPSPs in bushy cells reflecting the timing of firing in 

auditory nerve fibers.  SBCs and GBCs can even improve encoding of the phase of low frequency sounds 

compared to auditory nerve fibers by the coincident excitation of multiple auditory nerve fibers 

converging onto each cell (Joris et al. 1994).  SBCs respond to tones with firing patterns that are ‘primary 

like’ (Brawer and Morest 1975; Ryugo and Sento 1991).  The responses of GBCs have been characterized 

as “primary-like-with-notch” (Smith et al. 1991).  The consistent and precisely timed firing at the onset of 

sound results in a consistent and sharply timed first action potential from trial to trial that is followed by a 

refractory period whose timing is also consistent, giving peristimulus time histograms their characteristic 



10 
 
large initial peak followed by a notch (Spirou et al. 2005).  Bushy cells have low input resistances and 

short time constants, in the range of 0.5-2 msec, in the physiological voltage range, allowing them to 

convert excitatory postsynaptic currents (EPSCs) into brief, sharply timed EPSPs (Oertel 1983; Cao et al. 

2007).  The rapid decay of the EPSPs minimizes the temporal summation of synaptic inputs, EPSCs.  

Bushy cells’ EPSPs’ fast kinetics are endowed by their AMPA receptor subunit composition of GluR3 

and GluR4, flop isoforms, and the absence of GluR2 allows them to flux Ca
2+

 ions and facilitate fast 

synaptic transmission with rapid desensitization for precise onset and decay responses (Gardner et al. 

2001; Wang et al. 2011; Whiting, Moiseff and Rubio 2009).  Their low input resistance make the bushy 

cells firing temporally precise but also leads to a requirement for large synaptic currents which are 

delivered through enormous synaptic terminals; the end bulbs of Held (Brawer and Morest 1975; Sento 

and Ryugo 1989; Oertel 1983). 

 

Convergence of End bulbs onto bushy cells 

Generally more than one end bulb converges onto a single bushy cell.  This convergence of 

auditory nerve fibers helps to improve the temporal precision of firing in bushy cells compared to the 

auditory nerve fibers themselves, due to the short time constants in bushy cells and the necessity of 

synchronous summation of EPSCs.  In mice, we have found that between one and four end bulbs 

innervate SBCs (Cao and Oertel 2010).  We have also shown that the smaller, modified end bulbs which 

innervate GBCs do so in groups of five or more, and we have seen as many as twelve auditory nerve 

fibers contacting a single GBC, estimated by the number of current steps present in a recording of evoked 

EPSCs (Cao and Oertel 2010).   In cats, some estimates are as great as fifteen to twenty-three auditory 

nerve fibers innervating one GBC (Spirou et al. 2005; Liberman 1991).  The estimates of convergence of 

auditory nerve fibers onto bushy cells vary greatly in the literature due to differences between species and 
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are also complicated by the difficulty in clearly distinguishing between the different types of bushy cells 

(Ryugo and Spirou 2009; Spirou et al. 2005).   

Bushy cells also receive additional dendritic innervation from auditory nerve fibers, and 

inhibitory somatic and dendritic innervation, some from the ipsilateral DCN (Gomez-Nieto & Rubio 

2009; Gomez-Nieto & Rubio 2011; Wickesberg & Oertel 1990; Kopp-Scheinpflug et al. 2002).  Synaptic 

integration is important for the accurate encoding of acoustic information.  Synaptic inputs have different 

effects on the output of neurons depending on the size of their currents, their location along the dendritic 

tree, as well as the geometry of the dendrites themselves influencing the propagation of electrical signals.  

Ultrastructurally, numerous types of excitatory and inhibitory synapses were identified along the length of 

the dendrites of bushy cells (Cant and Morest 1979).  Excitatory synapses are characterized by 

asymmetric synaptic contacts that contain round synaptic vesicles.  While inhibitory synapses are 

characterized by symmetric synaptic contacts with flattened or pleomorphic synaptic vesicles.  Four main 

types of excitatory and inhibitory synapses, each, were identified based on the size of the ending and the 

synaptic vesicles; one excitatory synaptic type identified was associated with end bulbs (Gomez-Nieto & 

Rubio 2009).  Convergence of these distinct types of excitatory synapses on bushy cell dendrites was also 

differentiated by the separate distribution of vesicular glutamate transporters 1 and 2.  A distinct 

distribution was found that vesicular glutamate transporter 1 labeled inputs are from cochlear origins, 

while vesicular glutamate transporter 2 labeled inputs were non-cochlear in origin, likely from 

somatosensory innervation (Gomez-Nieto & Rubio 2009).   

The end bulb ensures faithful transmission of high-fidelity acoustic signals from the auditory 

nerve, but it is still unknown how bushy cells can sharpen and modify the timing of acoustic signals 

compared to those of the auditory nerve.  One possibility is that convergence of inputs from multiple, 

similarly tuned auditory nerve fibers essentially averages out temporal jitter (Joris et al. 1998).  It has also 

been proposed that the synaptic dyads and triads from auditory nerve fibers and inhibitory inputs, 
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including axodendrosomatic and axodendrodendritic synaptic contacts innervate groups of bushy cells, 

where a single input will contact two or three different bushy cells in synaptic dyads or triads (Gomez-

Nieto & Rubio 2009).  This can also include one bushy cell projecting its distal dendrites to contact four 

to five other bushy cell bodies that reside in clusters (Gomez-Nieto & Rubio 2009).  Another 

neuroanatomical method of improving the synchronization of bushy cells to that of auditory nerve fibers 

is electrical coupling of bushy cells.  Gap junctions between bushy cell somas were identified 

ultrastructurally, indicating another intricate method for bushy cells to synchronize themselves (Gomez-

Nieto & Rubio 2009).  Interestingly, these finding were shown to be evident in both rats and non-human 

primates from rhesus monkeys (Gomez-Nieto & Rubio 2011).      

 

Stellate cells 

T Stellate cells form a major output pathway from the cochlear nuclei.  The dendrites of T stellate 

cells are aligned in parallel with the auditory nerve fibers innervating them, resulting in T stellate cells 

being narrowly tuned as they are only contacted by auditory nerve fibers representing a narrow range of 

frequencies (Cant and Benson 2003; Young and Oertel 2004).  T Stellate cells are excitatory and respond 

to the phasic excitation from auditory nerve fibers in a tonic manner, so that their firing rates reflect the 

intensity of sounds to which they are tuned relative to intensities at other frequencies.  They have been 

termed ‘choppers’ (Smith and Rhode 1989; Oertel et al. 2011).  Individual T stellate cells signal the 

duration and intensity of sound energy to which they are tuned, while the collective population of T 

stellate cells conveys the spectrum of the sound (Blackburn and Sachs 1990).  Excitation of T stellate 

cells comes from auditory nerve fibers and also from other T stellate cells; inhibition arises from 

glycinergic innervation from the D stellate cells and the tuberculoventral cells projecting from the DCN 

(Wickesberg and Oertel 1990). Glutamatergic excitation and glycinergic inhibition generate large, sharply 
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timed postsynaptic potentials, indicating that it arises on the proximal dendrites of the T stellate cells; 

while more subtle neuromodulation may occur more distally on dendrites (Oertel et al. 2011).  The axons 

of T stellate cells typically branch within the cochlear nucleus, sending collateral branches to the vicinity 

of the cell’s dendrites and to the DCN.  The main axon exits the cochlear nucleus through the trapezoid 

body, and innervates the vicinity of the ipsilateral lateral superior olive, the ventral nucleus of the 

trapezoid body that is the source of cholinergic medial olivocochlear efferents, the contralateral ventral 

nucleus of the lateral lemniscus and the inferior colliculus (Smith et al. 1993).  Axon collaterals from T 

stellate cells also innervate tuberculoventral cells and possibly fusiform cells in the ipsilateral DCN.   

D stellate cells are inhibitory.  The dendrites of D stellate cells radiate across numerous bands of 

auditory nerve fibers and they receive both somatic and dendritic innervation from auditory nerve fibers 

(Oertel et al. 1990; Cant and Benson 2003).  D stellate cells can thus be innervated by many auditory 

nerve fibers from multiple frequencies and as such are broadly tuned (Smith and Rhode 1989; Oertel et al. 

1990).  D stellate cells respond to pure tones with an ‘onset chopper’ firing pattern (Smith and Rhode 

1989; Rhode and Greenberg 1992).  The axons of D stellate cells project out of the cochlear nucleus 

through the dorsal acoustic stria to the contralateral VCN and DCN but they also innervate the ipsilateral 

VCN and DCN.   

 

Octopus cells 

Octopus cells are named for their extension of dendrites off one side of the soma.  Their cell 

bodies are located in the dorsal portion of the pVCN.  Octopus cell dendrites are innervated by auditory 

nerve fibers perpendicularly such that they receive acoustic information from a wide range of frequencies 

as the auditory nerve fibers themselves converge before innervating the DCN (Osen 1969; Cant and 

Benson 2003; Young and Oertel 2004).  We estimate that in mice octopus cells are contacted by at least 
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60 auditory nerve fibers (Golding et al. 1995).  Octopus cells have extreme temporal precision in the 

timing of their action potentials.  They require the synchronous summation of EPSPs to fire action 

potentials (Golding et al. 1999).   Octopus cells respond to tones with a single action potential in an 

‘onset’ manner to the synchronous firing of auditory nerve fibers.  They respond best to increases in 

acoustic stimuli such as increases in intensity at the onset of speech syllables (Oertel et al. 2000; Rhode 

and Smith 1986).  The axons of octopus cells leave the VCN through the intermediate acoustic stria and 

project to the contralateral superior paraolivary nucleus and the contralateral ventral nucleus of the lateral 

lemniscus where they end in calyceal terminals (Cant and Benson 2003).  Both of these intermediate 

brainstem nuclei are major inhibitory inputs to the inferior colliculus. 

 

Otoferlin 

 Implicated as the putative Ca
2+

 sensor of inner hair cells, otoferlin is a multi- Ca
2+

 binding domain 

protein, whose function is required for hearing.  First described in humans by the Yasunaga group in 

1999, genetic screening revealed a nonsense mutation in otoferlin resulting in a premature stop codon 

which resulted in DFNB9 an autosomal recessive, non-syndromic form of prelingual hearing loss.  Since 

then numerous studies have investigated the functional role of otoferlin in Ca
2+

 induced exocytosis.  To 

date, over 92 mutations in the otoferlin protein have been identified which cause deafness in humans 

(Mahdieh et al. 2012).    

Otoferlin is a member of the ferlin family of proteins.  The ferlin family was originally founded 

after the gene discovered in C. elegans that encodes the FER-1 protein, which is required for maturation 

of spermatozoa.  The ferlin family also includes myoferlin and dysferlin, amongst others.  Myoferlin has 

been implicated in endocytosis in muscle and endothelial cells (Bernatchez et al. 2009), and dysferlin is a 

protein required for normal skeletal muscle repair (Han and Campbell 2007).  Both proteins are 



15 
 
membrane-anchored cytosolic proteins.  Also included in the ferlin family, is misfire, a Drosophila 

protein required for fertilization and embryonic development, a sea urchin ferlin involved in wound-

activated Ca
2+

 intracellular ATP signaling and three other mammalian proteins, which are not yet 

characterized.  The entire ferlin family of proteins has multiple Ca
2+

 binding domains (C2) domains.  All 

of the characterized members of the ferlin family are membrane-anchored, cytosolic proteins and have 

been implicated in vesicle fusion and membrane trafficking (Yasunaga et al. 2000).  Otoferlin can be 

traced far back in unicellular eukaryotic lineages which have no synaptotagmin isoforms (Lek et al. 

2011).  

My studies are focused on a mouse line with a missense mutation in the OTOF gene that results 

in a single non-conserved amino acid substitution in the second C2 domain of otoferlin.  These mice have 

abnormal auditory brainstem responses (ABRs) while their vestibular evoked potentials showed no deficit 

even though otoferlin is present in vestibular hair cells (Longo-Guess et al. 2007).  For our experiments 

we used the otoferlin mutant mouse model Otof 
deaf5Jcs

/Kjn.  Two breeding pairs were purchased from 

Jackson Labs stock #006128; these animals are on the mixed background of C57Bl/6J and C3HeB/FeJ 

mice.  Chemical mutagenesis, N-ethyl-N-nitrosourea (ENU) created this missense mutation causing a 

single point mutation from thymine to adenine in exon 10 of otoferlin.  This resulted in a non-

conservative amino acid change from isoleucine to asparagine.  Altering the amino acid from a non-polar 

to a polar one leads to protein misfolding, instability and a total loss of function in the highly conserved 

second C2 domain of otoferlin, C2B.   

Otoferlin has both long and short isoforms; the short isoforms of otoferlin lack the first 19 coding 

exons and are located in human non-neural tissues.  These include the adult human tissues of the heart, 

placenta, liver, pancreas, skeletal muscle, kidney and brain; the last of which also contains the long form 

of the protein (Yasunaga et al. 2000).  Mice only have the long isoform that has been localized to the eye, 

cochlea, vestibular organ, brain, cerebellum, heart, skeletal muscle, liver, kidney, lung and testes (Roux et 
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al. 2006; Yasunaga et al. 1999).  The sequences of the long isoforms of otoferlin are almost identical in 

human and murine nervous tissues.   The predominant long isoform of otoferlin comprises 1997 amino 

acids with six C2 domains, many of which bear homology to the C2 domains of synaptotagmin-1 

(Yasunaga et al. 2000).  Besides the six C2 domains which bind phospholipids in a Ca
2+

 dependent 

manner, otoferlin also has a coiled-coil domain in the center of the protein and a C terminal 

transmembrane domain.  Several putative phosphorylation sites for cAMP-dependent protein kinase, 

casein kinase II, tyrosine kinase, protein kinase C and putative N-glycosylation sites were predicted in the 

murine and human sequences (Yasunaga et al. 2000).   

The long form of otoferlin has six C2 domains, C2A thru C2F, the majority of which contain five 

aspartyl residues with similar proximity to those that bind Ca
2+

 in the C2A domain of synaptotagmin-1, 

suggesting that otoferlin might be involved in Ca
2+

 mediated vesicle exocytosis (Yasunaga et al. 2000).  

Otoferlin senses Ca
2+ 

and has accelerated membrane permissively in its presence.  In addition, otoferlin 

can aggregate liposomes in a Ca
2+

 dependent manner to facilitate membrane fusion.  Immunoprecipitation 

revealed that otoferlin has the ability to bind to syntaxin1A and SNAP-25B hererodimers with its 4 C-

terminal, C2C-C2F domains, which is enhanced by Ca
2+ 

(Johnson and Chapman 2010).  All 6 C2 domains 

bind to liposomes in the presence of Ca
2+

 but only C2A and C2B, the N-terminal C2 domains, bound to 

liposomes without Ca
2+

.  Tests of whether otoferlin can aggregate membranes in the presence of Ca
2+ 

reveal the 5 most C-terminal C2 domains, C2B-C2F, showed reactivity with membranes but only in the 

presence of Ca
2+

.  A critical ability of otoferlin is to be able to accelerate Soluble N-ethylmaleimide-

sensitive factor Attachment protein REceptor (SNARE) mediated membrane fusion in the presence of 

Ca
2+

 and regulate the folding and activity of SNARE proteins. Similarly, the C2B-C2F domains were able 

to fuse the v- and t-SNARE proteoliposomes through a SNARE-dependent pathway (Johnson and 

Chapman 2010).  Studies of the specific single point mutation from isoleucine to asparagine in the C2B 

domain were performed to elucidate its functional characteristics.  They revealed that this mutant form of 
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otoferlin is incapable of performing the functions of a Ca

2+
 sensor, that the loss of Ca

2+
 sensing activity 

results in a failure to aggregate membranes in the presence of Ca
2+ 

and an inability to accelerate SNARE 

mediated membrane fusion (Johnson and Chapman 2010). 

A recent molecular study definitively demonstrated that otoferlin can indeed bend membranes 

(Marty et al. 2013).  This ability to sculpt lipid bilayers appears to be a common feature of dysferlin and 

myoferlin.  Remarkably, Ca
2+ 

is not required for alterations in the structural state of lipid membranes by 

the C2 domains of these ferlin proteins; although Ca
2+

 does enhance this activity (Marty et al. 2013).  This 

is in stark contrast with synaptotagmin-1, which requires Ca
2+ 

for its interaction with membranes.  Also, 

in the presence of high salt concentrations, synaptotagmin-1 cannot perform membrane bending while 

otoferlin can (Marty et al. 2013).  Studies with truncated otoferlin constructs reveal that multiple C2 

domains at both the N- and C- terminal portions of the protein can directly perturb the structural state of 

the lipid bilayers, and inclusions of each additional C2 domain seems to be additive in membrane 

manipulation effect, with the last three C-terminal C2 domains appearing most potent in membrane 

bending activity (Marty et al. 2013).  The final requirement for membrane sculpting permissivity was the 

presence of negatively charged lipids. 

The functional role of otoferlin still remains unclear.  Numerous investigations have exposed 

convincing yet sometimes contradictory results.  Some of the conflict may result from otoferlin’s 

numerous C2 domains’ individual abilities, various splice sites and different isoforms.  Furthermore, 

otoferlin could have multiple functions related to its Ca
2+

 sensing abilities; facilitating Ca
2+

 mediated 

exocytosis, expediting Ca
2+

 mediated endocytosis, and Ca
2+

 dependent synaptic vesicle replenishment on 

rapid time scales, along with other possible Ca
2+

 dependent vesicle trafficking functions.  Evidence exists 

for all of the above. 
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In hair cells of the inner ear, otoferlin localizes to the specialized ribbon synapses associated with 

synaptic vesicles, binds Ca
2+

 and co-immunoprecipitates with the t-SNARE proteins, syntaxin 1 and 

SNAP 25 (Roux et al. 2006).  Otoferlin is also present near the presynaptic membrane, in the cytoplasm, 

in the Golgi and endoplasmic reticulum.  In inner hair cells, Ca
2+

 mediated exocytosis was almost 

completely abolished in the absence of otoferlin, even in the presence of normal Ca
2+

 currents (Roux et al. 

2006).  The conflict deepens when otoferlin is shown to overlap with, but not co-localize with the 

synaptic ribbon marker, C-terminal binding protein 2 (CtBP2) as well as with the presynaptic Ca
2+

 

channel Cav 1.3 (Schug et al. 2006).  In a pull down assay from another group, several C2 domains bound 

to Cav 1.3 channels and this interaction was Ca
2+

 dependent (Ramakrishnan et al. 2009).  Additionally, a 

decoupling of CtBP2 and Cav 1.3 channels has been found in otoferlin mutants and could account for the 

reduced Ca
2+

 mediated exocytosis (Heidrych et al. 2009).  Moreover, in inner hair cells it has been 

suggested that otoferlin is involved in endosome transport and vesicle recycling because of co-

localization with the cytosolic Golgi matrix protein 130 (Schug et al. 2006).  In support of this claim, 

otoferlin interacts with myosin VI at the basolateral membrane of inner hair cells, which is also associated 

with the trans Golgi network.  Eliminating either protein resulted in diminished basolateral pole volume, 

reduction in normal presynaptic proteins, and failure of proper intracellular membrane targeting in inner 

hair cells, indicating that otoferlin may be involved in endocytosis and transport of intracellular 

compartments to the basolateral membrane (Heidrych et al. 2009).  It has also been suggested that 

otoferlin is involved in the replenishment and or tethering/docking of synaptic vesicles to the ribbon-type 

active zones of inner hair cells, because in another study, otoferlin mutants maintain the normal amplitude 

and kinetics of Ca
2+

 activated neurotransmitter release of the readily releasable pool but have a reduction 

in the sustained phase of exocytosis, especially at high stimulus levels (Pangrsic et al. 2010).  

Congruently, a study in developing chick hair cells showed that vesicle replenishment was Ca
2+

 

insensitive in immature hair cells while mature hair cells had efficient Ca
2+ 

sensitive vesicle recruitment 

that correlated tightly to otoferlin up-regulation during development (Levic et al. 2011).  Moreover, 
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otoferlin has been shown to be responsible for the linear Ca

2+
 dependence of exocytosis in immature outer 

hair cells and vestibular hair cells (Beurg et al. 2008; Dulon et al. 2009).  The results come from studies 

involving separate mutations in different C2 domains, C2C, C2D, C2F, a full knock out and an avian 

homolog, which may account for differing interpretations, and as such otoferlin may assume multiple 

roles in vesicle trafficking and recycling.   

Functional studies have compared otoferlin and synaptotagmin; neither protein can restore 

function, nor recover exocytosis in mutations of the other (Reisinger et al. 2011).  Synaptotagmin-1 viral 

transduction could not restore inner hair cell Ca
2+

 triggered exocytosis neither in vitro nor hearing in vivo.  

Neurons overexpressing otoferlin were neither able to rescue synchronous neurotransmitter release nor 

alter the kinetics of the fast component of release in synaptotagmin-1
-/- 

cells (Reisinger et al. 2011).  It is 

however possible that the appropriate binding partners for each protein were not present so that rescue 

functions were not possible (Rutherford and Pangrsic 2012).  These data indicate that otoferlin and 

synaptotagmin cannot replace one another even though they are both implicated as Ca
2+

 sensors.      

Are normal neuronal SNARE proteins even required for exocytosis from inner hair cells?  

Reports that exocytosis in inner hair cells is insensitive to neurotoxic cleavage of SNARE proteins, 

SNAP-25, syntaxin 1 and synaptobrevin 1, by the appropriate botulinum toxin stereotypes which are 

known to cleave and render neuronal SNARE proteins non-functional did not disrupt Ca
2+

 induced 

exocytosis in inner hair cells (Nouvian et al. 2011).  Nouvian et al. also reveal that none of the neuronal 

SNARE proteins were synaptically located in in inner hair cells, leading them to conclude that 

neurotransmitter release in inner hair cells may function without the typical neuronal SNAREs.  However, 

in situ hybridization and immunohistochemistry revealed that SNAP-25 and syntaxin1A proteins are 

present in inner hair cells.  They were not, however, only concentrated at the basolateral membrane but 

were distributed throughout the in inner hair cells (Safieddine and Wenthold 1999).  A plausible 

conclusion is that there might be the analogs to the conventional SNARE machinery inherent in otoferlin 
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itself, where otoferlin may be dimerizing with syntaxin 1A, SNAP 25 and synaptobrevin in these studies.  

In support of this, the presence of synaptic transmission in SNARE-deficient mice suggests there is no 

need for neuronal SNAREs in inner hair cells (Rutherford and Pangrsic 2012).    

 It is certain that otoferlin operates at the vesicle release sites of inner hair cells and that when the 

protein is disrupted, mice are profoundly deaf (Roux et al. 2006; Longo-Guess et al. 2007; Pangrsic et al. 

2010).  Remarkably, Ca
2+

 induced exocytosis in inner hair cells is otoferlin independent until P4 (Beurg et 

al. 2010).  At P7 inner hair cells of otoferlin knockout mice require 3 continuous seconds of 

depolarization for Ca
2+

 induced vesicle release, measured as an increase in membrane capacitance; in 

hearing mice the fast component of release, the readily releasable pool of synaptic vesicles, occurs after 

tens of milliseconds of depolarization and the slow component of exocytosis or slow releasable pool 

appears after just hundreds of milliseconds (Beurg et al. 2010).  Synaptotagmin-1 and 2, the typical 

central nervous system Ca
2+

 sensors, are not present in inner hair cells of post hearing mice.  However, 

several synaptotagmin isoforms are present during the prehearing period but none tested was responsible 

for Ca
2+

 induced vesicle release before P3 (Beurg et al. 2010).  It is possible that multiple Ca
2+

 sensors are 

required in inner hair cells to give individual auditory nerve fibers that contact a single inner hair cells, 

different thresholds, dynamic ranges and spontaneous release (Gregory and Quinones 2011).  In line with 

this is that hypothyroid rats which lack otoferlin mRNA and protein in inner hair cells, still exhibit Ca
2+ 

induced exocytosis before and after hearing onset, with post hearing animals exhibiting larger Ca
2+ 

induced changes in capacitance that controls (Brandt et al. 2007).   

Otoferlin does not operate alone; it has a plethora of accessory proteins with which it performs 

physiological functions.  Some of these proteins have been identified while others remain incognito.  Of 

the ones which have been identified, only a portion have known functions, many of which are implicated 

in exocytosis, endocytosis and vesicle recycling in the trans-Golgi network.  These interacting protein 

partners exist as a functional unit in a complex of proteins referred to as an ‘interactome’ (Zak et al. 
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2011).  Additionally, functional defects in any one of these proteins which result in deficits in exocytosis 

at the hair cell synapse and cause deafness are termed ‘synaptopathies’ (Pangrsic et al. 2012).  

Interestingly, it has been shown that otoferlin has several binding partners which are important for 

clathrin-mediated endocytosis.  It was thought that clathrin-mediated endocytosis was too slow to be 

effective in inner hair cell endocytosis.  However by pharmacologically inhibiting clathrin-mediated 

endocytosis, real time membrane capacitance changes were impaired in synaptic vesicle replenishment in 

mature inner hair cells (Duncker et al. 2013).  Therefore it is possible that otoferlin participates in the 

retrieval of membrane as well as playing a role in the late stages of exocytosis in inner hair cells.  This 

compound ability could help the auditory system maintain the indefatigable sustained exocytosis required 

for the accurate perception of sound.        

 

Patterned spontaneous activity  

 Before the onset of hearing, patterned spontaneous activity originating in the immature Organ of 

Corti propagates throughout the entire auditory pathway (Johnson et al. 2011; Tritsch et al. 2007; Tritsch 

and Bergles 2010).  This patterned spontaneous activity is likely required for normal neuronal survival, 

organization, maturation and function of the auditory system.  While the developing auditory system is 

still naive to sound, inner supporting cells in Köllikers organ within the cochlea, spontaneously release 

ATP resulting in crenation of small groups of inner hair cells and inner supporting cells due to osmosis, 

inward currents and transient intracellular Ca
2+

 waves that propagate radially in groups of electrically 

coupled inner supporting cells and adjacent inner hair cells (Tritsch et al. 2007).  As Köllikers organ 

develops, the spontaneous inward currents in inner hair cells and inner supporting cells grow larger and 

slower and the transient intracellular Ca
2+

 waves become more prominent, but both eventually disappear 

after the onset of hearing (Tritsch et al. 2010b; Tritsch and Bergles 2010).   The crenation is thought to be 
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the result of osmotic effects from increases in extracellular Cl

-
 and K

+
 concentrations and correlates with 

large increases in intracellular Ca
2+

 leading to Ca
2+

 activated Cl
-
 efflux and K

+
 influx, generating the 

inward currents in inner hair cells and inner supporting cells (Tritsch et al. 2010b).  Additionally, the 

secretion of water by osmosis may contribute to formation of endolymph or perilymph and the crenation 

may be large enough to cause displacement of inner hair cells and stereociliary deflection, leading to 

additional depolarization from mechanotransduction during development (Tritsch and Bergles 2010).  

Focally released ATP from inner supporting cells binds to purinergic P2 receptors on the inner 

hair cells, causing the inner hair cells to depolarize and fire Ca
2+

 spikes which facilitate neurotransmitter 

release from immature ribbon synapses (Tritsch and Bergles 2010).  ATP-mediated inward currents in 

inner hair cells do not become prominent until P4 whereafter the amplitude and frequency increase until 

the onset of hearing, when they cease.  After P4, mini-bursting activity was recorded in inner hair cells 

occurring at frequencies resembling theta oscillations.  Interestingly, P4 is the same age at which otoferlin 

becomes up-regulated in inner hair cells (Beurg et al. 2010).  

 Waves of spiking activity in neighboring inner hair cells and in their corresponding auditory 

nerve fibers have a high probability for being synchronized, likely helping neurons encoding similar 

frequencies to ‘fire together and wire together’ (Tritsch et al. 2007; Tritsch et al. 2010).  Whole-cell patch 

clamp recordings of neighboring inner hair cells have more correlated spontaneous inward currents than 

distant pairs of inner hair cells (Tritsch and Bergles 2010).  Inner hair cells are not spontaneously active 

before the onset of hearing and require extracellular ATP-mediated input to fire Ca
2+

 spikes.   

Calcium action potentials generated from prehearing inner hair cells initiate the release of 

glutamate from immature ribbon synapses, depolarizing the spiral ganglion neurons, and allowing them to 

fire action potentials in discrete mini bursts that disseminate to the cochlear nucleus, medial nucleus of 

the trapezoid body and inferior colliculus recorded in vivo (Tritsch et al. 2007; Tritsch et al. 2010).  



23 
 
Spiking activity patterns in spiral ganglion neurons are related to the development of inner hair cells, 

around P2 inner hair cells become sensitive to ATP, initiating some spiral ganglion neurons to be 

depolarized enough to fire tonic, low-frequency action potentials (Tritsch and Bergles 2010).  Bursting 

activity in prehearing spiral ganglion neurons averages 1 to 6 action potentials every 100-300 msec 

followed by short periods of quiet, representative of theta frequencies which may potentiate developing 

synapses and induce signaling cascades. Bursting activity propagates through the auditory pathway 

(Brugge and O’Connor 1984; Crins et al. 2011).  These results suggest that focal synchronized activity 

could help to perfect and sustain synaptic connections throughout the developing auditory system.   

 

Series Resistance and its Compensation 

Good series resistance compensation in voltage clamp is an important factor for acquiring 

accurate recordings of current measurements. It is a particularly serious problem when measuring the 

large synaptic currents in bushy cells of mice in the strain used in this study.  As one is recording synaptic 

or membrane currents through the recording electrode, the recording electrode is serving two purposes, 

injecting enough current to assure that the holding potential of the cellular membrane is constant at the set 

determined/command level and measuring the voltage in the cell.  The amplifier compares the measured 

voltage to the desired “command” voltage and then injects current as a function of the difference between 

the measured and the command voltage.  The recording electrode in the Axon Multiclamp 700B amplifier 

does this in a ‘time sharing’ manner, whereby for one moment it is fluxing current into or out of the cell 

and in the next moment it is recording the voltage.  The amplifier measures the voltage when the cell’s 

membrane voltage has settled back after current was injected.  It is important, therefore, that the time 

constant of the electrode be short so that the measured membrane voltage is not contaminated by the 

voltage drop caused by current passing through the electrode. If the measured voltage differs from the 



24 
 
command voltage, the amplifier reduces the difference by injecting current proportional to the difference.  

By measuring how much current is required to keep the cell’s voltage constant is thus a measure of how 

much current the synapse has contributed.  Time delays in the circuits of the amplifier result in a slight lag 

between reading the cellular voltage and injecting the correct amount of current to maintain the command 

potential and can lead to voltage oscillations.   

Another issue is that the recording electrode has a resistance in series with the cell’s resistance.  

The amplifier measures the summed voltage across the pipette resistance as well as across the cell’s 

resistance but meaningful measurements of synaptic currents require that voltage be kept constant across 

the cell’s membrane in the face of large changes in current flow.  The series resistance compensation is 

positive feedback system, by which the amplifier adds a fraction of the output to compensate for the 

electrode’s resistance (Barbour 2011).  The fraction of the output is set by the investigator.  When the 

currents fluxing through the pipette are small and when the pipette resistance is small, the voltage drop 

across the pipette resistance is not very large so the series resistance compensation is not a major concern 

for accurate measured physiological currents.  However, when the currents are large, small errors in 

compensation for pipette resistance result in large errors in the actual membrane potential of the cell. For 

example, if only 80% of the resistance of a 5 MΩ pipette is compensated in the measurement of a 20 nA 

synaptic current, the holding potential will have an error of 20 mV.  In this case excitatory synaptic 

currents being measured are reduced because the cell’s membrane voltage, which should stay constant, 

shifts from a holding potential of -65 mV to -45 mV.  It is generally impossible to compensate the series 

resistance 100% because positive feedback combined with electronic delays cause the voltage to oscillate 

and kill the recorded cell.  If settings are on the verge of oscillation, the synaptic currents include an 

oscillatory component and are artifactually large.  In my experiments the best I could do was to 

compensate 75-80%.  Compensating for the series resistance in voltage clamp can be a tricky business.   
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 In current clamp the series resistance is not an issue because the amplifier delivers either no 

current or current pulses.  While current pulses are delivered, the measured voltage has a constant error 

which equals the pipette resistance multiplied by the current.  These constant errors are generally small 

because injected currents are small (for example, 5MΩ x 1 nA = 5 mV) and can be subtracted (by the 

bridge balance correction) either during the experiment or offline after the experiment because they are 

constant (Barbour 2011).  Bridge balance is the current clamp equivalent of the voltage clamp series 

resistance compensation.  In current clamp constant current pulses are injected that result in a constant 

voltage drop across the electrode that can easily be subtracted whereas in voltage clamp the amount of 

current being injected varies as a function of changes in the physiological currents.  The bridge balance 

allows the amplifier to measure the resistance of the electrode so it can be corrected for.   

Finally, for accurate recordings, especially in voltage-clamp, capacitance needs to be 

compensated.  In the MultiClamp 700B amplifier, the fast and slow capacitance compensation 

adjustments are used in voltage clamp and the pipette capacitance neutralization is used in current clamp.  

In voltage clamp these are true corrections for pipette capacitance, while in current clamp capacitance 

neutralization can only partially compensate for that capacitance (Molecular Devices 2010).  Appropriate 

settings allow the amplifier to correct for capacitance of the pipette in the voltage-clamp feedback to 

minimize oscillations and to separate the pipette’s from the cell’s capacitance.  
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Abstract  

Tonotopy is a fundamental organizational feature of the auditory system. Sounds are encoded by 

the spatial and temporal patterns of electrical activity in spiral ganglion neurons (SGNs) and are 

transmitted via tonotopically ordered processes from the cochlea through the eighth nerve to the cochlear 

nuclei. Upon reaching the brainstem, SGN axons bifurcate in a stereotyped pattern, innervating target 

neurons in the anteroventral cochlear nucleus (aVCN) with one branch and the posteroventral and dorsal 

cochlear nuclei (pVCN and DCN) with the other. Each branch is also tonotopically organized, thereby 

distributing acoustic information along multiple parallel pathways for processing in the brainstem. In 

mice with a mutation in the receptor guanylyl cyclase Npr2, this spatial organization is disrupted. 

Peripheral SGN processes appear normal, but central SGN processes fail to bifurcate and are 

disorganized, resulting in blurred tonotopic organization within the VCN, underinnervation of the aVCN, 

and reduced convergence of SGN inputs onto target neurons. Secondary circuits within the cochlear 

nuclei are also degraded, as revealed by changes in the topographic mapping of tuberculoventral cell 

projections from DCN to VCN. Nonetheless, Npr2 mutant SGN axons are still able to transmit acoustic 

information with normal sensitivity and timing, as revealed by auditory brainstem response recordings 

and electrophysiological recordings from VCN neurons. Although most features of signal transmission 

are normal, intermittent failures were observed in responses to trains of shocks, likely due to a failure in 

action potential conduction at branch points in Npr2 mutant afferent fibers. Our results show that Npr2 is 

necessary for sharp tonotopic organization of cochlear nuclear circuitry and for the proper convergence of 

SGNs onto their targets, but that signals are still transmitted with normal timing, and that mice can hear 

even with these deficits.  
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Author Summary 

Millions of people suffer from debilitating hearing defects, ranging from a complete inability to 

detect sound to more subtle changes in how sounds are encoded by the nervous system. Many forms of 

deafness are due to mutations in genes that impair the development or function of hair cells, which are 

responsible for changing sound into electrical signals that can be processed by the brain. Both mice and 

humans carrying these mutations fail standard hearing tests. In contrast, very little is known about the 

genetic basis of central auditory processing disorders, which are poorly defined and difficult to diagnose, 

since these patients can still detect sounds. One alternative approach is to find genes that are required for 

the normal wiring of central auditory circuits in mice and to use these genes as entry points to understand 

how changes at the circuit level affect circuit function. Here, we show that the natriuretic peptide receptor 

Npr2 is required to establish frequency maps in the mouse central auditory system. Surprisingly, despite 

the dramatic change in circuit organization, Npr2 mutant mice are still able to respond to sounds with 

normal sensitivity and timing, underscoring the need for better hearing diagnostic methods in mice as in 

humans. 
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Introduction 

The sense of hearing is mediated by precisely organized neural circuits that encode the frequency 

content, timing, and intensity of sounds. Frequency information is coded by the spatial organization of 

hair cells in the cochlea, with high frequencies detected in the base and low frequencies in the apex. SGNs 

transmit this information to the cochlear nuclei, where their axons bifurcate into an ascending branch that 

innervates the aVCN and a descending branch that targets the pVCN and DCN. In each of these regions, 

the systematic innervation by SGN fibers forms frequency maps that maintain the tonotopic order of hair 

cells in the cochlea. This imposes a tonotopic organization that is preserved along the auditory pathway. 

For example, tonotopy governs intrinsic connections between neurons in the cochlear nuclei, such as 

tuberculoventral cell projections from the DCN to the VCN (Wickesberg and Oertel 1988; 1990). 

 Bifurcation of SGN axons plays a key role in the delivery of information from the cochlea to the 

cochlear nuclei. By contacting a variety of target neurons with distinct projection patterns, each SGN 

feeds information to parallel pathways in the brainstem (Cant and Benson 2003). Through their ascending 

branches, SGNs convey auditory signals to bushy cells that are involved in comparing interaural time and 

intensity for localizing sounds in azimuth (Cant and Morest 1979; Yin 2002; Spirou et al. 2005; Lauer et 

al. 2013), as well as to some T stellate cells. Through their descending branches, SGNs innervate T 

stellate cells that encode the spectrum of sounds (Blackburn and Sachs 1990; Alibardi 1998; Oertel et al. 

2011), octopus cells that mark the onset of sounds (Rhode and Smith 1986; Golding et al. 1995; 

McGinley et al. 2012), and fusiform and giant cells of the DCN that use spectral cues to localize sounds 

monaurally in the vertical plane (Oertel and Young 2004). Together, the activation of these diverse 

populations of cochlear nuclear neurons by SGN axons enables animals to detect, recognize, and locate 

sounds in their environment. 
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Although the mechanisms of cochlear wiring are beginning to be elucidated, much less is known 

about how the precise pattern of functionally diverse connections in the cochlear nuclei is generated 

(Appler and Goodrich 2011). Indeed, a growing number of genes affecting hair cell development or 

function and SGN connectivity in the cochlea in the mouse have been identified, many of which have 

been implicated in sensorineural deafness in humans (Dror and Avraham 2009). These animal models 

have provided a useful entry point for understanding the cellular and molecular bases for hearing loss 

arising from cochlear defects. In contrast, the molecular mechanisms that govern establishment of central 

auditory circuits are still largely unknown, as are the effects that miswiring of these circuits may have on 

hearing. Notably, it is estimated that ~1% of people with normal hearing sensitivity, and therefore normal 

cochlear function, have defects in their ability to process sound (Hind et al. 2011). Unambiguously 

identifying and characterizing patients with these central auditory processing disorders (CAPD) is 

challenging, because multimodal sensory, language, and attention deficits can accompany or mimic 

CAPD, thereby complicating diagnosis (Ahmmed et al. 2014). One alternative approach to uncover the 

mechanisms underlying these types of disorders is to characterize mouse mutants with central auditory 

defects. Identification of genes that control central SGN wiring would represent a first step towards 

developing such models. 

During the course of a screen to identify genes required for auditory circuit assembly, we 

discovered that the natriuretic peptide receptor Npr2 is required for central axon bifurcation in SGNs (Lu 

et al. 2011). Much of the Npr2 signaling pathway has been elucidated in dorsal root ganglion (DRG) and 

other sensory neurons, which also exhibit axon bifurcation defects (Schmidt et al. 2007; Schmidt et al. 

2009; Ter-Avetisyan et al. 2014). Upon binding to its ligand, the C-type natriuretic peptide (CNP), which 

is expressed throughout the embryonic midline (Schmidt et al. 2009), Npr2 activates a cGMP-dependent 

protein kinase 1 (PrkG1) signaling cascade that regulates cytoskeletal-associated proteins (Schmidt et al. 

2009; Zhao et al. 2009; Zhao and Ma 2009; Schmidt and Rathjen 2010; Xia et al. 2013). This may 
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promote axon bifurcation by causing growth cone splitting (Schmidt et al. 2007), but how Npr2 signaling 

regulates axon branching is unclear, as CNP can also act as a chemoattractant (Zhao and Ma 2009). 

Although Npr2 regulates SGN bifurcation during early development, the long-term effects of Npr2 

mutation on auditory circuit assembly and function remain poorly understood. Here, we address this 

question by examining the anatomical and functional properties of neural circuits in the auditory system 

of Npr2 mutant mice. 

 

Results 

SGNs appear normal in the auditory periphery of Npr2 mutant mice  

As a first step toward understanding how loss of Npr2 activity affects auditory circuit assembly 

and function, we characterized the peripheral wiring of SGNs in the cochlea, as visualized using 

Neurog1-CreER
T2 

and RC::rePe GFP reporter mice. Connections between SGNs and hair cells appeared 

normal in Npr2 mutants at postnatal day 0 (P0) (Fig. 1A, B). In both wild-type and Npr2 mutant cochleae, 

well-defined bundles of peripheral processes extended toward the organ of Corti. In addition, SGN central 

processes in the auditory nerve peripheral to the bifurcation in the nerve root seemed normal in Npr2 

mutant mice at P21, as assessed by electron microscopy (Fig. 1C, D). The g-ratio, which is the ratio of the 

axon diameter to the total myelinated fiber diameter, did not differ significantly between control and Npr2 

mutant animals (Fig. 1E). In both groups of animals, the observed ratio was near the optimal for 

conduction (Rushton 1951). Hence, development of the peripheral auditory system appears normal in 

Npr2 mutant mice. 
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SGN projections are disorganized in Npr2 mutant cochlear nuclei, with persistent defects in 

axonal bifurcations 

Previously, we showed that Npr2 is expressed in SGNs and is required for the bifurcation of 

central SGN axons at E12.5 (Lu et al. 2011). To determine how this early failure in bifurcation affects 

subsequent development, we characterized SGN central projections in Npr2 mutants at E16.5, when both 

branches have formed and projected tonotopically within the developing cochlear nuclei (Fig. 2A) 

(Koundakjian et al. 2007). Lipophilic dye labeling revealed that in Npr2 mutants, the cochlear nerve root 

lacks the Y-shaped morphology typical of wild-type animals (Fig. 2B,C), consistent with a persistent 

bifurcation defect. In addition, whereas SGN axons were neatly bundled both proximal and distal to the 

bifurcation of the nerve in control animals, Npr2 mutant axons were disorganized in the region where 

they would normally branch (Fig. 2B, arrow), resembling the first exploratory SGN axons that reach the 

hindbrain at E11.5 in wild-type embryos (Lu et al. 2011).  

We next examined SGN central projections in Npr2 mutant animals between P14-P18, after the 

auditory circuit is fully formed and functional hearing has begun. To label SGN axons, Neurog1-creER
T2

 

mice were crossed to AI14 tdTomato reporter mice, resulting in offspring with tdTomato expression in a 

random subset of SGNs due to leaky Cre activity in the absence of tamoxifen. In Neurog1-CreER
T2

;AI14 

mice, tdTomato expression in SGNs is sparse enough that neuronal morphology can be examined, but is 

distributed uniformly along the length of the cochlea so that the overall pattern of SGN innervation 

throughout the intact cochlear nucleus complex can be visualized in cleared tissue. In control animals, 

auditory nerve fibers projected in a highly stereotyped and ordered manner to the aVCN, pVCN, and 

DCN (Fig. 2D). In Npr2 mutants, SGN afferents were able to reach all three divisions, but appeared 

disorganized (Fig. 2E). Notably, some patches of the aVCN appeared to be underinnervated compared to 

controls (Fig. 2E, arrowheads). Indeed, sections through the cochlear nuclei revealed a severe 

disorganization of projections in the aVCN and pVCN in Npr2 mutants (Fig. 2G) compared to controls 
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(Fig. 2F). Control axons exhibited clear bifurcations in the VCN (Fig. 2H), resulting in neat bundles of 

axonal branches in the aVCN (Fig. 2H’). In contrast, Npr2 mutant SGN axons generally turned instead of 

bifurcating (Fig. 2I) and often followed aberrant paths in the aVCN (Fig. 2I’). Thus, loss of axon 

bifurcation and abnormal trajectories persist even after the onset of hearing in Npr2 mutant mice.  

Although the overall pattern of innervation was clearly abnormal, SGNs projected to all divisions 

of the Npr2 mutant cochlear nuclei. To determine whether SGNs innervating the aVCN can still form 

branches that project to the pVCN, we labeled fibers with biocytin injections into the aVCN and searched 

for labeled fibers in the pVCN. In control animals, such injections labeled the ascending branch 

retrogradely to the nerve root and they labeled the descending branch anterogradely through the pVCN 

and into the DCN (Fig. 3A). The labeled descending branches formed a tight bundle in the octopus cell 

area, where the SGN fibers converge on their way to the DCN (Fig. 3A’). In Npr2 mutant animals, 

obvious bundles were not seen. However, a few widely spread fibers in the octopus cell area were 

consistently labeled (Fig. 3B,B’), indicating that some individual SGN fibers manage to innervate both 

regions in spite of the axon bifurcation defect. Bifurcations are distinct from interstitial branches in that 

they are usually the first branch points within the cochlear nuclei, are found in a predictable location, and 

exhibit a characteristic Y-shaped morphology (Fig. 3C). Although a minority of SGN axons branched in 

approximately the correct location in Npr2 mutants, the branch point did not exhibit the morphology 

typical of a bifurcation. Branches exhibited more varied angles and one branch was often abnormally thin 

(Fig. 3D, arrows). As in controls (Fig. 3E, arrowheads), Npr2 mutant SGN axons were able to form 

interstitial branches (Fig. 3G, arrowheads). Thus, it seems likely that the branches that SGN axons form 

in Npr2 mutant mice are interstitial branches rather than true bifurcations.  Nonetheless, axonal branches 

in the aVCN terminated in endbulbs of Held with the usual range of sizes and shapes in both controls 

(Fig. 3F) and mutants (Fig. 3H), indicating that despite their defective branching patterns and trajectories, 
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Npr2 mutant SGN axons are still able to find appropriate targets and make specialized synapses with 

normal morphology.  

 

Disruption of tonotopic organization in Npr2 mutants 

Since the peripheral organization of SGN projections in the cochlea appeared unaffected in Npr2 

mutants, SGNs are likely able to receive sharply tuned frequency information from hair cells. However, 

given the disorganization of SGN central axons in Npr2 mutants, we wondered whether mutant SGN 

axons preserve the tonotopic order of their projections as they exit the cochlea and find their way into the 

cochlear nuclei. Crystals of the lipophilic dyes, DiI and DiD, were inserted into the apical and basal turns 

of the cochlea in fixed E16.5 mouse heads and the dye was allowed to diffuse anterogradely through SGN 

axons to the hindbrain (Fig. 4A). In wild-type animals, SGN axons are tonotopically segregated within 

the eighth nerve, and their bifurcation points fan out in tonotopic order within the cochlear nuclei with 

axons from more basal SGNs bifurcating more dorsally than apical SGNs. This pattern is evident even at 

E16.5, with segregation of basal and apical SGN axons visible in the eighth nerve as well as in the 

developing cochlear nuclei (Fig. 4B). The gross tonotopic segregation observed in control embryos was 

maintained in Npr2 mutants (Fig. 4C,C’). However, in some Npr2 mutant embryos (n=2/4), obvious 

intermingling of apical and basal projections was observed (Fig. 4C,C’, arrowheads), suggesting 

imprecise tonotopy. Moreover, mutant axons appeared to project more strongly towards what will become 

the pVCN and DCN, quantified by comparing the fluorescence intensity of the branches projecting 

rostrally vs. caudally (Fig. 4D). Apical SGNs were more strongly affected than basal SGNs and showed a 

stronger bias towards the developing pVCN and DCN.  

To determine whether the blurring of tonotopy persists through postnatal stages, similar dye 

labeling of SGNs was performed at P14 by placing DiI and DiD crystals in the apical and mid-turns of the 
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cochlea, respectively (Fig. 4E). Clear segregation of the two dyes was observed in both the eighth nerve 

(Fig. 4F) and in the aVCN (Fig. 4F’) and pVCN (Fig. 4F’’) in controls. In contrast, in Npr2 mutants, the 

axons from apical and mid-turn SGNs were appropriately segregated within the eighth nerve (Fig. 4G, H), 

but their projections often overlapped extensively in the aVCN (Fig. 4G’, H’) and/or pVCN (Fig. 4G’’, 

H’’). Thus, tonotopic segregation appears normal in the auditory nerve, but is lost to some degree within 

the cochlear nuclei of Npr2 mutants.  

The abnormal tonotopic organization of SGN projections raised the question of whether the 

second-order tonotopic organization of intrinsic neuronal circuits within the cochlear nuclei is similarly 

disorganized. Tuberculoventral (TV) cells are glycinergic neurons that reside in the deep layer of the 

DCN and innervate targets in the aVCN and pVCN, forming a negative feedback circuit. They are 

tonotopically arranged, receiving input from the same auditory nerve fibers as their targets and therefore 

exhibiting similar tuning (Wickesberg and Oertel 1988; Wickesberg and Oertel 1990; Zhang and Oertel 

1993). The pattern of TV cell connectivity was examined by injecting biocytin into the aVCN, which 

normally labels TV cell bodies in the DCN as well as SGN afferent fibers that project to that isofrequency 

band (Wickesberg and Oertel 1988 ) (Fig. 5A-B). Labeling follows the tonotopic organization of the 

cochlear nuclei: dorsal injections labeled bands of TV cells dorsally in DCN, whereas ventral injections 

labeled TV cells in a more ventral position in the DCN. In control animals, a few labeled cells in the DCN 

were located ventral to the isofrequency band, because their axons crossed the injection site to innervate 

more ventral regions of the aVCN (Fig. 5A, arrowhead). However, labeled cells dorsal to the band in the 

DCN were not observed in normal animals, indicative of the sharp tonotopic organization (Fig. 5A,D). In 

contrast, in Npr2 mutant mice, the labeled cell bodies were found over a large span of the DCN (Fig. 5B, 

D), even when the injections were made ventrally in the aVCN. To quantify this result, the distribution of 

labeled cells along the tonotopic axis was measured in reconstructions of 37 slices with injections into the 

ventral half of aVCN (Fig. 5C). In control mice, the distribution of labeled cells aligned at their peaks 



36 
 
showed a sharp peak that tapered ventrally toward the granule cell lamina. In Npr2 mutants, the 

distributions lacked sharp peaks. The average distribution of labeled cells, aligned on the median, was 

broader, reflecting the more diffuse organization observed within individual slices. These findings 

indicate that the tonotopic organization of the TV cell projection in mutant cochlear nuclei is less precise 

than in wild-type animals.  

 

The abnormal wiring pattern in Npr2 mutants does not noticeably affect auditory brainstem 

responses (ABRs) 

To investigate how the change in the branching of SGN inputs to the cochlear nuclei affects 

hearing, we compared auditory brainstem responses (ABR) in six-week old wild-type and Npr2 mutant 

mice. ABRs are generated by the synchronous firing of groups of aligned axons. In cats, the first large 

positive and negative waves reflect the firing of axons of SGNs, the second positive wave reflects the 

firing of neurons in the VCN that lie near the nerve root, the third positive wave reflects activation of the 

VCN rostral and caudal to the nerve root and the superior olivary complex, and later waves reflect the 

summation of activity at many stages of the auditory pathway (Melcher 1996). No significant difference 

was observed between control (n=6) and Npr2 mutant (n=15) mice in the amplitude or shape of ABRs in 

responses to 16 kHz tones (Fig. 6A, B). The normal average ABR waveforms suggest that the timing of 

firing of SGNs and of their targets in the VCN and in the superior olivary complex is apparently normal. 

In addition, ABR thresholds did not differ significantly between wild-type and Npr2 mutant mice (Fig. 

6C). Thus, within the resolution of these measurements, the sensitivity and timing of firing of auditory 

neurons in the brainstem seem normal in Npr2 mutants.  

It should be noted that Npr2 mutant mice exhibit additional abnormalities, including dwarfism 

and cardiac deficits (Tsuji 2005), that compromise their health and often cause them to die within the first 
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postnatal month. Thus, it is possible that no ABR phenotype was observed because the animals that 

survived to the testing stage were the healthiest and least abnormal. However, cochlear nuclear 

innervation defects were fully penetrant and varied only in severity. Moreover, since it is difficult to 

establish behavioral baselines in these animals, we were unable to use pre-pulse inhibition of the acoustic 

startle reflex to test for deficits in specific hearing tasks, such as frequency discrimination, gap detection, 

and sound localization.  

 

Auditory signal transmission has many normal features in Npr2 mutants 

Since ABRs did not reveal any obvious changes in auditory responsiveness in Npr2 mutant mice, 

we next asked whether the loss of spatial organization affects signal transmission at the level of single 

cells by performing intracellular recordings in slices. Cochlear nuclear neuronal responses to sound 

depend on the pattern of convergence of synaptic inputs, the physiological properties of those inputs, and 

the electrical properties of target neurons that shape the voltage responses to synaptic currents. Whole-cell 

patch recordings in slice preparations of the cochlear nuclei confirmed that the three principal cell types 

of VCN (bushy, octopus, and T stellate cells), recognizable by the differences in their intrinsic electrical 

properties, are present in Npr2 mutants. In Npr2 mutants as in control animals, bushy and octopus cells 

fire transiently in response to depolarizing current pulses, whereas T stellate cells respond with trains of 

action potentials that last for the duration of the depolarization, in both wild-type and mutant animals 

(Oertel et al. 2011; Golding et al. 1995; Oertel et al. 1990; Cao et al. 2007) (data not shown). The absence 

of any measurable differences in the intrinsic properties indicates that mutant neurons are capable of 

signaling as rapidly and precisely as the wild type.   

Given the obviously abnormal trajectories of SGN axons within the cochlear nuclei, we asked 

whether SGNs would still converge normally on principal cells of the VCN in Npr2 mutants. The number 
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of excitatory inputs that converge on a recorded cell can be estimated by measuring the growth of 

synaptic responses to shocks of fiber bundles as the shock strength is gradually increased; the synaptic 

response grows in steps as additional fibers are brought to threshold (Cao and Oertel 2010). The number 

of steps in the increase in synaptic current is thus an estimate of the number of excitatory inputs. Bushy 

cells receive converging input from a small number of SGNs through endbulbs of Held or through smaller 

synaptic boutons. In the mutant, as in control animals, some jumps were small and others were large, 

reflecting the fact that bushy cells in mice receive input from small bouton endings as well as large 

endbulbs (Lauer et a. 2013; Cao and Oertel 2010; Chanda and Xu-Friedman 2010) (Fig. 7A). The number 

of converging inputs to bushy cells in Npr2 mutants fell into the normal range, between 1 and 6 (Cao and 

Oertel 2010). However, a surprisingly large proportion had only a single input (5/7 in Npr2 mutants, 

compared with 5/21 similar bushy cells in a wild type strain (Cao and Oertel 2010). Interpretation of these 

findings is complicated by the fact that there are multiple types of bushy cells: globular bushy cells that 

project to the medial nucleus of the trapezoid body and spherical bushy cells that project to the lateral or 

medial superior olivary nuclei. The sole electrophysiological distinction between these cell types in slices 

is the number of converging inputs (Lauer et al. 2013; Cao and Oertel 2010). Especially when the aVCN 

is disorganized, it is impossible to know whether populations of different types of bushy cells were 

sampled equally. However, our results suggest that bushy cells in the aVCN in Npr2 mutants likely 

receive input from fewer SGNs than normal.  

Shock-evoked synaptic responses in T stellate cells normally grow with between five and eight 

steps, each delivering roughly equal steps of current of between 100 and 300 pA (Cao and Oertel 2010; 

Ferragamo et al. 1998) (Fig. 7B). Many of these responses are likely to arise from SGNs but some could 

also arise from other T stellate cells (Ferragamo et al. 1998). In control mice, no differences have been 

reported between T stellate cells in pVCN, where they are most abundant, and in the aVCN (Oertel et al. 

1990; Wu and Oertel 1984; Doucet and Ryugo 1997). In Npr2 mutants, 6/10 of the T stellate cells we 
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recorded were in the pVCN, near the octopus cell area. Convergence of inputs in these cells was normal 

averaging 7.5±1 (n=6). In contrast, in the 4/10 T stellate cells that were recorded more anteriorly, evoked 

responses grew in only three or four, larger current steps (Fig. 7B). These data suggest that in Npr2 

mutants, convergence of SGNs onto targets in the aVCN is reduced, while in the pVCN, convergence is 

normal. This subtle change in circuit organization is consistent with our finding that SGN projections are 

biased towards the pVCN and DCN at embryonic stages. 

Octopus cells receive converging input from larger numbers of inputs whose numbers cannot be 

estimated from the growth of synaptic responses with shock strength (Golding et al. 1995; McGinley et 

al. 2012; Cao and Oertel 2010). Synaptic responses generally grow in steps so small that the growth 

appears graded. In Npr2 mutant mice, the growth of synaptic responses shows more irregularity than we 

have observed in CBA or ICR mice (Golding et al. 1995; Cao and Oertel 2010), but this irregularity was 

also observed in control mice. In octopus cells, no differences in convergence between wild-type and 

mutant mice could be resolved (Fig. 7C).  

To gain additional insights into the nature of transmission between SGNs and their cochlear 

nuclear targets, we examined the pattern of synaptic responses to trains of shocks. In wild-type mice, 

repeated stimulation of the auditory nerve consistently evokes synaptic responses, although when driven 

at high rates, synaptic responses show depression, with a stronger effect in bushy than in T stellate cells 

(Cao and Oertel 2010; Wu and Oertel 1987; Yang and Xu-Friedman 2008). Synapses between SGNs and 

principal neurons in the VCN in Npr2 mutants exhibited the expected synaptic depression observed in 

wild-type and heterozygous animals (Fig. 8A, A’). However, Npr2 mutants differed from wild-type 

animals in that shocks intermittently failed to evoke any responses in some neurons. For instance, in 7/12 

bushy cells, some of the shocks in a train failed to evoke a response (Fig. 8A). Failures were sporadic and 

complete, with no synaptic response at all in the target neuron (Fig. 8A’’). A similar phenotype was also 

detected in T stellate cells (Fig. 8B), with 3/10 cells sporadically failing to respond to shocks; in contrast, 
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0 of 10 wild type and heterozygote responses failed. One reason failures may have been detected in 

relatively fewer T stellate cells than in bushy cells is that failures of small inputs are difficult to detect. 

Indeed, in T stellate cells failure was often incomplete in that small (<10%) synaptic current remained, 

presumably because the larger of two inputs failed while the smaller one did not.  

For both bushy and T stellate cells, failures occurred even after the first shock in the train, when 

depletion of neurotransmission is not an issue (Fig. 8C). Together with the all-or-none character of the 

failures, these findings suggest that action potentials sometimes fail to invade the SGN synaptic terminals. 

To test whether a conduction block could be overcome by making action potentials in the parent axon 

taller and/or wider, we applied a low concentration of 4-aminopyridine (4-AP), a non-specific blocker of 

K
+
 channels used to relieve conduction block in patients with multiple sclerosis (Dunn and Blight 2011). 

Indeed, 0.1 mM 4-AP eliminated synaptic failures reversibly in both bushy and T stellate cells (Fig. 8D, 

E). These results support the idea that Npr2 mutant auditory nerve axons suffer from blocks in action 

potential conduction. Importantly, the responses that did occur showed normal, precise temporal tracking 

of inputs. Our data indicate that Npr2 mutant mice exhibit altered spatial organization of the auditory 

circuit and unreliable action potential conduction, yet still maintain the overall temporal precision of 

auditory signal transmission. 

 

Discussion 

The sense of hearing depends on accurate transmission of frequency and timing information from 

the cochlea to the brain by SGNs. Hence, SGN projections are organized spatially according to frequency 

and form synapses that preserve the timing of sound stimuli. Using a combination of anatomical and 

physiological methods, we find that these two fundamental characteristics are differentially affected in 

Npr2 mutant mice, which exhibit blurred tonotopy in the cochlear nuclei but still form functional 
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connections with largely normal electrophysiological features. Although there is a slight reduction in the 

convergence of inputs and occasional failures in transmission, the timing of neuronal firing at a 

population level and sound detection thresholds, as assessed by ABR, do not differ significantly between 

Npr2 mutant and control mice. Taken together, these data indicate that central auditory circuits with 

defective spatial organization are still capable of normal signal transmission and hence auditory 

responsiveness, though it is unlikely that auditory processing in Npr2 mutant mice is entirely normal. 

These findings highlight the importance of Npr2 for central auditory circuit assembly and underscore the 

challenges of understanding the genetic basis of central auditory processing disorders. 

 

Disruption of SGN wiring patterns in Npr2 mutants during development 

Although recent studies have uncovered a number of genes required for cochlear wiring (Coate 

and Kelley 2013), how SGN central axons navigate to the cochlear nuclei is poorly understood. SGN 

axons reach the hindbrain and start to bifurcate by E12 in mice (Lu et al. 2011). When the aVCN is not 

present, SGN axons still project to the brainstem and bifurcate (Maricich et al. 2009), likely because the 

Npr2 ligand CNP is expressed along the entire rostral-caudal axis of the hindbrain. In addition, since SGN 

axons enter the hindbrain at the level of rhombomere 4, which gives rise to the pVCN and DCN, this 

region may provide attractive cues and may be primarily responsible for early SGN guidance decisions. 

Indeed, we find that Npr2 mutant axons preferentially extend towards the developing pVCN and DCN, 

indicating that when required to make a directional choice without bifurcating, SGN axons show a caudal 

bias. Nevertheless, their projections follow aberrant trajectories, suggesting that Npr2 is also required for 

normal responsiveness to cues in the environment. Whether these guidance defects are secondary to the 

loss of bifurcation remains to be determined. 
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After bifurcating, developing SGN axon branches must navigate towards distinct regions of the 

cochlear nuclei while retaining the tonotopic organization established in the cochlea. This fundamental 

feature of the auditory pathway is established during embryogenesis (Koundakjian et al. 2007; Molea and 

Rubel 2003). Tonotopy in brainstem auditory nuclei thus depends on molecular guidance during 

development and does not require hearing, although it is later refined by activity-dependent mechanisms 

that need not be driven by sound (Kandler et al. 2009; Tritsch et al. 2007). Disruption of peripheral SGN 

connections in the cochlea can affect tonotopy, as evidenced in mice lacking the transcription factor 

Neurod1 (Jahan et al. 2010). However, in these animals, auditory afferents are intermingled with 

projections from the vestibular endorgans, suggesting that disrupted tonotopic organization is secondary 

to a general change in neuronal identity. Eph/Ephrin signaling may play a more specific role in central 

topographic projections, with ephrin-B2 mutants exhibiting abnormally broad frequency bands in the 

DCN (Miko et al. 2007). However, since EphA4/ephrin-B2 signaling is also involved in bundling of 

peripheral SGN projections extending towards the organ of Corti (Coate et al. 2012), the change in 

frequency responses in these mutants could also arise from peripheral disorganization.  

Npr2 mutant mice offer an unusual example where defects in the tonotopic organization in the 

cochlear nuclei occur without obvious defects in cochlear organization. SGN axons are topographically 

ordered in the eighth nerve in Npr2 mutants, but exhibit disorganization in the nerve root and blurred 

tonotopy in the cochlear nuclei, indicating that trajectories become disarrayed as they enter the cochlear 

nuclei. Since SGN bifurcation points are tonotopically ordered within the nerve root, with small bundles 

of SGN axons bifurcating together, it is possible that the abnormal guidance behavior of Npr2 mutant 

axons exiting the eighth nerve disrupts this bundling, thereby perturbing the local tonotopic order. Indeed, 

proper fasciculation during axon guidance is known to play a key role in topographic mapping of axons in 

other systems (Clandinin and Feldheim 2009; Imai et al. 2009). Alternatively, mutant axons may be 

unable to detect guidance cues in the environment, either because Npr2 plays a role in guidance or 
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because key receptors are not trafficked properly to the branches that do form. 

 

Functional consequences of abnormal innervation of the cochlear nuclei  

Unexpectedly, the striking loss of tonotopic organization in the central auditory circuits of Npr2 

mutant mice does not result in any detectable changes in auditory function. ABRs are generated by the 

summation of coherent currents, and thus largely reflect synchronous firing in bundles of axons (Melcher 

et al. 1996), whereas intracellular recordings assay transmission to a single post-synaptic target. The 

absence of any obvious ABR defect is consistent with our anatomical studies, which revealed no 

abnormalities in peripheral wiring, myelination, axon diameter, or synaptic morphology. It is also 

consistent with whole-cell patch-clamp recordings from individual neurons. These recordings show that 

the principal cells of the VCN in Npr2 mutants retain the ability to signal rapidly and with temporal 

precision. Most features of synaptic transmission were unaffected, with normal EPSC amplitudes, 

kinetics, depression, and delays in the VCN of Npr2 mutants. Occasional failures in transmission do not 

alter the timing of signaling in the population of neurons. Moreover, since wave one amplitudes do not 

differ significantly between mutants and controls, either roughly similar numbers of neurons are 

activated, or the smaller heads of mutants compensate for slightly reduced numbers of active neurons. 

Our physiological studies suggest that Npr2 mutant SGNs are still able to respond to sounds with normal 

sensitivity and timing, despite the loss of spatial organization. Normal ABRs are also observed in animals 

in which reorganization of central tonotopic maps is induced by persistent, moderate noise (Pienkowski 

and Eggermont 2012). While this might mean that ABRs are not sensitive enough to detect such changes, 

it may also reflect the plasticity of central auditory circuits, as has also been described by others (Kandler 

et al. 2009). 

Although Npr2 mutants exhibit blurred spatial organization, it is unclear whether this represents a 
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functional blurring at the level of frequency discrimination. In wild-type animals, the tuning of bushy and 

T stellate cells shows similar sharpness to that of auditory nerve fibers (Rhode and Smith 1986), 

indicating that SGNs that converge onto a single target neuron are similarly tuned. Since frequency 

coding is likely intact in the cochlea, activity-dependent synapse elimination, not only in the aVCN but 

also in TV cells of the DCN, could select for appropriate inputs with similar tuning in Npr2 mutant mice 

even when they are not in the correct spatial location. Thus, the broadening of TV cell isofrequency 

mapping in Npr2 mutants might reflect appropriate functional connections between cohorts of neurons 

that transmit similar frequency information, but that are no longer spatially confined to a tight band due to 

the disorganization of SGN afferents. Although pre-pulse inhibition of the acoustic startle response can be 

used in mice to test for frequency discrimination (Clause et al. 2011), such experiments are not possible 

with Npr2
 
mutants, which have dwarfism and cardiac defects, and therefore await generation of Npr2 

conditional knockout animals. Interestingly, humans with NPR2 mutations also exhibit achondroplasia 

(Bartels et al. 2004), suggesting that closer examination of auditory function may be warranted in such 

patients.  

Although the basic features of synaptic transmission were unaffected by the loss of Npr2 

function, auditory signal transmission became unreliable, with some shocks to SGNs failing to produce 

any response in post-synaptic targets. Since the failures sometimes occurred in the first response of a 

train, they could not have resulted from the depletion of neurotransmitter. Furthermore, EPSC failures 

were all-or-none, indicating that some action potentials did not reach the SGN terminals. Additionally, 

Npr2 mutant axons showed no loss of myelin and did not exhibit the increased spike latency or jitter 

associated with dysmyelinated SGNs (Kim et al. 2013). Given the changes in SGN axon branching 

patterns in Npr2 mutants and our ability to reverse failures with a K
+
 channel blocker that strengthens 

action potentials, it is likely that failure occurred at branch points, which have long been recognized as 

being weak points in conduction (Moore and Westerfield 1983). Although a similar functional phenotype 
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has not yet been described in other sensory neurons in Npr2 mutants, DRG neurons do exhibit mildly 

impaired ability to activate target neurons upon capsaicin treatment (Schmidt et al. 2007), indicating the 

need for a more detailed analysis of these neurons. 

In summary, the spatial organization of connections of SGNs is disrupted in the cochlear nuclei 

but not in the cochleae of Npr2 mutant mice. Despite abnormalities in convergence and intermittent 

conduction failures, there was no obvious loss of temporal precision in acoustic signaling, with 

postsynaptic responses tracking the activation of SGNs with precision and ABRs indicating grossly 

normal responses at a population level. It is unlikely that Npr2 mutant mice have completely normal 

hearing, but more subtle behavioral tests will be required to reveal deficits. Overall, our results suggest 

that the development of the auditory circuit is robust enough that surprisingly normal synaptic 

connections can be made even in the face of disorganized tonotopy.  
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Materials and Methods 

Mice 

The following mouse strains were used: Neurog1-creER
T2

 mice (Koundakjian et al. 2007), AI14-

tdTomato mice (Jackson Laboratories, Stock Number 007908); RC::rePe mice (Bang et al. 2011; Ray et 

al. 2011); and Npr2
cn

 mice which carry a missense point mutation (L885R) in the guanylyl cyclase 

domain of the Npr2 gene that prevents the protein from catalyzing cGMP formation (Tsuji 2005) (Jackson 

Laboratories, Stock Number 003913). Animals were maintained on a mixed genetic background. Mice 

were genotyped using previously described PCR protocols (Jackson Laboratories, (Zhao et al. 2009; 

Koundakjian et al. 2007), or in the case of RC::rePe, the presence of DsRed fluorescence prior to Cre 

recombination. For timed pregnancies, embryonic day 0.5 (E0.5) was defined as noon on the day of a 

copulatory plug. All mice were maintained in accordance with institutional and National Institutes of 

Health (NIH) guidelines approved by the Institutional Animal Care and Use Committee (IACUC) at 

Harvard Medical School, University of Wisconsin, and University of Southern California. 

 

Tonotopic dye labeling 

 E16.5 embryo heads were fixed in 4% paraformaldehyde (PFA) in PBS overnight and rinsed in 

PBS. The cochlea was exposed so that basal and apical turns were visible. In some cases, a small crystal 

of DiI (Life Technologies) was placed in the base of the cochlea, while a crystal of DiD (Life 

Technologies) was placed in the apex. In other cases, a picospritzer was used to inject a small amount of 

DiI or DiD dissolved in DMSO into the base or apex of the cochlea, respectively. Tissue was incubated at 

37ºC in PBS for 3-4 days to allow the dye to diffuse along axons. The hindbrain was then dissected out, 

cleared in ScaleA2 (Hama et al. 2011) at 37ºC for 1 h, mounted on a slide, and imaged by confocal 
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microscopy to obtain z-projection images. To determine caudal/rostral bias of projections, the bifurcation 

zone was demarcated with a 100 pixel (px) diameter circle, and the intensity of caudal and rostral 

projections was measured by defining 100 px diameter circles adjacent to this zone. The ratio of caudal to 

rostral projections was calculated for each image and averaged for controls (n=2 wild-type + n=2 

heterozygote embryos) and Npr2 mutants (n=4 embryos). 

 For P14-P18 animals, mice were perfused transcardially with 4% PFA in PBS (n=2 control and 

4 mutants). Their heads were bisected sagittally and fixed overnight in 4% PFA in PBS at 4ºC. Tissue was 

rinsed in PBS and dissected so that the cochlea was exposed, with the brain still attached, then decalcified 

in 0.1 M EDTA in PBS at room temperature for 3 days. The decalcified bone covering the organ of Corti 

was removed so that mid and apical turns were visible, and small crystals of DiI and DiD were placed in 

the apical and mid-turns of the cochlea, respectively, using a 30-gauge needle to first create a small slit 

into which the dye crystal could be inserted. The tissue was incubated at 37ºC in 4% PFA in PBS for 1 

week, at which point most of the dye had diffused along projections. Since the axons are heavily 

myelinated at this stage and require a large amount of dye to reach the central projections in the cochlear 

nucleus, an additional crystal of DiI or DiD was at this time placed in the same slit, and allowed to diffuse 

for another week. The cochlea and cochlear nuclei were then dissected out, embedded in 5% low melt 

agarose in PBS, and sectioned by vibratome at 150 µm. For the cochlea, transverse sections of the 

cochlear nerve were collected, and for the cochlear nucleus, transverse sections of the aVCN and pVCN 

were collected. These were mounted on a slide and imaged by confocal microscopy (Zeiss SP8 X).  

 

Visualization of cochlear afferents 

 To label SGN central axons at E16.5, embryo heads were fixed in 4% PFA in PBS overnight, 

and the cochlea was exposed. A picospritzer was used to injected DiI dissolved in DMSO into the 
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cochlea, and then treated as described above for tonotopic dye labeling. Labeling of SGN central axons at 

P21 was performed by biocytin injections into the aVCN, as described below. SGN peripheral projections 

in the cochlea were labeled by crossing Npr2
cn/+

 mice with Npr2 heterozygotes also carrying the 

Neurog1-creER
T2

 and RC::rePe alleles. Tamoxifen was administered by gavage to the mothers when 

embryos were at E10.5 to induce CreER
T2

 activity in SGNs, as previously described (Koundakjian et al. 

2007). Cochleae from P0 pups were collected and fixed in 4% PFA, and the mid-turn, which is most 

strongly labeled by E10.5 tamoxifen administration, was isolated and mounted on a slide. Fluorescence 

from the RC::rePe GFP reporter allele was then examined by confocal microscopy.  

 To visualize the overall pattern of SGN projections in the cochlear nuclei at postnatal stages, 

Npr2
cn/+

 mice were mated with Npr2 heterozygotes also carrying the Neurog1-creER
T2

 and Ai14: 

tdTomato alleles. P18 animals were perfused transcardially with 4% PFA in PBS, and their brains were 

drop fixed overnight in 4% PFA in PBS. Cochlear nuclei were then dissected out and cleared overnight in 

ScaleA2. The entire cochlear nucleus was mounted in ScaleA2 on a glass slide and imaged by confocal 

microscopy using a Leica SP8 X microscope. Tiled confocal stacks (~300 µm thick) were obtained at 10x 

so that the entire cochlear nucleus was covered. These tiled images were stitched together by ImageJ and 

z-projected to generate a single, large image of the cochlear nucleus including aVCN, pVCN, and DCN. 

For examination of projections in just the aVCN and pVCN, animals were processed as above, and then 

cochlear nuclei were embedded in 5% low melt agarose in PBS and cut sagittally at 150 µm using a 

vibratome. Regular confocal stacks were obtained at 20x and 40x and z-projected.  

 

Biocytin Injections 

To assess the morphology of auditory nerve fibers and topographic organization of 

tuberculoventral cell projections, biocytin injections were made into the aVCN in parasagittal slices in 
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mice aged between P14 and P26. With a single, parasagittal cut, the cochlear nuclei were removed from 

the brainstem in a single “slice” of up to 400 μm either with a vibratome or with scissors. The slice was 

maintained in vitro as in electrophysiological experiments. With a picospritzer, normal saline containing 

1% biocytin (Sigma) was injected into the aVCN through a pipette with a tip diameter of ~5 μm. 

Movement of the pipette through the slice disrupted processes that crossed the injection site as pulses of 

pressure released biocytin. Biocytin was allowed to spread through the tissue for 1.5 to 2 hours as slices 

continued to be superfused with warmed, oxygenated saline. Slices were then fixed in 4% PFA, stored at 

4°C, embedded in a gelatin-albumin mixture, and resectioned at 40 to 60 μm in frozen sections. Biocytin 

in cells and fibers was visualized with horseradish peroxidase (Vectastain ABC Elite Kit, Vector 

Laboratories) (Golding et al. 1995). Photomicrographs were taken through a Zeiss Axioskop with a Zeiss 

Axiocam.  

 

Quantification of TV cell tonotopic mapping 

After being processed histologically, sections were analyzed with a camera lucida. Each section 

was reconstructed and marked with the locations of labeled neurons and landmarks. Landmarks were used 

to reconstruct slices as illustrated in Figure 5D. The distribution of labeled cells in the reconstructed slice 

was measured by means of a transparent grid that was laid parallel to an isofrequency band. Cells were 

then counted within parallel rows of squares as illustrated by the histograms in Figure 5D. Comparisons 

between genotypes were made by lining up peaks in histograms and summing cells in bands.  

 

Electron microscopy 

P21 animals were perfused transcardially with 4% PFA in PBS, and bisected heads were fixed 
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overnight at 4ºC in fixative (2.5% PFA, 5% glutaraldehyde, 0.06% picric acid in 0.2 M sodium 

cacodylate buffer). The cochlear nuclei were dissected out with the eighth nerve attached, and the region 

where the eighth nerve enters the cochlear nuclei was cut into a 1-2 mm cube in the fixative. The tissue 

was washed in 0.2 M sodium cadocylate buffer three times, followed by incubation in 1% osmium 

tetroxide/1.5% potassium ferrocyanide in water for 1 hour in the dark at room temperature. After three 

washes in malelate buffer (pH 5.15) three times, the tissue was placed in 1% Uranyl Acetate or maleate 

buffer for 30 minutes, washed in water three times, and then dehydrated through an ethanol series (70% 

ethanol for 15 min, 90% ethanol for 15 min, and 100% ethanol twice for 15 min). Tissue was incubated in 

propyleneoxide solution for 1 hour, and then infiltrated with Epon resin mixed 1:1 with propyleneoxide 

for 2-3 hours at room temperature. Samples were embedded in freshly mixed Epon and polymerized for 

24-48 hours at 60°C. Thin sections were cut transverse to the eighth nerve using a Reichert Ultracut-S and 

were imaged using a Technai G2 Spirit BioTWIN transmission electron microscope with an AMT 2k 

CCD camera. To calculate the g-ratio, EM images of the eighth nerve were obtained for control (n=3) and 

Npr2 mutant (n=3) mice, and Fiji (ImageJ) was used to demarcate the area encompassed by each axon, as 

well as the area of the entire myelinated fiber. The g-ratio for each axon was calculated for ~200 axons 

for each animal by dividing the diameter of the entire myelinated fiber by the diameter of the axon proper, 

and averages for controls and mutants were calculated.  

 

Auditory brainstem recordings 

Auditory brainstem responses (ABRs) were recorded in 6-week-old mice in a soundproof 

chamber, as previously described (del Rio et al. 2013). Average ABR waveforms were plotted using a 

MATLAB (MathWorks) script written by Ann E. Hickox in the laboratory of Dr. Charles Liberman (EPL 

Laboratories, Massachusetts Eye and Ear Infirmary, Boston, MA). 
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Preparation of slices   

Coronal slices of the cochlear nuclei were made from mice between P17 and P25. Slices (220 µm 

thick) were cut with a vibrating microtome (Leica VT 1000S) in normal physiological saline or in saline 

with reduced Na
+
 at 24-27

o
C, and then transferred to a recording chamber ( 0.6 ml) and superfused 

continually at 5-6 ml/min. Temperature was controlled with a Thermalert thermometer (Physitemp) the 

input of which comes from a small thermistor (IT-23, Physitemp, diameter: 0.1 mm) placed between the 

inflow of the chamber and the tissue. The output of the Thermalert thermometer was fed into a custom-

made, feedback-controlled heater that heated the saline in glass tubing (1.5 mm) just before it reached the 

chamber to maintain the temperature at 33°C. Biocytin injections were made under the control of a Wild 

(M5) dissecting microscope. For electrophysiological recordings, the tissue was visualized through a 

compound microscope (Zeiss Axioskop) with a 63X water immersion objective and CCD Camera 

(Hamamatsu), with the image displayed on a video screen. 

 

Electrophysiological recordings   

Whole-cell patch clamp recordings were made by using an Axopatch 200A amplifier (Axon 

Instruments, Burlingame, CA). Patch electrodes whose resistances ranged between 3.5 and 8 MΩ were 

made from borosilicate glass. All recordings of eEPSCs were digitized at 40 kHz and low-pass filtered at 

10 kHz. The series resistance was compensated by 85-90% in recordings from octopus cells and by 70-

80% in recordings from T stellate and bushy cells with a 10-µsec lag (Cao and Oertel 2010). EPSCs were 

evoked by shocks through a Master-8 stimulator and Iso-flex isolator (AMPI, Jerusalem, Israel), delivered 
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through an extracellular-saline-filled glass pipette (~5 µm tip). Analysis of EPSCs was performed by 

using pClamp (Clampfit 9.0, Axon Instruments).  

For solutions, all chemicals were from Sigma-Aldrich, unless stated otherwise.  

Normal saline: The normal extracellular physiological saline comprised (in mM) 130 NaCl, 3 

KCl, 1.2 KH2PO4, 2.4 CaCl2, 1.3 MgSO4, 20 NaHCO3, 6 HEPES, 10 glucose, and 0.4 ascorbic acid 

saturated with 95% O2-5% CO2, pH 7.3-7.4, between 24 and 33 °C. The osmolality was 306 mOsm/kg 

(3D3 Osmometer, Advanced Instruments Inc, Norwood, MA). Cutting solution: Some dissections were 

performed in a special cutting solution that contained (in mM) 99 NaCl, 3 KCl, 1.2 KH2PO4, 1 CaCl2, 1.3 

MgSO4, 20 NaHCO3, 6 HEPES, 10 glucose, and 72 sucrose.  

Pipette solution: Recording pipettes were filled with a solution that consisted of (in mM) 90 

Cs2SO4, 20 CsCl, 5 EGTA, 10 HEPES, 4 Mg-ATP, 0.3 GTP, 5 Na-phosphocreatine, 5 mM QX314, and 

was adjusted to pH 7.3 with CsOH (~298 mOsm).          were corrected for a -10 mV junction 

potential.  
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Figure 1: Peripheral SGN connectivity is normal in Npr2 mutant mice.  

(A,B) Genetic labeling of SGN projections in P0 cochlea using Neurog1-CreER
T2 

and the RC::rePe GFP 

reporter. No obvious difference in the peripheral pattern of connections was observed between control 

(Ctl) (A) and Npr2 mutant (Mut) (B) animals. (C) Electron micrograph of a transverse section of 

myelinated SGN axons in the eighth nerve in a control P21 animal. (D) Similar electron micrograph of the 

eighth nerve of an Npr2 mutant at P21 shows normal axonal diameters and normal myelination. (E) The 

g-ratio of Npr2 mutants did not differ from controls and was near optimal. Scale bars in A, 50 µm; C, 2 

µm. 
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Figure 2: Npr2 mutant mice show SGN central axon guidance and bifurcation defects. 

(A) Schematic diagram of E16.5 embryo head showing SGN axons projecting from the cochlea into the 

hindbrain. The boxed area indicates the hindbrain region shown in B and C. (B,C) Dye labeling of SGN 

central axons in the hindbrain at E16.5. (B) SGN axons normally exhibited a stereotyped bifurcation 

pattern in the developing brainstem at E16.5, as shown in a control heterozygous embryo (Ctl). (C) In 

Npr2 mutants, axons appeared disorganized in the region where they would normally bifurcate (arrow), 

and the nerve root lacked the distinctive Y-shape. Dorsal (D) is up and rostral (R) is to the left. (D-I) 

Genetic labeling of SGN central axons at postnatal stages (P14-18) using Ngn1-cre
ERT2

 and AI14-

tdTomato, which allows random, relatively sparse labeling of SGNs. (D-E) Tiled confocal stack 

projections showing the entire cochlear nucleus of control (Ctl) (D) and Npr2 mutant (Mut) (E) animals at 

P14. (D) Control SGN axons projected in a highly organized fashion to the aVCN, pVCN, and DCN. (E) 

In an Npr2 mutant, SGN axons still projected to aVCN, pVCN, and DCN, but in a disorganized pattern. 

Yellow arrowheads indicate regions in the aVCN that appear under-innervated. (F-G) Confocal stack 

projections of vibratome-sectioned control and Npr2 mutant cochlear nuclei at P18. (F) Control SGN 

axons showed stereotypical Y-shaped branch points and orderly projections to aVCN and pVCN. (G) In 

contrast, SGN projections to aVCN and pVCN were disarrayed in Npr2 mutants. (H-H’) Control SGN 

axons exhibited characteristic bifurcations (yellow arrowheads, H) and formed organized bundles of 

axonal branches in aVCN (H’) at P14. (I-I’) Npr2 mutant SGN axons turned instead of bifurcating 

(yellow arrowheads, I), and followed aberrant trajectories in aVCN (I’). Scale bar in A, 50 µm. Scale bars 

in D and F, 100 µm. Scale bar in H, 10 µm. 
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Figure 3: Npr2 mutant SGN axons do not bifurcate properly but can form interstitial branches and 

morphologically normal synapses.  

(A) Injection of biocytin into the aVCN (left) in a parasagittal slice of the cochlear nuclei labeled fibers 

not only in the nerve root but also in the pVCN (right) in control (Ctl) animals at P18. (A’) A close up 

view of boxed region in A showing labeled descending branches of SGNs. (B) In an Npr2 mutant (Mut) 

at P19, biocytin injection into the aVCN also labeled fibers in the nerve root and in the pVCN, showing 

that at least some fibers branched at the nerve root. (B’) A close up view of the boxed region in B shows 

labeled SGN fibers and terminals in the pVCN. (C,D) Magnified views of bifurcation zone in control (C) 

and mutant (D) animals. (C) Examples of stereotyped bifurcations in control animals. (D) In mutants, rare 

fibers that do branch in the appropriate region do so at irregular angles and with one thinner and one 

thicker branch (arrows). (E-H) SGN axons can still form interstitial branches and elaborate 

morphologically normal synaptic endings in Npr2 mutants. Interstitial SGN axon branches, which are 

distinct from bifurcations, are present in both control (E, arrowheads) and mutant (G, arrowheads) 

animals. Similarly, endbulbs of Held, which are one terminal whereby SGNs contact bushy cells, show 

the same types of branching patterns in the control (F) and Npr2 mutants (H). Scale bars in B, 50 µm. 

Scale bars in D and H, 10 µm. Dorsal is up and rostral is to the left in all panels. 
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Figure 4: Tonotopy of SGN axons in the cochlear nuclei is blurred in Npr2 mutants.  

(A) Schematic diagram illustrating tonotopic dye labeling at E16. Labeling of SGNs in the cochlea with 

red (apex) and green (base) lipophilic dyes allowed their relative positions to be traced to the hindbrain. 

(B) In a wild-type (WT) E16 embryo, fibers from the base and apex bifurcated in the nerve root in 

separate bundles. (C-C’) Similar labeling in two different Npr2 mutants (Mut) shows that fibers from the 

base and apex were incompletely segregated in the hindbrain. The gross tonotopy was preserved, but 

some overlap in dye labeling was seen between axons from basal and apical SGNs (arrowheads). Scale 

bar, 50 µm. (D) The intensity of labeling of SGN axons revealed a caudal bias in Npr2 mutants, with 

more axons projecting towards the developing pVCN than the aVCN. (E) Schematic diagram illustrating 

tonotopic dye labeling at P14. The planes of sections illustrated in F-H are indicated by dotted lines. (F-

F’’) In a control animal, axons arising from the middle and from the apex of the cochlea were segregated 

in the auditory nerve and in the aVCN and pVCN. (G-G’’, H-H’’) Two examples of Npr2 mutants. 

Although axons arising from the middle and apical turns of the cochlea remained segregated in the VIII 

nerve (G,H), they were intermingled in the aVCN (G’, H’) and pVCN (G”, H”).  
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Figure 5: Tonotopy of TV neuron projections from the DCN to the aVCN is also blurred.  

(A) Photomicrograph of a section of a parasagittal slice from a P18 heterozygote control animal with a 

biocytin injection into the aVCN (arrow). Biocytin labeled processes and cell bodies of neurons that 

passed through the injection site. Labeled processes included auditory nerve fibers (asterisk), the axons 

and terminals of TV cells whose cell bodies lie in the DCN (bracket), and the dendrites and local axonal 

collaterals of T stellate and D stellate cells whose cell bodies formed a halo around the injection site. 

Labeled TV cells clustered in a band (bracket) among terminals of auditory nerve fibers that were labeled 

by the same injection, showing that the TV cells lie in the same isofrequency lamina as their VCN targets. 

A few TV cells whose axons crossed the injection site on their way to more ventral regions were labeled 

ventral to (arrowhead) the labeled band of TV cells. No cell bodies were labeled in the DCN dorsal to the 

labeled band, indicative of the sharp tonotopic organization of the projection. (B) A similar injection of 

biocytin into the aVCN of a P19 Npr2 mutant animal labeled a more diffuse bundle of auditory nerve 

fibers, a halo of neurons in the aVCN, and TV cells that were more scattered than in the heterozygote 

(bracket). (C) To compare the distribution of labeled neurons between control and mutant animals, peaks 

of distributions were lined up and normalized. In WT (n=6 slices, 258 cells) and Hets (n=20 slices, 914 

cells), labeled cells were distributed in a sharp band, with no labeled cells more than 150 μm from the 

peak on the dorsal side. Since no clear bands were observed in Npr2 mutants (Mut) (n=11 slices, 858 

cells), histograms were aligned along their medians, at which half of the labeled cells lay more dorsal and 

half more ventral. The bands were sharp in both WT and Het animals, but were broader in Npr2 mutant 

mice. No differences were detected over the age range examined between P14 and P26. (D) Examples of 

reconstructed slices, with labeled cells marked with dots, gray regions denoting areas containing granule 

cells in the largest section, and lines indicating the location of some of the labeled fibers. Numbers of 

labeled TV cell bodies were plotted as a function of distance along the tonotopic axis of the DCN, as 

illustrated. Scale bar, 500 µm.  
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Figure 6: Npr2 mutants detect sounds normally.  

(A) Average ABR waveforms at 16 kHz for wild-type (WT) (purple, n=6) and Npr2 mutant (Mut) (green, 

n=15) animals. The average is shown by the dark lines, and the shaded areas show the standard error of 

the mean. (B) Wave 1 reflects the synchronous firing of auditory nerve fibers. Its amplitude decreased 

with sound level similarly in WT (purple) and Mut (green). (C) Average ABR thresholds for WT (purple) 

and Npr2 mutant (green) animals. No significant difference was observed between WT and Npr2 mutants.  
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Figure 7: Convergence of SGNs onto bushy and T stellate cells tends to be lower in Npr2 mutants.  

(A) Voltage-clamp recordings (-65 mV) from individual bushy cells showed that in wild-type and 

heterozygote controls, gradual increase in the strength of shocks applied to auditory nerve fiber bundles 

evoked first one or two small jumps in current, presumably from bringing to threshold one or two fibers 

that contacted the recorded bushy cells, and then a large jump likely from bringing to threshold a fiber 

that contacted the bushy cell with an endbulb of Held. In the mutant, the response was all-or-none, 

increasing in a single step. In all genotypes, at least one of the steps was >1 nA. There was no obvious 

difference in the amplitudes of steps between mutant, heterozygote and wild type mice (P17-19). Five out 

of seven mutant bushy cells likely received one input through an endbulb. (B) Recordings from individual 

control T stellate cells showed that the synaptic current grew in 8 or 9 small steps, but that in a T stellate 

cell recorded anteriorly in an Npr2 mutant, the response grew in only 4, larger steps. Small numbers of 

steps were recorded in 4 of 10 mutant T stellate cells, all of which lay anteriorly. (C) Recordings from 

individual octopus cells grew in more steps that were too numerous to count both in the wild type and in 

mutants. There was no discernible difference between them.  
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Figure 8: Npr2 mutants exhibit normal synaptic depression but abnormal intermittent synaptic failures.  

(A) Trains of shocks delivered at 100 Hz evoked synaptic responses that tended to diminish in amplitude, 

confirming synaptic depression in both control and Npr2 mutant animals. However, some mutant bushy 

cells failed to respond to some of the shocks in the train. (A’) The small response (boxed) in the middle 

panel is shown at higher magnification to show that this cell had strong synaptic depression but that every 

shock evoked a synaptic current. 7 of 12 bushy cells showed synaptic failures such as those shown in the 

right panel. (A’’) At higher magnification, no response was detected in the boxed region, indicating that 

this was a synaptic failure. (B) In T stellate cells, trains evoked responses with less synaptic depression 

than in bushy cells in the WT as well as in mutants. Failures in transmission were observed in mutant but 

not in WT animals. (C) Quantification of EPSC failures in control (WT and Het) and Npr2 mutant (Mut) 

bushy and T stellate cells in response to the first 10 shocks in a train. No failures were observed in WT or 

Het cells, whereas in Npr2 mutants, failures sometimes occurred, even in responses to the first shock. (D, 

E) Synaptic failures in Npr2 mutants were reversibly eliminated by 4-aminopyridine (4-AP). In a bushy 

cell (D) and in a T stellate cell (E), failure to evoke EPSCs was reversibly abolished by 0.1 mM 4-AP. 

Blocking K
+
 channels heightens and lengthens action potentials, making them less susceptible to 

conduction block.  
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Abstract   

Acoustic information is brought to the brain by auditory nerve fibers, all of which terminate in the 

cochlear nuclei, and is passed up the auditory pathway through the principal cells of the cochlear nuclei.   

A population of neurons variously known as T stellate, type I multipolar, planar multipolar, or chopper 

cells forms one of the major ascending auditory pathways through the brain stem.  T Stellate cells are 

sharply tuned; as a population they encode the spectrum of sounds.  In these neurons, phasic excitation 

from the auditory nerve is made more tonic by feed forward excitation, coactivation of inhibitory with 

excitatory inputs, relatively large excitatory currents through NMDA receptors, and relatively little 

synaptic depression.  The mechanisms that make firing tonic also obscure the fine structure of sounds that 

is represented in the excitatory inputs from the auditory nerve and account for the characteristic chopping 

response patterns with which T stellate cells respond to tones.  In contrast with other principal cells of the 

ventral cochlear nucleus (VCN), T stellate cells lack a low-voltage-activated potassium conductance and 

are therefore sensitive to small, steady, neuromodulating currents.  The presence of cholinergic, 

serotonergic and noradrenergic receptors allows the excitability of these cells to be modulated by medial 

olivocochlear efferent neurons and by neuronal circuits associated with arousal.  T Stellate cells deliver 

acoustic information to the ipsilateral dorsal cochlear nucleus (DCN), ventral nucleus of the trapezoid 

body (VNTB), periolivary regions around the lateral superior olivary nucleus (LSO), and to the 

contralateral ventral lemniscal nuclei (VNLL) and inferior colliculus (IC).  It is likely that T stellate cells 

participate in feedback loops through both medial and lateral olivocochlear efferent neurons and they may 

be a source of ipsilateral excitation of the LSO. 
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Introduction 

Acoustic information flows into the brain through the cochlear nuclei where the auditory pathway 

is subdivided into multiple, parallel ascending pathways.  An important and interesting one is through 

stellate (or multipolar) cells of the VCN.   Recent findings indicate that these cells and the synapses that 

feed acoustic information to them  are specialized, allowing them to carry different acoustic information 

than the bushy and octopus cells, the two other major groups of principal cells of the VCN.  Individual T 

stellate cells encode the envelope of sounds in the band of frequencies to which they are tuned, cues that 

are known to be critical for the understanding of speech (Shannon et al. 1995).  As a population, T stellate 

cells encode spectrum, acoustic information that is used not only for understanding but also for localizing 

sounds (Blackburn and Sachs 1990; May et al. 1998).   

Most T stellate cells occupy the multipolar cell region of the VCN between the nerve root and the 

octopus cell area, with a few sitting anterior to the nerve root (Osen 1969;  Lorente de Nó 1981;  Brawer 

et al. 1974;  Oertel et al. 1990;  Doucet and Ryugo 1997;  Doucet and Ryugo 2006).  T Stellate cells 

contact numerous targets in the brainstem, including the olivocochlear efferent neurons, ventral and 

intermediate nuclei of the lateral lemniscus and inferior colliculus.  Here we summarize what functions T 

stellate cells perform and how cellular features support those functions.   

 

Definitions of stellate/multipolar/chopper cells  

 T Stellate cells were identified in a variety of ways and were eventually found to correspond to a 

single cell type.  Early studies named them “multipolar” (on the basis of Nissl staining) and “stellate” (on 

the basis of Golgi impregnation) cells (Osen 1969;  Brawer et al. 1974;  Lorente de Nó 1981).  It then 

became clear that there were two distinct types of multipolar/stellate cells.  Cant showed that “type I” and 
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“type II” multipolar cells in cats differed in their somatic innervation (Cant 1981).  Smith and Rhode 

made the correlation between anatomical features and responses to tones.  They showed that in cats type I 

multipolar/stellate cells responded to tones with sustained “chopping” whereas type II responded with 

“onset-chopping,” firing a few times at regular intervals at the onset of a tone but then stopping firing in 

the continued presence of the tone (Smith and Rhode 1989).  Choppers have been subdivided into 

“sustained” and “transient” choppers, defined below.  There is no evidence to suggest that sustained and 

transient choppers represent different anatomical cell types.    Studies in slices revealed that the axons of 

some multipolar/stellate cells project through the Trapezoid body (hence T stellate) whereas others 

project Dorsalward (D stellate) (Oertel et al. 1990).  Those multipolar cells whose main axon projects 

through the trapezoid body, T stellate cells, have axon collaterals that innervate the same isofrequency 

lamina in the VCN and in the deep layer of the DCN (Fig. 1).  The projection patterns of T and D stellate 

cells in slices corresponded to projection patterns of choppers and onset choppers, respectively (Rhode et 

al. 1983; Smith and Rhode 1989).  We conclude, therefore that T stellate cells correspond to type I 

multipolar/choppers and D stellate cells with type II multipolar/onset-choppers.  Doucet and Ryugo 

confirmed the differences in dendritic morphology and projection patterns with extracellular dye 

injections in vivo but gave them yet other, albeit more elegant, names: “planar” (type I/T stellate/chopper) 

and “radial” (type II/D stellate/onset chopper) multipolar cells (Doucet et al. 1997;  Doucet et al. 2006).  

  

T Stellate cells respond to sound by firing tonically 

 Tones evoke regular, tonic firing in T stellate cells whose rate increases monotonically with 

intensity (Rhode and Smith 1986; Young et al. 1988; Blackburn and Sachs 1989) (Fig. 2A).  The timing 

of action potentials is so reproducible that peristimulus time histograms have modes that are strong and 

sharp at the onset of the response and weaken as temporal jitter accumulates over the duration of the 



66 
 
response to tones (Rhode et al. 1983;  Smith et al. 1989;  Blackburn et al. 1989) (Fig. 2B).  This pattern 

was termed chopping (Pfeiffer 1966).  Most (70%) choppers respond to tones with regular firing at a 

constant rate for the duration of the tone as “sustained choppers” ( Fig. 2C) (Young et al. 1988; Blackburn 

et al. 1989).  For these neurons, the interspike interval histograms are sharp.  In a small proportion of 

choppers (30%), the “transient choppers,” firing is less regular and the firing rate decreases in the 

continued presence of a tone.  The two populations were distinguished by the coefficient of variation 

(CV), the ratio of the mean firing rate/standard deviation of the interspike interval.  Those with a CV < 

0.3 were defined as “sustained choppers”; those with CV >0.3 as “transient choppers” (Young et al. 1988; 

Blackburn et al. 1989).  The chopper whose responses are illustrated in Figure 2C fired with great 

temporal regularity; the CV remained essentially constant at 0.15.  Auditory nerve fibers and the other 

types of principal cells fire relatively rapidly at the onset of a tone and the rate of their irregular firing 

decreases to a lower rate over time in the continued presence of a tone, reflecting adaptation (Fig. 2D) ( 

Kiang 1965; Young et al. 1988).   

Inhibition shapes the temporal response patterns and the tuning of choppers.  Glycinergic and 

GABAergic inhibition that is tuned similarly as excitation reduces peak excitation (Caspary et al. 1994).   

Choppers also have inhibitory sidebands; sound energy that falls near but outside the frequency range to 

which choppers increase firing, can cause the firing rate to decrease (Rhode et al. 1986; Palombi and 

Caspary 1992; Nelken and Young 1994; Paolini et al. 2005).  Inhibitory sidebands, like the center-

surround organization of visual receptive fields, enhance the encoding of spectral peaks and spectral 

edges.   Inhibitory sidebands are produced, at least in part, by input from the more broadly tuned, 

glycinergic D stellate cells (Ferragamo et al. 1998b) with possible contributions from the periolivary 

regions (Adams and Warr 1976; Shore et al. 1991; Ostapoff et al. 1997).   

The rate of tonic firing increases monotonically with level both at the onset of tones as well as 

during the steady state.  The firing rate of choppers thus signals level.  In contrast, other cells fire more 
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phasically, that is, they fire rapidly at the onset of a tone and then more slowly (primary-like) or stop 

firing (onset) in the continued presence of a tone.  Phasically firing neurons (Fig. 2D) signal changes in 

level.  The tonic firing of choppers is well suited for neurons that encode the spectrum of sounds as a 

population because the encoding of spectral peaks and valleys is relatively independent of the time after 

the onset of a sound (Blackburn et al. 1990; May et al. 1998).  In neurons whose firing rate slows after the 

onset, level is encoded not only in the firing rate but also depends on the time after the onset of a sound.       

 The tonic firing of T stellate cells also makes them well suited for encoding the envelope of 

sounds.  Understanding speech depends on the detection of the envelopes of sounds, especially over the 

range of <50 Hz (Shannon et al. 1995; Smith et al. 2002).  Choppers have been demonstrated to encode 

amplitude modulation over a wide range of intensities (Frisina et al. 1990; Rhode and Greenberg 1994). 

The phasic firing of auditory nerve fibers is preserved or enhanced in other principal cells of the 

VCN, the bushy and octopus cells.  That phasic firing is functionally important because it enhances 

formant transitions and provides accurate information about the location of sound sources even in 

reverberant environments, critical features of hearing (Delgutte and Kiang 1984; Devore et al. 2009).  If 

the excitatory input to choppers is phasic, however, the question arises how choppers convert phasic to 

tonic firing.   

 

Multiple mechanisms enable T stellate cells to make phasic excitation more tonic  

The observation that chopping can be generated in T stellate cells simply by applying steady 

depolarizing current (Oertel et al. 1988) was initially surprising because excitation by auditory nerve 

fibers would be expected to be large excitatory synaptic currents at the onset of a tone when auditory 
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nerve fibers fire most rapidly and then to decrease as the firing rate of auditory nerve fibers adapts.  It is 

now clear that five mechanisms conspire to enable tonic firing. 

 

Feedforward excitation of T stellate cells through other T stellate cells 

T Stellate cells innervate their own isofrequency lamina within the multipolar cell area of the 

VCN (Smith et al. 1989; Oertel et al. 1990;  Doucet et al. 1997;  Friedland et al. 2003).  As most of the 

cells in the vicinity of T stellate cells in the multipolar cell area are T stellate cells, their targets are 

probably other T stellate cells.  Electrophysiological results confirm that conclusion.  Shocks to the root 

of the auditory nerve evoke not only monosynaptic but also disynaptic excitatory input in slices of the 

VCN (Ferragamo et al. 1998b).   

 

Coactivation of phasic excitation with phasic inhibition 

It is likely that the coactivation of phasic inhibition reduces phasic excitation (Paolini et al. 2005).  

T Stellate cells receive inhibition from D stellate cells ipsilaterally and contralaterally (Ferragamo et al. 

1998b; Needham and Paolini 2003).  D Stellate cells respond transiently to tones with “onset chopping” 

patterns (Smith et al. 1989).  The rapid firing of D stellate cells at the onset would be expected to produce 

relatively strong inhibition in T stellate cells at the onset of a tone when excitation from auditory nerve 

fibers is greatest.   The onset of inhibition would be expected to follow the onset of excitation by about 

1or 2 ms if auditory nerve fibers are activated synchronously and would therefore be expected to affect T 

stellate cell responses after one action potential (Oertel et al. 1990).  Because D stellate/onset choppers 

are more broadly tuned than T stellate/chopper cells and often receive input from fibers tuned to higher 

frequencies, the temporal disparities could be smaller because the cochlear traveling wave delays are 
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shortest for the highest frequencies (Wickesberg 1996).  Inhibition reduces the firing rate within the 

response area of choppers consistent with choppers receiving input from the more broadly tuned, more 

phasically responding, glycinergic D stellate cells and from sharply tuned glycinergic neurons in the deep 

layer of the DCN (Ferragamo et al. 1998b;  Wickesberg and Oertel 1990;  Caspary et al. 1994;  Palmer et 

al. 1996).  Tuberculoventral neurons whose cell bodies lie in the deep layer of the DCN provide sharply 

tuned inhibition to T stellate cells (Wickesberg and Oertel 1988; Wickesberg et al. 1990).  The firing 

patterns of tuberculoventral cells seem to be variable.  Cells likely to be tuberculoventral cells have been 

reported to respond to tones phasically in anesthetized cats (Rhode 1999).  On the other hand, neurons in 

unanesthetized cats and gerbils cells thought to be tuberculoventral cells have been shown to respond with 

either phasic and tonic firing patterns (Ding and Voigt 1997; Shofner and Young 1985).   Glycinergic 

inhibition may also arise from the ipsilateral periolivary regions and GABAergic inhibition from 

periolivary regions bilaterally (Adams et al. 1976; Shore et al. 1991; Ostapoff et al. 1997).   

 

Absence of low-voltage-activated potassium conductance 

T Stellate cells lack a low-voltage-activated potassium conductance that helps to make firing 

transient in bushy and octopus cells (Manis and Marx 1991; Bal and Oertel 2001; Ferragamo and Oertel 

2002; McGinley and Oertel 2006; Cao et al. 2007).  In contrast with other principal cells of the VCN, 

bushy and octopus cells, the biophysical properties of T stellate cells allow them to fire steadily at rates 

that reflect the magnitude of depolarization (Oertel et al. 1990; Ferragamo et al. 2002).  

 

Activation of NMDA receptors 
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 Excitation of T stellate cells activates relatively large currents through NMDA receptors (Cao and 

Oertel 2010).  NMDA receptors require depolarization through AMPA receptors for the relief of the block 

by Mg
2+

; they therefore amplify excitation through AMPA receptors (Nowak et al. 1984).  In being 

slower and longer lasting than currents through AMPA receptors, NMDA receptors amplify excitation 

through AMPA receptors not only in amplitude but also over time.  The long-lasting excitation through 

NMDA receptors thus reduces the phasic nature of excitation and obscures the time course of excitation 

through AMPA receptors.  

  

Relatively little synaptic depression 

 The excitatory inputs of T stellate cells show less synaptic depression than those on phasically 

firing bushy and octopus cells.  Trains of shocks to excitatory inputs, largely from auditory nerve fibers 

but possibly including some from other T stellate cells, show less synaptic depression than those to bushy 

or octopus cells (Wu and Oertel 1987;  Chanda and Xu-Friedman 2010;  Cao and Oertel 2010).  The 

excitation of T stellate cells therefore adapts less than in other neurons of the VCN.   

 

The mechanisms that enhance tonic firing obscure the encoding of temporal fine structure of 

sounds 

 The onset of the chopper response is dominated by excitation from auditory nerve fibers and 

would thus be expected to reflect the timing of the arrival of signals through auditory nerve fibers, 

similarly as in other principal cells of the VCN.  Surprisingly, the latency between the onset of a tone and 

the first spike of chopper responses to tones has a small standard deviation but is about 1 msec longer 

than that of the other principal cells (van Gisbergen et al. 1975; Young et al. 1988).  These authors 
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suggest that the longer first spike latency reflects a longer integration time in choppers than in other 

principal cells.  The integration window, defined by the biophysical properties of the membrane, is indeed 

longer for T stellate than for bushy or octopus cells (McGinley and Oertel 2006).  It is also possible that 

the timing of the onset of the response to tones in choppers is affected by inhibition that is activated by 

higher frequencies and shorter traveling wave delays (Wickesberg 1996).  After an initial volley of 

excitation, feedforward excitation, the activation of NMDA receptors, and inhibition would be expected 

to sum with incoming excitation and to obscure the fine structure of sounds that is encoded in the ongoing 

firing of auditory nerve fibers and in the activation of AMPA receptors.  After the onset, the timing of 

firing of choppers is determined by the biophysical properties of T stellate cells rather than by the fine 

structure of incoming excitation.   

 

T Stellate cells are affected by neuromodulatory as well as driving inputs  

T Stellate cells differ from other principal cells of the VCN in their sensitivity to 

neuromodulatory currents.  Their relatively high input resistances allow small currents to cause relatively 

large voltage changes to produce firing (Fujino and Oertel 2001).  T Stellate cells lack the low-voltage-

activated potassium conductance that reduces repetitive firing in bushy and octopus cells (Ferragamo et 

al. 2002; McGinley and Oertel 2006).  The low-voltage-activated potassium conductance also makes 

bushy and octopus cells relatively insensitive to steady currents in comparison with T stellate cells (Oertel 

and Fujino 2001; McGinley and Oertel 2006).  Furthermore, in T stellate cells the hyperpolarization-

activated conductance is activated at more hyperpolarized potentials than in bushy or octopus cells so that 

a smaller fraction is activated at rest.  In having relatively high input resistances, T stellate cells respond 

with relatively large voltage changes to small modulatory currents.  As the voltage-sensitivity of the 

hyperpolarization-activated inward current can be altered through G-protein coupled receptors, the 
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modulation of the hyperpolarization-activated inward current can itself make T stellate cells more 

excitable (Rodrigues and Oertel 2006).    T Stellate cells have been shown to be sensitive to 

neuromodulatory currents (Fujino et al. 2001).   

 

Sources of driving inputs 

Auditory nerve fibers provide the driving glutamateric excitation for T stellate cells on proximal 

dendrites and at the soma (Cant 1981; Ferragamo et al. 1998b; Alibardi 1998).  Consistent with their 

narrow tuning, only a few (5 or 6 in mice) auditory nerve fibers contact a T stellate cell (Ferragamo et al. 

1998b; Cao and Oertel 2010).  In addition they receive glutamatergic excitation from other T stellate cells 

and glycinergic inhibition from D stellate cells (Ferragamo et al. 1998b).  T Stellate cells also receive 

glycinergic inhibition from tuberculoventral cells in the deep layer of the DCN (Wickesberg et al. 1990; 

Zhang and Oertel 1993).  As the synaptic responses are well defined in intracellular recordings, these 

probably arise near the cell body in proximal dendrites as illustrated in Figure 3A (Ferragamo et al. 1998).   

 

Neuromodulatory inputs 

T Stellate cells also receive modulatory inputs.  In contrast with the driving inputs, the 

neuromodulatory inputs raise or lower the excitability of T stellate cells subtly on a slower time scale, 

without fast postsynaptic potentials (PSPs) or postsynaptic currents (PSCs).  This is interesting because it 

implies that the conductances associated with the neuromodulatory inputs affect the strength and time 

course of the driving inputs only minimally.  Neuromodulatory inputs that are mediated through G-

protein coupled receptors are generally slow even if they arise through terminals near the soma.   

Anatomical and electrophysiological evidence reviewed below suggests that some neuromodulatory 



73 
 
inputs are mediated by ionotropic receptors and arise on distal dendrites as illustrated schematically in 

Figure 3A.   

GABA may play a neuromodulatory role.  GABAergic inhibitory PSPs or inhibitory PSCs have 

never been observed although T stellate cells have GABAA receptors and bicuculline, a blocker of 

GABAA receptors, increases firing in response to trains of shocks to the auditory nerve in slices (Wu and 

Oertel 1986;  Oertel and Wickesberg 1993;  Ferragamo et al. 1998b).  The specificity of bicuculline 

indicates that T stellate cells receive inhibition through GABAA receptors even when GABAergic IPSPs 

and IPSCs have not been observed (Ferragamo et al. 1998b).  One explanation for these findings is that 

dendritic filtering obscures GABAergic IPSPs and IPSCs.  Golgi cells are GABAergic and lie within the 

granule cell domains around the VCN and terminate near the fine distal dendrites of T stellate cells 

(Ferragamo et al. 1998a).  Terminals that contain glutamic acid decarboxylase (GAD) have been observed 

near cell bodies in the multipolar cell area (Adams and Mugnaini 1987).  These could be glycinergic 

terminals at which GAD is colocalized with glycine and that are functionally glycinergic as in the DCN 

(Kolston et al. 1992; Golding and Oertel 1997).  They could also arise from GABAergic neurons in the 

ipsilateral lateral nucleus of the trapezoid body (LNTB) and dorsomedial periolivary nucleus, neurons 

whose cell bodies are absent in slices of the cochlear nuclei (Adams et al. 1976; Shore et al. 1991).     

Acetylcholine modulates firing of T stellate cells.  Cholinergic inputs from collateral branches of 

olivocochlear neurons in the VNTB terminate in the vicinity of the granule cells, where the tips of 

dendrites of T stellate cells lie, but distant from most cell bodies in the multipolar cell area (Brown et al. 

1991; Sherriff and Henderson 1994; Osen and Roth 1969; Motts et al. 2008) (Fig. 3).  T Stellate cells, in 

contrast with D stellate cells, have both nicotinic and muscarinic acetylcholine receptors (Fujino et al. 

2001).  Cholinergic inputs to T stellate cells, together with their olivocochlear efferent actions, can 

enhance the encoding of spectral peaks in noise (Fujino et al. 2001).  



74 
 

Norepinephrine (NE) and serotonin (5-HT) are associated with arousal.  Both noradrenergic and 

serotonergic fibers terminate in the vicinity of T stellate cells (Klepper and Herbert 1991; Thompson et al. 

1994; Thompson et al. 1995; Thompson and Thompson 2001; Thompson 2003a; Thompson 2003b).  As 

these fibers have swellings even in the body of the VCN where the principal cells are located, 

serotonergic and noradrenergic inputs could potentially contact T stellate cells anywhere on the soma or 

dendrites.  T Stellate cells have receptors that sense NE and 5-HT.   Figure 3B shows that bath application 

of 15 µM 5-HT (replicated in 4 cells) or 10 µM NE (replicated in 5 cells) in the presence of blockers of 

glutamatergic and glycinergic inputs result in increased firing in a T stellate cell.  Excitatory synaptic 

responses would be expected to be slow since adrenergic receptors and most serotonergic receptors are G-

protein coupled and act through second messengers.  NE and 5-HT can affect either or both presynaptic 

terminals or postsynaptic cells; in the cell illustrated in Figure 3B these neuromodulators were acting 

postsynaptically because glutamateric and glycinergic inputs were blocked pharmacologically.  

Norepinephrine has been shown to affect the release probability at the young calyx of Held (Leao and von 

Gersdorff 2001).  Iontophoretic application of noradrenaline increased the firing rate of choppers (Kössl 

and Vater 1989; Ebert 1996).  5-HT has been shown to excite or inhibit choppers in vivo (Ebert and 

Ostwald 1992). 

 

T Stellate cells form a major ascending auditory pathway through the brain stem  

 The prominence of T stellate cells in the brainstem auditory pathways can be appreciated by their 

projections.   T Stellate cells have targets within the cochlear nuclei and in addition form one of the major 

ascending pathways through the brainstem (reviewed by Doucet and Ryugo 2006).   Their projections are 

summarized in Figure 4.  
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Axons of T stellate cells exit the VCN through the trapezoid body, cross the midline and 

ultimately terminate in the contralateral inferior colliculus (Adams 1979).  Through collateral branches 

they innervate several brainstem auditory nuclei, including the DCN, the lateral superior olive, the 

contralateral VNTB, and the contralateral VNLL (Warr 1969; Smith et al. 1993; Thompson 1998; Doucet 

and Ryugo 2003).  A small proportion of T stellate cells also projects to the ipsilateral intermediate and 

dorsal nuclei of the lateral lemniscus and inferior colliculus (IC) (Adams 1979; Thompson 1998).  

 

T Stellate cells bring acoustic input to the DCN  

It is likely that T stellate cells deliver the bulk of acoustic input to the deep layer of the ipsilateral 

DCN (Fig. 1).  In mice the density of stellate cell terminals is considerably greater than that of auditory 

nerve fiber terminals (Cao et al. 2008).  T Stellate cells innervate their own isofrequency lamina in the 

DCN (Smith et al. 1989; Oertel et al. 1990; Doucet et al. 1997; Friedland et al. 2003).  It has been 

suggested that the DCN plays a role in using spectral cues to localize sounds (reviewed by Oertel and 

Young 2004).  T Stellate cells that encode spectrum effectively are particularly well suited to provide the 

acoustic input to neurons in the DCN that are involved in making use of spectral cues for localizing sound 

sources. 

 

T Stellate cells could bring ipsilateral excitation to the LSO 

T Stellate cells project to the lateral superior olive (LSO) raising the possibility that they provide 

ipsilateral, excitatory, acoustic input to the principal cells of the LSO (Thompson and Thompson 1991a; 

Thompson 1998; Doucet and Ryugo 2003).  LSO neurons detect interaural intensity differences by 

summing ipsilateral excitation with contralateral inhibition (Tollin and Yin 2002b; Tollin and Yin 2002a).  
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What the source is of ipsilateral excitation to the principal cells of the LSO is unclear.  It is possible that 

small spherical bushy cells excite LSO neurons (Cant and Casseday 1986).  However, T stellate cells also 

project to the LSO (Thompson and Thompson 1991b; Doucet et al. 2003; Thompson 1998).  T Stellate 

cells have small diameter axons whose relatively slow propagation could balance the rapid propagation 

over a longer distance and through an additional synapse from the contralateral globular bushy cells 

through the medial nucleus of the trapezoid body (MNTB) (Joris and Yin 1995).  It is noteworthy that 

ipsilateral excitation in the LSO evokes tonic firing in chopping patterns (Tsuchitani and Johnson 1985).  

The balance of tonic excitation and more phasic inhibition through globular bushy cells would be 

expected to result in a balance between excitation and inhibition that changes over the time of a tonal 

stimulus. 

 

T Stellate cells take part in olivocochlear efferent feedback loops 

T Stellate cell input to the VNTB contributes to medial olivocochlear (MOC) feedback loops.  

Many cholinergic olivocochlear efferent neurons arise from the contralateral VNTB (Sherriff et al. 1994; 

Motts et al. 2008).  T Stellate cells provide acoustic input to neurons in the contralateral VNTB (Warr 

1982;  Robertson and Winter 1988;  Thompson et al. 1991a;  Warr 1992;  Smith et al. 1993;  de Venecia 

et al. 2005).  They also receive input from at least some of those cholinergic neurons through the crossed 

MOCs (Spangler et al. 1987; Brown et al. 1988; Winter et al. 1989; Shore et al. 1991; Brown and Benson 

1992; Sherriff et al. 1994; Warr and Beck 1996).  As cholinergic inputs excite T stellate cells, the 

connections between T stellate cells and the VNTB neurons form a positive feedback loop (Fujino et al. 

2001).  T Stellate cells are also influenced by medial olivocochlear efferent neurons through the cochlea.  

This feedback loop is negative because the activation of efferents reduces firing in auditory nerve fibers 
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which in turn reduces excitation of T stellate cells (Wiederhold and Kiang 1970; Warren III and Liberman 

1989).       

It is also likely that T stellate cells are involved in lateral olivocochlear feedback loops.  T Stellate 

cells terminate in the vicinity of lateral olivocochlear efferent (LOC) neurons (Warr 1982; Thompson and 

Thompson 1988; Thompson et al. 1991a; Doucet et al. 2003).  As the excitation of T stellate cells is 

affected through auditory nerve fibers whose activity is influenced by LOC efferent neurons, T stellate 

cells are part of a feedback loop in which they regulate the activity of LOC neurons which in turn affect 

excitability of the auditory nerve fibers that drive responses to sound in T stellate cells.  LOC neurons are 

involved in balancing excitability in the circuits associated with inputs from the two ears (Darrow et al. 

2006). 

T Stellate cells also feed acoustic input to neurons in the VNLL and to the inferior colliculus.  

The functional consequences of these direct and indirect connections of T stellate cells with the inferior 

colliculus are not well understood.  They do suggest that the list of integrative functions performed by T 

stellate cells will continue to grow.  

 

Birds have neurons that share many of the features of T stellate cells 

The cochlear nuclei have been studied extensively in birds.   Nucleus angularis receives 

innervation from auditory nerve fibers and contains neurons that bear a strong resemblance to T stellate 

cells.  The heterogeneous dendritic morphologies indicate that nucleus angularis holds multiple types and 

that not all neurons in nucleus angularis bear homology to T stellate cells (Soares and Carr 2001).  

Neurons in nucleus angularis project to the lemniscal nuclei and to the inferior colliculus (Takahashi and 

Konishi 1988b; Takahashi and Konishi 1988a).  They also project to olivocochlear neurons (Conlee and 
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Parks 1986; Takahashi et al. 1988a; Yang et al. 1999).  Extracellular recordings show that the nucleus 

angularis of barn owls contains neurons that are sharply tuned and respond to tones as choppers but other 

response patterns are also present (Sullivan and Konishi 1984; Sullivan 1985; Köppl and Carr 2003).    

In slices some neurons in nucleus angularis also respond to depolarizing current pulses with 

steady, tonic firing (Soares et al. 2002).  Like T stellate cells in mammals, cells in nucleus angularis have 

excitatory synaptic responses with relatively large NMDA components (MacLeod and Carr 2005).  

Furthermore, in contrast with neurons in nucleus magnocellularis that resemble mammalian bushy cells, 

inputs to cells in nucleus angularis not only have less synaptic depression but they sometimes show 

facilitation (MacLeod et al. 2007).    

 Owls use interaural timing cues to localize sounds in the azimuth and they use intensity or 

spectral cues in asymmetrically placed ears to localize sounds in elevation.  Neurons in nucleus angularis 

process the spectral, but not interaural timing, cues that owls use to localize sound sources (Takahashi et 

al. 1984).  The role of neurons in nucleus angularis goes beyond localizing sounds, however.  Carr and 

her colleagues have suggested that neurons in nucleus angularis play a role in recognizing and 

discriminating sounds (Köppl et al. 2003; MacLeod et al. 2005; MacLeod et al. 2007).   

 

Summary 

 As a population, T stellate cells encode the spectrum of sounds.  They receive acoustic input from 

auditory nerve fibers whose phasic firing emphasizes changes in intensity and convert them to more tonic 

responses.  Several mechanisms contribute to that transformation:  Feedforward excitation through other 

T stellate cells, coactivation of excitation and inhibition, reduction in synaptic depression, and the 

amplification of excitatory synaptic current over time through NMDA receptors.  They deliver that 
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information to nuclei that make use of spectral information.  T Stellate cells terminate in the DCN, to 

olivocochlear efferent neurons, to the lateral superior olive, to the contralateral nuclei of the lateral 

lemniscus, and to the contralateral inferior colliculus.   These targets use spectral information to localize 

sounds, to adjust the sensitivity of the inner ear, and to recognize and understand sounds.  Birds also 

process sounds through neurons that resemble T stellate cells in their projections and also in their cellular 

properties, attesting to the fundamental importance that T stellate-like cells have for hearing in 

vertebrates.  
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Figure 1   

Reconstruction of a T stellate cell in a slice of the cochlear nuclear complex.  The cell was labeled with 

biocytin in a slice of living tissue.  The cell was reconstructed with a camera lucida from sections of the 

slice that had been processed to visualize cells with methods that have been described (Golding et al., 

1995).  The soma of this cell lies at the indistinct border between the anteroventral (aVCN) and 

posteroventral (pVCN) cochlear nuclei, just dorsal to the nerve root (nr).  As is characteristic of T stellate 

cells, its dendrites lie parallel to the path of the ascending and descending branches of auditory nerve 

fibers with the highly branched tips in the vicinity of overlying granule cells.  The axon emanates from 

the cell body.  One branch projects dorsally through the granule cell lamina (gr) into the deep layer (dl) of 

the dorsal cochlear nucleus (DCN).  The terminal arbor occupies an isofrequency lamina that crosses the 

deep layer but does not extend into the fusiform cell layer (fcl) or the molecular layer (ml).  The main 

axon was cut at the medial surface of the slice where it projected into the trapezoid body (*). 
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Figure 2   

T Stellate cells fire tonically in response to tones.  A.  An intracellular recording from a T stellate cell in a 

cat shows that the cell fired steadily for the duration of the 50-msec tone at the cell’s characteristic 

frequency and that the firing became more rapid with increasing intensity.  B.  Peristimulus time 

histogram from the same cell as in A generated from responses to 250 repetitions of tones at the 

characteristic frequency.  C.  Chopper fires at an almost constant rate for the duration of a 500 msec tone 

at the characteristic frequency.  Bin width for computing histogram was 3.9 ms.    D.  In contrast with 

choppers, primary-like neurons fire rapidly at the onset of a tone and then more slowly as they adapt.  

Figures A and B are by Rhode and Smith, reproduced from the Journal of Neurophysiology, 1986, Am 

Physiol Soc, used with permission, and C and D are by Blackburn and Sachs, reproduced from the 

Journal of Neurophysiology, 1989, Am Physiol Soc, used with permission. 
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Figure 3   

T Stellate cells integrate neuromodulatory with driving inputs.  A.  Indirect evidence indicates that inputs 

to T stellate cells are to some extent spatially segregated.  Intracellular recordings with electrodes at the 

soma reveal glutamatergic (Glu) and glycinergic (Gly) synaptic responses.  The rapid rise of those 

synaptic responses is consistent with their being generated near the soma.  There are several known 

sources for these excitatory and inhibitory inputs.  Even GABAergic synaptic responses mediated through 

GABAA receptors are so slow and small that individual PSPs are difficult to resolve suggesting that they 

are generated distally in dendrites, which is also consistent with the location of GABAergic terminals 

from Golgi and Periolivary cells in granule cell regions.  T Stellate cells have nicotinic and muscarinic 

acetylcholine receptors.  Cholinergic fibers terminate near the tips of T stellate cell dendrites near the 

granule cell domains .  Noradrenergic and serotonergic fibers course throughout the VCN suggesting that 

they can contact dendrites of T stellate cells either or both proximally or distally.  B.  A T stellate cell was 

excited by the bath-application of neuromodulators.  A whole-cell patch-clamp recording made with a 

pipette that contained a gluconate-based, GTP-containing solution in the presence of 1 µM strychnine and 

40 µM 6,7-dinitroquinoxaline-2,3-dione (DNQX) in the extracellular saline solution to block 

glutamatergic and glycinergic synaptic responses, shows that both serotonin and norepinephrine 

reversibly evoked spontaneous firing.  The application of serotonin did not change the resting potential, 

shown by the numbers at the left of the traces in mV, and responses to hyperpolarizing current pulses (‒

0.4 and ‒0.5 nA) indicate that the change in input resistance was too small to be detected.  Serotonin 

increased firing after the end of the hyperpolarizing pulse.  After the serotonin was washed out, 

norepinephrine increased spontaneous and anode break firing in the same cell.  All effects were 

reversible.   Details of the methods have been described previously (Fujino and Oertel, 2001).   
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Figure 4   

T Stellate cells project widely.  Local collaterals innervate the ventral (VCN) and dorsal (DCN) cochlear 

nuclei.  The main axon projects out through the trapezoid body, innervates the region around the 

ipsilateral lateral superior olivary nucleus (LSO), crosses the midline, innervates the contralateral ventral 

nucleus of the trapezoid body (VNTB), ventral nucleus of the lateral lemniscus (VNLL) and ultimately 

terminates in the contralateral inferior colliculus.  Occasionally T stellate cells innervate the ipsilateral 

intermediate nucleus of the lateral lemniscus (INLL), dorsal nucleus of the lateral lemniscus (DNLL) and 

the ipsilateral inferior colliculus. 
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Abstract  

 Mice that carry a mutation in a calcium binding domain of otoferlin, the putative calcium sensor 

at hair cell synapses, have normal distortion product otoacoustic emissions (DPOAEs) but auditory brain 

stem responses (ABRs) are absent.  In mutant mice transduction is normal but transmission of acoustic 

information to the auditory pathway is blocked even before the onset of hearing.  We reveal that primary 

auditory neurons adapt in the face of altered excitation.  The volumes of ventral cochlear nuclei of mutant 

mice are reduced by 45% relative to hearing controls.  While the tonotopic organization was not 

detectably changed, the axons to end bulbs of Held and the end bulbs themselves were smaller.   In 

mutant mice the targets of end bulbs, bushy cells, in the anterior ventral cochlear nucleus (aVCN) have 

the electrophysiological hallmarks of control cells.  Spontaneous miniature EPSCs occur with similar 

frequencies and have similar shapes in deaf as in hearing animals but they are 24% larger.  Bushy cells in 

deaf mutants are contacted by about 2.6 auditory nerve fibers compared to about 2.0 in hearing controls.  

Furthermore, each fiber delivers more synaptic current, 4.8 nA compared to 3.4 nA, than in hearing 

littermate animals.  The quantal content of evoked EPSCs is not different between mutants and controls; 

the increase in current delivered in mutants is accounted for by the increased response to the size of the 

quanta.  Responses to shocks presented at long intervals are larger in mutants but they depress more 

rapidly than in hearing controls.  
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Introduction 

Experimental manipulation of electrical activity in the cochlear nuclei after the onset of hearing 

has long been known to affect neuronal circuits in the cochlear nuclei (Trune and Morgan 1988; Pasic and 

Rubel 1989; Ryugo et al. 1998; Redd et al. 2000; Stakhovskaya et al. 2008).  However, electrical activity 

even before the onset of hearing is likely to affect auditory circuits.  Before hearing begins, supporting 

cells in the cochlea induce action potentials in small groups of adjacent inner hair cells that in turn evoke 

periodic bursts of suprathreshold responses in the auditory nerve that are propagated to the cortex 

(Johnson et al. 2011; Tritsch et al. 2007; Tritsch et al. 2010; Tritsch and Beurgles 2010).  Synaptic 

transmission between hair cells and spiral ganglion neurons, the cells whose axons are auditory nerve 

fibers (ANF), depends on the detection of calcium by otoferlin (Roux et al. 2006; Beurg et al. 2010) 

whereas downstream synapses do not depend on otoferlin.  Mice that lack otoferlin are thus naive of most 

patterned spontaneous activity that originates in the cochlea and propagates throughout the auditory 

system before the onset of hearing.  Here we examine how the reduction of electrical activity from hair 

cells affects the next synaptic stage.  

ANFs innervate the ipsilateral ventral (VCN) and dorsal cochlear nuclei (DCN) tonotopically.  

Fibers that encode low-frequencies innervate ventral regions and fibers that encode high-frequencies 

innervate dorsal regions.  ANFs terminate on bushy cells in the aVCN with the second largest synapse in 

the mammalian brain, the end bulb of Held (Held 1893).  End bulbs release glutamate which binds to 

postsynaptic AMPA receptors in the bushy cell membrane (Wang et al. 1998; Gardner et al. 1999; 

Gardner et al. 2001).  We sought to understand how the end bulbs of Held and their target bushy cells are 

altered by deprivation of input from inner hair cells even before the onset of hearing.  

The mice studied in these experiments have a point mutation resulting in a non-conserved 

substitution of I319N in the second of six calcium domains in the protein otoferlin (Longo-Guess et al. 
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2007).  Otoferlin is thought to sense calcium and regulate synaptic transmission by inner hair cells (Roux 

et al. 2006; Johnson and Chapman 2010).  Otoferlin is a member of the Ferlin family of proteins, all of 

which have been implicated in calcium regulated membrane fusion events and are membrane-anchored, 

cytosolic proteins that are involved in vesicle fusion and/or membrane trafficking (Yasunaga et al. 2000; 

Lek et al. 2011).  Mutations in otoferlin were first described from human pathologies in several unrelated, 

consanguineous Lebanese families (Yasunaga et al. 1999).  These deaf individuals have an autosomal 

recessive, nonsyndromic prelingual form of deafness, DFNB9 (Yasunaga et al. 1999).   In humans, 

otoferlin has multiple long and short, alternatively spliced isoforms but mice have only the long isoform 

(Yasunaga et al. 1999, 2000).  In mice otoferlin appears in inner hair cells (IHCs) at P4, after which it is 

responsible for the calcium induced exocytosis in IHCs; synaptotagmin isoforms 1, 2 and 7 are also 

present in IHCs but none appear responsible for calcium induced exocytosis before P3 (Beurg et al. 

2010).  Otoferlin also mediates synaptic transmission from outer hair cells (Beurg et al 2008).   

 

Materials and Methods 

Mice 

Otoferlin mutant animals Otof 
deaf5Jcs

/Kjn, were purchased from Jackson Labs, stock #006128.  An 

ENU induced point mutation from Thymine to Adenine in exon 10 of the otoferlin gene causes a non-

conserved amino acid change from isoleucine to asparagine in the second calcium binding domain of the 

protein.  Breeding colonies of mutant mice, on a mixed background of C57BL/6J and C3HeB/FeJ, were 

maintained by crossing deaf otoferlin mutant males, with hearing, heterozygous females.  Their offspring 

were either homozygous deaf mutants, or hearing heterozygotes and could be distinguished before 

experiments by the presence or absence of a Preyer reflex.  Wild type mice were created by mating 

heterozygous animals; resulting wild type mice which were bred and maintained separately.  Genotypes 

http://www.ncbi.nlm.nih.gov/pubmed?term=Yasunaga%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10192385
http://www.ncbi.nlm.nih.gov/pubmed?term=Yasunaga%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10192385
http://www.ncbi.nlm.nih.gov/pubmed?term=Yasunaga%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10192385
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of all mice were confirmed post hoc (Longo-Guess et al. 2007).  Animals of both sexes, aged from P11-

60, with the majority of animals aged P17-23, were used for anatomical experiments and P16-22 for the 

electrophysiological experiments.    Otoferlin knockout (KO) mice were kindly given to us by Dr. Isabel 

Roux with permission from Dr. Christine Petit (Roux et al. 2006). Genotyping of these mice were also 

confirmed post hoc.  All procedures were approved by the Institutional Animal Care and Use Committee 

at the University of Wisconsin, Madison. 

 

Solutions 

The dissection of the cochlear nuclei from the brainstem was done in a high sucrose extracellular 

saline solution that contained reduced Na
+
 and Ca

2+
 (345 mOsm/kg).  The composition of the solution (in 

mM) is as follows: 99 NaCl, 3 KCl, 1.2 KH2PO4, 1 CaCl2, 1.3 MgSO4, 20 NaHCO3, 6 HEPES, 10 

glucose, 72 sucrose, pH 7.3.  The cutting solution was kept around 28°C.  

The extracellular physiological saline (osmolarity 308 mOsm/kg) used to perfuse the tissue (1.5-2 

hours) after biocytin injections and also for whole-cell recordings, contained (in mM): 130 NaCl, 3 KCl, 

1.2 KH2PO4, 2.4 CaCl2, 1.3 MgSO4, 20 NaHCO3, 6 HEPES, 10 glucose, and 0.4 ascorbic acid, pH 7.3.  

Whole-cell recordings were made in the presence of 10 μM strychnine to block glycinergic inhibition.  

All salines were saturated with 95% O2-5% CO2, and maintained at 32-33°C.  Chemicals were from 

Sigma-Aldrich, except that sucrose was purchased from Fisher.    

The internal pipette solution for voltage and current clamp recordings was (in mM): 108 

potassium gluconate, 9 HEPES, 9 EGTA, 4.5 MgCl2, 14 phosphocreatinine (Tris salt), 4 ATP (Na salt), 

and 0.3 GTP (tris salt) that had a final osmolarity ~303 mOsm/kg. The pH was adjusted to 7.4 with KOH.  

The final holding potentials were corrected for a −10 mV junction potential.   
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Brain Slices  

For electrophysiological studies, parasagittal slices of the left cochlear nucleus were cut from the 

brainstem with a vibrating microtome (Leica VT 1000S) in sections of 200 m.  Cochlear nuclei were 

superfused continually at ~ 3-6 ml/min. The temperature was measured with a Thermalert thermometer 

(IT-23, Physitemp) and was controlled with a custom-made, feedback-controlled heater to remain at 32 or 

33°C.   

 

Biocytin injections 

 For the anatomy, cochlear nuclei were removed bilaterally from the brainstem by hand, via 

scissors.  In a few cases, parasagittal slices up to 420 μm thick of cochlear nuclei were cut with a 

vibrating microtome (Leica VT 1000S).  Tissue was transferred to a holding chamber ~0.6 mL and 

superfused continually at ~6-8 mL/min for 1.5-2 hours. Temperature was kept at 33
o
C with a custom-

made, feedback-controlled heater that was connected to a Thermalert thermometer (IT-23, Physitemp).  

Injections were made under the control of a Wild (M5) dissecting microscope.   

1% biocytin was dissolved via sonication, in physiological extracellular saline which was used to 

label auditory nerve fibers.  Visualization of the biocytin was made possible with Vectastain ABC 

Peroxidase Kits (Standard) purchased from Fisher (Golding et al. 1995).  Extracellular injections were 

made with a Picospritzer, through a glass pipette with a tip diameter ~ 5 m, along the dorsal/ventral axis 

of the pVCN; some injections were made only at the nerve root, while others were made in groups of 

three with one made ventrally in the nerve root, one medially in the pVCN and one dorsally in the pVCN.  

Occasionally single injections into the aVCN were made to visualize the tuberculoventral cell projections, 
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which also labeled end bulbs.  Tissue was fixed in 4% paraformaldahyde, stored at 4°C, cryo-protected in 

30% sucrose, embedded in a gelatin-albumin mixture, and resectioned at 60 μm in frozen sections.  

Tissues were mounted on subbed slides, dehydrated with alcohol and stained with cresyl violet to 

visualize cellular nuclei. Photomicrographs were taken through a Zeiss Axioskop with a Zeiss Axiocam.   

  

Volume measurements 

 Quantification of the volumes of the magnocellular regions in the ventral and dorsal cochlear 

nuclei were made from camera lucida reconstructions in serial sections from each nucleus.  Images were 

scanned into a computer, outlined and analyzed with Image J software, wherefrom the final volume 

measurements were imported into excel and compared by Student’s t-tests for statistical analysis.  

Volumes are presented as means ± standard deviation. 

 

Auditory Brainstem Responses (ABRs) and Distortion Product Otoacoustic Emissions (DPOAEs)  

 Animals aged between P20 and P60 were anesthetized with Ketaject, 150 mg/kg and Xylazine, 5 

mg/kg.  Once animals were unresponsive to a paw pinch, they were placed on a heating pad to maintain 

body temperature.  Auditory brainstem responses (ABRs) and distortion product otoacoustic emissions 

(DPOAEs) were recorded with Tucker Davis Technologies, Sig Gen Software.   

To measure ABRs, animals were placed next to a freefield speaker (ES1) positioned 10 cm away 

from their left ear, grounded by a subcutaneous electrode behind the contralateral pinna and a 

subcutaneous reference electrode at the apex of the skull and a subcutaneous recording electrode directly 

behind the left ear, as near as possible to the ear. Animals were presented with clicks, 0.1 msec in 

duration and of alternating polarity between 90 and 10 dB; or with tones, 5 msec duration, with a 3 msec 
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gating time, at 4 kHz, 8 kHz, 16 kHz and 32 kHz ranging between 90 to 10 dB SPL.  Final traces were 

averages of 500-1500 individual recordings.   

DPOAEs near 16 kHz were measured in response to presentation of two simultaneous tones 

presented at equal levels through a separate electrostatic speaker (EC1) of frequencies f1 and f2, giving 

rise to a distortion product.  

 

Electrophysiological Recordings 

Whole-cell patch-clamp recordings were made using a Multiclamp 700B amplifier (Axon 

Instruments) that is under the control of pCLAMP 9 software.  Patch electrodes are made from 

borosilicate glass and have resistances between 3.5 - 8 MΩ.  All recordings are digitized at rates more 

than twice the low-pass limit of the filter to prevent aliasing.  Recordings of evoked synaptic currents 

(eEPSC) were digitized at 40 kHz and low-pass filtered at 10 kHz.  Compensation for the capacitance and 

series resistance of electrodes was done using the automatic features of the amplifier. The series 

resistance was compensated 65-80% with a 10 μsec lag. EPSCs are evoked by shocks through a Master-8 

stimulator and Iso-flex isolator (AMPI, Jerusalem, Israel), are of various voltages from approximately 

0.1-10V and delivered through an extracellular-saline-filled glass pipette (~10 m tip).  The stimulating 

pipette was approximately 50-100 m away from the bushy cell being recorded from.  Tissue was 

visualized with a Zeiss Axioskop 2 microscope with a 63x water immersion lens using a differential 

interference contrast microscope and infrared illumination.  Analyses was performed using pCLAMP 

(Clampfit 9.0, Axon Instruments) and with Origin software.  All quantifications are presented as means ± 

standard deviation from the mean. 
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Clustering Algorithms 

 Two assessments were made of the number of steps in the growth of shock-evoked EPSCs 

(eEPSCs) in bushy cells that are an estimate of the number of inputs and of the amount of current 

delivered per input.  The number of steps was estimated by counting the number of jumps in the growth 

of the peak synaptic current (EPSC) as the shock strength was gradually increased.  An estimate of the 

current delivered by a single input was made from the jump in amplitude between clusters.  One count of 

inputs was made by eye and the second by a new, objective statistical clustering method.   

A manual assessment was based on multiple rounds of analysis.  Once the border between 

clusters was established, the smallest and largest currents from each cluster were averaged to obtain the 

mean current of the cluster and then the amounts of current per input were calculated.  

The second method of quantifying number of steps is a customized statistical clustering method. 

The data analysis in this report is conducted by using R (R Core Team 2013).  The quantification is 

conducted in the following two steps.  First, for a set of n observations of individual sweeps of length T, 

the T×n matrix is factorized by singular value decomposition to find an efficient empirical orthogonal 

representation of the observations. By choosing the first principal component in the analysis, the overall 

pattern observed over n sweeps is characterized by the first principal component of length T, while each 

sweep is characterized by its weight parameter.  

Once each sweep is characterized by its weight parameter, then the n parameters are analyzed by 

a normal mixture model. A normal mixture model is a probabilistic model that assumes the observations 

are from a mixture of multiple normal distributions. The expectation behind the normal mixture model is 

that when a distribution has multiple peaks, then we assume that the observations are from multiple 

normal distributions without labeling which they belong to. The parameters related to the distribution are 

estimated by using Expectation-Maximization algorithm (Dempster et al. 1977). The estimation of the 
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number of normal distributions is based on the Bayesian Information Criterion (Schwarz 1978). The 

Bayesian Information Criterion (BIC) is based on maximized log-likelihood with a penalty on the number 

of model parameters, where the larger the value of the BIC, the stronger evidence for the model (Fraley 

and Raftery 2002).  Comparing the BIC for different numbers of normal distribution, the method can 

estimate the number of clusters. The probability of each sweep belonging to different clusters is 

simultaneously estimated.  

 

Results 

Distortion Product Otoacoustic Emissions and Auditory Brainstem Responses   

An objective measure of the health of the cochlea in mice as well as in humans is provided by 

otoacoustic emissions (Avan et al. 2013).  In the healthy cochlea, stimulation with pairs of tones produces 

distortion products that generate traveling waves which can be detected by a microphone in the ear canal 

as distortion product otoacoustic emissions (DPOAEs).  Figure 1A shows recordings of DPOAEs 

produced by two tones, f1 = 14,544 Hz, f2 = 17,440 Hz, from a deaf juvenile mutant mouse.  When those 

tones were presented at relatively low levels, the most prominent distortion product was at 2f1-f2, 11,648 

Hz (Fig. 1A, dp).  At higher levels a second distortion product was evident at 3f1-2f2, 8873 Hz (Fig. 1A, 

dp2).  Both distortion products disappeared when the animal was killed with an overdose of anesthetic 

(Figure 1B), indicating that they resulted from the interaction of the tones with a healthy cochlea.  This 

pattern of responses was observed in all mice tested, including otoferlin KO, deaf mutant, heterozygous 

mutant, and wild type control mice.  We conclude that hair cell function in the cochleae of homozygous 

mutants, KO, heterozygous mutant, and wild type animals are healthy and unaffected by the mutation. 
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Hearing of mice was further assessed with auditory brainstem responses (ABRs), measurements 

of electrical activity associated with the propagation of acoustic information through auditory nerve fibers 

to higher auditory centers.  Adult ~P60 and juvenile ~P19-24 mice of each of the three genotypes 

associated with the otoferlin point mutation, Mut (n= 13), Het (n= 11), WT (n=12), and juvenile mice 

with the complete knock out of otoferlin (n=6) were tested.  Figure 2A illustrates typical ABRs from each 

of the genotypes.  All wild type and heterozygote animals responded to clicks with a small positive wave 

that was followed by larger positive and negative waves. Every homozygous mutant and knock out 

animal responded to clicks with only a small positive wave.  It seems likely that the first small wave that 

we observe in both homozygous mutant and knock out animals reflects a cochlear microphonic response.  

The lack of electrical activity after the cochlear microphonic inflection in mice with mutant otoferlin and 

without otoferlin indicates that brain stem circuits are not activated by clicks, and mice that lack at least 

one normal otoferlin gene are thus deaf.  Average thresholds of responses to clicks for hearing and deaf 

animals are summarized in Figure 2B.  Thresholds in responses to pure tone stimuli are summarized in 

Figure 2C.  These measurements indicate that mice with mutant or absent otoferlin are profoundly deaf.  

The findings that cochlear function is normal in mutant and KO animals but that ABRs in these 

same animals are absent indicates that acoustic information is transduced but not transmitted from the 

cochlea to the brain stem.  These findings are consistent with the conclusion from previous studies that 

otoferlin is required for synaptic transmission between hair cells and their spiral ganglion cell targets 

(Beurg et al. 2010). 

 

Volume of the Cochlear Nuclei  

Having noted that the cochlear nuclei seemed smaller in the mutants than in heterozygotes or wild 

type, we made measurements of the volumes of the VCN, DCN and of the granule cell areas.  Figure 3A 
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shows a photomicrograph of a parasagittal section of the cochlear nuclei in which the DCN and VCN are 

outlined.  The surface area of the outlined regions multiplied by the thickness of serial sections (60 μm) 

gave us volumes.  Figure 3B shows average volumes from juvenile mice, of the DCN, and VCN (n=15), 5 

from each of the three otoferlin mutation genotypes.  The differences in the average volume of the DCN 

between hearing and deaf phenotypes were not statistically significant (0.15 ± 0.03 mm
3
 in deaf mutants 

relative to 0.18 ± 0.03 mm
3
 in hearing wild type).  However, the volumes of the VCN were significantly 

(p<0.001) smaller in the deaf mutants, 0.19 ± 0.03 mm
3
, than in hearing mice, 0.35 ± 0.04 mm

3
.   

 

End bulbs of Held 

Many features of the projection of auditory nerve fibers to the cochlear nuclei appear normal in 

mutant mice relative to hearing controls.  Injections of biocytin into the nerve root and along dorsal-

ventral axis of the posterior ventral cochlear nucleus (pVCN) labeled bundles of auditory nerve fibers that 

innervate the VCN and DCN topographically as demonstrated previously in other strains of mice (data 

not shown).  Labeled fibers that bifurcated ventrally in the nerve root innervated the ventral aVCN and 

ventral pVCN; fibers that bifurcated dorsally in the nerve root, innervated the dorsal aVCN and dorsal 

pVCN (Wickesberg and Oertel 1988; Cao et al. 2008).  Also as in other strains, ANFs in mutant mice 

terminated in endings of variable size in the multipolar cell area and in uniformly small boutons in the 

octopus cell area.  In the aVCN where most neurons are bushy cells, auditory nerve fibers end in clusters 

of boutons that wrap the somas of their targets, end bulbs of Held (Held 1893).  Some synaptic terminals 

of ANFs in the aVCN are conventional terminal boutons.       

The morphology of end bulbs of Held differs in hearing and deaf mice.  Figure 4A shows end 

bulbs from hearing mice.  These end bulbs are clusters of boutons connected to finger-like projections 

that encompass the target bushy cell soma.  We found that the mutant mice had fewer end bulbs compared 
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to their hearing controls, which is not surprising when the volume of the VCN was reduced.  Figure 4B 

shows end bulbs from deaf mutant mice.  These end bulbs are thinner and more wispy than those of 

hearing controls.  The number of branches per end bulb was counted from 144 end bulbs from hearing 

mice and 72 in deaf mutant mice; the number of branches per end bulbs in hearing mice was significantly 

greater in deaf mutant mice.  The mean number of branches in hearing mice was 13.7 ± 4.1 compared to 

11.2 ± 4 in deaf mice (p =<0.001).  Our finding that deaf, mutant mice have more wispy end bulbs, is 

consistent with the work of others that shows that deafness per se can affect the sizes and shapes of end 

bulbs but it does not eliminate them (Ryugo et al. 1997; Redd et al. 2000; Cao et al. 2008).     

In order to understand not only the end bulb but also the axon of the ANF leading to the end bulb 

we made camera lucida reconstructions of end bulbs and of the segment of axon between the final branch 

point of ANF and the end bulb.  Figure 5 shows five reconstructions of end bulbs and their axons from 

each phenotype.  The reconstructions show that the axons that lead to the end bulbs of hearing mice (Fig. 

5A) were thicker than those of deaf mutant mice (Fig. 5B).  Measurements of the thickness of axons near 

the end bulbs show that the axons in hearing animals (1.36 ± 0.3 m, n=10) are significantly thicker than 

the axons of ANFs from deaf mutant animals (0.93 ± 0.31 m, n=5) (p=<0.001).   

 

Intrinsic electrical properties of bushy cells 

Bushy cells from deaf mutant mice have biophysical properties that are largely indistinguishable 

from those in hearing controls as assessed by whole-cell patch recordings.  Figure 6A illustrates responses 

to depolarizing and hyperpolarizing current pulses (Fig. 6B), in a bushy cell from a deaf mutant mouse.  

As in control hearing mice and in mice of other strains, bushy cells fired one or two action potentials at 

the onset of the depolarizing current injection and showed rectification (Oertel 1983; Cao et al. 2007).  

Quantification of the input resistance in bushy cells, based on responses to +10 and -10 pA current pulses, 
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reveals that there is no significant difference between the phenotypes (Fig. 6C); bushy cells in hearing 

mice had input resistances of 83.7 ± 32.6 M(n=32) while the input resistances of bushy cells from deaf 

mutant mice was 96.1 ±  39.1 M(n=27).  The resting membrane potentials, too, were not different in 

hearing and deaf mutant mice (Fig. 6D).  The bushy cells in hearing animals rested at -66.8 ± 5.0 mV 

(n=32) while those in bushy cells from deaf mice rested at 65.9 ± 5.1 mV (n=27).   

There was however a significant difference in the rate of depolarization thresholds between bushy 

cells of hearing and deaf mice.  Bushy cells detect the synchronous firing of ANFs; their sensitivity to rate 

of depolarization is an intrinsic property that is associated with the time window over which spatial 

summation occurs (McGinley and Oertel 2006).  Bushy cells are more likely to fire action potentials 

when multiple ANFs are activated synchronously and when EPSPs have a steeper slope of depolarization.  

To measure the threshold rate of depolarization, current pulses with systematically varied ramped onsets 

that rose to a constant value (Fig. 6G) were presented to bushy cells (Fig. 6F).  The slope of 

depolarization that was just steep enough to cause a bushy cell to fire was defined as the threshold rate of 

depolarization (Fig. 6F, dark traces).  Bushy cells from hearing mice needed to be depolarized on average 

at least 2.21 ± 0.66 mV/msec to fire action potentials, while those in deaf animals needed to be 

depolarized on average at least 1.66 ± 0.54 mV/msec to fire action potentials.   Bushy cells from deaf 

mutant mice fire action potentials in response to less steeply rising depolarizations than bushy cells from 

hearing mice (p = 0.002), indicating that their requirements for synchronicity are less stringent than those 

of bushy cells from mice that hear (Fig. 6E).   

 

Spontaneous EPSCs 

We first compared the spontaneous miniature EPSCs (mEPSCs) in bushy cells from mice with 

differing phenotype and genotypes.  Example recordings of spontaneous postsynaptic currents in eleven 
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overlaid sweeps in representative bushy cells from hearing and deaf mice are displayed in Figures 7A and 

B respectively.  The averaged miniature events in these same bushy cells from hearing and deaf mice are 

exhibited in Figures 7C and D.  To facilitate comparisons, some features of mEPSCs were measured 

(Figs. 7 E-J, Table 1).  The frequency, amplitude, charge, half-width, 10-90% rise time and 100-37% 

decay tau were quantified.  Of these measures, only the average amplitude and charge transferred in each 

mEPSC was significantly greater in bushy cells of deaf than hearing mice (Fig. 9F and G; Table 1).  The 

average amplitude of mEPSCs in hearing animals was -88 pA, compared with -109 pA in bushy cells of 

deaf mutant mice.  The average charge transferred by a mEPSC in bushy cells of hearing mice was 27 

femtocoul compared to 35 femtocoul in deaf mice.  The shapes of mEPSCs, described by their half-width, 

10-90% rise time, and decay time constants, were not significantly different in hearing and deaf mice 

(Fig. 9E, H-J; Table 1).  In summary, mEPSCs were larger in deaf mice than in hearing controls but their 

shapes were similar. 

 

Electrically evoked EPSPs 

Next we compared how bushy cells respond to activation of their auditory nerve inputs.  By 

placing an extracellular stimulating electrode on a bundle of ANFs near to a bushy cell that was being 

monitored in a whole-cell patch-clamp recording, in current-clamp and gradually increasing the strength 

of shocks delivered through the stimulating pipette, we evoked EPSPs that grew in clustered steps (Fig. 

8A and B).  Since ANFs fire all-or-none action potentials, the steps likely represent the recruitment of 

fibers that converge on the recorded bushy cell; the counts of the numbers of clusters are thus estimates of 

the numbers of auditory nerve inputs.  We interpret these recordings as showing that both cells have at 

least two inputs.  Most EPSPs in bushy cells from both hearing and deaf mutant mice are suprathreshold.  

For example, in Figures 8A and B even responses to the weaker shock strengths showed an inflection 
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(arrows) indicative of electrically active processes.   Responses to strong shocks rise more rapidly and 

reach a higher peak than responses to smaller shocks.   When the recording mode was switched to 

voltage-clamp, electrically evoked EPSCs were recorded in the same cells (Fig. 8C and D).  The number 

of current jumps resolved in the voltage-clamp recordings matched the number of clusters measured in 

current-clamp recordings, generally.  In ~35% of the 45 cells tested, the number of inputs estimated in 

voltage and current clamp matched.  In ~20% of the recordings one extra step appeared in EPSPs, likely 

because small current jumps were obscured by variability in EPSCs.  However, in ~45% of cells the 

number of steps could not be well resolved in current clamp because direct spiking in the bushy cell 

occluded the synaptic delay.  For this reason, the analysis of differences in synaptic transmission between 

hearing and deaf animals was done under voltage-clamp. 

 

Electrically evoked EPSCs 

We quantified evoked synaptic transmission from end bulbs to bushy cells in hearing and deaf, 

mutant mice from recordings in voltage clamp.  By placing an extracellular stimulating electrode on a 

bundle of ANFs near to a bushy cell that was being monitored with a whole-cell patch-clamp recording 

and gradually increasing the strength of shocks delivered through the stimulating pipette, we evoked 

EPSCs (eEPSCs), that grew in steps (Fig. 9A, B).  Shocks were delivered slowly, at 10-15 second 

intervals, to minimize synaptic depression.  As ANFs fire all-or-none action potentials, we interpret each 

jump in current to represent the bringing to threshold of at least one additional ANF that contacted the 

bushy cell.  The total number of steps is thus an estimate of the number of ANFs that converge on the 

recorded bushy cell (Cao and Oertel 2010).  Many of the current steps are large and likely reflect currents 

delivered through end bulbs of Held.  Figures 9 A, B show four examples of eEPSCs, two cells each from 

hearing and deaf phenotypes.  Figure 9A shows responses from two different bushy cells from hearing, 
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heterozygote mice whose eEPSC jumped in a single step to a peak of approximately 11 nA; we thus 

estimate that this bushy cell had a single ANF input.  The second example of an eEPSC in a hearing 

mouse illustrated below grew in two steps, one of 1 nA and the second of 6 nA for a total cumulative 

current delivered to the cell of about 7 nA (Fig. 9A bottom); we conclude that this bushy cell had at least 

two inputs.  Figure 9B illustrates eEPSCs in bushy cells from two different deaf mutant mice.  The top 

panel illustrates eEPSCs grew in two current steps, one of approximately 10 nA and another of 

approximately 23 nA, for a peak synaptic current of 33 nA; this cell was likely contacted by at least two 

end bulbs.  Figure 9B bottom, shows a second recording in a bushy cell from a deaf mutant mouse whose 

eEPSCs grew in three jumps, presumably from the recruitment of three ANFs, which delivered 5 nA, 7 

nA, and 6 nA, for a total synaptic current of approximately 18 nA.  The variability in the sizes and shapes 

of eEPSCs presumably results from the stochastic nature of release of neurotransmitter.  Because it is 

possible that multiple fibers have a similar threshold, or that some inputs are not stimulated, or that small 

inputs are not resolvable when synaptic currents are variable, our estimates of numbers of inputs err on 

the low side.      

Comparisons of eEPSCs in hearing and deaf mice are illustrated in Figures 9 C-E and 

summarized in Table 2.  In Figures 9 C-E, the first assessment of the clustering in synaptic current jumps 

was determined by eye.  The size of a current step was calculated by averaging the amplitudes of the 

smallest and largest current responses in a cluster.  Figure 9C shows that average maximal eEPSCs were 

significantly larger in bushy cells of deaf than of hearing mice.  In hearing mice the average maximal 

eEPSCs were ~7 nA whereas they were ~13 nA in deaf mice (Table 2).  In addition, bushy cells in deaf 

mice had significantly larger average number of inputs or current jumps than bushy cells in hearing 

mutant mice (Fig. 9D, Table 2).  Bushy cells of hearing mice had on average ~2.1 inputs compared with 

~2.7 inputs in deaf mutant mice.  The difference between the averaged currents delivered per step in 
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bushy cells, ~3.3 nA in bushy cells of hearing mice compared to ~4.8 nA in bushy cells of deaf mutant 

mice, approached but did not reach statistical significance (p=0.06) (Fig. 9E and Table 2).  

Because there is considerable physiological variability in the amplitudes of eEPSCs and thus 

possibly unequal variance in the magnitudes of the eEPSCs we took the natural logarithm of each of the 

amplitudes of the maximum eEPSCs and also of the estimates of current per input based on count of 

inputs, and re-ran the ANOVA test using the loge numbers (Figs. 9F, G, Table 2).  In the resulting 

statistical test, the maximal eEPSCs remained significantly different between the hearing and deaf 

phenotypes, and we also found the difference between average current per input to reach statistical 

significance between the hearing and deaf mice, with the bushy cells from deaf mice again having larger 

individual eEPSCs per input (Figs. 9F, G, Table 2).     

For comparing the number of steps with which eEPSCs grew between phenotypes, it was 

inappropriate to take the logarithm (O’Hara and Kotze 2010).  As an alternative, secondary check to the 

input count made by the experimenter’s eye and experience; a rigorous statistical test was conducted 

based on permutations (Ernst 2004). The statistical significance was calculated as the fraction of 

permutation values that are at least as extreme as the test statistic derived from the original data. Using 

this test with 10,000 permutations, the mean number of current steps in eEPSCs and as such number of 

inputs, was statistically significantly larger in deaf mutant mice than in hearing controls (p=0.01). 

A potential difficulty with the analysis described above is that it depends on an assessment of 

clustering by the investigator.  Cellular responses differed in the clarity of the clustering.  We therefore 

developed a novel objective clustering algorithm with which the investigator’s estimate of the number of 

steps could be compared.  The custom clustering algorithm is based on singular value decomposition to 

find an efficient yet comprehensive representation of the data.  To quantify the current delivered per 

input, determination of the number of inputs must be made first.  Table 2 has all of the results from the 
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clustering algorithm in comparison to the experimenter’s assessment.  In order to determine how many 

inputs innervate each bushy cell the clustering algorithm was run on all recordings.  A nonparametric 

permutation was used to quantify inputs between the phenotypes.  Throughout, two-sided t-tests were 

used to assess statistical significance unless otherwise noted (Table 2).   

The results of the clustering algorithm parallel the experimenter’s assessment; the number of 

inputs innervating bushy cells in deaf mice was significantly larger than in the hearing mice.  The results 

did vary slightly such that the clustering algorithm often resulted in slightly fewer input counts than the 

experimenter quantified (Table 2).  Figures 10A and B show recordings from two bushy cells in different 

deaf mutant mice whose clustering is not absolutely clear.  The clustering algorithm shows that eEPSCs 

in the bushy cell illustrated in Figure 10A grew in two steps, each identified by a different color.  The 

EPSCs in Figure 10B grew in three current steps.  An additional inference available from this 

quantification method regarding sample size can be made using simulations. Approximately 25 samples 

will be enough to achieve the 95% statistical power at significance level 0.05, which provides a 

justification of our sample sizes (n=27 and n=29 samples per phenotype).    

After an input count was assessed the maximal evoked currents and current per input can be 

quantified, again by averaging the amplitude of the smallest and largest sweeps from each cluster of 

inputs.  Figures 10 C and D show the distribution of maximal evoked synaptic currents and current per 

input per phenotype, respectively.  For assessment of mean current per input, in order to take into account 

of the unequal number of inputs between phenotypes (74 in the deaf and 53 in the hearing), a weighted 

least squares method is used. The averages calculated from more observations have low variability and 

hence get a higher weight (Faraway 2005).  Table 2 illustrates the results based on a one-sided t-test with 

the alternative of the deaf having greater mean current per input.   
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Quantal Content Estimates  

 Having assessed the average amount of charge delivered per by mEPSCs from each cell and also 

the average current delivered from eEPSCs in response to graded extracellular stimulation, estimates of 

the quantal content can be made (Table 3).  In order to do so the charge delivered per spontaneous 

mEPSC was averaged for each cell and then the charge delivered by each evoked input from each cell 

was divided by the charge for that cells averaged mEPSC.  These resulting estimates of quantal content of 

steps of eEPSCs were then compared between cells from hearing and deaf animals.  There was 

considerable variation between estimated quantal content of steps, ranging between 3 and 532 quanta; 

there was not a significant difference between the numbers of quanta released per input in bushy cells 

from hearing and deaf animals (Table 3).  Because of the large physiological variability, the natural 

logarithm of each of the estimates of quantal content was taken and also tested for statistical significance.  

In this analysis, too, there was no significant difference in quantal content of inputs between the hearing 

and deaf phenotypes (Table 3).  Since the amplitude of current steps, estimates of the current delivered by 

one auditory nerve input, was larger in deaf than hearing animals but quantal content was not significantly 

different, the larger amplitude of EPSCs in deaf animals most likely arose from the upregulation of 

AMPA receptors at postsynaptic sites in the bushy cells of deaf mutant mice.    

 

Synaptic depression 

  In order to assess synaptic depression, trains of eEPSCs were recorded from bushy cells in deaf 

mutant mice and their heterozygote and wild type controls.  Five trains, each comprising ten shocks at 

100/sec, that produced eEPSCs of maximal amplitude, were delivered five seconds apart, and were then 

averaged for statistical analysis.  Figures 11 A and B show examples of synaptic depression in two 

hearing mice.  Successive eEPSCs generally become smaller than the one before even in hearing animals 
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but bushy cells from deaf mutant mice show stronger depression and occasional failures (Fig. 11C).  The 

cell shown in Figure 11D shows an unusual pattern in that the magnitudes of eEPSCs are highly variable 

with intermixed large and small responses.  The cell illustrated in Figure 11E shows that some shocks can 

fail to evoke any response at all. Multiple synaptic failures were seen in 7 of the 19 (37%) bushy cells 

from deaf mutant mice in which responses to trains of stimuli were recorded.  Failures were rare in 

hearing mice; one synaptic failure was recorded in one heterozygous animal out of 18 bushy cells tested 

in hearing mice (6%).  The paired-pulse ratio (PPR), the amplitude of the second eEPSC divided by the 

magnitude of the first eEPSC from trains of stimuli, is significantly smaller in deaf mutant cells (p=0.03) 

compared to the hearing controls.  The PPR from bushy cells in hearing mice was 0.65 ± 0.20 compared 

to 0.48 ± 0.25 in deaf mice.  A larger PPR ratio is indicative of less synaptic depression and a lower 

probability of release.  We also assessed synaptic depression by taking the average of each of the ten 

eEPSCs (Figs. 11 G and H) and plotting a time course of depression.  The size of EPSCs decays faster in 

cells from deaf mutant mice than in cells from hearing mice.    

 

Discussion 

 Otoferlin serves as the major calcium sensor that regulates synaptic transmission between hair 

cells and their spiral ganglion cell targets.  Hair cells in mice that express a non-functional otoferlin or 

that lack otoferlin transduce sound but are largely unable to release neurotransmitter to activate their 

auditory nerve targets after P3 (Beurg et al. 2010).  Indeed, we find that DPOAEs which assay the 

function of the cochlea, especially the outer hair cells, are normal in mice with mutant otoferlin and also 

in mice that lack otoferlin.  On the other hand, these same mice have no detectable ABRs, indicating that 

sensory information from the cochlea fails to be transmitted to the auditory nerve and to brain stem 

auditory circuits and that these animals are therefore profoundly deaf.  Acoustically, there were no 
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detectable differences between mice in which otoferlin had a point mutation in the second calcium 

binding domain and those in which the gene for otoferlin was knocked out. Mice that lack functional 

otoferlin are profoundly deaf.  

The absence of synaptic input from early in life affects downstream neuronal circuits.  In deaf 

mutant animals the VCNs are shrunk by nearly half.  In deaf otoferlin mutant mice ANFs innervate the 

cochlear nuclei topographically as in hearing mice but at least some of the endings, the end bulbs of Held 

that innervate bushy cells, are smaller.  Bushy cells from deaf mutant mice receive converging inputs 

from more ANFs than the hearing controls.  Bushy cells in deaf mutants receive input from about 2.6 

ANFs while hearing mice receive input from only about 2.  And although the terminals of ANFs on bushy 

cells are smaller in deaf mutant mice than in controls, the synaptic currents each one evokes are larger, 

about 4.8 nA compared to 3.4 nA in hearing mice.  We have evidence for both pre and postsynaptic 

adaptations of synapses between ANF and bushy cells.  As the quantal content is not significantly 

different in deaf mutants and hearing controls, the increase in synaptic current can be accounted for by in 

increase in the number of AMPA receptors at synapses of bushy cells, a postsynaptic adaptation.  The 

finding that synapses in bushy cells of deaf mutant mice depress more rapidly and fail far more often 

indicates that there are presynaptic changes too.  Synaptic depression is likely to result from depletion of 

neurotransmitter presynaptically.  The existence of failures suggests that presynaptic fibers may also 

suffer from conduction block.    

 

Identity of bushy cells 

Bushy cells of mammals fall into three distinct types, large spherical, small spherical and 

globular, that differ not only in histological staining patterns but also, most importantly, in their 

projection patterns (Osen 1969; Brawer and Morest 1975; Cant and Casseday 1986; Tolbert et al. 1982).  
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Large spherical bushy cells encode low frequencies, occupy the most anterior pole of the aVCN, and 

project to the medial superior olivary nuclei bilaterally (Smith et al. 1993).  Mice have little low-

frequency hearing and correspondingly have few large spherical bushy cells and small medial superior 

olivary nuclei (Webster and Trune 1982; Willard and Ryugo 1983).  While the sizes of large and small 

spherical bushy cells clearly differ in cats (Osen 1969), they are not obviously different in many other 

mammals such as mice and guinea pigs for example (Willard and Ryugo 1983; Hackney et al. 1990).  

Small spherical bushy cells occupy most of the rostral aVCN of mice. They are thought to project to the 

ipsilateral lateral superior olive (Cant and Casseday 1986).  Globular bushy cells are most common in the 

more posterior aVCN, near the nerve root (Tolbert et al. 1982; Tolbert and Morest 1982a; Tolbert and 

Morest 1982b).  They project across the midline to the contralateral medial nucleus of the trapezoid body 

(Smith et al. 1991).    

Recordings in the present study were made from the anterior aVCN and thus are probably mostly 

or exclusively from small spherical bushy cells.  In hearing mice small spherical and globular bushy cells 

have been distinguished electrophysiologically by the numbers of auditory nerve inputs, small spherical 

bushy cells having four or fewer inputs and globular bushy cells having more than four inputs (Cao et al. 

2007).  Recordings included for analysis in this project were from bushy cells from both hearing and deaf 

mutant mice that had four or fewer inputs.  We did encounter eEPSC recordings from bushy cells which 

had more than 4 steps in current, that also had smaller current jumps compared to the larger current jumps 

from cells with <4 steps, we interpreted these to be from GBCs and they were excluded from this 

analysis.  We conclude, therefore, that our recordings were largely or exclusively from small spherical 

bushy cells.   

The bushy cells in deaf otoferlin mutant mice have similar resting potentials and input resistances 

but they differ in their sensitivity to rate of depolarization relative to hearing control mice.  Bushy cells 

have a threshold rate of depolarization such that depolarizations that are slower than the threshold rate do 
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not evoke firing (McGinley and Oertel 2006).  The deaf otoferlin mutant mice have lower thresholds than 

hearing mice.  These findings imply that smaller, slower or less synchronous EPSPs can lead to firing in 

deaf mutants relative to hearing controls.  

 

Sources of excitation in bushy cells 

Bushy cells receive excitatory input from ANFs through large synaptic terminals, the end bulbs of 

Held (Held 1893; Cant and Morest 1979; Sento and Ryugo 1989; Ryugo and Sento 1991; Spirou et al. 

2005; Lauer et al. 2013).  Ultrastructurally it has been shown that synaptic terminals with characteristics 

of excitatory synapses are of only two or possibly three types (Cant and Morest 1979; Gomez-Nieto and 

Rubio 2009; Gomez-Nieto and Rubio 2011; Lauer et al. 2013).  In mice all glutamatergic synaptic 

contacts on somas and dendrites contain large round vesicles and arise from the auditory nerve (Lauer et 

al. 2013).  Terminals with small round vesicles could be cholinergic, serotonergic, or nor-adrenergic 

inputs (Sherriff and Henderson 1994; Motts et al. 2008; Thompson et al. 1995; Klepper and Herbert 

1991).    

It has also been suggested on the basis of ultrastructural studies that bushy cells cluster and are 

electrically coupled to other bushy cells (Gomez-Nieto and Rubio 2009; Gomez-Nieto and Rubio 2011).  

What the functional consequences are of those gap junctions is not known.  When labeled with biocytin, 

labeling has not been reported to spread between bushy cells (Cao et al. 2007).  If the coupling were 

weak, shocks might evoke small inputs through adjacent cells; if coupling were strong, it would be 

difficult to distinguish direct inputs to the recorded cell from inputs to coupled neighbors.  The small total 

number of inputs detected in bushy cells in our experiments would suggest that coupled bushy cells, 

together, receive input from only few inputs.     
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Deafness and loss of volume in the VCN 

In young animals cochlear ablation leads to apoptosis or shrinkage of cochlear nuclear neurons, to 

changes in patterns of Nissl staining, protein synthesis, proliferation of glial cells and processes, and 

axonal sprouting; cochlear ablation in older animals generally produce less drastic changes (Powell and 

Erulkar 1962; Wenthold and Gulley 1977; Trune 1982a; Trune 1982b; Steward and Rubel 1985; Moore 

and Kowalchuk 1988; Rubel and MacDonald 1992; Lustig et al. 1994;  Tierney et al. 1997;  Mostafapour 

et al. 2000; Harris and Rubel 2006; Meidinger et al. 2006).  The consequences of cochlear ablation vary 

as a function of the age at cochlear ablation, being more drastic when cochleae are ablated in younger 

than in older animals.  Cochlear ablations are artificial manipulations that differ from physiological 

deafness in that it destroys spiral ganglion cells and causes complete degeneration of the auditory nerve.   

It is not the absence of spiral ganglion neurons per se but rather the lack of electrical activity in 

the circuitry of the VCN that causes it to shrink.  Deafness caused by the failure of transduction by hair 

cells genetically or pharmacologically or from a conductive hearing loss leaves spiral ganglion neurons 

intact but deprived of sensory input from the onset of hearing.  The deafness mouse (dn/dn) which has a 

mutation in TMC1 and the jerker mouse (je/je) which lacks espin (Sekerkova et al. 2011) have shrunken 

VCNs (Webster 1985; Cao et al. 2008).  Normally hearing mice that are deprived of hearing, too, have 

shrunken neurons (Evans et al. 1983).  Here the otoferlin point mutants reveal the importance of calcium 

induced exocytosis from the IHCs of the cochlea before and after hearing onset.  With even severe 

cochlear ablations, we see an almost parallel significant reduction in VCN volume, with a 55% reduction 

in the deaf otoferlin point mutant mice, having lost prehearing patterned spontaneous activity after P4 

compared to hearing controls, versus an almost 60% reduction in VCN volume with total cochlear 

ablations in mice at P5 (Mostafapour et al. 2000).  This result speaks volumes for the importance of 
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prehearing patterned spontaneous activity, because without it there is almost equal principal neuronal 

volume loss in the VCN between these two methodologies.  Since the DCN receives somatosensory 

innervation, significant volume reductions were not expected in the DCN from deafness.        

The size and appearance of neurons in the VCN of mice are also altered by a conductive hearing 

loss (Trune and Morgan 1988) and by blocking action potentials in the auditory nerve with tetrodotoxin 

(Pasic and Rubel 1989).  Adult deafness mice (dn/dn), mice which cannot transduce sound and which 

have degenerated organs of Corti but which still retain 23% of spiral ganglion neurons (SGNs) that have 

been shown to have no spontaneous activity (Youssoufian et al. 2005), have shrunken VCNs whose 

volumes that were reduced 37% (Webster 1985).  Deaf otoferlin mutant mice showed a reduction in 

volume of the VCN that was 55%.  The larger loss of volume in otoferlin mutant mice could be a 

consequence of having not just posthearing but also prehearing deficits in electrical activity but it is 

impossible to exclude the possibility that differences in numbers reflect differences in ages and strains of 

mice measured.   

 

End Bulb Morphology 

We show that otoferlin mutant mice have thin axons that terminate in wispy end bulbs compared 

to the large, almost hand-like terminals that encompass the bushy cell soma in the hearing mice.  The 

differences are reminiscent of the findings in cats by Ryugo and colleagues (Ryugo et al. 1997; Redd et 

al. 2000).  Camera lucida reconstructions and measurements of the segment of axon of ANFs that leads 

up to the end bulbs, is significantly thinner in deaf otoferlin mutants than in hearing controls.       

Deaf white cats have a form of non-syndromic, congenital deafness that mimics the Scheibe 

deformity in humans, characterized by degeneration of the organ of Corti early in life; with some spiral 
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ganglion atrophy as well (Heid et al. 1998).  End bulbs from deaf white cats that never hear have withered 

end bulb morphologies that cover less of the target soma with smaller networks of filamentous processes 

(Ryugo et al. 1997; Redd et al. 2000).  The authors report that the normally hearing cats have 

approximately double the synaptic area per end bulb as deaf white cats.  Synapses of hearing cats have 

round, clear synaptic vesicles, and small, round or oval postsynaptic densities along the bushy cell 

membrane, typically protruding in a convex manner into the end bulb active zone.  The end bulbs of deaf 

white cats varied in synaptic vesicle densities and postsynaptic densities were unusually long and thick 

and did not form convex bulges into the active zone of the end bulb.   

 

Synaptic Transmission 

 The spontaneous mEPSCs in the deaf mutants are larger in amplitude and they carry more charge 

than mEPSCs in hearing controls.  Our finding suggests more AMPA receptors in deaf otoferlin mutant 

mice are activated by the contents of one synaptic vesicle.  AMPA receptors in bushy cells are composed 

of GluA3 and 4 isoforms as flop splice variants (Wang et al. 1998; Gardner et al. 2001).  Knocking out 

GluA4, but not GluA3, dramatically affects synaptic transmission in targets of bushy cells and that GluA2 

can substitute for GluA3 but not for GluA4 (Yang et al. 2011).    

  As measured by trains of stimulation, the probability of release is increased from end bulbs in 

deaf mutant mice.  A lower PPR as found in the deaf mice is indicative of a higher probability of release; 

as well we found that the time constant of decay for synaptic depression from trains was much shorter in 

the deaf mutants.  Both of these measures indicate a possible adaptive mechanism to increase the potential 

for releasing glutamate and thus activating bushy cells in a supra-threshold manner to preserve their 

activation and maintain stimulation in the rest of the auditory pathway in deaf mice.   
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From mature mice an additional investigation of probability of release from the end bulb reveals 

that the end bulb has a high release probability and that synaptic depression decreases as animals mature 

(Wang and Manis 2008).  Depression of AMPA and NMDA receptors has two phases of recovery; the 

fast component of AMPA receptors is likely from desensitization while the fast component from NMDA 

receptors is likely from saturation, while the slow component is probably presynaptic in origin (Yang and 

Xu-Friedman 2008).  Dynamic clamp experiments revealed that increasing synaptic depression of the end 

bulb leads to lower probability of bushy cells spiking (Yang and Xu-Friedman 2009).  From these data we 

can see that even in hearing animals the end bulb bushy cell interface is adaptive in the face of various 

intensities of stimulation.  

 

Concluding Remarks 

The cellular adaptations presented here are likely to reflect mechanisms of homeostatic plasticity. 

Homeostatic plasticity causes neurons to modify their biophysical properties in response to synaptic 

activation.  Regulation of ion channels, number and type of neurotransmitter receptors and modulation of 

neurotransmitter release, is matched to levels of activity to preserve optimal levels of neuronal activation 

(Shah et al. 2010; Turrigiano 1999).   
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Table 1.  Spontaneous mEPSCs 

smEPSCs Amplitude 
(pA) 

Charge 
(femtocoul) 

Frequency 
(per sec) 

Half-width 
(msec) 

10-90% Rise 
Time  

(msec) 

100-37% 
Decay Tau 

(msec) 

Average 
Hearing 

88.2±38.0 
(n=35) 

26.9±8.3 
(n=35) 

58.9±42.5 
(n=35) 

0.27±0.1 
(n=35) 

0.13±0.04 
(n=35) 

0.2±0.1 
(n=33) 

Average 
Deaf 

108.7±29.7 
(n=31) 

34.9±8.6 
(n=31) 

62.1±90.1 
(n=31) 

0.26±0.1 
(n=31) 

0.15±0.16 
(n=31) 

0.24±0.1 
(n=31) 

p-value p=0.02 p=0.0003 p=0.8 p=0.6 p=0.6 p=0.2 

 

 

 

Table 2.  Evoked EPSCs 

Eye 
Count 

Number 
of 

Inputs 

Current 
per Input  

(nA) 
 

Maximum 
Current (nA) 

Statistical 
Clustering 
Algorithm 

Number of 
Inputs 

Current 
per Input  

(nA) 

Maximum 
Current 

(nA) 

Statistical 
Test 

ANOVA ANOVA ANOVA Statistical 
Test 

Permutatio
n Test 

2 sample 
t-test 

2 sample 
t-test 

Average 
Hearing 

2.11 ± 
0.97 

(n=27) 

3.33 ± 
3.70 

(n=57) 

7.03 ± 6.29 
(n=27) 

Average 
Hearing 

1.96±0.81 
(n=27) 

3.49±4.08 
(n=53) 

6.81±5.83 
(n=27) 

Average 
Deaf 

2.68 ± 
0.89 

(n=29) 

4.77 ± 
4.95 

(n=78) 

12.81 ± 9.91 
(n=29) 

Average 
Deaf 

2.55±0.87 
(n=29) 

4.92±5.13 
(n=74) 

12.55±9.4
6 

(n=29) 

p value p=0.02 p=0.06 p=0.01 p value p=0.009 p=0.09 p=0.009 

Statistical 
Test 

 ANOVA 
Ln of 

values 

ANOVA 
Ln of 

values 

Statistical 
Test 

 Weighted 
Least 

Square 
of Ln 

values 

2 sample 
t-test 
of Ln 

values 

Ln 
Average 

Deaf 

 7.98±1.1 9.17±0.81 Ln 
Average 

Deaf 

 7.97±1.16 9.16±0.79 

p value  p=0.02 p=0.004 p value  p=0.03 p=0.002 

 

 

Table 3.  Quantal Content 

Quantal Content   Statistical test 

n Hear=57 inputs 
from 27 bushy cells 

Deaf=78 inputs 
from 29 bushy cells 

ANOVA 

Mean vesicles per 
input 

Hearing 
72.28±78.0 

Deaf 
97.87±99.09 

p-value    p=0.1 

Natural log of 
vesicles 
per input 

Hearing 
3.78±1.06 

Deaf 
4.12±1.0 

p-value   p=0.07 
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Figure 1  Distortion Product Otoacoustic Emissions 

A)      Two tones were delivered to one ear and the distortion products were measured at three different 

sound pressure levels, two distortion products were detected, 2f1-f2 (dp) and 3f1-2f2 (dp2). 

B)      The same animal was then lethally overdosed without moving the tone probes or microphone.  Ten 

minutes later the same two tones were delivered but these resulted in no distortion products.   
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Figure 2 Auditory Brainstem Responses 

A)      Clicks, 0.1 msec and alternating in polarity, evoked a series of positive and negative waves that 

reflect the activity of neurons in the brain stem in the hearing genotypes, wild type (WT) and 

heterozygote (Het) otoferlin mutant mice.  Those waves became smaller as the sound pressure levels were 

reduced; their disappearance was used to measure the threshold of hearing.  The otoferlin mutant and 

knock out animals lacked all but a small positive-going wave in responses to the same acoustic stimuli.  

The brief inflection at the beginning of each trace is likely a remnant of the cochlear microphonic 

potential.  The absence of electrical waves in the deaf mutant animal and full knock out animal indicate 

that acoustic signals fail to propagate through the circuits of the brain stem and shows that these animals 

are deaf.    

B)      The averaged hearing thresholds for the click stimuli are depicted in the histogram.   

C)      The hearing thresholds for the tone stimuli at 4 KHz, 8 KHz, 16 KHz and 32 KHz are represented 

graphically and show that wild type and heterozygote hearing controls hear best at about 16 kHz and that 

homozygous mutants and otoferlin KO do not hear at any frequency. 
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Figure 3  Volumes of Cochlear Nuclei  

A)      Photomicrograph of a parasagittal section, 60 μm thick, through the cochlear nucleus that had been 

stained with cresyl violet.  The ventral cochlear nucleus (VCN) and dorsal cochlear nucleus (DCN) are 

outlined.   

B)      The areas were summed across serial sections and multiplied by 60 μm.  Average volumes are 

shown in histograms illustrating the average volume difference of 5 mice from each otoferlin genotype.  

The volumes of the VCN were significantly different between the hearing and deaf phenotypes with a p-

value < 0.001.  The difference in the volumes of the DCN was not significant.   
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Figure 4 Auditory Nerve Fibers and their End Bulb Terminals 

Photomicrographs of end bulbs labeled with extracellular injections of 1% biocytin into either the nerve 

root or into the aVCN. 

A)       End bulbs from hearing mice comprise highly branched clusters of boutons that engulf the cell 

body of target bushy cells.   

B)      End bulbs from the deaf mice and the axons that lead to the end bulbs are smaller and thinner.   
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Figure 5 Camera Lucida reconstructions of End Bulbs  

A)      End bulbs were reconstructed to the branch of the parent auditory nerve fiber which illustrate the 

difference in the end bulbs of hearing and deaf animals  

(B)     Measurements of the thickness of axons near the end bulb show that axons are significantly thicker 

in the hearing compared to the deaf mice.  In hearing mice axons were on average 1.36 ± 0.3 μm 

compared to 0.93 ± 0.31μm in deaf mutant mice.  The values differ significantly (p = 0.00003).     
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Figure 6 Intrinsic Properties of Bushy Cells 

A)      Current clamp recording of a bushy cell from a deaf otoferlin mutant mouse shows superimposed 

responses to current pulses of various amplitudes. 

B)     The depolarizing and hyperpolarizing current steps injected into the bushy cell illustrated in A. 

C)      The average input resistances from bushy cells in hearing and deaf mice calculated from responses 

to 10pA and -10 pA current steps were not significantly different between the bushy cells in hearing and 

deaf mutant mice.  The mean input resistance from hearing mice was 83.7 ± 32.6 MΩ.  The mean input 

resistance from deaf mice was 96.0 ± 39.0 M.      

D)      The average resting membrane potentials in bushy cells was not significantly different between the 

hearing and deaf mice.  Bushy cells from hearing mice sat at an average of -66.8 ± 5.0 mV and deaf mice 

rested at mean= -65.9 ± 5.1mV.   

E)      The rate-of-depolarization threshold was significantly lower in the bushy cells of deaf than those of 

hearing mice.  The bushy cells from hearing mice require a significantly steeper depolarization to fire 

action potentials compared to bushy cells from deaf mice.  The average depolarization threshold in 

hearing mice was 2.2 ± 0.7 mV/msec whereas in the deaf mice it was 1.7 ± 0.5 mV/msec (p = 0.002). 

F)      A representative current clamp recording from a hearing mouse illustrates how the rate-of-

depolarization thresholds were measured.  The black traces are the responses to the current ramp that 

were just suprathreshold and just subthreshold.         

G)       The ramped depolarizing current pulses that were injected into the bushy cell in F.  
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Figure 7 smEPSCs and Characteristics 

A)      Eleven superimposed traces illustrate spontaneous synaptic currents in a bushy cell from a hearing 

mouse. 

B)      Eleven superimposed traces from a bushy cell of a deaf mutant mouse show spontaneous synaptic 

currents in a bushy cell from a deaf mouse. 

C)      The average of all of the individual mEPSCs in panel A. 

D)      The average of all of the individual mEPSCs in panel B. 

E)      The average frequency of mEPSCs was not significantly different between bushy cells in hearing 

(58.9 ± 42.5 events/sec) and deaf mice (62.1 ±90.1 events/sec).   

F)      The average amplitude of mEPSCs was significantly smaller in bushy cells of hearing (-88.21 ± 

38.0 pA) than of deaf mice (-108.7 ± 29.7 pA) (p = 0.02).  

G)      The average area of mEPSCs corresponding charge transferred was significantly smaller in hearing 

(26.9 ± 8.3 fcoul) than in deaf mice (34.9 ± 8.6 fcoul) (p = 0.0003).  

H)      The average half-width of the mEPSCs between the phenotypes was not significantly different.  In 

bushy cells of hearing mice it was 0.27 ±0.11 msec and in deaf animals was 0.26 ±0.06 msec. 

I)      The average 10-90% rise time of the mEPSCs was not significantly different between the hearing 

and deaf phenotypes.  In the bushy cells from the hearing mice it was 0.13 ± 0.04 msec and in deaf 

animals was 0.15 ± 0.16 msec. 

J)      The average 100-37% decay tau was not was not significantly different between the hearing and 

deaf phenotypes.  In the bushy cells from the hearing mice it was 0.21 ±0.06 msec and in deaf animals 

was 0.24 ±0.09 msec. 
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Figure 8 Steps in the growth of shock-evoked EPSPs and EPSCs  

As the strength of shocks to fiber bundles near bushy cells was gradually increased, eEPSPs and eEPSCs 

grew in steps.  Numbers of steps were compared in current clamp and voltage clamp.   

A)      eEPSPs grew with two steps in the same cell from a wild type hearing mouse as in C.  

B)      eEPSPs grew with two steps in the same bushy cell from a mutant deaf mouse as in D.  

C)      eEPSCs in the same wild type bushy cell as in A grew in two steps. 

D)     eEPSCs in the same bushy cell as in B from a homozygous, deaf mutant mouse grew in two steps. 
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Figure 9 eEPSCs and Characteristics 

A)      eEPSCs in two bushy cells from heterozygous, hearing mice grew in one step and two steps, 

forming a single cluster and two clusters of responses.   

B)       eEPSCs from two bushy cells from deaf mice grew in two steps, forming two clusters of responses, 

or in three steps. 

C)      Averaged maximal eEPSCs are significantly larger in deaf than in hearing mice.  The average 

maximal current was quantified by averaging the smallest and largest current sweep from the largest 

cluster of inputs.  In hearing mice the average maximum evoked current was -7.03 ± 6.29 nA and in deaf 

mice was -12.81 ± 9.91 nA (p = 0.01). 

D)      The average number of steps in eEPSCs was also significantly different between bushy cells in 

hearing and deaf mice, with eEPSCs in the deaf mice growing in more steps.  The number of steps was 

quantified post hoc by eye.  In the hearing mice the average number of steps was 2.1 ± 1.0 and in deaf 

mice was 2.7 ± 0.9 (p = 0.02). 

E)      Differences in the current delivered per step approached significance between the phenotypes but 

was not significant.  Again the amount of current per step was quantified by averaging the smallest and 

largest current sweeps in a cluster of inputs.  In bushy cells from hearing mice the average current 

delivered per step was -3.33 ± 3.70 nA and in deaf mice it was 4.77 ± 4.95 nA (p = 0.06). 

F-G)  Because the variability in amplitudes of eEPSCs was so large and the possibility that amplitudes are 

not normally distributed could not be excluded, we tested with ANOVA whether the natural logarithms of 

amplitudes were the same or different.  The average logarithm of maximal eEPSCs in bushy cells from 

hearing animals was 8.43 ±1 and in deaf mice was 9.17 ±0.81; these were significantly different (p = 

0.004).  The average current delivered per step also became significant.  The average logarithm of current 

per step in hearing mice was 0.64 ± SD 0.48 and in deaf mice was 0.93 ± 0.37; these are significantly 

different (p = 0.02).      
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Figure 10 Measuring Steps with a Clustering Algorithm 

A)      A recording from a bushy cell of a deaf mutant mouse was analyzed with an objective clustering 

algorithm. This cell’s eEPSC grew in two steps.   

B)      A second recording from a bushy cell of a deaf mutant mouse in which the number of steps was 

shown by the clustering algorithm to have three steps. 

C)      The maximal evoked currents between the hearing and deaf mice are illustrated in a log based 

histogram plot.  On average bushy cells from deaf mice (n=29) had maximal evoked currents of 

12.55±9.46, and in hearing mice bushy cells had (n=27) 6.81±5.83, p=0.002.   

D)      After quantifying the number of inputs with the clustering algorithm, we can assess how much 

current is delivered per input.  This is illustrated in a log based histogram plot.  In bushy cells from deaf 

mice (n=74) the average current per input was 4.9 ± 5.1 nA.  In bushy cells of hearing mice the average 

current per input (n=53) was 3.5 ±4.1 nA.  Statistically, to deal with the unequal number of samples, 

different weights were given to a sample with more inputs and as such will be treated as more accurate as 

it is calculated from more numbers, p=0.03.      
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Figure 11 Trains of eEPSCs 

A)          In a bushy cell from a wild type mouse eEPSCs to a single train of ten shocks at 100 Hz shows 

that eEPSCs show depression.  

B)          In a bushy cell from a heterozygote mouse depression was similar as in the wild type. 

C-E)      eEPSCs in bushy cells from deaf mice in responses to ten stimuli at 100 Hz depress more and 

sometimes fail altogether. 

F)         The paired-pulse ratio (PPR), the ratio of the amplitude of the eEPSC in response to the second 

stimulus divided by the amplitude of the eEPSC to the first stimuli, is a measure of the probability of 

release and synaptic depression.  The hearing animals had higher PPR ratios than the deaf mice.  The 

bushy cells in the hearing mice had PPRs of 0.65 ± 0.2 and the deaf had 0.48 ± 0.25 (p = 0.03). 

G & H)   Average values of eEPSCs in bushy cells from hearing and deaf mice show that depression is 

greater and faster at end bulb/bushy cell synapses in the deaf mice.   
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Chapter 5 

Future Directions & Conclusions  

Future Directions 

My investigation of the adaptive changes at the second synapse of the auditory pathway when the 

first synapse is disrupted raises three issues that are worth addressing in the future.  The first would be to 

measure the exact contribution of low voltage activated potassium conductance (gKL) in bushy cells 

between the hearing and deaf otoferlin point mutant mice.  Second, the findings of large synaptic currents 

in mutant mice raises the question whether there are measurably more AMPA receptors in the post 

synaptic densities of the bushy cell membranes in deaf relative to hearing mice.  Finally, it would be 

interesting to quantify the average complexity and volume of the end bulb terminals between the hearing 

and deaf mice.   

 

Low-voltage Activated Potassium Conductance  

Bushy cells are coincidence detectors; they are one of the key neurons involved in localizing 

sound sources in the azimuth.  Their job is to detect coincident stimulation by ANFs, upon which they are 

activated to fire action potentials and thus excite their targets bilaterally in the medial superior olive 

where timing of excitation is compared in interaural timing differences and to their targets in the 

ipsilateral lateral superior olive and contralateral medial nucleus of the trapezoid body where the 

excitation and inhibition are compared for interaural level differences.  Bushy cells detect the 

synchronous activation of ANFs with the help of the low-voltage activated potassium conductance (gKL).  

This conductance terminates any depolarization in the bushy cells membrane and brings the cell back to 

near to its resting membrane potential.  This property makes it necessary for bushy cells to be depolarized 



125 
 
by large EPSCs such as those delivered through the end bulb of Held and by the requirement for 

synchronous synaptic inputs arriving simultaneously.  gKL makes bushy cells sensitive to the rate at which 

they are depolarized (McGinley and Oertel 2006) such that the steeper the rise of the depolarization in the 

bushy cells membrane the more likely the EPSP will overcome the hyperpolarizing effects of gKL and thus 

permit the cell to spike.  I confirmed in my experiments that bushy cells in otoferlin mice are sensitive to 

the rate at which they are depolarized and also that the bushy cells from the deaf otoferlin mutant mice are 

less sensitive to the rate at which they are depolarized, such that they require a less steep slope of 

depolarization to fire action potentials.   

My findings lead me to the hypothesis that a change in the magnitude of gKL results from 

homeostatic plasticity in response to altered synaptic input.  Presumably a decrease in drive from ANFs 

results in an increase in excitability.  In order to measure and quantify the different levels of gKL in bushy 

cells from hearing and deaf mice, bath application of 65 nM α-dendrotoxin (α-DTX) will fully block gKL 

(Bal and Oertel 2001; Cao et al. 2007) and by recording from bushy cells before and after α-DTX 

application, it is possible to measure whether the bushy cell’s sensitivity to the rate at which it is 

depolarized has changed and thereby quantify how much the dv/dt threshold is correlated to gKL.  This 

would allow us to compute how much gKL is present in bushy cells from hearing and deaf mice.  Bushy 

cells from deaf mice most probably will have less gKL because they are less sensitive to the rate at which 

they are depolarized.   

 

Electron Microscopy 

Working on the synapses associated with end bulb terminals has made me curious about what the 

differences might be in the ultrastructural physical arrangement of the postsynaptic densities in the bushy 

cell membrane between phenotypes.  Electron microscopy (EM) experiments performed on deaf white 
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cats characterized functional changes to the postsynaptic densities.  Ryugo and colleagues found that the 

postsynaptic densities of the deaf white cats were hypertrophied, being elongated and more numerous 

compared to the postsynaptic densities in bushy cells of hearing cats (Ryugo et al. 1997; Redd et al. 2000) 

which is consistent with the upregulation of receptors in response to deafness.  Another interesting aspect 

of the AMPA receptor regulation within the postsynaptic densities between hearing and deaf mice is the 

composition of individual GluA subunits.  After EM, postembedding immunocytochemical methods 

using specific antibodies to GluA2, GluA3 and GluA4 subunits and colloidal gold particle labeling would 

make it possible to examine the distribution of AMPA receptor subunits in the postsynaptic densities of 

bushy cells between the phenotypes (Hermida et al. 2010).  

Since the amount of synaptic current per input and the maximal evoked current in bushy cells 

from deaf otoferlin mutant mice was significantly larger than those of the hearing mice, and since the end 

bulbs in the deaf otoferlin mutant mice appeared wispy in comparison to those of hearing mice it is a 

plausible hypothesis that the postsynaptic densities in bushy cells of the deaf otoferlin mutant mice are 

hypertrophied with a an up-regulation of AMPA receptors, including possible alternations in the 

distribution of AMPA subunit composition in the deaf otoferlin mutant mice compared to those found in 

hearing mice.  An alternative explanation is that there is more glutamate per synaptic vesicle or possibly 

more synaptic vesicles associated with individual presynaptic active zones in the deaf animals.  In order 

to be able to definitively recognize end bulb terminals when viewing the EM, extracellular injections of 

biocytin into the nerve root of the cochlear nucleus made in slice before fixing the tissue and performing 

the EM would clearly label the ANF terminals.     

 

Complexity and Volume Measurements of End Bulbs 
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The final and possibly most intriguing aspect of my results concerns the complexity and volume 

of the end bulbs and their malleability in response to deafness.  There is a method to quantify the 

complexity and a possible way to quantify volumes.  The method for quantifying complexity is the form 

factor used by Sento and Ryugo to analyze the relationship between size of the end bulb and spontaneous 

firing rate; they divide the end bulb’s silhouette area by its silhouette perimeter (Sento and Ryugo 1989; 

Ryugo and Sento 1991).  These measurements were calculated from end bulbs of cats in which the axons 

of ANFs were labeled with horseradish peroxidase after electrophysiological recordings.  They were able 

to associate the end bulbs’ form factor to indicate the ANFs spontaneous discharge rate.  They found that 

in cats, end bulbs with smaller form factors were associated with ANFs of low-medium spontaneous 

discharge rates and end bulbs with larger form factor ratios are associated with ANFs of high spontaneous 

discharge rates (Sento and Ryugo 1989) indicating that end bulbs which are more complex in shape, as 

demarcated by the ratio of area divided by perimeter, have lower spontaneous discharge rates than end 

bulbs with high spontaneous rates (Ryugo and Sento 1991).   

The second method to quantify the volume of end bulbs to compare between the hearing and deaf 

otoferlin mutant mice is with immunofluorescent labeling.  ANFs and their axon terminals, end bulbs, 

could be labeled with extracellular injections of biocytin in slice, resectioned and then processed with 

streptavidin Alexa Flour 488 after which they can be visualized with fluorescence microscopy (Song et al. 

2012).  In order to measure the volume of the end bulb one has to obtain three dimensional images with a 

confocal microscope and then reconstruct the end bulb in three dimensions, using software like Imaris 

from Bitplane to calculate the volume.  With confocal microscopy there are optical resolution limits due 

to diffraction limitations of the confocal microscope, and as such we may not be able to resolve the 

filamentous finger-like projections of the end bulb.  Due to this fundamental limit of resolution with this 

type of microscope these volume measurements may not currently be possible; however there is another 

confocal variant which can improve the resolution below this diffraction limit.  Stimulated emission 
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depletion microscopy (STED) and some widefield fluorescence microscopy techniques may be used to 

quantify the volume of the fine projections of the end bulb.    

Of these two techniques, the form factor method may be the most useful to measure end bulb 

complexity, currently.  Each end bulb terminal would be reconstructed by hand with camera lucida in 

serial sections and then the volumes quantified with the SigmaScan Software.  In time with improvements 

in the accessibility and improved resolution ability of fluorescent microscopy the confocal route may be 

more easily implemented.  

   

Conclusions 

Otoferlin 

Hearing Assessment 

 Measurements of DPOAEs and ABRs in otoferlin mutants and in otoferlin knock out animals 

show that in these mice, cochlear function is normal but transmission of information from the cochlea to 

the brain is prevented.  These findings have many implications.  First of which is that the second calcium 

binding domain of otoferlin is required for the process of sensing local nanodomains of calcium and thus 

directly triggering vesicle exocytosis at the highly efficient ribbon synapse of inner hair cells.  Second, it 

is likely then that the downstream adaptations in the second synapse of the auditory pathway and beyond, 

which we find in the deaf otoferlin point mutant mice, will also be present in the complete knock outs, as 

a result of having disrupted acoustically driven and prehearing patterned spontaneous activity.  Third, by 

showing that both mutations result in complete deafness, it is likely that my work on the point mutant is 

relevant to other pathological mutations in otoferlin, including a complete absence of the protein.  My 

work is thus entirely and directly relatable to the numerous human mutations in otoferlin and other similar 
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types of pathologies resulting in DFNB9 and possibly other nonsyndromic, prelingual forms of deafness.  

The main goal of this work is to understand how the brain, specifically the central auditory system adapts 

when deprived of spontaneous prehearing and acoustically driven excitation.   

 

Volume Loss in the Ventral Cochlear Nucleus 

 It has been documented rigorously before that deafness results in a reduction of the volume of the 

ventral cochlear nucleus but many of those studies involved severe, unphysiological perturbations such as 

cochlear ablations or pharmacological destruction of hair cells and spiral ganglion neurons.  It was 

therefore interesting to find that such large volume reductions are observed under more physiological 

conditions.  It has been shown before that the volume changes were greater when cochlear function was 

disrupted earlier in development (Steward and Rubel 1985; Lustig et al. 1994).  Not only is the 

acoustically driven excitation from the outside environment absent, but most of the prehearing patterned 

spontaneous activity originating in the cochlea after P4 is also missing.  This in itself in an indication of 

how valuable the prehearing patterned spontaneous activity from the developing cochlea is for the 

maturation and survival of principal neurons downstream in the auditory system.   

 

End Bulbs of Held 

 End bulbs are a wonderful example of the exquisite beauty of the nervous system.  These 

presynaptic terminals, the second largest in the mammalian brain, are adapted for precision in the 

transmission of acoustic information.  Their job is to faithfully convey reliable spike timing information, 

requiring meticulously encrypted sustained high frequency transmission in some sounds.  How is it that 

these terminals which are needed to reliably and faithfully encode temporal precision are so adaptable in 
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the face of diminished excitation?  Without a resolute way to quantify the reduced complexity and/or 

volumes of end bulbs resulting from deafness makes it tricky to describe the morphological flexibility 

observed in these adaptive presynaptic terminals.  Luckily, the naked eye is reliable enough to roughly 

assess the physiological modifications observed in end bulbs as a result of deafness with the distinction of 

robust versus wispy morphology in the end bulbs from hearing and deaf mice, respectively, which is 

striking even to a naive observer.   Also needed is a dependable way to quantify the apparent reduction in 

numbers of end bulbs in the deaf otoferlin mutant mice compared to hearing mice.  It is possible that the 

reduction in end bulbs seen in deaf mice could be related to how many bushy cells survive and not be due 

to the reduced numbers of end bulbs themselves.        

 

Bushy Cells 

What is it about these masters of precision in temporal encoding that is so fundamentally distinct?  

Not only do they have to receive and interpret acoustic transmission with acuity but they have to project 

and relay that signal to the principal neurons in the superior olivary complex for comparisons in excitation 

and inhibition which is based solely on timing and intensity in arrival of the stimulus.  How do bushy 

cells amend themselves when they are denied of regular driven stimulation?  Homeostatic plasticity is a 

well-studied phenomenon where neurons adapt in the face of altered activity patterns in order to preserve 

and maintain optimal levels of activation both individually and systemically.  The most interesting 

question is exactly what are these neurons adjusting and regulating and by what mechanisms do they 

sense and self-prescribe these plastic rearrangements.  From my experiments I see the results of at least 

two plastic adjustment mechanisms.  First, the regulation of bushy cells’ sensitivity to the rate at which 

they are depolarized, which is most likely due to alterations in the low-voltage activated potassium 

conductance (gKL), being less in the bushy cells from the deaf otoferlin mutant mice.  The activation and 



131 
 
participation of gKL was not directly investigated in my thesis project; however it has been studied and 

measured in the lab from regular hearing animals and is known to be responsible for bushy and octopus 

cell’s sensitivity to the rate at which they are depolarized (Ferragamo and Oertel 2002; McGinley and 

Oertel 2006).  The second adaptation to diminished levels of excitation is the way bushy cells respond to 

activation of the auditory nerve.   

 

Synaptic Innervation of Bushy Cells 

Bushy cells in deaf mutant mice respond to shocks of the auditory nerve with more synaptic 

inputs that deliver larger eEPSCs.  A possible interpretation is that a lack or decrease in synaptic pruning 

occurs during development in order to preserve as much synaptic innervation and excitation to the 

acoustically starved bushy cells from deaf otoferlin mutant mice.  In addition, more postsynaptic AMPA 

receptors would account for the larger maximal and individual eEPSCs we find in the deaf mutant mice.  

It would also account for the larger amplitude and greater charge transfer associated with the spontaneous 

miniature EPSCs.  Regardless of whether the number of steps was assessed by eye or by a custom made 

algorithm, my results show that the number of ANF inputs is greater in bushy cells of deaf mice, about 

2.6 compared to bushy cells of hearing mice, which had about 2 inputs on average.  I also found that 

maximal evoked EPSCs, which represented the sum of inputs, are considerably larger in deaf than in 

hearing mice.  Maximal EPSCs were over 12 nA on average in deaf mutant mice compared to about 7 nA 

in hearing mice.      

 

eEPSPs 
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I was able to estimate the number of inputs in bushy cells in current clamp as well as in voltage 

clamp.  In current clamp I measured the slope of the evoked depolarization; each group or clustering of 

depolarizations is likely to reflect the recruitment of an input.  Direct spiking in bushy cells evoked by the 

extracellular stimulation eliciting action potentials in the bushy cell’s dendrites or axon, evident as 

responses that lacked a synaptic delay, sometimes obscured changes in slope, however.   Because of this 

my conclusions of synaptic innervation are based on the number and magnitude of current steps that I 

could resolve in voltage-clamp measurements.   

 

Natriuretic peptide receptor 2 (Npr2) 

 In the Npr2 mutant mice we find altered spatial organization of auditory circuits and unreliable 

action potential conduction but the temporal precision of the acoustic transmission was largely intact.  

Npr2 mutant mice lack the ability for ANFs to bifurcate normally in the nerve root of the VCN, the ANFs 

however do seem to be able to send collateral branches.  All the while the peripheral spiral ganglion 

neuronal innervation into the cochlea remains normal in the Npr2 mutant mice.  These facts make Npr2 

mutant mice a good tool for studying central auditory processing disorders in humans which can be 

difficult to diagnose because the patients can still detect sounds.   In Npr2 mutant mice ABR 

measurements are comparable to those of control mice; however the topographic innervation of auditory 

nerve fibers into the nerve root of the VCN is severely disrupted as well as the second order topographic 

inhibitory innervation of tuberculoventral cell projection from the DCN to their isofrequency laminae in 

the VCN.  Indicating normal auditory nerve wiring is not required for basic sound perception, although 

sound perception is very unlikely normal in the Npr2 mutant mice.  There was a propensity for the ANFs 

in the Npr2 mutant mice to prefer innervating the descending branch towards the pVCN and DCN over 

the ascending branch into aVCN.  The synaptic formation also appears normal as assessed by the 
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undistinguishable end bulb morphology between mutant and control mice.  There was however slightly 

less convergence of ANF numbers onto both T stellate and bushy cells in the VCN in Npr2 mutant mice 

compared to controls as assessed by jumps in synaptic current responses from evoked EPSCs.  Another 

abnormal feature in the Npr2 mutant mice was synaptic failures in response to trains of e evoked EPSCs.  

These synaptic failures were likely due to action potential conduction block at the branch point of ANFs 

because branch points are known as sources of conduction block.  The synaptic failures found in Npr2 

mutant mice were relieved by a K
+
 blocker which strengthens the action potential and thus alleviates the 

conduction block.    
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