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ABSTRACT 
The dorsal cochlear nucleus (DCN) is a major subdivision of the cochlear nucleus (CN), which is 

the first auditory nucleus in the central nervous system and the termination point of the cochlear 

nerve. The DCN is thought to be involved in sound localization in the vertical plane and 

identification of the sound source through feature extraction of sound stimuli and integration of 

auditory and non-auditory inputs. However, relatively little is known about its development and 

how these functional properties are established compared to the other CN subdivisions. This 

thesis investigated the structural and functional DCN development in the postnatal mouse (P0 to 

P21) as well as the developmental expression of key neurotransmitter receptor subunits, using 

histology, immunohistochemistry (IHistC) and electrophysiology. Morphologically, cell types were 

well defined and the layered structure established by P6, well before the increased sensitivity to 

sound (“onset of hearing”, P11/12) with some subsequent cell growth and further definition of the 

neural layers. Synapse distribution (synaptophysin IHistC) and dendritic morphology (MAP2 

IHistC) also showed substantial development by P12 with further refinement of the distribution of 

presynaptic terminals, which became more localized subsequently. Expression of GluA2-4 

glutamate AMPA receptor subunits was substantial and diffuse throughout the DCN at birth but 

became more localized to major cell types after P9. On the other hand, the GluA1 subunit was 

diffusely and weakly expressed in immature animals and expression increased by P21, 

especially in the molecular layer. In contrast, there was very weak expression of the inhibitory 

neurotransmitter receptors (GABAA α1 and glycine α1 receptor subunits) at birth but their 

expression rapidly approached the adult-like pattern by P9 with high levels of labelling localized 

to the deeper layers. Functional maturation of pyramidal cells followed the structural 

development. Neuronal excitability and action potential (AP) amplitude increased between P3 

and P18 while their kinetics became faster. Putative excitatory postsynaptic currents (EPSCs) 

were recorded in pyramidal cells by P3 but inhibitory postsynaptic currents (IPSCs) could not be 

recorded until P6, consistent with the timeline of excitatory and inhibitory receptor expression. 

The frequency, amplitude and kinetics of EPSCs did not change substantially with age but both 

the amplitude and frequency of IPSCs increased significantly between P6 and P12 while faster 

kinetics were observed after P9. The proportion of IPSCs and their amplitudes exceeded those 

of EPSCs from P9 indicating a dominance of inhibition over excitation in DCN pyramidal cells 

with maturation. Thus, there are substantial structural, molecular and functional changes in the 

mouse DCN before the onset of hearing, with subsequent refinement of synaptic distribution and 

functional properties suggesting that establishment of the basic circuitry does not require 

significant acoustic input. However, the refinement of many features after the onset of hearing 

implies that auditory experience is important in shaping and refining the final circuitry in the DCN.  
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INTRODUCTION 
Hearing is a sensory modality that is critical to all animals enabling efficient 

communication between individuals. The interaction with sound from the surrounding 

environment is made possible by the auditory system with transduction and encoding of 

acoustic information collected by the peripheral organ which is passed to the auditory 

nuclei in the central nervous system (CNS) for interpretation and thus initiation of proper 

responses. The structural development and/or functional maturation of the mammalian 

auditory system continues after birth (although the extent of postnatal development 

varies depending on species) and acoustic input serves a very important role for the 

normal development at each level of the system (for reviews on the development of the 

auditory system, see Fisch, 1983 and Counter, 2002). There are periods during 

development when the auditory system is heavily influenced by afferent activity and/or 

external sound, but when it is also very sensitive to perturbations such as from 

hypoxia/asphyxia, intense noise and abnormal systemic hormonal levels – the so-called 

“critical periods” (Harris and Rubel, 2006; Hébert et al., 1985; Hishida et al., 2007; Lu et 

al., 2007; Luoma and Zirpel, 2008; McClure et al., 2006; Webster, 1983; Zhang et al., 

2002). Removal of afferent synaptic input and/or exposure of the developing auditory 

system to adverse influences such as those mentioned above, could lead to irreversible 

changes in the auditory system and may result in auditory disorders such as 

sensorineural hearing loss and central auditory processing disorders (Harris and Rubel, 

2006; Hébert et al., 1985; Hille et al., 2007; Hishida et al., 2007; Lu et al., 2007; Luoma 

and Zirpel, 2008; McClure et al., 2005, 2006; Shapiro, 2003; Simon, 2007; Sohmer and 

Freeman, 1991; Webster, 1983; Zhang et al., 2002). 

The cochlear nucleus (CN) is the first auditory structure in the CNS and is located on the 

dorso-lateral surface of the brainstem (Young and Oertel, 2004). It receives auditory 

input from the peripheral auditory organ – the cochlea, and performs initial processing of 

the sound information before relaying onto higher auditory centres. The mammalian CN 

is composed of three major subdivisions: anterior ventral, posterior ventral and dorsal 

cochlear nucleus (AVCN, PVCN and DCN, respectively). The AVCN and PVCN are 

collectively called the ventral cochlear nucleus (VCN). Cells from the VCN project to the  

superior olivary complex (SOC) for binaural processing, which is important for sound 

localization in the horizontal plane, and to the lateral lemniscus and inferior colliculus 
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encoding spectral and temporal information from sound stimuli (Young and Oertel, 2004). 

In contrast, all projection neurons in the DCN send axons directly to the inferior colliculus. 

The role of the DCN in auditory processing is not very well defined but it is thought to be 

involved in sound localization in the vertical plane and identification of the sound source 

through extraction of spectral features from sound and interactions with other sensory 

modalities (Frisina et al., 1994; Kanold and Young, 2001; May, 2000; Nelken and Young, 

1996; Parsons et al., 2001; Rhode, 1999; Shore, 2005; Wright and Ryugo, 1996; Young 

and Davis, 2002; Young et al., 1995; Zhao and Liang, 1995; Zhou and Shore, 2004). 

There have been extensive studies on the structure, function and development of the 

VCN while the DCN is still poorly understood, especially with respect to its development. 

Abnormalities in the DCN have been implicated in tinnitus (phantom sensations of sound) 

(Kaltenbach, 2006a, 2006b; Kaltenbach and Godfrey, 2008; Levine, 1999; Rachel et al., 

2002; Tzounopoulos, 2008; Wang et al., 2009a, 2011) and speech processing deficits 

such as problems of hearing speech in background noise (Caspary et al., 2005; 

Schatteman et al., 2008; Walton, 2010). The causes of the pathophysiological changes 

in the DCN are unclear but could be related to abnormal development of this auditory 

nucleus resulting from influences of adverse factors on the plastic neuronal network 

during the “critical periods”. Characterizing the normal development of this important 

auditory nucleus is essential to broaden our knowledge of the maturation of the auditory 

system as well as contribute to our understanding of the role of DCN developmental 

abnormalities in auditory disorders. 

This thesis is organized into three parts, which together aim to provide insight into the 

development of the DCN circuitry. The mouse model was used because of interest in 

this species for behavioural and molecular studies of the auditory system and the 

similarity of the CN in all mammalian species (Cant, 1992; Caspary, 1986; Evans and 

Zhao, 1993; Pickles, 1988; Rhode, 1991; Romand and Avan, 1997; Young and Oertel, 

2004). The three parts include studies of the structural and functional development and 

the time course of neurotransmitter receptor expression in the postnatal mouse DCN. 

The cellular composition and general structural organization of the mature DCN have 

been previously described in several species including guinea-pigs (Hackney et al., 

1990), mice (Webster and Trune, 1982), rabbits (Disterhoft et al., 1980), cats (Brawer et 

al., 1974a), gerbils and chinchillas (Feng et al., 1994) (for reviews, see Cant, 1991; 

Young and Oertel, 2004). Using these studies as a basis for identification of cell types, 
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the first study (Chapter 2, page 56) investigated the structural development of the DCN 

in terms of its overall cellular organization, tonotopic innervation from the auditory nerve 

fibres (ANFs), distribution of presynaptic terminals and dendritic morphology. These 

finidngs provided a template for further studies on neurotransmitter receptor expression 

(Chapter 3, page 90) and then the physiological characteristics of the developing DCN 

principal neurons (Chapter 4, page 136). The molecular development of the DCN was 

investigated using immunohistochemistry (IHistC) and involved labelling of key 

excitatory (GluA1-4 AMPA receptor subunits) and inhibitory (GABAA and glycine 

receptor α1 subunits) neurotransmitter receptor subunits. This allowed the 

developmental pattern of expression of these receptor components to be examined, 

giving insight into the time course and relationship of the excitatory and inhibitory 

circuitry in the developing DCN. The final study provides a preliminary characterization 

of the functional maturation of a major DCN output neuronal type (pyramidal cells) using 

electrophysiology in acute brainstem slices. The physiological properties of the DCN 

pyramidal cells including the development of excitatory and inhibitory synaptic inputs 

were characterized using both current and voltage clamp techniques. Collectively these 

studies provide the first characterisation of the development of the DCN and the 

establishment of the excitatory and inhibitory circuitry of this nucleus in the mouse.  
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1. LITERATURE REVIEW 
This literature review will provide an introduction to the organization of the auditory 

pathways; in particular the anatomy and physiology of the adult mammalian CN. It will 

then discuss the literature on the development of the CN. Emphasis will be placed on 

the DCN, and comparisons will be made between species.  

1.1 Anatomy and physiology of the cochlear 
nucleus 

1.1.1 The auditory pathways 
The mammalian auditory system is comprised of the peripheral sensory structures and 

central auditory nuclei. The peripheral auditory system refers to the ear, which is divided 

into three parts: the external, middle and inner ears. The external ear (the pinna and 

external auditory meatus) collects sound from the environment which is transferred to 

the inner ear by the ossicles (in humans the malleus, incus and stapes) in the middle ear.  

Sound is also transferred to the inner ear by bone conduction through direct vibration of 

the skull. Mechano-electrical transduction of sound occurs in the auditory sensory hair 

cells in the cochlea of the inner ear, and information contained in the acoustic stimulus is 

coded by the auditory nerve (part of the eighth cranial nerve, the vestibulocochlear nerve) 

and carried to the central auditory system. 

In brief, the central auditory system comprises of the CN in the lower brainstem, which 

sends multiple projections to the superior olivary complex (SOC) in the upper brainstem 

and to the inferior colliculus (IC) in the midbrain via the lateral lemniscus (LL). Neurons 

in the SOC also project to the IC which relays to the medial geniculate body (MGB) of 

the thalamus. This in turn projects via the acoustic radiation to the primary and 

secondary auditory cortices (AC) as well as association cortices in the temporal lobe. 

For reviews on the auditory system, see Luxon (1981), Moller (1994) and Langers et al. 

(2005). 

There are two main auditory pathways: the ascending or afferent pathway and the 

descending or efferent pathway. These are summarized below. 
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1.1.1.1 The ascending/afferent auditory pathway 

The ascending auditory pathway starts in the cochlea which is the auditory sensory 

organ in the inner ear. The structural organization of the cochlea has been substantially 

reviewed by Raphael and Altschuler (2003) and briefly described here. It is a spiral-

shaped structure containing three fluid-filled cavities – scala vestibuli (SV), scala 

tympani (ST) and scala media (SM). SV and ST contain perilymph, an extracellular fluid 

similar in composition to cerebrospinal fluid with relatively high sodium concentration. 

SM, situated between SV and ST, contains endolymph which is an unique extracellular 

fluid with a high potassium (~150 mM) concentration. Sensory hair cells are found in the 

organ of Corti which sits on the basilar membrane separating SM from ST. They are 

responsible for mechano-electrical transduction, converting the mechanical energy of 

acoustic stimuli into electrical activity which in turn leads to stimulation of the auditory 

nerves. There are two types of sensory hair cells, inner hair cells (IHCs) and outer hair 

cells (OHCs). The IHCs provide the predominant input to the ascending auditory 

pathway and are responsible for sending acoustic information to the higher auditory 

structures. In contrast, the OHCs amplify the mechanical stimulus in the organ of Corti 

(the cochlear amplifier) and are controlled by the descending auditory pathways. The 

basilar membrane has differing physical properties along the length of the cochlea – it is 

narrower and stiffer at the base but wider and less stiff at the apex. These mechanical 

properties impart frequency selectivity along the length of the organ of Corti (tonotopicity) 

such that there is a gradation in coding of frequency information with high and low 

frequency stimuli stimulating the basal and apical regions of the cochlea, respectively. 

Hair cells have stereocilia (sensory hairs) projecting from their apical surfaces, which 

when displaced by mechanical movement allow potassium ions to enter and depolarise 

the cells. This leads to activation of voltage-gated calcium channels and the release of 

neurotransmitter (glutamate) at the synapse with the dendrites of spiral ganglion 

neurons (SGNs). These afferent neurons project to the ipsilateral cochlear nucleus (CN) 

in the lower brainstem via the auditory nerve.  

Divergence occurs in the CN and at least two parallel pathways are directed from here 

to the more central nuclei (reviewed by Cant and Benson, 2003). In the monaural 

pathway, neurons in the dorsal subdivision of the CN (DCN) bypass the superior olivary 

complex (SOC) and project directly to the contralateral inferior colliculus (IC) via the 
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dorsal acoustic stria (DAS). In the binaural pathway, neurons project from the ventral 

subdivisions of the CN (VCN) via the trapezoid body (TB) and the intermediate acoustic 

stria (IAS) to both the ipsilateral and contralateral SOC which then project to the IC. In 

addition, there are intrinsic connections between the subdivisions of the CN and the two 

cochlear nuclei from either side can also communicate with each other. More detailed 

descriptions of the CN will be presented in Section 1.1.2 (page 9). 

The SOC consists of three principal nuclei (the lateral superior olive, LSO; the medial 

superior olive, MSO; and the medial nucleus of the trapezoid body, MNTB) which are 

surrounded by several smaller nuclei that are collectively named the periolivary nucleus 

(PON). The SOC is involved in the detection of inter-aural time delays, phase and 

intensity differences, which are important for sound localization in the horizontal plane. 

All three fibre tracts described above (DAS, IAS and TB) eventually join to form the LL 

which projects to terminate in the IC. The structure and function of the SOC and LL have 

been reviewed by Helfert and Aschoff (1997) and Schofield (2005) . 

The IC in the midbrain, as reviewed by Oliver and Huerta (1992), is an important 

convergence point for integration of multiple inputs including both ascending and 

descending pathways. It also receives both monaural and binaural inputs from lower 

auditory structures. It is divided into three major sub-nuclei: the central nucleus, the 

external nucleus and the dorsal cortex. In the main ascending auditory pathway, 

neurons in the central nucleus project to and synapse with those in the ventral MGB of 

the thalamus, which in turn send projections that terminate in the primary auditory cortex 

(AC) in a topographic manner and the association cortices. Neurons from the external 

nucleus and the dorsal cortex of the IC send axons to the dorsal and medial divisions of 

the MGB and project diffusely to the AC and to the association cortices. These are the 

non-classical ascending auditory pathways that integrate multiple sensory inputs and are 

involved in acoustic reflexes through descending control. 

The AC is located in the temporal lobe and is tonotopically organized. In the human, 

high frequencies are represented caudomedially and low frequencies rostrolaterally 

(Formisano et al., 2003). Neurons in the two auditory cortices can also communicate 

with each other via fibre tracts in the corpus callosum (Aboitiz et al., 1992). A simplified 

diagram illustrating the ascending auditory pathways and the major centres of the 

central auditory system is shown in Figure 1-1 below. 
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Figure 1-1: A simplified diagram of the ascending auditory pathway. Key: DAS = 
dorsal acoustic stria; DCN =  dorsal cochlear nucleus; IAS = intermediate acoustic stria; 
VAS = ventral acoustic stria; VCN = ventral cochlear nucleus. 
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1.1.1.2 The descending/efferent auditory pathway 

In addition to the ascending auditory pathway, the descending or efferent auditory 

pathway also exists at multiple levels to provide feedback to the lower auditory nuclei 

and the periphery from higher auditory centres. For example, the periolivary nuclei (PON) 

of the SOC send descending projections to the cochlea and the CN (Adams, 1983a; 

Covey et al., 1984; Elverland, 1977; Rasmussen, 1953; Warr, 1975). The projection from 

the SOC to the cochlea is called the olivocochlear bundle (OCB) and is thought to be 

involved in feedback and reflexive functions of the SOC because electrical stimulation of 

the OCB generally has an inhibitory effect on the auditory nerve responses (Spangler 

and Warr, 1991). There are two systems of the olivocochlear projections, the lateral and 

medial olivocochlear systems (LOS and MOS, respectively). The lateral olivocochlear 

neurons receive input from the ipsilateral VCN and they send projections back to the 

cochlea on the same side. The projections of the lateral olivocochlear neurons terminate 

on the radial afferent fibres in the IHC region (Liberman, 1980). Although their functions 

are largely unknown, more recently they have been shown to slowly increase or 

decrease the response rate of the auditory nerve independent of stimulus intensity, a 

process thought to be important in maintaining the accurate binaural sound localization 

performed by the lateral superior olive (LSO) under suboptimal listening conditions 

(Groff and Liberman, 2003). In comparison, the medial olivocochlear neurons receive 

most of its input from the contralateral VCN and they project back to the cochlea on the 

side where they receive input from. Projections of the medial olivocochlear neurons 

terminate at the base of the OHCs in the cochlea and they are thought to suppress the 

activity of the auditory nerve fibres (ANFs) through modulating the motility of the OHCs 

(Guinan, 1986). In addition, the PON also project to all subdivisions of the CN and this 

projection includes the collaterals from the olivocochlear neurons (Spangler and Warr, 

1991). Descending fibre tracts are also found to originate in the IC and project to the 

PON, CN and the pontine nucleus. These projections are termed the colliculo-olivary, 

colliculo-cochlear nuclear and colliculo-pontine projections, respectively. The 

terminations of these projections are unknown and hence their functions remain to be 

characterized. Finally, the auditory cortex also has direct descending projections to the 

MGB and IC mainly via the internal capsule, although its functional significance is also 

unclear. For reviews of the descending auditory pathway, see Harrison and Howe, 

(1974), Spangler and Warr (1991) and Schofield (2005). 



9 

 

1.1.2 Cochlear nucleus (CN) 
The mammalian cochlear nucleus (CN) is located on the dorso-lateral surface of the 

pontine-medullary junction of the brainstem (Moore, 1986; Romand and Avan, 1997; 

Webster, 1991). The CN consists of three major subdivisions: the anterior ventral 

(AVCN), the posterior ventral (PVCN) and the dorsal cochlear nuclei (DCN). The AVCN 

and PVCN are collectively called the ventral cochlear nucleus (VCN). Each of the three 

major subdivisions can be further divided into several smaller regions according to the 

dominant cell type. This section provides a template for the developmental aspects to be 

discussed in Section 1.2 (page 44). 

All auditory nerve fibres terminate in the CN and it is therefore the obligatory site where 

acoustic information from the periphery is passed onto the central auditory system 

(Helfert et al., 1991). There are two types of spiral ganglion neurons (SGNs) in the 

cochlea; the type I and type II SGNs which send axons (auditory nerve fibres, ANFs) to 

the CN. Type I SGNs are larger, myelinated bipolar neurons which synapse with the 

IHCs whereas the type II SGNs are non-myelinated or lightly myelinated, 

pseudomonopolar neurons that synapse with the OHCs. Both types of ANF enter the CN 

from its ventral side and bifurcate to form an ascending branch that travels rostrally to 

innervate the AVCN, and a descending branch that travels caudally and then dorsally to 

innervate the PVCN and DCN (Webster, 1991). The type I ANFs innervate almost all cell 

types in the central part of the CN and play a predominant role in transmitting acoustic 

information to the CN, whereas the type II auditory neurons terminate mostly on granule 

cells in the peripheral CN regions and are thought to only have a small modulatory effect 

on sound processing (Brown and Ledwith, 1990). The innervation pattern in each of the 

subdivisions of the CN is tonotopically organized so that the ANFs carrying low-

frequency information bifurcate proximally and innervate the more ventro-lateral part of 

the CN whereas those carrying high-frequency information bifurcate distally and 

innervate the more dorso-medial part of the CN (Figure 1-2) (Bourk et al., 1981; Osen, 

1970a).  

Each ANF has collaterals that synapse with multiple cell types in the CN (Helfert et al., 

1991). There are six principal cell types and several non-principal cell types in the CN, 

and some have restricted locations within each subdivision. The six principal cell types 

are the spherical bushy cells, globular bushy cells, multipolar cells, octopus cells, 
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pyramidal cells and giant cells (Young and Oertel, 2004). Each of the six principal cell 

types receives input from the auditory nerve over the entire tonotopic range so that the 

population of each principal cell type carries a complete but separate representation of 

the sound originating on the side ipsilateral to the CN. The principal cell types send 

projections to various higher auditory centres including the SOC, LL and IC. The non-

principal cell types include small cells, granule cells, molecular layer stellate cells, 

cartwheel cells, vertical cells, Golgi cells, unipolar brush cells and chestnut cells. These 

cells do not project outside the CN and are involved in forming local connections.  

Structurally, the different cell types in the CN have been characterised in sections of the 

brainstem using histological techniques, namely Nissl and Golgi staining. Nissl staining 

employs basic dyes and labels acidic structures in the cells, including nuclear and 

cytoplasmic nucleic acids. As neurons are particularly abundant in ribosomal RNA, 

found in free ribosomes and those associated with rough endoplasmic reticulum (RER), 

Nissl staining is useful to label neuronal soma and proximal dendrites. The size and 

shape of the soma as well as the distribution of the Nissl bodies (stained RER) are used 

to distinguish cell types in Nissl-stained tissue sections. Golgi staining involves 

impregnating fixed nervous tissue with potassium dichromate and silver nitrate. The 

resultant tissue will contain cells filled with micro-crystallizations of silver chromate and 

appear black. This method stains a subpopulation of cells at random, by which the 

mechanism is still unknown. Golgi staining allows the entire neuron to be labelled, 

including the axons and dendrites, and therefore is very useful to study the neuro-

architecture. As the two histological techniques are complementary, both Nissl and Golgi 

staining methods are often used together in anatomical studies (Hackney et al., 1990; 

Pilati et al., 2008; Webster and Trune, 1982). The nomenclature of the CN cell types 

was developed by Osen (Osen, 1969) and modified by Morest and colleagues (Brawer 

et al., 1974a; Cant and Morest, 1979) on the basis of the cytoarchitecture and Golgi-

stained material in the cat. The architecture, physiology and connections of each of 

these cell types will be described in more detail in the following sections. 

 

 



11 

 

 
Figure 1-2: Tonotopic representation in the rat CN, parasagittal view (Nayagam et 
al., 2011). Dorsal = up, caudal = right. Green fibres are origniated from the apical 
cochlea and blue fibres are originated from the basal cochlea. Key: I = molecular layer; II 
= pyramidal cell layer; III =  deep layer; ANr = nerve root; AVCN = anterior ventral 
cochlear nucleus; DCN = dorsal cochlear nucleus; PVCN = posterior ventral cochlear 
nucleus. 
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1.1.2.1 Anterior ventral cochlear nucleus (AVCN) and posterior ventral 
cochlear nucleus (PVCN) 

The AVCN protrudes rostrally while the PVCN is situated caudally. Both subdivisions 

can be further divided into an anterior and a posterior region distinguished by the 

presence of different cell types as well as differences in the relative cell size and density 

(Brawer et al., 1974a). The spherical and globular bushy cells are the major cell types in 

the AVCN (Helfert et al., 1991; Webster, 1991; Young and Oertel, 2004). Octopus cells 

and medium-sized multipolar cells are the major cell types found in the PVCN. The 

divisions of these cells types are not exclusive and they can be found in both the AVCN 

and PVCN, although the relative abundance varies between the two subdivisions. The 

only exception is the octopus cells which are found exclusively in the PVCN. Non-

principal cell types are also found in the VCN. For example, a group of heterogeneous 

small multipolar cells are found in the so-called cap region near the boundary between 

the VCN and DCN. Furthermore, a layer of granule cells covers the entire surface of the 

VCN and continues to form layer 2 in the DCN. However, granule cells seem to serve a 

more important role in the DCN and therefore will be described together with other cell 

types found exclusively in the DCN in Section 1.1.2.2 (page 19).  

1.1.2.1.1 Spherical bushy cells 

Spherical bushy cells are located in the anterior part of the AVCN (Cant and Morest, 

1979) and form clusters between the auditory nerve fascicles with interlocking dendritic 

arbours (Osen, 1969). They have spherically-shaped cell bodies and bushy dendritic 

trees (Brawer et al., 1974a; Figure 1-3). With about 36,600 estimated on each side, 

spherical bushy cells are the most numerous cell type in the cat CN (Osen, 1969).  

Golgi-stained spherical bushy cells have one or a few short primary dendrites which 

branch extensively to form a bush-like dendritic tree (< 200 µm) near the soma (Brawer 

et al., 1974a; Cant and Morest, 1979; Figure 1-3A). The dendrites do not usually have 

spines or other excrescences (Webster and Trune, 1982). The dendritic field can be 

oriented in any direction. Spherical bushy cells in Nissl-stained sections have a centrally 

placed nucleus and show characteristic Nissl substance distribution - “necklace” of 

patches in the cytoplasm surrounding the nucleus (Osen, 1969; Figure 1-3B). The size 

of their soma range from 15 to 23 µm in guinea-pig, mouse and cat (Brawer et al., 1974a; 

Cant and Morest, 1979; Hackney et al., 1990; Webster and Trune, 1982). 
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Figure 1-3: Spherical bushy cell. (A) Camera lucida drawing of a Golgi-impregnated 
spherical bushy cell in the guinea-pig. (B) Guinea-pig spherical bushy cell in Nissl-
stained tissue (Hackney, Osen, & Kolston, 1990). 

The afferent auditory nerves form large excitatory glutamatergic calyceal synaptic 

endings with the cell body and sometimes the proximal part of the dendrites of the 

spherical bushy cells. These are called the end bulbs of Held which form multiple 

synaptic contacts with the cell (Ryugo and Fekete, 1982). Each end bulb contains 100 or 

more synaptic release sites and the postsynaptic receptors have large conductances 

and rapid kinetics (Cant and Morest, 1979; Manis and Marx, 1991; Oertel, 1983). In 

addition, limited synaptic plasticity is observed between mature ANFs and spherical 

bushy cells (Sachs and Blackburn, 1991). All these features ensure this cell type to 

encode brief acoustic events with high temporal precision and transmit this information 

faithfully, essential in sound localization. In fact, the physiological response of the 

spherical bushy cells is “primary-like” (PL), meaning it resembles those of the ANFs 

(Rhode et al., 1983). Spherical bushy cells also receive inhibitory inputs on the distal 

dendrites from the contralateral CN, the SOC and the DCN which could be GABAergic 

or glycinergic or both (Adams and Mugnaini, 1987; Adams and Wenthold, 1987; Benson 

and Potashner, 1990; Mugnaini, 1985; Ostapoff et al., 1988, 1990; Saint Marie et al., 

1991; Wenthold, 1987). The myelinated bushy cell axons project to the SOC through the 

trapezoid body (Webster, 1991).  
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1.1.2.1.2 Globular bushy cells 

Globular bushy cells are mainly found in the posterior part of the AVCN, and the anterior 

part of the PVCN to a lesser extent. Globular bushy cells are found throughout the 

PVCN except in the octopus cell area (posterior part of the PVCN). These cells are 

similar to the spherical bushy cells but they have bushy dendritic trees that tend to be 

larger and more diffuse (Smith and Rhode, 1987; Tolbert and Morest, 1982). Their cell 

bodies are also more elongated and ovoid in shape when compared to the largely 

spherically-shaped cell bodies of the spherical bushy cells (Figure 1-4). 

In Golgi-impregnated tissue, globular bushy cells show more widely spaced and less 

densely branching dendritic fields than that of the spherical bushy cells (Figure 1-4A). 

The orientation of the dendritic field of the globular bushy cells is also different in which 

the long axis of the cell body tends to be oriented along the path of the cochlear 

afferents (Hackney et al., 1990). In Nissl-stained tissue, globular bushy cells have 

eccentrically placed nuclei with evenly stained cytoplasm and no distinguishable Nissl 

bodies (Osen, 1969; Figure 1-4B). The dimensions of the cell bodies are approximately 

28-30 µm by 15-18 µm in guinea-pigs (Hackney et al., 1990). 

 
Figure 1-4: Globular bushy cell. (A) Camera lucida drawing of a Golgi-impregnated 
globular bushy cell in the guinea-pig. (B) Guinea-pig globular bushy cell in Nissl-stained 
tissue (Hackney et al., 1990). 

Like the spherical bushy cells, globular bushy cells also receive excitatory glutamatergic 

end bulb-type synaptic endings from the afferent ANFs on the cell body and proximal 

dendrites although generally smaller than those contacting the spherical bushy cells 

(Tolbert and Morest, 1982; Fekete et al., 1984; Smith and Rhode, 1987; Ostapoff and 

Morest, 1991). As a consequence, the physiological response of globular bushy cells to 
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auditory nerve stimulation is also similar to that of the spherical bushy cells, and is called 

primary-like-with-notch (PLN) (Rouiller and Ryugo, 1984; Smith and Rhode, 1987). The 

small notch following the peak results from refractoriness in the nerve. In addition, 

globular bushy cells receive inhibitory synaptic inputs (GABAergic or glycinergic) from 

inhibitory interneurons (vertical cells) in the DCN on the distal dendrites (Ostapoff et al., 

1997). Axons of globular bushy cells are excitatory and project to the lateral nucleus of 

the trapezoid body (LnTB) ipsilaterally and to the medial nucleus of the trapezoid body 

(MnTB) contralaterally, as well as to the periolivary nucleus (PON) bilaterally. From there, 

both the LnTB and MnTB project to the MSO and LSO of the SOC through inhibitory 

interneurons. Functionally, the property of phase-locking to low frequency sounds in the 

bushy cells contributes to the detection of inter-aural time differences performed in the 

SOC, and which is essential for the computation of sound localization in the horizontal 

plane (Cant and Casseday, 1986). 

1.1.2.1.3 Multipolar cells 

In Golgi-impregnated sections, multipolar cells have long primary dendrites that radiate 

from the cell body in several directions (Brawer et al., 1974a; Cant and Morest, 1979; 

Figure 1-5A). In Nissl-stained sections, multipolar cells usually have an angular cell body 

with a centrally placed nucleus and either coarse or fine Nissl substance in the 

cytoplasm (Hackney et al., 1990; Figure 1-5B). Their soma size varies from 15 to 30 µm 

in diameter in guinea-pigs (Hackney et al., 1990). Multipolar cells are found throughout 

the VCN but some are also found scattered throughout the DCN.  

 
Figure 1-5: Multipolar cell. (A) Camera lucida drawing of a Golgi-impregnated 
multipolar cell in the guinea-pig. (B) Guinea-pig multipolar cell (star) in Nissl-stained 
tissue (Hackney et al., 1990). 
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Multipolar cells have been categorized by different authors into groups by their soma 

size, shape of their dendritic trees and biochemical properties. Although substantial 

variations in the average soma size (Osen, 1969; Cant and Morest, 1984) and 

morphology of the dendritic trees (Brawer et al., 1974a; Cant and Morest, 1979; Tolbert 

and Morest, 1982; Smith and Rhode, 1989; Oertel et al., 1990) are found between 

different subdivisions in the VCN, these classifications do not have clear functional 

significance. Functionally, multipolar cells can be classified into two major types, T-

multipolar cells (Type I multipolar, planar multipolar or chopper cells) and D-multipolar 

cells (Type II multipolar and radiate multipolar cells) (Cant, 1981, 1982; Doucet and 

Ryugo, 1997; Fujino and Oertel, 2001; Smith and Rhode, 1989). T-multipolar cells are 

excitatory glutamatergic neurons that send axons to the contralateral IC through the 

trapezoid body and the contralateral ventral nucleus of the LL. Their dendritic trees are 

aligned in a plane with the ANFs, therefore they receive input from a restricted frequency 

range. D-multipolar cells are glycinergic (Doucet et al., 1999; Ferragamo et al., 1998a; 

Wenthold, 1987) and their dendritic fields do not align with ANFs. D-multipolar cells 

project to the contralateral CN through the intermediate acoustic stria (IAS). Both 

multipolar cell types also send collaterals that terminate within the CN to form intrinsic 

circuits (Oertel et al., 1990; Smith and Rhode, 1989). 

Electrophysiological recordings from T-multipolar cells show sustained-chopper (Cs) 

responses with tonal stimuli (Rhode et al., 1983). Chopper neurons respond to tones by 

firing tonically at regular intervals with firing frequency independent of stimulus 

frequency or phase, however the firing frequency is intensity-dependent (Feng et al., 

1994; Rouiller and Ryugo, 1984; Smith and Rhode, 1989; Wu and Oertel, 1984). T-

multipolar cells respond at their characteristic frequencies (CF) and show degraded 

phase-locking abilities at frequencies above 500 Hz (Sachs et al., 1993). The sustained 

depolarization and poor phase-locking are thought to be resulted from the intrinsic 

membrane properties, especially a long membrane time constant characteristic for these 

neurons. D-multipolar cells show onset-chopper (Oc) responses to acoustic stimuli, that 

is, they respond at the onset of the sound followed by a short period of regular firing 

(Smith and Rhode, 1989). These cells receive inputs to their cell bodies and dendrites 

from many ANFs originating from a wide range of cochlear locations. They are therefore 

broadly tuned (Doucet and Ryugo, 1997; Jiang et al., 1996; Oertel et al., 1990; Smith 

and Rhode, 1989). 
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Functionally, it has been suggested that the stimulus spectrum or frequency content of 

the sound is represented in the chopper neurons (T-multipolar cells). This may be 

important for the detection or coding of speech sound characteristics (Young and Oertel, 

2004). In human speech, the spectral information is provided by the vowels which are 

characterized by prominent spectral peaks of energy called formants (Peterson and 

Barney, 1952). Each vowel has a different combination of formant frequencies and the 

first three formants are thought to be crucial for us to recognize different speech sounds 

(Remez et al., 1981). The ANFs representation of the same vowel at different sound 

intensities are variable due to differences in the dynamic range, threshold and firing rate 

of the high and low spontaneous rate fibres, however, the chopper neurons are able to 

reproduce the same response pattern at a range of stimulus intensities (Blackburn and 

Sachs, 1990). Therefore, the chopper neurons are thought to stably represent the 

stimulus spectrum at all sound levels despite of the more variable ANF representation. 

In addition, T-multipolar cells receive inhibitory inputs from D-multipolar cells and vertical 

cells in the DCN as well as neurons in the auditory brainstem to avoid saturation of their 

discharge rate (Caspary et al., 1994; Palmer et al., 1996; Rhode and Greenberg, 1994). 

The physiological properties and roles of T-multipolar cells have been reviewed by  

Oertel et al. (2011). 

1.1.2.1.4 Octopus cells 

Octopus cells are found exclusively in the posterior part of the PVCN (the octopus cell 

area; OCA) close to the margin by the DCN (Kane, 1973; Oertel et al., 1990; Osen, 

1969). In Golgi-stained tissues, octopus cells have ovoid to spherical somata with five to 

six long and thick primary dendrites that extend in one direction away from the cell body 

giving them the octopus appearance (Kane, 1973; Morest et al., 1973; Oertel et al., 1990; 

Figure 1-6A). The dendrites are oriented perpendicular to the ANFs and they receive 

input from ANFs with a wide range of best frequencies, approximately one third of the 

entire tonotopic range. With Nissl staining, octopus cells appear to have the 

characteristic “D-shaped” cell bodies with a centrally or eccentrically placed large 

nucleus (Hackney et al., 1990; Figure 1-6B). The cytoplasm contains finely dispersed 

Nissl bodies and a darker zone may be found at the edge of the cell opposite to the 

origins of the primary dendrites. The average size of the octopus cell soma is 25 µm in 

guinea-pigs (Hackney et al., 1990).  
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Figure 1-6: Octopus cell. (A) Camera lucida drawing of a Golgi-impregnated octopus 
cell in the guinea-pig. (B) Guinea-pig octopus cell in Nissl-stained tissue (Hackney et al., 
1990). 

The octopus cell axons are excitatory and leave the CN in the dorsal acoustic stria (DAS) 

to project bilaterally to the PON and contralaterally to the ventral nucleus of the lateral 

lemniscus (VnLL) and the IC (Schofield, 1995; Adams, 1997). The axon collaterals of the 

octopus cells innervate local cells in both the OCA and granule cell areas (Young and 

Oertel, 2004). Electrophysiologically, octopus cells are characterized by onset-locker (OL) 

responses – they respond to synchronous ANF activity at the beginning of the tone 

followed by diminished responses (Godfrey et al., 1975a; Rhode et al., 1983; Rouiller 

and Ryugo, 1984). Therefore, the octopus cells are thought to detect and enhance the 

temporal fluctuations in sound amplitude, such as a sudden increase in intensity at the 

onset of a syllable (Delgutte et al., 1998; Frisina, 2001; Wang and Sachs, 1994). Thus, 

temporal information is encoded in these cells which may aid the identification of sounds. 

1.1.2.1.5 Small cells 

A group of small multipolar cells is clustered in a region called the small cell cap 

between the VCN principal cell regions and the granule cells on the dorsal surface of the 

VCN (Osen, 1969). They are innervated by ANFs (Brown and Ledwith, 1990) as well as 

collaterals of the olivocochlear efferent neurons projecting from the SOC to the cochlea 

(Benson and Brown, 1990; Benson et al., 1996). In the cat, the small cell cap region is 

easily distinguished from other regions in the CN by their small cell sizes and much less 

heavily myelinated axons (Osen, 1969), although the mouse CN does not have an 

obvious small cell cap (Benson and Brown, 1990). The morphology of these small cells 

is heteromorphic but generally resembles the large multipolar cells. There is evidence of 

GABAergic neurotransmission in the small cell cap (Altschuler et al., 1993), although 

other physiological and functional data of this cell type are not well characterized. 
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1.1.2.2 Dorsal cochlear nucleus (DCN) 

The DCN is a layered structure and is composed of three layers in most mammals 

(Young and Oertel, 2004; Figure 1-7 and Figure 1-8). Layer 1 is called the superficial or 

molecular layer and contains mainly the apical dendrites of the pyramidal cells, the 

unmyelinated axons of granule cells (parallel fibres; PFs) and a heterogeneous group of 

small neurons including stellate cells, cartwheel cells, and granule cells (Wouterlood and 

Mugnaini, 1984; Wouterlood et al., 1984). The molecular layer has a very low cell 

density as revealed by Nissl-stained sections (Hackney et al., 1990; Figure 1-8). The 

second layer is called the pyramidal cell layer because it is dominated by the cell bodies 

of the most abundant principal cell type of the DCN – the pyramidal cells. It contains a 

single row of pyramidal cells oriented perpendicular to the DCN surface with other small 

cells, most of them granule cells, intermingled in between (Brawer et al., 1974a). In 

Nissl-stained DCN sections, the pyramidal cell layer is characterized by a narrow dark 

band below the molecular layer due to its high cell density and numerous darkly stained 

granule cells (Figure 1-8). The deep layer is also called the polymorphic or the central 

layer, and is sometimes subdivided into layers 3 and 4 in some species (Figure 1-7 and 

Figure 1-8). Giant cells – the second principal cell type in the DCN, are found in the 

deep layer, in addition to the incoming axons of the ANFs, vertical cells and the basal 

dendrites of the pyramidal cells. 
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Figure 1-7: Structural organization of the cat DCN (Osen et al., 1990). Key: 1 = DCN 
molecular layer, 2 = DCN pyramidal cell layer, 3 & 4 = DCN deep layers, Ca = cartwheel 
cells, Ep = ependymal cells, Gi = giant cells, gr = granule cells, Py = pyramidal cells, St 
= stellate cells, V = vertical cells. 

 
Figure 1-8: Parasagittal section of Nissl-stained guinea-pig DCN (Hackney et al., 
1990). Key: 1 = DCN molecular layer, 2 = DCN pyramidal cell layer, 3 & 4 = DCN deep 
layers, db = descending branches of the auditory nerve fibres, DFT = descending fibre 
tract of Lorente de Nό, IV = fourth ventricle, RB = restiform body, tc = taenia choroidea. 
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The DCN receives two major afferent systems, one from the ANFs in the deep layer and 

the other from the PFs in the molecular layer. Both of the two systems are excitatory and 

are oriented orthogonal to one another to innervate the principal cells (Kanold and 

Young, 2001; Manis, 1989; Zhang and Oertel, 1994). The ANFs innervate mainly the 

basal dendrites of pyramidal cells tonotopically and cells receiving input from fibres with 

similar best frequencies form isofrequency sheets (Kane, 1974a; Osen, 1970b; Smith 

and Rhode, 1985; Spirou et al., 1993; Wickesberg and Oertel, 1988). The ANFs also 

innervate giant cells and the non-principal cells in the deep layer as well as the apical 

dendrites of the pyramidal cells, but generally do not reach the molecular layer (Lorente 

de Nó, 1933a; Osen, 1970b; Powell and Cowan, 1962). In contrast, the PFs only 

innervate the molecular layer. The sources of input to the granule PFs come from 

widespread locations of the brain, including somatosensory (Itoh et al., 1987; Shore et 

al., 1991), vestibular (Burian and Gestoettner, 1988), nucleus cuneatus (Weinberg and 

Rustioni, 1987), cerebellum (Gacek, 1973; Rasmussen, 1960; Rossi et al., 1967) and 

pontine motor systems (Ohlrogge et al., 2001). The DCN also receives descending 

inputs from higher auditory centres through the PFs. It has been shown that the DCN 

receives direct projections from the primary auditory cortex (Feliciano et al., 1993), the 

central nucleus of the inferior colliculus (Conlee and Kane, 1982; Harrison and Howe, 

1974; Kane, 1977; Kane and Conlee, 1979; Rasmussen, 1964; Saldana, 1993; Shore et 

al., 1991), both the central and dorsal nuclei of the LL (Kane and Conlee, 1979; Kane 

and Finn, 1977; Rasmussen, 1964), the SOC (Adams and Warr, 1976; Brown et al., 

1988a; Schofield, 1994; Shore et al., 1991) and the contralateral CN (Cant and Gaston, 

1982; Wenthold, 1987). Therefore, the PF system in the molecular layer integrates 

multimodal input into the CN. 

There are two principal cells in the DCN, pyramidal cells and giant cells. A number of 

local cell types are also present in the DCN including the cartwheel cells, vertical cells, 

granule cells, Golgi cells, unipolar brush cells and chestnut cells. The cellular 

morphology and physiology of each of these cell types will be described in the following 

sections. 
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1.1.2.2.1 Pyramidal cells 

Pyramidal cells are sometimes called fusiform cells, so named because of the shape of 

their cell bodies (Young and Oertel, 2004). They are bipolar neurons with the apical 

dendritic tree extending into the molecular layer and the basal dendritic tree in the deep 

layer (Kane, 1974b; Rhode et al., 1983; Smith and Rhode, 1985; Figure 1-7). In Golgi-

stained tissue, the apical dendrites are spiny and highly branched whereas the basal 

dendrites are smooth and less branched in comparison (Figure 1-9A). The spiny apical 

dendrites branch profusely in the molecular layer and form synapses with PFs 

(Blackstad et al., 1984; Schweitzer and Cant, 1984; Zhang and Oertel, 1994). The basal 

dendrites are thicker and have few branches. They are flattened in the plane of the 

isofrequency sheets to receive input from the ANFs with similar best frequencies. 

Pyramidal cells are medium-sized cells (17-22 µm across its shortest diameter and 25-

28 µm along its long axis) with the cell bodies forming a band in the pyramidal cell layer 

(Hackney et al., 1990). They are oriented so that their long axes are roughly 

perpendicular to the DCN surface. In Nissl-stained sections, they have a large centrally 

placed nucleus and pale cytoplasm containing clumps of Nissl substance (Figure 1-9B). 

The axons of pyramidal cells leave the DCN from the deep layer to reach the dorsal 

acoustic stria (DAS) and project mostly to the contralateral IC but also to the ipsilateral 

side, although to a much lesser extent (Young and Oertel, 2004).  

 
Figure 1-9: Pyramidal cell. (A) Camera lucida drawing of a Golgi-impregnated 
pyramidal cell in the guinea-pig. (B) Guinea-pig pyramidal cell in Nissl-stained tissue 
(Hackney et al., 1990). Key: py = pyramidal cell. 
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As mentioned before, pyramidal cells integrate afferent inputs from two systems through 

separate apical and basal dendrites. They receive excitatory input from PFs through the 

spines on their apical dendrites in the molecular layer (Smith and Rhode, 1985). There 

are also many inhibitory inputs, mainly from the local cartwheel cells, on the dendrites 

and cell bodies of pyramidal cells in the apical domain (Juiz et al., 1996). In the deep 

layer, collaterals of the ANFs form excitatory synapses with the smooth basal dendrites 

at both the proximal (~10%) and distal locations (~38%). The rest of the terminals are 

inhibitory which mainly originate from local vertical cells (Voigt and Young, 1990; Zhang 

and Oertel, 1993a, 1994). Interestingly, in the adult animals, synapses in the molecular 

layer formed between pyramidal cells, PFs and cartwheel cells show plasticity (long-term 

potentiation and long-term depression; LTP and LTD) whereas those in the deep layer 

do not (Fujino and Oertel, 2003) (for more detail, see 3.1, page 90). 

Single unit recordings of pyramidal cells show “pauser” and “buildup” responses to 

sound (Godfrey et al., 1975b; Rhode et al., 1983). The pauser response has a poorly 

timed and long latency onset spike followed by a period with extremely low or no activity 

(pause) after which some irregular activity occurs until the end of the stimulus. The 

buildup response also has long onset latency but a slowly building up response follows 

(Godfrey et al., 1975b). Intracellular recordings have shown that depolarization following 

hyperpolarization produces pauser and buildup responses depending on the strength of 

the depolarizing current and these response patterns are due to a transient potassium 

conductance that is activated during the transition between hyperpolarization and 

depolarization (Kanold and Manis, 1999, 2001; Manis, 1990). Hyperpolarization could be 

caused by inhibitory input received by the pyramidal cells or after a strong response to 

sound stimuli in vivo (Rhode et al., 1983). When depolarized from resting membrane 

potential, pyramidal cells respond by a chopper response, i.e. regular firing.  

1.1.2.2.2 Giant cells 

Giant cells are the second principal cell type of the DCN. They are large multipolar cells 

with diameters ranging between 35 and 40 µm and are found in the deep layer (Kane et 

al., 1981; Zhang and Oertel, 1993b). They can be classified into five subtypes according 

to their dendritic morphology: elongate bipolar, elongate multipolar, globular, radiate and 

oriented multipolar giant cells (Kane et al., 1981). The giant cell illustrated in Figure 

1-10A represents a radiate giant cell. Their large and sparsely branching dendritic trees 
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cross the isofrequency sheets and therefore receive ANF inputs from a range of best 

frequencies (Young and Oertel, 2004). Most of the dendrites are restricted to the deep 

layer and have smooth dendritic shafts. Occasionally, some dendrites reach the 

molecular layer and are covered with spines. In Nissl-stained tissue, giant cells 

somewhat resemble multipolar cells in the VCN with a large angular cell body and 

eccentrically placed nucleus and coarse Nissl substance in the cytoplasm (Figure 1-10B). 

The axons of giant cells join those of pyramidal cells to form the DAS and project to the 

contralateral IC (Adams, 1979; Ryugo and Willard, 1985). 

 
Figure 1-10: Giant cell. (A) Camera lucida drawing of a Golgi-impregnated giant cell in 
the mouse DCN. (B) A mouse giant cell in Nissl-stained tissue (Webster & Trune, 1982). 
Key: a = axon. 

1.1.2.2.3 Cartwheel cells 

Cartwheel cells are inhibitory interneurons in the DCN (Wouterlood and Mugnaini, 1984). 

Their cell bodies are found at the border between the molecular and pyramidal cell 

layers while their dendrites project into the molecular layer. In Golgi-impregnated 

materials, cartwheel cells have an ovoid cell body with two to four dendritic trunks which 

give rise to several branches. Their dendrites are densely covered with spines which 

form synapses mainly with PFs (Figure 1-11A). In Nissl-stained materials, cartwheel 

cells appear to have small round cell bodies and fine Nissl substance in the cytoplasm 

(Hackney et al., 1990). They have a relatively large and centrally placed nucleus which 

usually contains two or more distinct nucleolar patches (Figure 1-11B). The average 

diameter of cartwheel cell bodies is approximately 15 µm in guinea-pigs (Hackney et al., 

1990). The dendritic trees of cartwheel cells are flattened in a plane parallel to the ANFs 

and therefore they are likely to receive inputs within a narrow range of frequencies 
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(Berrebi and Mugnaini, 1991; Osen, 1983). The primary target of cartwheel cells are 

soma and both the apical and basal dendrites of pyramidal cells, although they also 

project to giant cells, stellate cells, granule cells and other cartwheel cells (Berrebi and 

Mugnaini, 1991; Golding and Oertel, 1997; Zhang and Oertel, 1993c). Pharmacologically, 

cartwheel cell terminals contain both glycine and GABA (Adams and Mugnaini, 1987; 

Kolston et al., 1992; Osen et al., 1990; Wenthold, 1987; Wenthold et al., 1986), however, 

they contact pyramidal, giant, and other cartwheel cells through glycinergic synapses 

(Davis and Young, 2000; Golding and Oertel, 1997). 

 
Figure 1-11: Cartwheel cell. (A) Camera lucida drawing of a Golgi-impregnated 
cartwheel cell in the guinea-pig. (B) Guinea-pig cartwheel in Nissl-stained tissue 
(Hackney et al., 1990). 

Physiological recordings of the response of cartwheel cells to sound do not reveal any 

particular consistent pattern (Oertel and Young, 2004). Some cartwheel cells respond 

weakly, whereas others give robust responses. Intracellular recordings reveal that 

cartwheel cells have complex action potentials which are due to combined sodium and 

calcium conductances (Golding and Oertel, 1997; Manis et al., 1994; Zhang and Oertel, 

1993c). The complex spikes are characterized by a single spike depolarized from the 

resting membrane potential (RMP) followed by several smaller spikelets at a 

depolarizing potential and a large hyperpolarization before returning to RMP. This 

complex pattern of cartwheel cell responses is like that of the cerebellar Purkinje cells, 

and in fact these two cell types resemble each other in many ways (Berrebi et al., 1990). 

This is because cartwheel cells and cerebellar Purkinje cells share a common 

developmental lineage. Functionally, the absence of cartwheel cells does not change the 

responses of other DCN neurons to sound significantly (Parham et al., 2000). This 

suggests that cartwheel cells mainly convey non-auditory information to the DCN 

principal cells through the inputs from PFs. 
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1.1.2.2.4 Stellate cells 

Stellate cells are small neurons only found in the outer two layers of the DCN, although 

mainly in the molecular layer (Wouterlood et al., 1984). They have a small spherical cell 

body of 8-10 µm in diameter with thin and smooth dendrites (Hackney et al., 1990). Their 

dendrites are evenly spaced and extend in all directions, giving the cell a star-shaped 

appearance (Figure 1-12A). In Nissl-stained tissue, stellate cells have a relatively large 

pale nucleus with a darkly stained central nucleolus surrounded by a thin rim of 

cytoplasm (Hackney et al., 1990; Figure 1-12B). 

 
Figure 1-12: Stellate cell. (A) Camera lucida drawing of a Golgi-impregnated stellate 
cell in the guinea-pig. (B) Guinea-pig stellate cell in Nissl-stained tissue (Hackney et al., 
1990). 

Stellate cells are GABAergic inhibitory interneurons (Kolston et al., 1992; Osen et al., 

1990). They receive inputs on the soma, dendritic shafts and spines which are mainly 

originated from PFs (Mugnaini, 1985). Stellate cell axons contact pyramidal cells, 

cartwheel cells and other stellate cells. There is little evidence of the physiological 

responses of stellate cells but limited data show that they may have chopper responses 

(Young and Voigt, 1982). 
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1.1.2.2.5 Granule cells 

Granule cells are the most numerous cell type in the DCN and are mainly found in the 

pyramidal cell layer (Young and Oertel, 2004). As mentioned previously, they provide a 

major glutamatergic excitatory input (Altschuler et al., 1984; Oliver et al., 1983) to the 

DCN neurons through their axons or PFs located in the molecular layer (Mugnaini et al., 

1980a, 1980b). Their projection targets include pyramidal cells, cartwheel cells, stellate 

cells and Golgi cells.  

Granule cells have small cell bodies (8-11 µm in diameter) and two to threw short 

dendrites which form claw-like endings called glomeruli (Figure 1-13A). A glomerulus 

has a large mossy fibre terminal in the centre and boutons containing pleomorphic 

vesicles on the outer surface with the entire complex surrounded by astrocytic 

processes (Mugnaini et al., 1980a). The mossy fibre synapses are thought to be 

excitatory (Mugnaini et al., 1980b) and their sources are diverse (see Section 1.1.2.2, 

page 19). In Nissl-stained tissue, granule cells have small ovoid cell bodies with a thin 

rim of cytoplasm surrounding the pale nucleus that contains a darkly stained nucleolus in 

the guinea-pig (Hackney et al., 1990; Figure 1-13B) but have distinctive chromatin 

pattern in the mouse (Webster and Trune, 1982). 

 
Figure 1-13: Granule cell. (A) Camera lucida drawing of a Golgi-impregnated granule 
cell in the guinea-pig. (B) Guinea-pig granule cells in Nissl-stained material (Hackney et 
al., 1990). 

Granule cells are not only found in the pyramidal cell layer of the DCN, but also in many 

other regions of the CN. For example, a superficial layer of granule cells are found 

covering the lateral surface of the VCN. This layer then continues medially to form a 
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layer of granule cells separating the VCN and the DCN. The distribution of granule cells 

in the cat CN is illustrated in Figure 1-14. The distribution and number of granule cells 

vary between species. For example, the CN of mountain beaver’s is exceptionally large 

and granule cells occupy 46% of the VCN volume (Merzenich et al., 1973) whereas only 

6.5% of the total VCN volume in the cat is granule cells (Kiang et al., 1975). 

 
Figure 1-14: Distribution of granule cells (shaded areas) in the cat cochlear 
nucleus (Mugnaini et al., 1980b). Key: 1 = DCN molecular layer, 2 = DCN pyramidal cell 
layer, 3 = DCN deep layer, AVCN = anterior ventral cochlear nucleus, DCN = dorsal 
cochlear nucleus, fl = flocculus, IN = interstitial nucleus, lam = laminar of granule cells, 
PVCN = posterior ventral cochlear nucleus, sl = superficial layer of granule cells, sp = 
subpeduncular corner of granule cells. 

1.1.2.2.6 Vertical cell 

Vertical cells are inhibitory interneurons located in the DCN deep layer (Lorente de Nó, 

1981; Rhode, 1999; Zhang and Oertel, 1993a). They are small neurons (10 µm by 20 

µm) with an elongate or ovoid cell body and smooth dendrites, as observed in Golgi-

impregnated tissue (Hackney et al., 1990; Figure 1-15A). They usually have bipolar 

dendritic trees which flatten in the plane of the isofrequency sheets. In Nissl-stained 

tissue, their cell bodies are bipolar with an eccentrically placed nucleus and fine Nissl 

substance in the cytoplasm (Hackney et al., 1990; Figure 1-15B). 

Vertical cells stain mainly for glycine (Saint Marie et al., 1991; Wenthold et al., 1987; 

Wickesberg et al., 1994) and they project to cells in both VCN and DCN (Voigt and 

Young, 1990; Wickesberg and Oertel, 1990). In the VCN, they synapse with bushy and 

D-multipolar cells (Saint Marie et al., 1991), whereas in the DCN, they contact giant and 
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pyramidal cells (Voigt and Young, 1980; Wickesberg and Oertel, 1990; Zhang and 

Oertel, 1993a, 1993b, 1993c). 

 
Figure 1-15: Vertical cell. (A) Camera lucida drawing of a Golgi-impregnated vertical 
cell in the guinea-pig. (B) Guinea-pig vertical cell in Nissl-stained tissue (Hackney et al., 
1990). 

1.1.2.2.7 Golgi cells 

Golgi cells are mainly found in the small cell cap or intermingled with granule cells in the 

DCN (Mugnaini et al., 1980a). They are medium-sized cells with diameters between 12 

and 25 µm. Like granule cells, Golgi cells receive direct input from mossy fibres at 

glomerular synapses but also indirectly from granule cells through their dendrites which 

branch near and curve around the cell body. Golgi cells are also thought to synapse with 

each other. Their axons ramify within the granule cell domains and synapse with granule 

cells. Their synaptic terminals contain both GABA and glycine but they are assumed to 

be GABAergic due to similarities with cerebellar Golgi cells (Kolston et al., 1992; 

Mugnaini, 1985). Based on the synaptic connections, they are thought to provide both 

feed-forward and feedback inhibition to granule cells (Ferragamo et al., 1998b; Mugnaini 

et al., 1980a). 

1.1.2.2.8 Unipolar brush cells and chestnut cells 

Unipolar brush cells and chestnut cells are excitatory interneurons found in the DCN 

molecular and pyramidal cell layers (Floris et al., 1994; Weedman et al., 1996). They are 

slightly larger than granule cells and are not present in large numbers. Unipolar brush 

cells have a single short primary dendrite which branches into numerous fine processes 

that enclose a mossy fibre (Weedman et al., 1996). They are thought to form synapses 

locally with granule cells. Chestnut cells resemble unipolar brush cells in some ways, but 

they are unique in which they have irregular perimeter of the cell body and proximal 
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dendrites. According to the morphology of the synaptic endings they receive, chestnut 

cells are assumed to receive a variety of inputs, including mossy fibres (Weedman et al., 

1996). Physiological and functional characteristics of these two cell types are still lacking. 

1.1.2.3  Response properties of DCN neurons 

Neurons in the DCN receive strong inhibition derived from auditory and non-auditory 

inputs in the molecular and deep layers. As a result, the complex circuitry in the DCN 

shapes the unique response patterns of the neurons in this nucleus. Response 

frequency maps have been derived for different neuronal types in the CN using 

extracellular recordings, mainly in anaesthetized and unanaesthetized cats (Evans and 

Nelson, 1973a; Rhode and Kettner, 1987; Young, 1980; Young and Brownell, 1976). 

These maps plot the neuronal discharge rate relative to the spontaneous firing rate of 

the neurons as a function of stimulus frequencies over a range of stimulus intensities. 

When the discharge rate is above or below the spontaneous firing rate, it is labelled as 

excitation or inhibition, respectively. In the DCN, four general types of response map 

have been observed (type I to IV). The four types of responses are not mutually 

exclusive, so that sometimes a combination of two response patterns can be observed 

in the same cell type while a single cell type can be converted to a different response 

pattern depending on the condition. As discussed below, some of these response maps 

have been correlated with different cell types in the DCN whereas the origins of the 

other ones are still unknown.  

Pyramidal cells have been correlated with the type IV responses characterized by a 

small excitatory area near stimulus threshold at the centre of the cell’s best frequency 

(BF). At higher sound levels, a V-shaped inhibitory area (the central inhibitory area; CIA), 

appears near the BF and the upper frequency edge of the CIA is bounded by a small 

excitatory ridge. Another inhibitory area at higher frequencies and a large excitatory area 

at high levels and low frequencies are usually found. However, type IV response maps 

are considerably variable between neurons and the only required features are the low 

level excitatory area at BF and the CIA. The sharply tuned excitation is provided by the 

ANFs which have the lowest thresholds at BF (Davis and Young, 2000; Spirou and 

Young, 1991). The CIA is provided by type II units from vertical cells in the deep layer 

(see below). These inhibitory type II units are sharply tuned, have a higher threshold 

than the ANFs and are shifted slightly downward in BF (Voigt and Young, 1990). D-
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multipolar cells in the VCN also provide weak inhibition to the type IV units. In contrast to 

vertical cells which respond to tones but not noise (Spirou et al., 1999), D-multipolar 

cells respond strongly to noise but not to tones (Palmer et al., 1996; Winter and Palmer, 

1995). These two cell populations are mutually inhibitory, which makes the responses of 

pyramidal cells complex and nonlinear. 

Type II response map is characterized by a narrow V-shaped excitatory area at the 

centre of BF and inhibitory areas on both sides. Type II units do not have spontaneous 

activity nor do they respond to broadband noise (Spirou et al., 1999). Evidence suggests 

that type II responses come from vertical cells in the DCN deep layer (Rhode, 1999; 

Young, 1980). Type II neurons provide significant inhibitory input to the DCN principal 

cells and play important roles in the shaping of the Type IV response map (see above). 

Type III response maps are similar to the type II in that they both have a central V-

shaped excitatory area centred at BF and inhibitory sidebands around it. The difference 

is that type III units have some spontaneous activity and are equally responsive to 

broadband noise and tones (Young and Voigt, 1982). Type III responses are recorded 

from DCN principal cells and possibly other cell types (Young, 1980). In anesthetized 

animals, type IV units are converted to type III probably by reducing the inhibitory effect 

of the type II units (Evans and Nelson, 1973a; Young and Brownell, 1976). 

Some DCN neurons have complex-spiking responses in which they show a mixture of 

excitatory and inhibitory areas without any typical pattern. Their action potentials show 

short bursts of spikes in extracellular recordings which resemble the intracellular 

recordings in cartwheel cells (Golding and Oertel, 1997; Manis et al., 1994; Zhang and 

Oertel, 1993c). This response map is only recorded from cells in the superficial DCN, at 

depths corresponding to where cartwheel cells are supposed to be found (Davis and 

Young, 1997; Parham and Kim, 1995). Therefore, these complex-spiking responses are 

likely to have come originated from cartwheel cells. These neurons respond to sound in 

a highly variable way and they show fluctuations in spontaneous rates (Young and Davis, 

2002). 

Other response maps are also recorded in the DCN but their identities are unknown. For 

example, type IV-T units have patterns in between types III and IV because they are like 

type IV units except with weaker inhibition in the CIA (Spirou and Young, 1991). The 
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type I/III units resemble the type II response maps and have no spontaneous activity. 

However, the difference is that they respond strongly to broadband noise (Spirou et al., 

1999) and are not associated with vertical cells or inhibitory inputs to principal cells 

(Rhode, 1999; Voigt and Young, 1990; Young, 1980). 

1.1.2.4  Neurotransmission in the CN 

1.1.2.4.1 Excitatory neurotransmission  

The ANFs provide excitatory input to the CN and there is strong evidence that they 

utilize glutamic acid and/or aspartic acid as neurotransmitter(s). Glutamate and 

glutamine levels are high in the ANF terminals (Hackney et al., 1996) and glutamate 

receptors are found in the CN (Caspary et al., 1985; Hunter et al., 1993; Sakimura et al., 

1992; Watanabe et al., 1994; Wenthold and Martin, 1984; Wickesberg and Oertel, 1989). 

The concentrations of glutamate and aspartate parallel the density of ANF innervation in 

the CN subdivisions, with higher concentration in the AVCN than in the DCN (Godfrey et 

al., 1977a, 1977b, 1978; Wenthold, 1978). Cochlear or ANF lesions lead to a significant 

decrease of both neurotransmitters in the entire CN except the molecular layer of the 

DCN (Wenthold, 1978), as well as the enzymes involved in the metabolism of aspartate 

and glutamate in the Type I SGNs and their CN terminals (Altschuler et al., 1981, 1984; 

Godfrey et al., 1984). Physiological studies have demonstrated that the mature ANF 

synapses in the CN show little plasticity (Golding et al., 1995; Oertel, 1997; Wu and 

Oertel, 1987). The limited plasticity is an important feature at the adult ANF synapses to 

ensure the transmission of acoustic information occurs faithfully (Young and Oertel, 

2004). 

Another source of excitatory input to the DCN (but not to the VCN) is granule cells which 

predominately receive mossy fibre inputs from a variety of auditory and non-auditory 

centres in the brain. They also receive inputs from the type II SGNs and from Golgi cells 

in the DCN (Brown and Ledwith, 1990; Brown et al., 1988b). It is thought that granule 

cells utilise glutamate (Altschuler et al., 1984) and/or aspartate (Oliver et al., 1983) as 

neurotransmitters. Interestingly, in contrast to the ANF synapses in the DCN, PF 

synapses with DCN cells (mainly pyramidal and cartwheel cells) show both long-term 

potentiation (LTP) and long-term depression (LTD) (Fujino and Oertel, 2003). It has 

been suggested that the synaptic strength at the PF system is modulated by activity 

received by the postsynaptic cells through auditory input and the convergence of the two 
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excitatory inputs at the pyramidal cells is important for the role of DCN in monaural 

sound localization in the vertical plane using cues from head and ear position. 

All three types of ionotropic glutamate receptors (α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid or AMPA, N-Methyl-D-aspartic acid or N-Methyl-D-aspartate or 

NMDA, and kainate or KA receptors) have been found in the CN. AMPA receptors have 

four subunits (GluA1-4), all of which have been localized in the CN but with differential 

distribution (Hunter et al., 1993; Petralia et al., 2000, 1996; Rubio and Wenthold, 1997). 

GluA1 is expressed in low levels in most regions of the CN except in the neuropil of the 

DCN superficial layers, mainly localized to cartwheel and stellate cells (Petralia et al., 

2000). In contrast, GluA2 and GluA3 are expressed in all CN cell types except the 

granule cells (Petralia et al., 1996), although granule cells do show GluA2 mRNA 

expression (Hunter et al., 1993). GluA4 is also expressed in most CN cell types, 

especially at the auditory nerve and pyramidal cell synapses in the DCN deep layer, with 

weak expression in granule cells (Petralia et al., 1996; Rubio and Wenthold, 1997). 

There are seven NMDA receptor subunits (GluN1, 2A-D and 3A-B), out of which GluN1, 

2A and 2B have been localized to the adult CN (Bilak et al., 1996; Marianowski et al., 

2000; Petralia et al., 1994). GluN1 is widely expressed in the CN but particularly in the 

superficial layer of the DCN (Bilak et al., 1996; Petralia et al., 1994) while GluN2A and 

GluN2B have more restricted expression in some pyramidal cells and deep layer 

multipolar/giant cells (Petralia et al., 1996). Other NMDA receptor subunits are not 

expressed in the CN (Marianowski et al., 2000). Kainate receptors (GluA5-7, KA1 and 

KA2) are the third class of ionotropic glutamate receptors. GluA5-7 are expressed in 

many cell types in the CN whereas KA2 has light expression in some pyramidal cells 

and occasional cartwheel, stellate and deep layer multipolar/giant cells in the DCN 

(Petralia et al., 1996). In addition, several types of metabotropic glutamate receptors are 

also expressed in the CN. For example, mGluA1α is expressed mostly at the ANF-

pyramidal cell and PF-cartwheel cell synapses, as well as in molecular layer stellate and 

deep layer multipolar/giant cells lightly to moderately (Molitor and Manis, 1997; Petralia 

et al., 1996; Rubio and Wenthold, 1997). In comparison, mGluA2/3 is mainly expressed 

in Golgi and unipolar brush cells located in the pyramidal cell and deep layers of the 

DCN (Petralia et al., 1996). 
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1.1.2.4.2 GABAergic neurotransmission 

The DCN contains the highest concentration of GABA in the CN where it is mainly found 

in the molecular and pyramidal cell layers (Godfrey and Matschinsky, 1976; Figure 1-16). 

GABAergic neurotransmission is also observed in the VCN, mainly in the rostral part of 

the AVCN, the small cell cap, the interstitial nucleus (IN) and the OCA in the PVCN. 

IHistC studies of glutamate decarboxylase (GAD), the enzyme involved in GABA 

synthesis, have shown similar distributions in the CN. In some of the terminals, GABA 

and glycine are co-localized (Altschuler et al., 1993). One third of the GABAergic 

innervation originates from outside the CN (Davies, 1975; Potashner et al., 1985), which 

include fibres from the periolivary nuclei and the lateral and ventral nuclei of the TB 

(Adams, 1983a; Adams and Mugnaini, 1987; Altschuler et al., 1993; Ostapoff et al., 

1990; Potashner et al., 1993). The remaining GABAergic terminals come from intrinsic 

CN sources (Fisher and Davies, 1976; Saint Marie et al., 1993; Shiraishi et al., 1985; 

Wenthold et al., 1986) and include stellate, cartwheel, and Golgi cells (Davies, 1975; 

Mugnaini, 1985; Shiraishi et al., 1985; Peyret et al., 1986; Wenthold et al., 1986; Adams 

and Mugnaini, 1987; Roberts and Ribak, 1987; Osen et al., 1990; black dots in Figure 

1-16). In the VCN, GABAergic cells are mainly found in the small cell cap and the rostral 

pole of the AVCN, whereas the PVCN contains few GABAergic cells (Adams and 

Mugnaini, 1987; Schwartz, 1981; Wenthold et al., 1986). 

 
Figure 1-16: Schematic distribution of GABAergic activity in the CN (Romand and 
Avan, 1997). Key: AVCN = anterior ventral cochlear nucleus, DCN = dorsal cochlear 
nucleus, IN = interstitial nucleus, PVCN = posterior ventral cochlear nucleus. 
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GABA has been identified as an inhibitory neurotransmitter in the CN. Pharmacologically, 

application of GABA into the CN decreases both spontaneous and sound-evoked activity, 

whereas GABA antagonists suppresses this inhibitory effect (Caspary, 1986; Caspary et 

al., 1979; Evans and Zhao, 1993). Both GABAA and GABAB receptors are present in the 

CN and their distributions are heterogeneous (Altschuler et al., 1993; Glendenning and 

Baker, 1988; Juiz et al., 1994). GABAA receptors are ionotropic receptors and the α1, α3, 

α5, α6, β1, β3, γ2 and δ subunits have been found in the CN (Campos et al., 2001; 

Marianowski et al., 2000; Varecka et al., 1994). GABAA α1, α3, β3 and γ2 subunits are 

expressed in many cell types in the CN whereas the other ones have more restricted 

expression, usually only in a single cell type. For examples, the α5 and the α6 subunit 

are only expressed in spherical bushy cells and granule cells respectively, while the δ 

subunit is exclusively localized to the octopus cells (Campos et al., 2001; Varecka et al., 

1994). GABAB receptors are metabotropic receptors and GABAB-1 subunit has been 

localized in the molecular and pyramidal cell layers with substantial expression both pre 

and postsynaptically (Lujan et al., 2004).  

1.1.2.4.3 Glycinergic neurotransmission 

The highest concentration of glycinergic immunoreactivity is found in the DCN, 

especially in the molecular and pyramidal cell layers (Godfrey et al., 1977a, 1978; Osen 

et al., 1990; Wenthold et al., 1987) (Figure 1-17). The main sources of glycinergic 

signalling outside the CN come from the periolivary nuclei including the lateral and 

ventral nuclei of the TB (Altschuler et al., 1993; Potashner et al., 1993). There are also 

intrinsic sources of glycine in both the DCN and VCN (black dots in Figure 1-17). In the 

DCN, glycine immunoreactive neurons are found in all three layers, with the majority in 

the molecular and deep layers (Oertel and Wickesberg, 1993; Wickesberg et al., 1994). 

The glycinergic cells found in the DCN deep layer project to the AVCN and inhibit bushy 

and D-multipolar cells (Altschuler et al., 1986a; Saint Marie et al., 1991; Wenthold et al., 

1988). Glycinergic neurons are also found in the VCN, mainly in the small cell cap, 

medial region of the AVCN and deep region of the PVCN (Altschuler et al., 1993; 

Wickesberg et al., 1994). The large glycinergic neurons in the AVCN project to the 

contralateral CN (Wenthold, 1987). Many of these glycinergic cells are co-localized with 

GABA, especially in the molecular and deep layers of the DCN and dorsolateral margin 
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of the caudal PVCN (Altschuler et al., 1993; Aoki et al., 1988; Osen et al., 1990; Saint 

Marie et al., 1991; Wenthold et al., 1986). 

 
Figure 1-17: Schematic distribution of glycinergic immunoreactivity in the CN 
(Romand and Avan, 1997). Key: AVCN = anterior ventral cochlear nucleus, DCN = 
dorsal cochlear nucleus, IN = interstitial nucleus, PVCN = posterior ventral cochlear 
nucleus. 

The action of glycine in the CN is similar to that of GABA as application of glycine 

inhibits both spontaneous and sound-evoked activity in the VCN and DCN (Caspary et 

al., 1979; Evans and Zhao, 1993; Martin et al., 1982). This effect is probably mediated 

by both strychnine-sensitive and -insensitive glycine receptors and is reduced by the 

presence of glycinergic receptor antagonists (Glendenning and Baker, 1988; Kakehata 

et al., 1992). Glycine receptors are expressed throughout the CN with denser neuropil 

labelling in the DCN and granule cell region than the VCN (Altschuler et al., 1986a). 

Within the DCN, glycine receptors are highly expressed in the deep layer, with slightly 

lower levels of expression in the pyramidal cell and molecular layers (Glendenning and 

Baker, 1988). Glycine receptors have five subunits, four alpha subunits (α1-4) and one 

beta subunit (β). All except the α4 subunits have been found in the CN, however, the α2 

subunit is only present in CN of developing animals (Sato et al., 1995). 

1.1.2.4.4 Cholinergic neurotransmission 

Acetylcholine (Ach) is one of the neurotransmitters found in the terminals of descending 

inputs to the CN. The cholinergic innervation, assessed by the presence of 

acetylcholinesterase (the enzyme that hydrolyzes ACh) and choline-acetyltransferase 
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(the enzyme that synthesizes ACh), is mainly found in the molecular and pyramidal cell 

layers of the DCN as well as granule cell areas of the CN (Rasmussen, 1967; Osen and 

Roth, 1969; Godfrey et al., 1977b, 1985, 1990; Vetter et al., 1993; Figure 1-18). 

Histochemical evidence reveals that these cholinergic fibres originate in the SOC and 

enter from the olivocochlear bundle (Brown and Howlett, 1972; Godfrey, 1993; Godfrey 

et al., 1985; Martin, 1981; Osen and Roth, 1969; Osen et al., 1984; Rasmussen, 1960, 

1964). Intrinsic cholinergic neurons are also found in the CN, mainly in the granule cell 

areas and the deep DCN (Godfrey, 1993; Vetter et al., 1993; black triangles in Figure 

1-18). Both muscarinic and nicotinic ACh receptors have been found in all CN 

subdivisions (Glendenning and Baker, 1988; Happe and Morley, 1998; Yao and Godfrey, 

1995; Yao et al., 1996). In the DCN, punctate neuropil labelling has been observed and 

the molecular layer expresses the highest levels of ACh receptors (Glendenning and 

Baker, 1988; Happe and Morley, 1998). 

 
Figure 1-18: Schematic distribution of cholinergic activity in the CN (Romand and 
Avan, 1997). Key: AVCN = anterior ventral cochlear nucleus, DCN = dorsal cochlear 
nucleus, IN = interstitial nucleus, PVCN = posterior ventral cochlear nucleus. 

Functionally, electrical stimulation of the SOC leads to an increase in the excitability of 

ipsilateral AVCN neurons to sound (Comis and Whitfield, 1968), which is partially 

suppressed by cholinergic antagonists injected into the CN (Comis, 1970; Comis and 

Davies, 1969; Pickles and Comis, 1973). In the AVCN, application of Ach excites a 

subset of the neurons (Caspary et al., 1983; Martin and Adams, 1979). In the DCN, the 

results are more variable and in vitro muscarine (cholinergic agonist) application leads to 
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either a decrease or an increase in the activity of different neuronal populations 

(Caspary et al., 1983; Hirsch and Oertel, 1988). Therefore, the cholinergic system is 

mainly excitatory in the VCN while it is both excitatory and inhibitory in the DCN, 

probably depending on cell types examined. In addition, the cholinergic system is 

thought to modulate the spontaneous activity of neurons in the DCN which is mainly 

mediated through muscarinic receptors (Chen et al., 1994, 1998).  

1.1.2.4.5 Other neurotransmitters in the CN 

Neurotransmission in the CN is also mediated by other neurotransmitters, which include 

noradrenaline (NA), serotonin, arginine-vasopressin (AVP), enkephalin, and other 

neuroactive peptides.  

Noradrenergic fibres have been identified in the CN of rodents, bats and cats at two 

central afferent pathways, one entering rostrally to innervate the AVCN, and the other as 

part of the DAS terminating in the PVCN and DCN (Comis and Whitfield, 1968; Kössl et 

al., 1988; Kromer and Moore, 1976). The main source of NA in the CN comes from the 

locus coeruleus (Kromer and Moore, 1980; Levitt and Moore, 1979; Schuerger and 

Balaban, 1993), as electrical stimulation of this nucleus induces inhibition of the CN 

neuronal activity and bilateral lesions of this nucleus leads to disappearance of NA 

staining in the CN (Chikamori et al., 1980). Functional evidence shows that an injection 

of NA increases both the absolute and masked auditory thresholds in behavioural 

hearing tests in cats (Pickles, 1976), which suggests that the noradrenergic system 

modulates auditory sensitivity in the CN (Foote et al., 1975). 

An IHistC study using an antibody against a glycopeptidic precursor has found AVP in 

guinea-pig DCN, mainly in the molecular and pyramidal cell layers (Dubois-Dauphin et 

al., 1987, 1989a, 1989b). In vitro administration of AVP or its agonists increases the 

spontaneous discharge rate of DCN neurons in physiological recordings (Charpak et al., 

1989). Enkephalin has also been detected in the CN and its physiological effects have 

been assessed in several studies (Adams, 1993; Altschuler et al., 1986b; Khachaturian 

et al., 1983; Miller and Pickel, 1980; Pedemonte et al., 1990; Uhl et al., 1979). The 

source of enkephalin is from the periaqueductal gray through both direct and indirect 

fibres. Other neurotransmitters found in the CN include serotonin (Fuxe, 1965), 

angiotensin (Phillips et al., 1993) and neuroactive peptides such as substance P, 
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somatostatin, neurotensin, neuropeptide Y, cholecystokinin, and calcitonin gene-related 

peptide (Adams, 1993; Adams and Mugnaini, 1985; Wenthold, 1991). 

1.1.2.5 Synaptic connections within the CN 

There is an extensive network of intrinsic connections within the CN, especially in the 

DCN (Kane, 1974b; Mugnaini et al., 1980a, 1980b; Osen and Mugnaini, 1981; 

Wouterlood and Mugnaini, 1984; Wouterlood et al., 1984; Figure 1-19). Some cell types 

project to other CN subdivisions on the ipsilateral side, as well as to the CN on the 

contralateral side. In the DCN, vertical cells send inhibitory projections to all the principal 

cell types in both the DCN and the VCN, except the octopus cells in the PVCN 

(Wickesberg and Oertel, 1988, 1990; Voigt and Young, 1990; Wickesberg et al., 1991; 

Zhang and Oertel, 1993c; Rhode, 1999; Figure 1-19). The projections are glycinergic 

and tonotopically organized (Feng and Vater, 1985; Wickesberg and Oertel, 1988, 1990, 

1993). Vertical cells and their target cells in the AVCN receive the input from the same 

auditory nerve as demonstrated by horseradish peroxidase (HRP) tracer labelling which 

indicates that vertical cells provide inhibition to these postsynaptic cells in the AVCN in a 

delayed and frequency-specific fashion (Wickesberg and Oertel, 1988, 1993). It is 

proposed that this DCN-AVCN circuit is involved in monaural echo suppression to 

reduce their impact on interfering with sound localization as echoes have the same 

frequency components as the primary sound and are delayed by 1 to 30 milliseconds 

depending on the surrounding. In the VCN, both types of multipolar cells send axon 

collaterals to the same cell types in the DCN and VCN, namely the pyramidal, giant and 

vertical cells in the DCN and themselves in the VCN (Adams, 1983b; Kane and Finn, 

1977; Oertel et al., 1990; Smith and Rhode, 1989). The D-multipolar cells and vertical 

cells are both inhibitory and have complementary properties such that D-multipolar cells 

are broadly tuned and respond best to noise but only weakly to tones, whereas the 

opposite is true for vertical cells (Palmer et al., 1996; Paolini and Clark, 1999). These 

two cell types provide complementary inhibitory inputs to cells throughout the CN and 

are mutually inhibitory. In addition, D-multipolar cells also send projections to the 

contralateral CN which mainly target the anterior AVCN, PVCN and the superficial layers 

of the DCN (Adams and Warr, 1976; Cant and Gaston, 1982). Furthermore, some cell 

types also have collaterals that terminate locally onto other cells of the same type, as in 
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the case of pyramidal cells, cartwheel cells, octopus cells and T-multipolar cells (Young 

and Oertel, 2004), presumably for feedback purposes. 

 
Figure 1-19: Neuronal circuits in the CN (Young and Oertel, 2004). Key: a.n.f. = 
auditory nerve fibres, BC = bushy cells, Ca = cartwheel cells, DAS = dorsal acoustic stria, 
DCN = dorsal cochlear nucleus, D-M = D-multipolar cells, Gi = giant cells, Go = Golgi 
cells, gr = granule cells, IAS = intermediate acoustic stria, m.f. = mossy fibres, Oc = 
octopus cells, p.f. = parallel fibres, Py = pyramidal cells, St = stellate cells, TB = 
trapezoid body, T-M = T-multipolar cells, V = vertical cells, VCN = ventral cochlear 
nucleus. 

1.1.2.6 Role of DCN in hearing 

Multiple sensory systems converge onto the DCN pyramidal cells, and thus 

understanding how this complex neuronal circuitry works would contribute to our 

knowledge of the role of the DCN in hearing. Pyramidal cells are inhibited by stimuli with 

either narrowband peaks (by vertical cells) or notches of a broadband noise (by D-

multipolar cells) (Nelken and Young, 1994). The authors argued that because 

narrowband peaks are spectral features typically found in natural sounds such as human 

speech and animal communication sounds, this DCN circuit is thought to be involved in 

the detection of interesting spectral features that may carry important information about 

the environment. On the other hand, stimulus features in a broadband noise can be 
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used by humans and cats as cues to localize sound sources in the vertical plane (Huang 

and May, 1996a, 1996b; Middlebrooks, 1992; Musicant et al., 1990). D-multipolar cells 

strongly inhibit vertical cells in the presence of broadband sounds so there is no 

inhibition on pyramidal and/or giant cells while excited by ANFs. When spectral notches 

are present, vertical cells sensitive to the notch frequencies are not active and thus D-

multipolar cells have a more direct influence on pyramidal and/or giant cells (Nelken and 

Young, 1994). Therefore, the interactions between the principal and local cells are 

important in extracting spectral cues used in sound localization.  

The input provided by granule cells and their associated inhibitory interneurons convey 

multimodal sensory information to the DCN principal cells. This system responds weakly 

to sound stimuli but is strongly excited by somatosensory input (Davis and Young, 1997; 

Parham and Kim, 1995), which mainly comes from the muscles that control pinna 

movements in the external ear (or equivalent head movements in animals with immobile 

pinnae) (Davis et al., 1996; Kanold and Young, 2001). This provides convincing 

evidence that proprioceptive information and spectral cues are indeed integrated in the 

DCN. The organization of this granule cell circuitry in DCN shares many common 

features with that in the cerebellum (Mugnaini and Morgan, 1987) and similar structures 

in electric fish (Montgomery et al., 1995), suggesting that DCN could be performing 

something similar to cerebellar learning (Medina et al., 2000). Learning the association 

between acoustic and somatosensory inputs may be mediated by the synaptic plasticity 

found between the PF system and the apical region of the pyramidal and cartwheel cells. 

This learning is likely to be involved in the DCN’s role in cancelling self-generated noise, 

whose mechanisms are thought to be similar to those for the electrosensory system in 

electric fish (Oertel and Young, 2004).  

Evidence of the DCN involvement in monaural sound localization in the vertical plane 

has come from behavioural studies in cats (May, 2000; Sutherland et al., 1998a). The 

axons of the two principal cell types of the DCN, pyramidal and giant cells, project to the 

IC through the DAS (Adams and Warr, 1976; Fernandez and Karapas, 1967). The DAS 

is separate from the other outputs of the CN, making it possible to disrupt the central 

connections from the DCN without disturbing the projections from the rest of the CN. 

When the DAS was severed in cats, untrained animals showed a decline in the accuracy 

in performing reflexive head movement towards a sound source (Sutherland et al., 



 

42 

 

1998b) whereas in trained cats the performance in identifying a sound source by turning 

their heads was also decreased, especially in the vertical plane (May, 2000). However, 

the lesions did not affect the hearing thresholds or the ability to discriminate the location 

of sound source of the cat (Masterton et al., 1994; Sutherland et al., 1998a). The DCN 

principal cell types also project to non-auditory structures including the caudal pontine 

reticular nucleus which is important for acoustic startle reflexes (Lingenhohl and Friauf, 

1994). Therefore, it seems that the DCN is involved in reflexive orientation and sound 

localization but not in direction discrimination, which is probably performed by the VCN 

(Young and Davis, 2002).  

1.1.2.7 CN in human and other species 

Most of our understanding on the structure and function of the CN is based on studies in 

cats, and to a lesser extent, rodents and birds. However, there exist some differences, 

sometimes substantial, in the organization of the CN among different species, including 

human, which need to be considered in generalising these data to other species. 

In all rodent species studied to date, the cell types present in the CN are similar to those 

identified in the cats, except with an addition of a new group of neurons located at the 

nerve root near the ANF entry point into the CN. This cochlear nerve root region has 

been identified in the rat (Harrison and Feldman, 1970; Harrison and Irving, 1966; 

Harrison and Warr, 1962; Harrison et al., 1962; Merchan et al., 1988), mouse (Webster 

and Trune, 1982) and gerbil (Chamberlain, 1977). These neurons receive auditory nerve 

input and project through the ventral nucleus of the trapezoid body and mainly terminate 

at the pontine reticular formation but also at other reticular and tectal regions of the 

brainstem (Lee et al., 1996; Lopez et al., 1993, 1999; Nodal and López, 2003). Cochlear 

root neurons resemble the globular bushy cells in appearance and also have primary-

like-with-notch responses to sound stimuli although they have a different distribution of 

synaptic terminals and projections (Sinex et al., 2001). These cells are thought to be 

involved in the acoustic startle reflex. Another major difference between cats and 

rodents is the relative reduction in the area containing large SBCs in some rodents (e.g. 

mouse and rat). This is thought to be related to the frequency range that a species 

normally hears, since those rodents that are more sensitive to low frequency sounds 

have large SBC area more similar to that of the cat in relative terms. It is also interesting 

to note that burrowing mammals such as moles, mountain beavers and porcupines have 
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relatively enlarged granule cell layers (Kudo et al., 1990; Merzenich et al., 1973). It is 

possible that this arrangement enhances their ability to localize sound and compensates 

for their poor vision. The CN in other mammals have also been studied and the 

structural features are seen to correlate well with the species’ hearing capability. For 

example, there seems to be a lack of large SBCs in the bats although very small SBCs 

are present in the AVCN, and they project to the IC instead of to the SOC (Pollak and 

Casseday, 1989; Zook and Casseday, 1982). There is also a segregation of large 

multipolar cells in the AVCN which also project to the IC and together with the small 

SBCs are thought to process high frequency information which is important in 

echolocation performed by these animals. The DCN is relatively small with no distinctive 

lamination and contains few granule cells compared to other species. 

The human VCN is more or less the same as that of other mammals, in terms of the cell 

types, their relative distributions in the CN and the pattern of afferent innervation (Moore 

and Osen, 1979a). Many of the cell types described above can also be found in humans 

and other primates (Adams, 1986; Bacsik and Strominger, 1973; Moore, 1980; Moore 

and Osen, 1979a, 1979b; Strominger and Strominger, 1971). For example, spherical 

and globular bushy cells, as well as octopus cells are recognized and located around the 

same relative locations as in the cat (Moore and Osen, 1979a, 1979b). However, unlike 

in the cat, there are no recognizable boundaries between the locations of different cell 

types. For instance, bushy cells are found throughout the human VCN and D-multipolar 

cells are intermingled with the bushy cells even in the rostral pole of the nucleus. In 

addition, the cell types that project to the IC (e.g. multipolar cells and octopus cells) 

appear to have increased in relative numbers in primates, whereas those that mainly 

project to the SOC (e.g. bushy cells) have become less numerous relatively. 

The DCN in human and primates are large and are much more different from that of the 

cat and rodents compared to the VCN. Not only the tonotopic organization of the afferent 

innervation is along a different axis in the DCN, the typical lamination pattern is also 

absent (Moore, 1980; Moore and Osen, 1979a). Other differences seen in the human 

DCN include the lack of clear radial orientation of the pyramidal cells (Moore and Osen, 

1979a), absence of cartwheel cells and relatively few giant cells in the deep layer 

(Adams, 1986). However, a more recent study has revealed that the molecular layer of 

the primate (rhesus monkey) DCN to be more similar to that of the cat and rodents than 
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we have thought previously (Rubio et al., 2008). The authors have identified the key 

components of the DCN molecular layer using electron microscopy and IHistC, including 

granule cells, the unmyelinated PFs and their glutamatergic synapses, as well as 

cartwheel cells. These findings are encouraging as this increases the relevance of 

results obtained from lower mammals such as cat and rodents. 

1.2 Development of the CN 
1.2.1 Embryonic origin of the CN 
Most of the knowledge on the embryonic origin of the CN has been based on studies in 

chick embryos due to technical difficulties in manipulating the mammalian system during 

early development. The rhombencephalon from which the hindbrain develops, is 

segmented into eight parts along the antero-posterior axis, called rhombomeres (r1 to 

r8), at the early stages of CNS development (Lumsden and KrumLauf, 1996). It has 

been shown that nucleus magnocellularis (NM, the chicken equivalent to mammalian 

AVCN) derives from r5 to r7 while nucleus angularis (NA, the chicken equivalent to 

mammalian PVCN and DCN) is derived from r4 to r6 (Cramer et al., 2000a; Marín and 

Puelles, 1995). It is not known whether the mammalian CN is derived from the same 

rhombomeres, however it has been shown that the CN originates from the rhombic lip at 

the level of lateral recess of the fourth ventricle in the rhombencephalon at a later 

embryonic stage (Blake, 1900; Cooper, 1948; Pierce, 1967; Shaner, 1934). Cells that 

will form the AVCN are located most rostrally in the rhombic lip while cells that will form 

the DCN are located most caudally with cells forming the PVCN situated in between. In 

the mouse, the first neurons to be generated in the CN are the large neurons of the DCN 

(presumably giant cells) and large multipolar cells of the PVCN (E10-11) from the 

primary rhombic lip (Martin and Rickets, 1981; Pierce, 1967). This seems to occur 

slightly before the birth of the first hair cell (Ruben, 1967) and the first entry of the ANFs 

into the CN (Pierce, 1967), both occurring around E11. It should be noted, however, that 

these large neurons which project directly to the contralateral IC, are shown to be 

generated in a cytogenic region medial to the rhombic lip in the oppossum (Willard and 

Martin, 1986). It is not known whether the same occurs in the mouse or other 

mammalian species because Pierce (1967) could only trace the birth site of CN neurons 

from E12 and older. By that time the large neurons have already been born and are  

migrating towards their final destination, mixing with other cells generated later. One to 
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two days later, the medium-sized neurons of the DCN (presumably including pyramidal 

cells and cartwheel cells) and the VCN (including spherical, globular and multipolar cells) 

are generated at E12-13 (Martin and Rickets, 1981; Pierce, 1967). Granule cells are 

generated continuously in the next few days (E12-18) from the secondary rhombic lip 

located lateral to the primary rhombic lip and migrate over the surface of the DCN then 

medially into the deeper layers (Larsen, 1984; Pierce, 1967; Schweitzer et al., 1987). 

The small cells of the DCN (presumably including stellate cells, vertical cells and Golgi 

cells) are generated at E14.5. Therefore, the neurons are generated in order of their size 

from large to medium to small. This is a general pattern that is also observed in other 

parts of the CNS (Angevine, 1970; Jacobson, 1991). In addition, some DCN neurons are 

generated before VCN neurons, however, neurogenesis in the DCN occurs over a 

longer period. The same developmental sequence is also observed in the rat (Altman 

and Bayer, 1980). The presumptive CN can be first recognized around E14/15 and is 

divisible into the dorsal and ventral compartments shortly before birth (E16/17) 

(Hugosson, 1957). Cells in other central auditory structures, including the SOC, nLL, IC, 

MGB and the AC, are generated during the same timeframe (Angevine, 1970; Angevine 

and Sidman, 1961; Gardette et al., 1982; Martin and Rickets, 1981; Pierce, 1967, 1973; 

Ruben, 1967). 

1.2.2 Neuronal migration 
Following neurogenesis, the neurons must migrate to their final destination and 

aggregate with similar cell types to form the various compartments of the CN. Like other 

parts of the developing brain, these processes are regulated by a variety of molecular 

signals that guide cell and axon movement and molecules that mediate selective 

attraction and repulsion between cells and their processes (Redies and Puelles, 2001; 

Sanes et al., 2000). For example, cadherins are cell-cell adhesion molecules found 

during early development throughout the vertebrate CNS, each of which express in a 

unique pattern. Cadherin-6, a member of the cadherins family, is strongly expressed in 

most auditory structures including the DCN but not in the VCN in embryonic and 

postnatal mice (Inoue et al., 1998). Cadherin-10, in contrast, is not expressed in the CN 

at all but only found in higher auditory centres (Fushimi et al., 1997). Another class of 

signalling molecules important for the development of the auditory system is ephrins and 

their receptors (Eph receptors). Eph receptors are membrane-bound tyrosine kinase 
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receptors and are involved in many developmental processes like cell migration, axon 

guidance and topographic map establishment (Rubel et al., 2004). Several Eph 

receptors and ephrins have been localized in the developing auditory brainstem, for 

instances, EphA4, EphB2, EphB5, and ephrin-B1 and B2 (Cramer et al., 2000b, 2002). 

Expression of the EphA4 in ectopic locations in the chick NM has been shown to result 

in inappropriate migration of the neurons and abnormal morphology of the target area in 

the nucleus lanimaris (NL, chicken equivalent to the mammalian SOC) (Cramer et al., 

2004). In addition, other molecules implicated in selective adhesion and repulsion 

between cells, such as NB2 (a neural cell recognition molecule) (Ogawa et al., 2001) 

and members of the plexin-A subfamily (transmembrane protein that interact with other 

molecules to facilitate repulsion between neurons) (Murakami et al., 2001), are also 

expressed at various stages during development along the auditory pathway, including 

the CN. The complex temporal and spatial expressional changes of a large number of 

regulatory molecules suggest that the dynamic events during embryonic and early 

postnatal development are not determined by a single factor but the combined effect of 

these molecules. However, detailed studies are still required to investigate the relative 

contribution of these molecules and whether or not a specific pattern is necessary and 

sufficient for the appropriate developmental changes to occur in particular cell types of 

the CN (see Rubel et al., 2004 for a review). 

1.2.3 ANF innervation 
The proliferation and migration of CN neurons overlap with the period when ANFs enter 

the brain, which occurs around embryonic day 11 to 13 (E11-13) in the mouse (Carney 

and Silver, 1983; Pierce, 1967, 1973; Poston et al., 1988; Rubel et al., 1976). In the 

human embryo, ANFs are seen to enter the VCN by 16 weeks of gestation (Moore et al., 

1997). The sequence of ANF innervation follows a basal to apical pattern although it is 

unknown how such gradients are established (Angulo et al., 1990; Schweitzer and Cant, 

1984). Axon extension of the SGNs in the cochlea into the CN is not a straightforward 

process. It involves bifurcation to form branches that innervate each of the subdivisions, 

the growth towards the appropriate target neuron and cessation of growth when the 

target is reached. Unfortunately, the cellular and molecular mechanisms of the ANF 

extension into the CN and its divisions are still largely unknown. For example, it is not 

clear whether ANF innervation of the CN influences or is dependent on neuronal 
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migration into the CN. In addition, the projection of ANFs into the CN and the 

establishment of the topographic innervation in the CN occur well before the 

physiological responses to acoustic stimuli can be recorded in the neurons (Lippe, 1995; 

Lippe and Rubel, 1985; Sanes et al., 1989; Sterbing et al., 1994) suggesting the 

independence of these processes from auditory input. It is possible that spontaneous 

activity generated in the auditory nerve and/or CN neurons play a role. The proposed 

role of spontaneous activity in the development of the CN before the onset of hearing is 

discussed in more detail in the General Discussion (Section 5, page 199).  

1.2.4 Synaptic formation 
After reaching the target neuron, proper synaptic connections need to be formed 

between the incoming ANF and the cell body and/or processes of the postsynaptic cell. 

It is interesting to note that the collaterals of the same ANF axon form different types of 

synapses with different cell types of the CN. For example, in the AVCN, the end bulb of 

Held is the predominant morphology with the presynaptic terminal of the ANF forming a 

large calyx surrounding the postsynaptic cell body while in other regions of the CN, the 

more common boutonal synapses are seen (Lorente de Nó, 1981; Ryugo and Parks, 

2003). It then raises the question of what actually determines the synaptic morphology. 

When the otocyst was removed at E3 in the chick, aberrant axons extended into the 

contralateral NM in addition to their normal targets in the ipsilateral NM and NL, and the 

synapses formed had abnormal morphologies that lacked the typical calyx appearance 

(Parks et al., 1990). Therefore, it is suggested that both the incoming axon and the 

target cells are important to establishing the type of synapse.  

1.2.5 Axonal projections from the CN 
There appears to be three stages of axonal outgrowth from principal neurons of the CN 

during embryonic and postnatal development as demonstrated using DiI-tracing 

techniques in rats (Kandler and Friauf, 1993). The first stage starts at E15, only a day 

after the peak neurogenesis in the CN, and until E17 is the period during which axonal 

outgrowth occurs most rapidly. During this time, axons are seen to extend towards the 

SOC and eventually reach the LL and IC. This is all happening at a time before the 

neurons in the CN have migrated to their final positions, however, no collaterals are 

formed in the target structures at this stage. Collaterals start to form from E18 and this 
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marks the beginning of the second stage which lasts until P5. During this time, the 

number of projection fibres increases dramatically and branching of these fibres are 

observed in all target structures. Although the basic projection pattern is established by 

E20, some axonal projections are still growing at P5. The third stage occurs between P5 

and P14 (onset of hearing occurs around P12 in the rat), during which time terminal 

structures become more differentiated and mature. The gradients of maturation follow 

similar patterns to the topographic development in the cochlea so that the regions 

representing high frequencies mature first.  

1.2.6 Postnatal structural maturation 
There is little change in the volume of both the DCN and VCN during the first three days 

after birth in the mouse (Webster and Webster, 1980a). From postnatal day 3 (P3), 

principal cells in the VCN grow rapidly to reach peak size at P12 and subsequently drop 

to adult values. Cells in the DCN also follow the same pattern but lag a few days behind 

those in the VCN. Between P6 and P12, the volume of both the DCN and VCN 

increases to more than double of their initial size. Peak cell numbers are reached at P9 

in VCN and at P11-13 in DCN (Mlonyeni, 1967). Programmed cell death occurs 

subsequently and the final cell number is regulated by activity in the afferent fibres (Hall, 

1964). After P12, the rate of growth in volume decreases but continues through to at 

least P90. 

The growth in volume could be the result of several factors such as neuronal growth, 

generation and growth of glial cells, myelination and angiogenesis. Neuronal growth 

includes the extension and branching of dendrites as well as synaptogenesis, in addition 

to the increase in size of the somata. Although the basic circuitry is set up relatively early, 

dendritic development continues for a long time after hearing onset (around P11/12 in 

mouse). A pattern that is observed also in other parts of the CNS is that an initial phase 

of growth resulting in numerous branching followed by a decrease in dendritic 

arborisation as the animal matures (Jacobson, 1991).  

1.2.7 Onset of function 
The onset of function in the auditory system can be defined in two ways, the ability to 

transmit synaptic signals or respond to external acoustic stimuli, and the two processes 

do not necessarily occur at the same time (Sanes and Walsh, 1997). In many 
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mammalian species, synaptic transmission is present in the CN before sound elicited 

responses can be recorded. For example, electrical stimulation of the eighth nerve could 

elicit both excitatory and inhibitory postsynaptic potentials in CN neurons by P4 (the 

earliest age examined) in the mouse (Wu and Oertel, 1987), whereas sound-evoked 

responses can only be observed at a much later time (between P8 and P12 depending 

on mouse strains tested) (Alford and Ruben, 1963; Mikaelian and Ruben, 1965; 

Saunders et al., 1980; Shnerson and Willott, 1980). However, this is not the case in 

chicks because sound evoked postsynaptic action potentials can be recorded almost at 

the same age (around E11) as electrical stimulation can elicit synaptic transmission 

(Jackson et al., 1982). This probably depends on the relative maturity of the cochlea 

because inner ear development seems to lag behind CN development for more than a 

week in rodents (Sanes and Walsh, 1997).  

1.2.8 Functional development 
The functional development of the CN has received relatively little attention. 

Development of basic electrical properties of CN neurons have been investigated using 

electrophysiological techniques. It has been shown that spontaneous firing of action 

potentials could be recorded in CN neurons before they could be evoked acoustically 

and the percentage of spontaneously active neurons increase with age during the early 

postnatal period in the kitten (Brugge and O’Connor, 1984; Romand and Marty, 1975). In 

terms of sound-evoked responses, the sensitivity, maximum discharge rate and the 

dynamic range in which neurons are responsive become more mature during the first 

few postnatal weeks in the cat and gerbil (Brugge et al., 1978, 1981; Woolf and Ryan, 

1985). The ability for CN neurons to respond to repeated sound stimuli also improve with 

age as observed in the developing chick and mouse as response amplitudes increase 

with increase in stimulus frequency (Sanes and Constantine-Paton, 1985; Saunders et 

al., 1973). This developmental change is thought to be due to some neurons failing to 

respond to sound stimuli or desynchronization of firing among the group of neuronal 

population in young animals (Sanes and Walsh, 1997). It has also been found that 

response latencies to sound stimuli in auditory brainstem neurons become shortened 

during development by measuring single neuron responses or compound potentials in a 

number of species including kitten, gerbils and human (Brugge et al., 1978; Hecox and 

Galambos, 1974; Pujol, 1972; Sanes and Rubel, 1988; Walsh et al., 1986; Woolf and 
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Ryan, 1985). The main reason behind this is proposed to be the relative immaturity of 

synaptic transmission in young animals among other factors such as myelination, axon 

diameter and sodium-channel density (Sanes and Walsh, 1997). In addition, the 

precision of temporal discharge has also been examined in developing auditory nerves 

and CN neurons. In the adult, the responses of these neurons are able to synchronize to 

low-frequency sinusoidal stimulus, a phenomenon called phase-locking important in the 

detection of interaural time differences used for sound localization. As demonstrated in 

kitten, the ability of these neurons to phase-lock and the highest frequency at which this 

occurs increase with age during development with the maturation of the auditory nerves 

precedes that of the AVCN, the part of the CN that feeds temporal information onto the 

SOC for sound localization (Brugge et al., 1978; Kettner et al., 1985). These 

electrophysiological changes measured in CN neurons during development all contribute 

to the maturity of central auditory processing towards adulthood. 

In slice preparations of the mouse CN, current injections evoked action potentials which 

increase in frequency but decrease in amplitude in early postnatal animals (Wu and 

Oertel, 1987). This might indicate the immaturity of mechanisms responsible for 

exporting sodium ions after each action potential which limits the number of and the 

kinetics of action potentials in response to large stimuli in young animals (Sanes and 

Walsh, 1997). However, Wu and Oertel (1987) only identified VCN bushy and multipolar 

cells in their CN slices and were unable to identify any DCN cell types. Therefore, these 

results may not be representative of all cell types in the CN, especially with the 

heterogeneous population of neurons in the DCN. 

Synaptic transmission also becomes more efficient and stable. For example, the 

maximum rate of stimulus that could produce a train of action potentials increases from 

140 to 500 Hz during the first two postnatal weeks in the mouse CN (Wu and Oertel, 

1987) and indicates the increase in the neuron’s ability to time-lock to an incoming 

stimulus. Synaptic latency also decreases and becomes less variable with age. It is 

worthwhile to mention that normal synaptic elimination occurs during the development of 

central auditory system. It has been shown that the number of converging synaptic 

terminals onto the chicken CN decrease from four to two between embryonic day 13 and 

posthatch day 4 using intracellular recordings in brain slices (Jackson and Parks, 1982). 

It is supported by morphological observation in which the number of branching points of 
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ANFs innervating CN neurons also decreases with age. Elimination of inappropriate 

axonal projections could contribute to the improvement in the precision of synaptic 

transmission during development. 

Although little work has been done on the development of neurotransmitter systems in 

the central auditory system in general, some studies examining the glutamatergic 

system are available and may shed light on how the central auditory processing 

develops. It has been shown that the expression of glutamate receptor subtypes 

changes during development in brainstem auditory neurons. In the chick NM, NMDA 

receptors are expressed early during embryonic development and subsequently 

decrease while the expression levels of non-NMDA receptors such as AMPA and KA 

receptors increase with age (Zhou and Parks, 1992). Different subunits within the same 

class of glutamate receptor subtypes also show differential developmental patterns. In 

the rat auditory brainstem nuclei (CN and SOC), in situ hybridization studies showed that 

the expression of the AMPA receptor GluA1 subunit mRNA is high during the first 

postnatal week and decreases into adulthood whereas GluA2-4 subunits mRNA 

maintain high levels of expression throughout development (Hunter et al., 1993). 

Because AMPA receptors that do not contain GluA2 subunit are permeable to calcium 

and calcium influx is important in many aspects of neuronal development (Spitzer, 1991), 

it is possible that homomeric AMPA receptors that lack GluA2 have similar roles to 

NMDA receptors (which are also calcium-permeable) to mediate calcium-induced 

changes during neuronal development (Sanes and Walsh, 1997). It is also of interest to 

know whether the glutamate receptors expressed early in development are actually 

functional. In vivo studies in kittens have shown that exogenously applied glutamate 

receptor agonists could evoke responses in CN neurons that are unresponsive to 

acoustic stimuli and increase the discharge rate in acoustically sensitive neurons in the 

kitten before the onset of hearing (Walsh et al., 1993). Neurons were recorded from the 

caudal region of the CN likely to include cells in the PVCN and DCN although cell types 

were not identified. It is proposed that glutamate may provide trophic influence on 

synaptic maturation through metabotropic receptors. However, this is still questionable 

how much glutamate is available in the presynaptic terminals for these early actions to 

take place, although the glutamate concentration has been estimated to be rather 

limiting for the immature synapses to behave functionally as in the adult (Sanes and 

Walsh, 1997). 
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Evidence also indicates the presence of the inhibitory neurotransmitter systems early in 

development. For example, glutamic acid decarboxylase (GAD), the enzyme that 

synthesizes GABA, appears in the DCN of the kittens and hamsters before the onset of 

hearing (Schweitzer et al., 1993). The sequence of expression in different locations 

suggests that the extrinsic inhibitory input develops before the intrinsic sources. It also 

seems that glycinergic receptors are present in the DCN even earlier than GAD in the 

developing kittens (Riggs et al., 1995). 

1.2.9 The critical period 
The use of the term “critical period” in the sensory systems has been diverse. To avoid 

confusion, the “critical period” in this thesis refers to the period during which the 

development of the auditory system (the CN in particular) is influenced by the 

anatomical connection and activity of afferent input in terms of neuronal survival and 

formation of proper circuitry rather than experience-dependent plasticity as described in 

song-learning in birds and language learning in humans (Flege, 1987; George et al., 

1995; Kuhl et al., 2005). During the development of the CN this critical period does not 

start from the very beginning nor is it permanent. Early work showed that removal of the 

otocyst early in development (E2-2.5 in chick embryo) did not influence the development 

of the CN until E11, after which the overall volume and number of neurons decreased 

dramatically (Levi-montalcini, 1949; Parks, 1979). A later study has correlated E11 to be 

the first age at which neurons in the CN were responsive to eighth nerve stimulation in 

the chick embryo (Jackson and Parks, 1982). Taken together, these studies indicate that 

the early development of the CN, in terms of cell proliferation, migration and 

establishment of topographic connections, is not dependent on functional synaptic 

connections with the afferent input. However, subsequent development suddenly 

requires afferent activity as soon as it becomes available. It is also interesting to note 

that this dependence on functional afferent synaptic input does not last the entire lifetime 

of the animals. For example, the development and maintenance of the CN is no longer 

affected when the cochlea is removed after between 6 weeks and 1 year of age in the 

chick (Born and Rubel, 1985) and P14 in the mouse (Mostafapour et al., 2000). So what 

are the cellular and molecular mechanisms underlying this so-called critical or sensitive 

period? 
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It has been shown that during the critical period, conductive hearing impairment resulting 

in neonatal sound deprivation in a number of species (including mice, chicks, gerbils and 

ferrets) did not lead to CN degeneration which could only be caused by manipulations 

such as cochlear ablation and pharmacological inhibition of eighth nerve activity that 

resulted in sensorineural hearing loss (Born and Rubel, 1988; Dodson et al., 1994; 

Doyle and Webster, 1991; Lippe, 1991; Moore et al., 1989; Pasic and Rubel, 1989, 1991; 

Saada et al., 1996; Saunders et al., 1998; Sie and Rubel, 1992; Tucci and Rubel, 1985; 

Webster, 1985). There is evidence that the nature of the signals responsible for 

preserving the normal development of CN neurons are the voltage-dependent release of 

presynaptic glutamate or a molecule co-released with glutamate and involves 

postsynaptic glutamate receptors as these processes require calcium and the neuronal 

atrophy caused by sensorineural hearing loss could be reversed by restoration of 

presynaptic activity (Born and Rubel, 1988; Lippe, 1991; Pasic and Rubel, 1991; Rubel 

et al., 1990; Saunders et al., 1998; Webster, 1988a; Zirpel et al., 1998). It is proposed 

that glutamate released from functional ANFs activates calcium-permeable AMPA 

receptors and metabotropic receptors which in turn activate a series of downstream 

pathways that lead to a decrease in intracellular calcium levels. When afferent activity is 

deprived this calcium homeostasis is disrupted, however, details regarding the 

intracellular events that lead to morphological changes and/or cell death are still lacking 

(Rubel et al., 2004; Zirpel et al., 2000). 

The window of the critical period is very sharp. For example, in the gerbil CN (with 

emphasis on the AVCN), deafferentation before P7 caused 45-88% neuronal loss 

whereas no significant changes could be observed when deafferentation was performed 

after P9 (Tierney et al., 1997). Although the molecular basis of the trophic regulation 

responsible for this rapid switch is still under investigation, some evidence is available 

pointing to some rather simple mechanisms. For example, in bcl-2 knockout mice, 

deafferentation in the adult mice (at P21) that normally would not cause significant cell 

death in the AVCN, resulted in the amount of neuronal loss comparable to those wild-

type animals at which deafferentation was performed at a younger age (P7/8) 

(Mostafapour et al., 2000). In contrast, when animals were overexpressing bcl-2, the 

amount of AVCN cell death was markedly reduced even when deafferentation was 

performed at the younger age. However, it is not clear whether bcl-2 plays a direct role 

or whether it is a messenger of other upstream molecules (Rubel et al., 2004). In 
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addition, not all neurons die as a result of deafferentation occurring during the vulnerable 

period although the immediate response in all neurons involves an increase in 

intracellular calcium concentration. A model has been proposed that two competing 

intracellular mechanisms lead to either an apoptotic or survival pathway may be 

activated upon deafferentation and/or the susceptibility of cells to cell death is 

determined by a stochastic process which relies on the cell’s calcium buffering status at 

the time (Garden et al., 1994; Hyde and Durham, 1994). The surviving neurons show 

phosphorylation and activation of the transcription factor cAMP response element 

binding protein (CREB) of which the effect is unclear but may involve bcl-2 (Wilson et al., 

1996; Zirpel et al., 2000). On the other hand, the subpopulation of neurons which 

eventually die may respond to the increase in intracellular calcium levels by inducing 

apoptotic pathways involving mitochondrial degeneration, up-regulation of cytochrome c 

and activation of caspases. 

1.2.10 Mouse vs. Human 
Most embryonic studies have been done in rodents (e.g. mice) and chick. To make the 

ages comparable to human, the following table summarizes the equivalent ages for 

mouse and human during embryonic development (Table 1-1). Neurogenesis in the 

human CN is currently unknown. However, according to this assumption, neurogenesis 

in the CN begins at the end of the first month of gestation and ends near the end of the 

second month. The human CN can be recognized at E40-48, equivalent to about E13/14 

in the mouse (which is only slightly earlier than the time CN can be identified in the 

mouse embryo).  

Mouse E10 E11 E12 E15.5 E16.5 
Human E29 E32 E37 E59 E77 

Table 1-1: Equivalent ages for mouse and human during embryonic development 
(Otis and Brent, 1954). 

1.2.11 Summary 
As demonstrated in the literature review, studies on the anatomical organization and 

cellular morphologies in the CN have been extensive. However, in terms of 

understanding of the function and development, the majority of our knowledge is based 

on the VCN, with the AVCN in particular. In contrast, relatively little is known for the DCN 

especially around its development, presumably due to its relative complexity. With 
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limited studies examining the structural development of the CN, descriptions on the DCN 

have only been gross (Mlonyeni, 1967; Webster and Webster, 1980a) although some 

details have been described in a limited number of species such as cat (Kane and Habib, 

1978) and hamster (Schweitzer, 1990, 1991). Even less literature is available for the 

molecular development in the DCN and only general developmental expression of 

NMDA receptor subunits and AMPA receptor subunits in the neonatal gerbil and rat 

(Caicedo and Eybalin, 1999; Joelson and Schwartz, 1998) have been examined. No 

literature on the developmental expression pattern of any inhibitory receptors is available 

to-date. In addition, although the electrical properties of DCN neurons have been 

characterized in the adult animals (mainly cats, mice and guinea-pigs) (Hirsch and 

Oertel, 1988; Manis, 1990; Oertel and Wu, 1989; Tzounopoulos et al., 2004; Zhang and 

Oertel, 1993a, 1993b, 1993c, 1994), developmental data have been restricted to 

recordings in unidentified cell types in the neonatal DCN of the kittens (Brugge and 

O’Connor, 1984) or mice (Wu and Oertel, 1987). 

1.3 Aims 
This thesis aims to broaden our understanding of the development of the CN by 

investigating the structural, molecular and functional development of the dorsal cochlear 

nucleus (DCN) using a mouse model. The thesis is divided into three parts:  

• Structural and morphological development. Determine the overall structural 

development of the DCN and the timeline of the development and organization of 

different cell types and DCN layers, using histological staining and 

immunohistochemistry (IHistC).  

• Molecular development. Determine the timeline and developmental expression 

of key excitatory and inhibitory neurotransmitter receptors such as AMPA, glycine 

and GABA receptor subunits using IHistC in the developing mouse DCN.  

• Functional development. Define the functional development of the major 

principal cell type in the DCN, the pyramidal cells, using patch-clamp 

electrophysiology in in vitro CN slices. 
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2. STRUCTURAL DEVELOPMENT OF THE 
MOUSE DORSAL COCHLEAR NUCLEUS 

2.1 Introduction 
The DCN cellular structure and organisation have been well studied in adult mammals 

(see 1.1.2.2, page 19). In most mammals, the mature DCN is a layered structure 

composed of three to four layers depending on the species (Young and Oertel, 2004). 

The surface of the DCN is covered by a single layer of ependymal cells which line the 4th 

ventricle and is not usually counted as one of the DCN layers as these cells do not 

participate in its neuronal circuitry. The layer immediately beneath this is the molecular 

layer which is considered the most superficial layer of the DCN. It has the lowest cell 

density and contains a heterogeneous group of small neurons such as stellate cells and 

Golgi cells, as well as parallel fibres (the unmyelinated granule cell axons), the dendritic 

trees of cartwheel cells and the apical dendrites of the pyramidal cells (Wouterlood and 

Mugnaini, 1984; Wouterlood et al., 1984). The intermediate layer is called the pyramidal 

cell layer because it is dominated by a single band of the cell bodies of the major 

principal cell type – pyramidal (or fusiform) cells, many of which are oriented 

perpendicular to the DCN surface. This layer also contains the cell bodies of cartwheel 

cells located close to the boundary between the molecular and pyramidal cell layers 

while granule cells are intermingled in between (Brawer et al., 1974b). The deep layer is 

also called the polymorphic or central layer and can be further divided into layers 3 and 

4 in some species, for example in the guinea-pig. The second principal cell type, giant 

cells, is located in this layer, together with vertical cells, the basal dendrites of the 

pyramidal cells and the incoming auditory nerve fibres (ANFs). 

Developmentally, the mammalian CN originates from the rhombic lip at a middle rostral-

caudal level (Blake, 1900; Cooper, 1948; Pierce, 1967; Shaner, 1934). Embryonic 

development of the mouse takes 21 days and CN neurons are first generated on 

embryonic day 10 (E10) in this species (Martin and Rickets, 1981; Pierce, 1967). The 

observed pattern of neurogenesis in the CN shows that the large neurons in the DCN 

and large multipolar cells in the PVCN are generated first (around E10-11), followed by 

medium-sized neurons of DCN and VCN (e.g. spherical, globular and medium-sized 

multipolar cells) generated between E12 and E13, and finally the small cells of the DCN 
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(e.g. stellate, Golgi and cartwheel cells) are generated around E14.5 (Martin and Rickets, 

1981; Pierce, 1967). Granule cells are generated across an extended period between 

E12 and E18 (Pierce, 1967). Around the same time when the first neurons are 

generated in the CN, ANFs enter the brainstem (E11) before the CN can be identified in 

the embryonic brain (E14/15) (Hugosson, 1957; Pierce, 1967; Carney and Silver, 1983; 

Poston et al., 1988). In comparison, the central projections of the spiral ganglion 

neurons (SGNs) appear in the CN anlage 33 to 35 days of gestation in the human 

(Cooper, 1948; Streeter, 1906). ANFs enter the VCN first, followed by the DCN three to 

five days later, as demonstrated in the hamster (Schweitzer and Cant, 1984). The adult 

pattern is established a few days later and axonal ingrowth of the ANFs is complete 

before hearing onset, the morphology of which does not change subsequently 

(Schweitzer and Cecil, 1992). Similarly, the adult pattern of ANF distribution in the CN is 

established by E18-20, a few days before birth in the rat (Angulo et al., 1990). The main 

subdivisions (DCN and VCN) become apparent around E16-17 in the mouse (Hugosson, 

1957). There is little change in the volume of the CN during the first three days after birth 

but from postnatal day 3 (P3), neurons grow rapidly both in size and number (Webster 

and Webster, 1980b). The peak number of neurons is reached at P9 in the VCN and 

P12 in the DCN which subsequently decreases (to 65-80% of the peak number) to reach 

their adult level at P12 in the VCN and P16 in the DCN (Mlonyeni, 1967). The peak size 

for most cell types in the CN is reached by P12, and then drops to adult values 

thereafter. 

Dendritic differentiation begins after the completion of neuronal migration and axonal 

outgrowth. The pattern follows that the dendrites of large projection neurons differentiate 

before small and/or local ones (Jacobson, 1991; Morest, 1970). Little work has been 

undertaken in the mouse, however, from observations in the DCN of the hamster, 

different cell types are indistinguishable at birth and no distinctive layers have been 

formed (Schweitzer, 1990, 1991; Schweitzer and Cant, 1985a, 1985b). At this time, thin 

neurites are extending in all directions from the immature cells and large expansions are 

observed at their growing tips. Over the next few days, there is growth in neurite length 

and diameter while branches begin to form by P5 and some neurons become more 

bipolar and resemble pyramidal cells.  By P10, pyramidal cells and giant cells can be 

distinguished from each other by their relative location and appearance, and there is 

also substantial increase in neurite branching. Before hearing onset (P16 in hamster; 
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P11/12 in mouse), the large neurons in the DCN have more or less reached the adult 

state although the apical dendrites of pyramidal cells still lack spines at this stage. The 

maturation of the apical dendrites lags behind that of the basal dendrites, and this 

temporal difference is likely due to the differential arrival of the inputs to these dendrites 

(Schweitzer, 1990). 

In the CNS, synaptogenesis starts very early and is observed before neurogenesis is 

complete (Jacobson, 1991). In the DCN of the hamster, synaptogenesis correlates with 

the innervation from various inputs, for example, the appearance of cochlear terminals 

occurs about two days after the ingrowth of ANFs (Schweitzer, 1990). In both the 

hamster (Schweitzer, 1990) and cat (Kane and Habib, 1978), the synapses are formed 

on dendrites first followed by synaptic formation onto somata. 

Detailed developmental studies of the CN have mainly examined the cytoarchitecture 

and the terminal targets and  morphologies of the ANFs (Larsen, 1984; Lippe and Rubel, 

1985; Martin and Rickets, 1981; Neises et al., 1982; Rubel et al., 1976; Ryugo and 

Fekete, 1982; Schwartz and Kane, 1977). These studies have predominantly focussed 

on the VCN of the cat and chicken. Development of the DCN has not been described 

extensively and limited work has only examined neurogenesis and structural 

organization at a gross level in the mouse (Martin and Rickets, 1981; Mlonyeni, 1967; 

Webster, 1988b; Webster and Webster, 1980b) or the neuronal differentiation and 

development of the dendrites and ANF synaptic terminals in the hamster (Schweitzer, 

1990, 1991; Schweitzer and Cant, 1984, 1985a, 1985b; Schweitzer and Cecil, 1992). 

Therefore, there is very little published data on the more detailed development of cell 

types and synapses in the mouse DCN and limited information on its molecular 

development, such as neurotransmitter receptor expression, and functional development. 

This first study aimed to describe the postnatal structural development of the mouse 

DCN in terms of cellular organization, dendritic morphology and synaptic distribution 

using histological techniques (cresyl violet and fluorescent Nissl staining) and 

immunohistochemistry (IHistC) of MAP2 (a microtubule-associated protein) and 

synaptophysin (a presynaptic marker). In addition, the development of ANF innervation 

in the CN was studied using lipophilic dye tracing.  This study provides a platform for the 

subsequent investigations of the expression of key neurotransmitter receptors and 

functional development described in Chapters 3 (page 90) and 4 (page 136). 
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2.2 Materials and Methods 
2.2.1 Animals 
The CD-1 mouse strain was used in the current study. Previous studies in our laboratory 

have used C57 BL/6 strain to examine the development of cochlear innervation (Huang 

et al., 2007, 2012), whilst this study would have used this strain to complement previous 

studies undertaken in this laboratory. Because of supply problems and difficulties with 

managing this strain it was decided to use the CD-1 strain. However, CD-1 mice show 

early hearing loss and accelerated presbyacusis with some loss of hearing (elevated 

auditory brainstem response; ABR thresholds) in the high frequencies at 3-4 weeks of 

age when compared to other mouse strains such as CBA/J (Shone et al., 1991). Data 

from our laboratory shows that there is no change in ABR and auditory nerve compound 

action potential (CAP) thresholds at P17 and a small elevation in thresholds at P21, 

above 22 kHz (see Figure 5-1 and Figure 5-2 in Chapter 5). In accordance with these 

functional changes there is no degeneration in the cochlea until 3 weeks of age when 

degeneration is limited to the fibrocytes of the spiral ligament in the extreme basal turn. 

Thus there is no morphological evidence of degeneration in the organ of Corti or the 

spiral ganglion over the developmental period covered by this study (Mahendrasingam 

et al., 2011). 

The CN was studied at six postnatal time points (P0, P3, P6, P9 and P12 and P21). 

Mice at 2 months of age were also examined using cresyl violet staining. Animals were 

euthanized with an intraperitoneal injection of sodium pentobarbitone (9 mg/mL; 

Nembutal, Virbac Laboratories, New Zealand). All procedures and drugs used in the 

study were approved by the University of Auckland Animal Ethics Committee (R780). 

2.2.2 Anatomy 
The structural and organizational development of the DCN was determined using Nissl 

staining and the auditory nerve inputs were assessed using NeuroVue® dyes. 

2.2.2.1 Cresyl violet Nissl staining 

Animals were perfused transcardially with 0.9% saline (in distilled water) followed by 4% 

paraformaldehyde (PFA; in 0.1 M phosphate buffer, PB; pH 7.4). The brain was then 

removed and placed in the same fixative overnight at 4 ˚C. The brain tissue was 
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subsequently cryoprotected in 30% sucrose dissolved in 0.1 M PB at 4 ˚C for 2 days 

before being cryosectioned in parasagittal or coronal planes at 30 µm. Sections were 

collected on gelatin-coated glass slides and left to dry at room temperature for 30 

minutes to allow optimal adhesion. The slides were immersed in 100% ethanol followed 

by xylene for clearing for 2 minutes each. As xylene is not water-soluble, the slides were 

then hydrated by immersion in alcohol solutions with decreasing concentration; 100%, 

70%, 50% and 20% ethanol in series for 2 minutes each. The slides were rinsed in 

distilled water before staining with 0.1% cresyl violet solution (in distilled water) for at 

least 5 minutes until the sections turned dark purple. The slides were then washed twice 

in distilled water followed by two steps of colour differentiation. The first step of 

differentiation involved two quick immersions of the slides into 70% ethanol containing 

10% glacial acetic acid. The slides were then quickly immersed in the second 

differentiation solution containing 95% ethanol with 10% glacial acetic acid, twice. Next, 

the slides were left in 100% ethanol for 2 minutes followed by clearing in xylene for at 

least 2 minutes before mounting with DPX mounting medium (Bacto Laboratories Pty 

Ltd, Australia). 

2.2.2.2 Fluorescent Nissl staining 

Animals were transcardially perfused, fixed and cryosectioned in the parasagittal plane 

at 30 µm as described above. Floating sections were collected in 0.1 M phosphate-

buffered saline (PBS; pH 7.4) and rehydrated for at least 40 minutes. The sections were 

then washed in PBS containing 0.1% Triton®X-100 for 10 minutes to permeabilize the 

tissue for optimal staining. After washing in PBS (twice, 5 minutes each) the sections 

were incubated with 200 µL of diluted NeuroTraceTM 435/455 fluorescent Nissl stains 

(1:10; Invitrogen, USA) for 30 minutes. Sections were then washed for 10 minutes in 

PBS containing 0.1% Triton®X-100 and followed by washing in PBS (twice, 5 minutes 

each). Finally, the sections were washed in PBS for 2 hours at room temperature or 

overnight at 4 ˚C before mounting on glass slides with an anti-fading mounting medium 

(Citifluor, UK).  

2.2.2.3 NeuroVue® dye tracing 

Lipophilic dyes (NeuroVue®; M.T.T.I., USA) were used to trace the projection of ANFs 

into the CN. NeuroVue® Red (maximum excitation wavelength = 567nm; maximum 
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emission wavelength = 588nm) and NeuroVue® Jade (maximum excitation wavelength 

= 478nm; maximum emission wavelength = 508nm) were simultaneously used to 

investigate the gross development of topographic innervation of the ANFs into the CN. 

Euthanized animals were perfused transcardially with 0.9% saline and 4% PFA as 

described above. Each animal was decapitated and the bony capsule of the cochlea 

was removed and dissected to expose the organ of Corti. A small incision through the 

organ of Corti was made at both the apex and base region of the cochlea. A small 

triangular piece of paper loaded with NeuroVue® Red dye was placed inside the incision 

at the apex while a piece of paper of similar size loaded with NeuroVue® Jade dye was 

placed at the base. The head of the animal was then immersed in 4% PFA at 37 °C for 3 

to 7 days depending on the age of the animal. After that, the brain was removed, rinsed 

in 0.1 M PBS and the brainstem containing the CN was sectioned at 100 µm using a 

vibrating microtome in 0.1 M PBS. Protocols were modified from Fritzsch et al. (2005). 

2.2.3 Immunohistochemistry (IHistC) 

2.2.3.1 Synaptophysin  

Animals were transcardially perfused with 0.9% saline followed by 4% PFA and the 

brains were prepared for cryosectioning as described above.  Sections (30 µm thickness) 

were collected in 0.1 M PBS and washed in PBS (twice, 5 minutes each). Nonspecific 

immunoreactivity was blocked using 10% normal horse serum (NHS) containing 1% 

Triton®X-100 for 30 minutes at room temperature. This was followed by incubation in 

rabbit anti-synaptophysin (Abcam, USA) at a dilution of 1:1000 in 5% NHS containing 

0.1% Triton®X-100 at 4 ˚C overnight. Following primary antibody incubation, the 

sections were washed in PBS (3 times, 10 minutes each). Donkey anti-rabbit Alexa 594 

(Invitrogen, USA) secondary antibody (1:500 dilution) was applied in blocking solution (5% 

NHS containing 0.1% Triton®X-100) for 1 hour at room temperature. The sections were 

then washed (3 times, 10 minutes each) before mounting with anti-fade mounting 

medium (Citifluor, UK).  

2.2.3.2 MAP2 

Because anti-MAP2 is a mouse antibody, an additional blocking step was required to 

perform immunostaining on mouse tissue. Sections (30 µm thickness) were collected in 
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Tris-buffered saline containing Tween 20 (TBS-Tween 20; Tween 20 is a membrane 

permeabilizing agent) and washed in the same solution (twice, 2 minutes each). 

Nonspecific immunoreactivity was blocked with 10% normal goat serum (NGS) 

containing 1% Triton®X-100 for 1 hour followed by washing with TBS-Tween 20 (3 times, 

2 minutes each). Endogenous mouse IgG was blocked with unconjugated AffiniPure Fab 

Fragment goat anti-mouse IgG (H+L) and unconjugated AffiniPure whole goat anti-

mouse IgG (H+L) (Jackson ImmunoResearch Labs, USA) at 1:50 dilutions for both, for 1 

hour at room temperature. The sections were washed with TBS-Tween 20 (3 times, 2 

minutes each) before being incubated with mouse anti-MAP2 antibody (Millipore, USA) 

at 1:1000 dilution overnight at 4 ˚C. After washing the sections with TBS-Tween 20 (3 

times, 2 minutes each), secondary antibody (goat anti-mouse Alexa 488; Invitrogen, 

USA) was applied at a dilution of 1:500 and incubated for 1 hour at room temperature. 

The sections were then washed with TBS-Tween 20 (3 times, 2 minutes each) and 

mounted with anti-fade mounting medium (Citifluor, UK). 

2.2.3.3 Double labelling 

Some sections were double labelled with fluorescent Nissl and synaptophysin. In this 

case, IHistC was performed followed by fluorescent Nissl staining. Some sections were 

also double labelled with synaptophysin and MAP2. Because the primary antibodies of 

synaptophysin and MAP2 were raised in different species (rabbit and mouse, 

respectively), IHistC with the two antibodies was performed together as no cross-

reactivity of the corresponding secondary antibodies was to be expected. No overlap 

was observed in double-labelled sections, therefore the specificity of the double labelling 

could be confirmed as each of the two antibodies have specific labelling pattern. For all 

IHistC experiments, a no-primary antibody control was included to verify the specificity of 

the secondary antibody binding with the primary antibody. Processing of the control 

sections were undertaken with the synaptophysin and MAP2 staining. 

2.2.4 Image acquisition and analysis 
Cresyl violet stained sections were imaged using a light microscope (Nikon Eclipse 80i, 

Japan). All fluorescently-labelled sections were imaged by confocal laser scanning 

microscopy (Olympus FV1000 Live Cell System, Japan). Maximum intensity projection 

images of NeuroVue® dye labelled sections were constructed from stacks of 20 optical 
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sections at 4.46 µm thick each taken with a 10x objective (“low magnification”) or from 

stacks of 40 to 60 optical sections at 1.14 µm thick each taken with a 20x objective and 

a 2x digital zoom (“high magnification”). Fluorescent Nissl and IHistC sections containing 

the DCN in the middle along the medial-to-lateral axis were selected for consistency. 

These images (fluorescent Nissl, synaptophysin, MAP2 and all double-labelled images) 

were single optical sections (1.14 µm thick taken with a 20x objective - “low 

magnification” images; 0.49 µm thick taken with a  60x objective, occasionally with a 2x 

digital zoom – “high magnification” images). The numerical apertures (NA) for the 10x, 

20x and 60x objectives are 0.3, 0.75 and 1.35, respectively. Confocal settings including 

laser power, gain and offset were all kept the same for each experimental run and each 

antibody to ensure consistency. Images have been enhanced uniformly per experiment 

using Adobe® Photoshop® CS5 (Adobe, USA) for improved contrast. Quantification was 

performed using ImageJ (National Institutes of Health, USA). Statistical analyses were 

performed using Prism 6 (GraphPad, USA) with one-way ANOVA and Tukey-Kramer 

test for means comparisons. 
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2.3 Results 
2.3.1 Structural organization of the DCN during 

development 
The overall structural organization of the DCN and its spatial relationship with 

surrounding structures were studied using cresyl violet staining (Figure 2-1). Blocks of 

brainstem tissue were initially sectioned in either transverse or parasagittal planes. As 

seen in both planes, the adult CN is located on the dorsolateral surface of the brainstem, 

situated underneath the cerebellum (Figure 2-1). The DCN is located more dorsally, 

medially and caudally, relative to the VCN. In transverse sections, the DCN appears to 

be a long, narrow structure with its long axis oriented about 45° relative to the rostral-

caudal plane of the animal (Figure 2-1A and B). The molecular layer in the adult DCN 

can be easily identified in both low and high magnifications as it has low cellular density 

on the superficial part of the DCN (ML; Figure 2-1C). The deeper region is not usually 

separated into the pyramidal and deep layers as pyramidal cells (arrowheads; Figure 

2-1C) are found throughout this area. In parasagittal sections, the DCN usually has a 

semi-circular shape (Figure 2-1D and E) and all three layers can be easily identified 

(Figure 2-1F) except in the extremely lateral or medial margins of the nucleus. The DCN 

sectioned in the parasagittal plane shows a larger cross-sectional area and the layers 

are more apparent and separated. Therefore, parasagittal sections were used for all 

subsequent experiments and the developmental series. 
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Figure 2-1: Cresyl violet staining of brainstem sections in the adult mouse (2 
months old). (A-C) Transverse sections; (D-F) Parasagittal sections. (A) Section of the 
brainstem showing the DCN and PVCN. (B) Section of the brainstem caudal to A, 
showing the DCN. (C) DCN. (D) Section of the brainstem showing all three CN 
subdivisions. (E) Section of the brainstem medial to D, showing the DCN and PVCN. (F) 
DCN. Arrowheads point to examples of pyramidal cells. Key: AVCN = anterior ventral 
cochlear nucleus, Cb = cerebellum, D = dorsal, DCN = dorsal cochlear nucleus, DL = 
deep layer, ML = molecular layer, PL = pyramidal cell layer, PVCN = posterior ventral 
cochlear nucleus, R = rostral. Scale bars = 100 µm. 

 
Figure 2-2: Examples of different CN cell types (red arrowheads) stained with 
cresyl violet (2-month old). (A) A pyramidal cell in the DCN. (B) A giant cell in the DCN. 
(C) An octopus cell in the PVCN. (D) A cartwheel cell in the DCN. (E) A multipolar cell in 
the AVCN. (F) Granule cells in the DCN. Scale bars = 20 µm. 
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Major cell types can be identified in cresyl violet stained CN using criteria described 

previously (Webster and Trune, 1982; Hackney et al., 1990; Figure 2-2). Pyramidal cells 

were the easiest to identify due to their fusiform-shaped cell body and their relative 

location within the DCN (Figure 2-2A). They had one large centrally located nucleolus 

and one thick primary dendrite extending from each end. Giant cells (DCN; Figure 2-2B) 

and multipolar cells (VCN; Figure 2-2E) both had triangular-shaped cell bodies. They 

could be distinguished by their location and also giant cells were usually bigger and 

contained one large centrally located nucleolus while multipolar cells were generally 

smaller and contained multiple smaller nucleoli. Octopus cells found exclusively in the 

PVCN were characterized by their D-shaped cell bodies with the nucleus located on one 

side and darkly stained cytoplasm (Figure 2-2C). Cartwheel cells were located along the 

upper region of the DCN pyramidal cell layer and usually had round to oval-shaped cell 

bodies with a large nucleus and multiple nucleoli (Figure 2-2E). Granule cells are the 

smallest cells in the CN found most abundantly in the DCN pyramidal cell layer and on 

the VCN surface. Their large nuclei contained several small nucleoli and almost 

occupied the entire volume of the cell body (Figure 2-2F).  

Although all cell types are known to be generated before birth (see Section 1.2, page 44), 

the DCN showed little evidence of organization at P0 (Figure 2-3). It contained darkly 

stained small cells (possibly granule cells or ependymal cells) on the surface and lightly 

stained cells in the central region. The DCN was separated from the VCN with darkly 

stained small cells, possibly similar in identity as those found on the surface. At P3, the 

darkly stained small cells appeared to have reduced in density although no apparent 

layers could be identified at this age. By P6, a band of darkly stained small cells (likely to 

be granule cells) have separated from the surface and formed a layer in the middle, 

presumably the developing pyramidal cell layer. The molecular layer has become more 

distinguishable, appearing as a narrow margin with low cell density between the surface 

ependymal cells and the band of granule cells. At P12, less granule cells were observed 

and all three layers seemed to have expanded considerably. Decreased packing density 

means the larger cell types could be seen more clearly. All three layers continued to 

expand with age and by 2 months (the latest age studied in this series) the pyramidal 

cell layer was much wider and more distinctive, containing many darkly stained granule 

cells and larger but paler pyramidal cells. This layer separates the molecular layer from 

the deep layer both with relatively low cell density compared with the pyramidal cell layer. 
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Figure 2-3: Cresyl violet staining of the DCN at various ages. Key: AVCN = anterior 
ventral cochlear nucleus, D = dorsal, DCN = dorsal cochlear nucleus, DL = deep layer, 
ML = molecular layer, PL = pyramidal cell layer, PVCN = posterior ventral cochlear 
nucleus, R = rostral. Scale bar = 50 µm. 
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Due to the thickness of these cresyl violet stained sections (30 µm), overlapping cells 

obscure important details. Therefore, the structural development of the DCN was also 

studied using fluorescent Nissl staining which was imaged by confocal microscopy 

(Figure 2-4). The observations of the cell types and DCN organization were similar to 

cresyl violet stained sections but with added clarity, so they are only summarized here. 

At P0, the DCN was identifiable as a collection of cells of variable size in the central 

region surrounded by a dense layer of small cells, below the forming cerebellum. There 

was no apparent organization as shown by the lack of evidence of a molecular layer, as 

seen in the adult. By P3, some large elongated cells similar in form to pyramidal cells, 

could be identified in the central region of the DCN (white arrowhead, Figure 2-4 P3). A 

separation has developed between the pyramidal cell bodies and the surface of the DCN 

which could be the first sign of the formation of the molecular layer at this age. However, 

the surface was covered by several layers of ependymal cells that line the 4th ventricle. 

At P6, the layers have become more apparent. More pyramidal cells could be identified 

(white arrowheads, Figure 2-4 P6) with most of them present within the pyramidal cell 

layer. Similar to P3, the DCN surface was still covered by several layers of ependymal 

cells. By P9, the ependymal layer lining the DCN has reduced to a single layer and the 

molecular layer has expanded considerably. All three layers continued to expand and 

became more organized as the DCN matured between P12 and P21. 

Figure 2-5 shows a comparison of some readily identifiable cell types in the DCN 

between P0 and P21, using the fluorescent Nissl stain. The cell bodies of pyramidal cells 

were fusiform-shaped and were smaller at P0 with the nucleus containing multiple 

nucleoli (Figure 2-5A). By P21, pyramidal cells have grown in size and only one 

nucleolus was present in the nucleus (Figure 2-5D). The cell bodies of cartwheel cells 

were spherical to oval in shape and had multiple nucleoli. They did not change much in 

morphology except a substantial increase in size from P0 to P21 (Figure 2-5B and E). 

The granule cells were small and their size did not appear to change considerably 

across the time points. However, they became less densely clustered with age (Figure 

2-5 C and F).  
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Figure 2-4: Fluorescent Nissl staining of the developing mouse DCN, parasagittal 
sections. Pyramidal cells are indicated by arrowheads. Key: cap = small cap region, D = 
dorsal, DL = deep layer, ML = molecular layer, PL = pyramidal cell layer, R = rostral. All 
sections are presented in the same orientation. Scale bars = 100 µm. 
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Figure 2-5: Comparison of cell types at P0 and P21. (A & D) Pyramidal cells. (B & E) 
Cartwheel cells. (C & F) Granule cells. Scale bars = 10 µm. 
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Cell dimensions for DCN pyramidal, cartwheel and granule cells were measured at each 

time points and compared in Table 2-1 and Figure 2-6. Because of differences in the 

orientations of pyramidal cells, only those that showed fusiform shapes with at least one 

of the two primary dendrites present in the sections were selected for measurements. 

The long axes were measured between the tapering points where the primary dendrites 

on either end were growing from the cell body and the short axes were taken at the 

widest point across the cell body. Both dimensions of the pyramidal cells became larger 

with age (p<0.0001, one-way ANOVA) and the most rapid growth occurred between P0 

and P9 (p<0.05, Tukey-Kramer test). The size of the pyramidal cells reached maximum 

around P12 with no further growth subsequently. The diameter of the cartwheel cells 

also increased with age (p<0.0001, one-way ANOVA) but the most rapid growth 

occurred between P3 and P6 (p<0.05, Tukey-Kramer test). Granule cells, however, did 

not show significant changes in size during development (p=0.23, one-way ANOVA). 

Because cartwheel and granule cells were not perfectly circular in shape, their longer 

axes were measured for consistency. It may be concerning that glial cells could be 

mistaken as granule cells due to their small size. Whilst Nissl staining also labels glial 

cells, these cells have much smaller diameters (generally less than 7 µm) and different 

morphologies (Pilati et al., 2008).  

Age (No. of 
animals) 

Pyramidal cell 
(long axis)/µm 

Pyramidal cell 
(short axis)/µm 

Cartwheel cell 
(diameter)/µm 

Granule cell 
(diameter)/µm 

P0 (4) 19.0±1.3 (10) 9.7±0.8 (10) 11.8±1.0 (3) 8.3±1.0 (13) 

P3 (5) 22.1±3.1 (13) 12.2±2.1 (13) 11.8±1.0 (9) 8.5±1.2 (13) 

P6 (5) 25.1±1.8 (17) 12.0±1.1 (17) 13.7±1.1 (15) 8.2±0.8 (13) 

P9 (5) 26.0±3.7 (19) 13.4±1.6 (19) 14.0±0.9 (9) 8.1±0.6 (13) 

P12 (6) 27.7±3.1 (19) 14.1±1.6 (19) 14.7±1.5 (24) 7.8±0.7 (17) 

P21 (6) 27.8±2.6 (13) 14.0±1.8 (13) 15.5±1.6 (26) 8.2±0.6 (21) 

Table 2-1: Measurements of cell dimensions at the six developmental time points, 
mean±SD (number of cells). 
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Figure 2-6: Measurements of cell dimensions at the six developmental time points 
(Mean±SEM). 

2.3.2 Development of the topographic innervation of 
auditory nerve fibres (ANFs) into the CN 

NeuroVue® Red (red) was used to label spiral ganglion neurons (SGNs) at the apex of 

the cochlea and NeuroVue® Jade (green) was used to label SGNs at the base of the 

cochlea. It appeared that the topographic innervation of ANFs was already established 

early in development (by P0; Figure 2-7). The faint labelling of the green fibres at P0 

probably reflects methodological difficulties rather than any difference in the distribution 

of the topographic innervation (there were considerable challenges placing dyes in the 

different parts of the cochlea at P0 because of the size and fragility of the tissue at this 

age). As the CN developed, the topographic innervation pattern became more evident 

and the separation between the red and green labelled fibres became larger. At P6 and 

P12, individual fibres could be observed to branch off from the nerve bundles at different 

levels which presumably represented ANFs from different parts of the apical or basal 

regions of the cochlea and were spatially separated in the CN (white arrowheads in 

Figure 2-7). In addition, it was also noted that fibres originating from the apical cochlea 

(red fibres) were located caudally at the nerve root while those from the basal cochlea 

(green fibres) were located rostrally. This was observed from P3 and onwards and 

became most noticeable at P12. 
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Figure 2-7: NeuroVue® dye tracing showing development of topographic 
innervation of ANFs into the CN from P0 to P12. Red dye was placed in the apical 
region of the cochlea and green dye was placed in the basal region of the cochlea. Key: 
AVCN = anterior ventral cochlear nucleus, D = dorsal, DCN = dorsal cochlear nucleus, 
NR = nerve root, PVCN = posterior ventral cochlear nucleus, R = rostral.  Arrowheads 
point to branching ANF fires. All images are projection confocal images. Scale bars = 
100 µm. 
 

 
Figure 2-8: ANFs in the DCN at P6 and P21. White arrowhead points to a beaded ANF 
and yellow arrowhead points to a smooth ANF. Scale bar = 50 µm. 
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Higher magnification shows that the morphology of the ANFs reaching the DCN was 

different in the young compared with more mature animals (Figure 2-8). At P6, the 

primary afferent fibres innervating the DCN contained a lot of varicosities/swellings. In 

contrast, both smooth and beaded ANFs were present at P21. 

2.3.3 Development of synapses and dendritic morphology  
Synaptophysin is a presynaptic vesicular glycoprotein that is abundant in the CNS 

(Bartolomé et al., 1993; Gil-Loyzaga et al., 1998). IHistC labelling of synaptophysin has 

been widely used to localize presynaptic terminals in many parts of the CNS. In this 

study, qualitative observations of immunofluorescence images revealed that 

synaptophysin labelling was low in the superficial region and diffuse in the central part of 

the DCN from P0 to P6 (Figure 2-9). Overall labelling increased qualitatively by P9, 

especially in the molecular layer, although it was still diffuse with no particular spatial 

pattern. At P12, clusters of labelling (white circles; Figure 2-9) were observed in the 

pyramidal cell layer while labelling in the molecular layer remained relatively diffuse. By 

P21, there was an increase in the amount of clustered labelling and a reduction in 

diffuse labelling in the pyramidal cell layer. There was no visible change in the labelling 

pattern of the molecular layer.  
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Figure 2-9: Immunohistochemistry of synaptophysin in the developing mouse 
DCN, parasagittal sections. White circles indicate clustered labelling in the pyramidal 
cell layer. Key: CCR = central core region, DL = deep layer, GCL = granule cell layer, 
ML = molecular layer, PL = pyramidal cell layer. Scale bar = 30 µm. 
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Quantification of the synaptophysin labelling was performed using ImageJ®. In low 

magnification (20x) projection images, the DCN was outlined and the average intensity 

was calculated (“mean overall intensity”). This revealed an increase in overall intensity 

with age up to P9 with subsequent reduction thereafter (Figure 2-10). The decrease at 

P12 and P21 is likely to reflect the decrease in relative labelling density due to 

expansion of the DCN volume. Because synaptophysin labelling showed a distinctive 

pattern in the DCN during development, especially in the pyramidal cell layer, this layer 

was identified using overlaid images with fluorescent Nissl staining, outlined and the 

average signal intensity calculated (“mean intensity in PL”) in high magnification (120x) 

single optical images. As the pyramidal cell and deep layers were not well separated in 

younger animals, these measurements were performed in the central region excluding 

the superficial layer of granule cells at P0, P3 and P6. No particular developmental trend 

was observed this way presumably due to the concurrent increase in clustered 

synaptophysin labelling and the decrease in diffuse labelling in this layer, resulting in no 

overall difference in the average signal intensity. Therefore, the average size of, and the 

fraction of area occupied by, the punctate labelling in the pyramidal cell layer were 

measured using the “Analyze Particles” function in ImageJ®. In agreement with 

qualitative observations, both measurements did not have observable changes between 

P0 and P9 but increased considerably between P9 and P21, but especially between P12 

and P21. This is likely to reflect the increase in the size of, and the fraction of area 

occupied by, the clustered synaptophysin labelling in the older animals. 
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Figure 2-10: Quantification of synaptophysin labelling in the DCN. Key: PL = 
pyramidal cell layer.  

When double-labelled with Nissl at higher magnification (120x; Figure 2-11), the small 

punctate synaptophysin was observed to be mostly in inter-somatic spaces (asterisks) 

and sometimes on the surface of the cell bodies of predominately pyramidal cells 

(arrowheads) in young animals (P0-P9). As described in Figure 2-9, the synaptophysin 

clusters appeared between P9 and P12 and were mainly associated with groups of 

granule cells or in the spaces between Nissl-stained cell bodies (circles). By P21, both 

the size of the clusters and the labelling intensity have noticeably increased (also see 

Figure 2-10). The extent of small punctate labelling in the inter-somatic spaces also 

increased dramatically between P9 and P21. In comparison, the labelling pattern around 

pyramidal cells only appeared to increase slightly during the same period. 
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Figure 2-11: Double labelling of synaptophysin (red) and fluorescent Nissl 
staining (blue) in the DCN pyramidal cell layer. Asterisks indicate synaptophysin 
labelling in spaces between the cell bodies. Arrowheads indicate small punctate labelling 
associated with cell bodies of predominately pyramidal cells. Circles indicate clustered 
synaptophysin labelling. Scale bars = 20 µm. 
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MAP2 is a microtubule-associated protein that is involved in promoting tubulin 

polymerization (Hirokawa et al., 1988; Vandecandelaere et al., 1996) and IHistC shows 

strong labelling in the cytoplasm of neuronal cell bodies and dendrites (Bernhardt and 

Matus, 1984; Caceres et al., 1984). MAP2 and synaptophysin were co-labelled 

immunohistochemically to study the spatial relationship of dendrites and presynaptic 

terminals in the pyramidal cell layer of the developing mouse DCN (Figure 2-12). At P0, 

there was low level MAP2 labelling throughout the DCN and appeared to label mostly 

the cytoplasm in the cell bodies. Synaptophysin expression was also relatively low at 

this stage and small punctate labelling was scattered among MAP2 labelled structures 

or around the unlabelled cell bodies (asterisks). Beginning at P3, thin dendritic 

processes have appeared while synaptophysin labelling has also increased although no 

specific pattern could be observed. By P6, some thicker dendrites as well as the 

cytoplasm and proximal dendrites of some pyramidal cells were also labelled with MAP2 

(circle). Labelled presynaptic terminals were clearly seen around pyramidal cell bodies 

from P9 (circles). At P12, clusters of synaptophysin labelling (squares) were observed 

which were mainly associated with the cell bodies of groups of presumably granule cells 

(as indicated by small round unlabelled regions whose size and location correlate with 

those of the granule cells) and nearby dendrites. There was no apparent change in 

staining by P21 except that the size of synaptophysin clustering as well as punctate 

labelling around pyramidal cells have become visibly increased (see quantification of 

synaptophysin labelling in Figure 2-10). In addition, MAP2 labelling in the dendrites was 

usually stronger than in the cytoplasm of the cell bodies which was more diffuse and had 

lower intensity at all ages. These observations were further confirmed in enlarged 

images at selected ages (Figure 2-13). 
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Figure 2-12: Double labelling of MAP2 (green) and synaptophysin (red) in the 
pyramidal cell layer of the developing DCN. Asterisks indicate punctate 
synaptophysin labelling associated with dendritic labelling. Squares indicate examples of 
clustered synaptophysin labelling associated with granule cells and circles indicate small 
punctate synaptophysin labelling associated with pyramidal cells. Scale bars = 20 µm. 
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Figure 2-13: Enlarged images showing the relationship between MAP2 and 
synaptophysin expression in the DCN pyramidal cell layer at selected ages. White 
arrowheads outline punctate staining around pyramidal cells. Key: gr = granule cells, Py 
= pyramidal cells. Scale bar = 20 µm. 
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2.4 Discussion 
This study has characterized the structural development of the DCN in postnatal mice in 

terms of the overall cellular organization, ANF innervation, synaptic distribution, dendritic 

organization and morphology. Although the development of the overall organization in 

the DCN has been demonstrated previously in different strains of mouse (Mlonyeni, 

1967; Webster, 1988b; Webster and Webster, 1980b), it was important to confirm and 

show the developmental pattern in the mouse strain used in the current study as this will 

form a template for subsequent studies. In addition this study is, to the authors’ 

knowledge, the first one to provide a detailed description on the developmental pattern 

and to demonstrate the postnatal development of the topographic organization, 

distribution of presynaptic terminals and dendritic morphology in the mouse DCN. 

Previous detailed studies have mostly focused on the postnatal cat (Kane and Habib, 

1978), oppossum (Willard, 1993) and other rodent species such as hamster (Schweitzer, 

1990, 1991; Schweitzer and Cant, 1985a, 1985b; Schweitzer and Cecil, 1992) and rat 

(Angulo et al., 1990). 

2.4.1 Cellular organization in the DCN reaches the adult 
configuration between P6 and P9 

The adult mouse DCN is a three-layered structure that contains a heterogeneous group 

of neurons. Although all the cell types are generated embryonically (Martin and Rickets, 

1981; Pierce, 1967), this layered organization is not established until a few days after 

birth. Little change was observed in the cellular organization and cross-sectional area in 

the DCN during the first three postnatal days, which is in agreement with a previous 

study (Webster, 1988b). The basic cellular organization of the DCN begins to resemble 

the adult configuration from P6 when all three layers are apparent, although they 

continue to expand until at least 2 months-old. Previous studies have shown that the 

volume of DCN doubles between P6 and P12 which reflects both the growth in cell 

number and cell size (Mlonyeni, 1967; Webster, 1988b), consistent with the qualitative 

appearance in the current study. The cell number peaks between P11 and P13 in the 

DCN, however, the number of cells subsequently decreases by 30 to 35% in the next 

few days and reaches the adult level around P16 (Mlonyeni, 1967). From P12, the 

volume continues to expand, although slowly, until at least P90 (Webster, 1988b). 

Therefore, this increase in volume could not be due to changes in cell number but 
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possibly be affected by neuronal growth including expansion of dendritic domains, 

genesis and growth of glial cells, increase in myelination and angiogenesis. 

When examining the different cell types during development, pyramidal cells, cartwheel 

cells and granule cells were selected because they could be readily identified throughout 

the various time points based on their reported morphology and size in the adult mice 

and guinea-pigs (Hackney et al., 1990; Webster and Trune, 1982). Although the overall 

structure of the DCN is poorly organized in young animals, pyramidal cells can still be 

identified in the central region due to their fusiform-shaped cell body. Pyramidal cells at 

P0 tend to have more than one nucleolus whereas those at P21 only contain one which 

is usually centrally located in the nucleus. Nucleoli are the sites of ribosomal RNA 

transcription and assembly (Sollner-Webb and Mougey, 1991). This difference in the 

number of nucleoli may reflect the amount of activity the cells are undergoing at different 

developmental stage. The dimensions of the pyramidal cells increased between P0 and 

P12 with no subsequent change thereafter. A previous study has investigated the 

developmental changes in the mouse VCN cell types and observed that bushy, 

multipolar and octopus cells reach their peak size around P12 with slight decrease after 

this age in some cases (Webster and Webster, 1980b). It has been suggested that CN 

cell sizes are regulated by afferent activity because a reduction in cell size has been 

observed in CN neurons after removal of activity in the ANFs by tetrodotoxin (TTX) 

(Pasic and Rubel, 1989, 1991). It is possible that the decrease in the cell size observed 

in the VCN as reported in the earlier study was due to experience-dependent elimination 

of synapses resulting in reduced afferent input to certain cells. Cartwheel cells, on the 

other hand, do not change significantly in their morphology during development despite 

an increase in size. The cell size appears to increase at a steady rate between P6 and 

P21 and it is possible that cartwheel cells continue to grow thereafter. If cell size is 

indeed dependent on afferent activity, it is possible that the continual growth of 

cartwheel cells after the onset of hearing reflects the late development of the parallel 

fibre (PF) system in the molecular layer which may rely on acoustic input. In contrast, 

granule cells have minimal changes in their morphology and size from P0 to P21, except 

they are not as closely packed in P21 as in P0. This is likely to reflect the expansion of 

their dendritic domains and the growth of DCN volume as the animal grows (Webster, 

1988b). 
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2.4.2 Topographic innervation of the CN is established at 
birth 

NeuroVue® dyes are lipophilic and can be used to trace nerve fibres in fixed tissue. 

They have been shown to have good signal-to-noise ratio when compared to other dyes, 

for example, DiI and DiO (Fritzsch et al., 2005). A range of colours are available so 

multiple labelling can be achieved. In the present study, NeuroVue® Red was used to 

label ANFs originating from the apex of the cochlea and NeuroVue® Jade labeled ANFs 

originating from the base of the cochlea. In the adult, ANFs from the apex of the cochlea 

bifurcate ventro-laterally at the nerve root while those from the base bifurcate dorso-

medially as demonstrated in a number of mammalian species, predominantly in the cat 

and rat (Arnesen and Osen, 1978; Fekete et al., 1984; Feldman and Harrison, 1969; 

Lorente de Nó, 1933a, 1933b, 1981; Ramón y Cajal, 1909; Rouiller et al., 1986; Sando, 

1965). The bifurcation forms the ascending branch that innervates the AVCN while the 

descending branch innervates the PVCN and DCN. In the present study, the 

topographic innervation of the CN from the periphery appears to be established at birth 

in the mouse. An early establishment of the topographic innervation has also been 

observed in the rat CN in which the primary afferent fibres achieve an adult-like 

distribution in the CN by E18-20 (Angulo et al., 1990). Although the present study did not 

examine the embryonic development, it is most likely that the topographic innervation of 

the CN is established even earlier in the mouse. In post-hearing animals, this 

topographic innervation of the ANFs represents tonotopic organization of input from the 

cochlea in the CN. Although there is no acoustic input to the auditory system in pre-

hearing animals, the early establishment of the ANF topographic innervation is essential 

as it will be translated into a tonotopic frequency map as the animals start to detect 

sound and peripheral frequency tuning matures. In addition, the present study has 

observed a caudal location of the ANFs originating from the apical cochlea at the nerve 

root relative to fibres coming from the basal cochlea. This is also similar to observations 

made by Angulo et al. (1990) in the embryonic rat. However, Angulo et al. (1990) noticed 

that the branches of fibres from the apical cochlea are oriented in the lateral-medial 

plane whereas those from the basal cochlea are along the parasagittal plane when 

examining thin (10 µm) serial parasagittal sections of the rat CN. As the CN was 

sectioned in thicker  slices (100 µm), it would have been difficult to make such 

observations if they indeed existed in the current study.  
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It appeared that the labelling intensity of the incoming ANFs is visibly higher in younger 

animals (P0-P6) than in older ones (P12). It has been shown that there is a significant 

(22-27%) reduction in the number of spiral ganglion neurons (SGNs) in the rat and gerbil 

during the first postnatal week (Echteler and Nofsinger, 2000; Rueda et al., 1987). 

Therefore, it is possible that the decrease in SGNs results in fewer ANFs innervating the 

CN and hence the observed decrease in labelling intensity between P6 and P12. The 

lost SGNs have been shown to be predominantly type II SGNs due to a reduction in the 

production of BDNF (a trophic factor important for the survival of the type II but not the 

type I SGNs) by the cochlear sensory epithelium (Barclay et al., 2011). In the CN, the 

type II SGNs are thought to innervate the granule cells (Brown et al., 1988b). It would be 

interesting to examine the effect of the reduced innervation on the granule cell number 

during this developmental period. In addition, neurite extension of both the type I and 

type II SGNs into the cochlea is considerably reduced between P0 and P6 in the mouse 

as the cochlear innervation is refined to its mature state (Huang et al., 2007). It is likely 

that similar pruning processes occur at the central synapses leading to reduced 

projections of ANFs to, and/or collaterals formed within, the CN during the first two 

postnatal weeks. Alternatively, it could be due to the higher density of ANFs packed in a 

much smaller volume in the younger animals or reduced transport efficiency of the dyes 

along neuronal membranes with increased myelination in older animals. However, 

because the NeuroVue® dyes were loaded onto a small piece of paper (1cm by 1cm) 

and by cutting out a small triangular piece for application, it was impossible to ensure 

that the amount of dye applied to each cochlea was exactly the same. In addition, the 

size of the incision made into the organ of Corti could also be variable, therefore the 

number and spatial distribution of SGNs exposed to the dyes differ from cochlea to 

cochlea. Moreover, the cochlea grows considerably in size during development. For 

example, the length of the organ of Corti measures 3.8 mm at birth and continues to 

grow in the next 10 to 12 days and reaches the adult size of 6.8 mm in the hamster 

(Kaltenbach and Falzarano, 1994). Together with programmed cell death of the SGNs, it 

is possible that the dyes were applied to progressively fewer numbers of the SGNs as 

the animals develop. There is some apparent overlap of the red and green dyes 

especially in young animals (yellow colours in P0 and P3; Figure 2-7). This is unlikely to 

represent uptake of both dyes by the ANFs but rather the result of high labelling 

intensities at these ages in addition to the use of projection images. The apparent 
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increase in the separation between the two coloured bundles of ANFs is likely the result 

of the growth of the cochlea as well as the CN. 

Comparing the morphology of the afferent nerve fibres innervating DCN, those found in 

young animals contain more varicosities and swellings than in older animals. Synaptic 

vesicles have been localized in the varicosities therefore they are thought to be sites of 

synaptic formation (Bailey et al., 1979; Li and Martin, 2000; Uesaka et al., 2005). Similar 

axonal varicosities have been observed along immature axons of other neuronal types in 

the CNS such as in hippocampal neurons in culture (Borrell et al., 1999) and 

corticospinal neurons in the developing cat (Li and Martin, 2001). In addition, bigger 

swellings are thought to be branching points for collaterals. The swellings are unlikely to 

be resulted from injured neuronal processes because the animals were perfusion-fixed 

immediately after euthanasia. At P21, varicosities are still present along some of the 

ANFs suggesting synaptogenesis are still occurring at this age.  

2.4.3 Synaptic inputs to the DCN may be reflected by the 
developmental changes in the distribution of 
presynaptic terminals 

Synaptic inputs into the DCN have diverse origins, including presynaptic terminals of 

both extrinsic and intrinsic circuitry (Young and Oertel, 2004). During development, the 

distribution of presynaptic terminals change which may provide hints for the 

developmental time course of different synaptic inputs. Synaptophysin is a glycoprotein 

associated with Ca2+-binding at presynaptic vesicles and is present in virtually all 

neurons in the CNS (Calhoun et al., 1996). IHistC labelling in the DCN shows moderate 

staining of synaptophysin in non-superficial regions in young animals aged between P0 

and P6. As pointed out in the previous section, central projections of the SGNs enter the 

CN and establish topographic innervation during embryonic development. Soon after the 

ingrowth of ANFs into the CN, synaptic contacts are established as synaptic terminals 

resembling those of cochlear terminals can be observed first on the dendrites then on 

the cell bodies of the target neurons in the DCN (Kane and Habib, 1978; Schweitzer and 

Cant, 1984). Therefore, the punctate labelling in the pyramidal cell and deep layers 

could represent the presynaptic terminals from ANFs and/or local neurons contacting the 

dendrites and/or cell bodies of neurons in these layers of the DCN. Similar punctate 

synaptophysin labelling was found in adult cat DCN (Gil-Loyzaga et al., 1998). There is 
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an overall increase in staining intensity between P6 and P9, especially in the molecular 

layer, which may reflect an increase in synaptic formation in the molecular layer during 

this period. Synaptic inputs to the molecular layer mainly originate from the PFs and 

local interneurons such as stellate cells and cartwheel cells (Young and Oertel, 2004). 

These sources make synaptic contact with the apical dendrites of pyramidal cells and 

spiny dendrites of cartwheel cells in the mature animals. The increase in synaptophysin 

staining in the molecular layer may indicate the maturation of these local circuits. At P12, 

some small clusters of synaptophysin labelling start to appear in the pyramidal cell layer 

which subsequently become larger and more intense at P21. To determine the possible 

origin of these clustered synatophysin labelling, double labelling of synaptophysin with 

either fluorescent Nissl staining or MAP2 was conducted to further investigate the 

synaptic origins to this layer. 

When double labelled with fluorescent Nissl staining, it becomes apparent that the 

clustered synaptophysin labelling is mainly associated with groups of granule cells or in 

the intercellular space. Double labelling of synaptophysin and MAP2 shows that those 

intercellular clusters of synaptophysin are associated with proximal dendritic processes 

of granule cells. In addition, some small punctate labelling is also observed around 

pyramidal cell bodies and proximal dendrites. Synaptic inputs to the pyramidal cell layer 

include extrinsic mossy fibre inputs to the granule and Golgi cell bodies as well as local 

inhibitory inputs from cartwheel and vertical cells in the DCN and D-multipolar cells from 

the VCN onto pyramidal cell bodies (Young and Oertel, 2004). The clustered 

synaptophysin labelling surrounding granule cells resemble those glomerular synaptic 

terminals typical of the mossy fibres’ (Mugnaini et al., 1980a). Therefore these 

synaptophysin clusters seen at P12 and P21 most likely reflect an increase in mossy 

fibre inputs to granule cells during this period, whereas those punctate labelling around 

pyramidal cell bodies may come from local sources mentioned above. In addition, mossy 

fibres also terminate on Golgi cells. However, Golgi cells are usually present in a 

relatively small number compared to granule cells and do not have distinctive 

morphological characteristics that can be easily identified with routine histology 

(Wouterlood and Mugnaini, 1984), and therefore have not been identified in the current 

study. It has been suggested that the sequence in the appearance of different types of 

synaptic terminals could be related to the arrival of the inputs, as observed with electron 

microscopy (EM; Schweitzer and Cant, 1984). Although confocal microscopic images do 
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not provide the same resolution as EM images, the developmental pattern of the labelled 

presynaptic terminals combining results from auditory nerve innervation and dendritic 

labelling can be used to estimate the time course in the maturation of various 

connections within the DCN in the current study. Therefore, it appears that the auditory 

nerves form synapses with DCN neurons first followed by the establishment and/or 

maturation of local circuitry particularly in the molecular layer and lastly the non-auditory 

mossy fibre inputs to the granule cells.  
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2.5 Summary and Conclusion 
This study investigated the structural and morphological development of the DCN in the 

postnatal mouse. There are dramatic changes in its cellular organization, synaptic 

distribution and dendritic morphology during the first 12 days after birth. In comparison, 

little change is observed thereafter although the DCN continues to increase in size and 

further refinement may also take place. A summary of the developmental timeline of the 

aspects examined in this study is presented in Figure 2-14.  

 

Figure 2-14: Timeline of the structural development of the mouse DCN based on 
qualitative and quantitative observations in this study. 

These results suggest that the initial development of the DCN does not require acoustic 

input as most structural changes were observed before the onset of hearing (P11/12). 

However, some morphological changes occur subsequently, such as a considerable 

increase in the clustered labelling of synaptophysin in the pyramidal cell layer between 

P12 and P21, indicating the importance of sound influence on the maturation of this 

auditory nucleus. Data presented in this chapter provide the necessary template for 

further studies on the mouse to be based on. In the next Chapter, the molecular aspects 

will be examined in terms of the expression of key excitatory and inhibitory 

neurotransmitter receptors in the developing DCN. 
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3. MOLECULAR DEVELOPMENT OF THE 
DORSAL COCHLEAR NUCLEUS IN THE 
MOUSE 

3.1 Introduction 
Although an auditory nucleus, the DCN receives excitatory and inhibitory inputs from 

both auditory and non-auditory sources. Together with intrinsic connections, they 

contribute to the complexity of the DCN circuitry (Figure 3-1). Granule cells form clusters 

in the pyramidal cell layer and receive excitatory mossy fibre inputs from multisensory 

structures such as spinal trigeminal nucleus and vestibular nucleus as well as 

descending inputs from higher auditory centres (Caicedo and Herbert, 1993; Itoh et al., 

1987; Weedman and Ryugo, 1996). Granule cells also appear to receive input from type 

II auditory nerve fibres (ANFs) (Benson and Brown, 2004; Berglund et al., 1996). Parallel 

fibres (PFs, axons of the granule cells) in turn form excitatory synapses on the apical 

dendrites of pyramidal cells, the cell bodies of stellate cells and the spiny dendrites of 

cartwheel cells. Giant cells receive little, if any, PF innervation. Both Golgi cells and 

stellate cells are GABAergic (Kolston et al., 1992; Mugnaini, 1985). Golgi cells receive 

type II ANFs and mossy fibre inputs both directly and indirectly through granule cells 

while forming GABAergic synapses on unipolar brush cells and granule cells. Stellate 

cells synapse onto the spiny dendrites of cartwheel cells, in addition to the apical 

dendrites of pyramidal cells. Cartwheel cells, vertical cells and D-multipolar cells from 

the VCN are glycinergic (Davis and Young, 2000; Golding and Oertel, 1997) and they all 

form glycinergic synapses onto pyramidal cells. In addition, they also form additional 

synapses onto other neurons and among themselves as in the case of cartwheel and 

vertical cells. The ANFs form excitatory synapses onto the basal dendrites of pyramidal 

cells and the cell bodies of giant cells as well as vertical cells (Kane, 1974a; Osen, 

1970a; Smith and Rhode, 1985). Importantly, the pyramidal cells act as an integration 

point where the auditory and non-auditory inputs are combined.   
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Figure 3-1: The DCN circuitry (Oertel and Young, 2004). Green cells and black 
terminals are glutamatergic. Pink cells and terminals are GABAergic. Orange cells and 
terminals are glycinergic. Note: Fusiform cells and pyramidal cells are equivalent. Key: 
DL = deep layer, FCL = fusiform/pyramidal cell layer, ML = molecular layer. 

The mammalian DCN circuitry resembles that of the cerebellum and other cerebellum-

like structures such as the octavolateral nucleus in aquatic vertebrates and the 

electrosensory lobes in bony fish (for reviews, see Bell, 2002; Oertel and Young, 2004). 

All of these structures receive sensory input in their deep layers in a topographic manner 

and contain Purkinje-like cells that receive input from PFs. The cartwheel cells are the 

Purkinje-like cells in the DCN which are similar to the cerebellar Purkinje cells in many 

ways, including the expression of  many identical proteins (e.g. PEP-19 and cerebellin) 

and are affected similarly in certain mutant animals (e.g. the Lurcher, Purkinje cell 

degeneration and staggerer mutations cause degeneration in both Purkinje and 

cartwheel cells, while the nervous mutation causes similar changes in the ultrastructure 

of mitochondria in the two cell types) (Berrebi and Mugnaini, 1988; Berrebi et al., 1990; 

Mugnaini and Morgan, 1987; Mugnaini et al., 1987, 1987). The granule cells in the CN 

and the cerebellum are also derived from the same cell lineage (Fünfschilling and 

Reichardt, 2002). Similarities in the circuitry of the cerebellum and cerebellum-like 

structures suggest DCN plays a role in removing predictable signals from the sensory 

input. Behavioural evidence in cats highlights the essential role of the DCN in the 
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coordination of head movement with sound localization in the vertical plane (Imig et al., 

2000; May, 2000; Musicant et al., 1990; Oertel and Young, 2004; Rice et al., 1992; 

Sutherland et al., 1998b; Young et al., 1992). The external ear or pinna filters incoming 

sound and produces directionally-dependent spectral patterns that the DCN is 

hypothesized to process as cues for sound localization (Imig et al., 2000; Young et al., 

1992). This mechanism depends on the interaction of the acoustic and somatosensory 

information through the DCN principal cells as well as the ability to associate spectral 

cues with the position of the head or pinna. As noise is generated from the movement of 

the head and/or pinna, the accurate performance of these tasks depend on the ability to 

cancel self-generated noise and supress excess movement, a feature shared by the 

cerebellum and all cerebellum-like structures (Oertel and Young, 2004). The role of DCN 

in hearing was described in more detail in Section 1.1.2.6 (page 40). 

Much of the knowledge on the DCN circuitry is based on evidence from molecular 

studies using immunohistochemistry (IHistC) as well as in situ hybridization (ISH) and 

receptor binding studies to examine the expression of various neurotransmitter receptor 

subunits. Glutamate is thought to be the main excitatory neurotransmitter in the DCN 

and both ionotropic and metabotropic glutamate receptors have been localized in 

various DCN cell types (Bilak et al., 1996; Hunter et al., 1993; Marianowski et al., 2000; 

Petralia et al., 2000, 1996; Rubio and Wenthold, 1997). Subunits of all three classes of 

ionotropic glutamate receptor are expressed in the DCN with differential distribution. For 

example, GluA2 and GluA3 (AMPA subtype), GluN1 (NMDA subtype) as well as GluA5-

7 (kainate subtype) have widespread expression throughout the DCN while GluA1 and 

GluA4 (AMPA subtype), GluN2A and 2B (NMDA subtype) and KA2 (kainate subtype) 

are restricted to certain cell types and/or synapses. The metabotropic glutamate 

receptor subunits mGluA1 and mGluA2/3 are also expressed in the DCN. 

In mature animals, inhibition in the CNS is mainly mediated by GABA and glycine. 

Although GABA is the more common inhibitory neurotransmitter in the brain and spinal 

cord, glycinergic activity is found to be the highest in the DCN (Godfrey et al., 1977a, 

1978; Osen et al., 1990; Wenthold et al., 1987). There are two types of GABA receptors: 

the ionotropic GABAA receptors (GABAAR) and the metabotropic GABAB receptors 

(GABABR) (Kandel et al., 2000). All glycine receptors (GlyR) are ionotropic and like 

GABAAR, are chloride channels. The effect of activating these receptors would therefore 
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depend on, in addition to membrane potential, the relative concentration of chloride ions 

inside and outside the cell. In the CNS of mature animals, there is a higher chloride 

concentration in the extracellular space and therefore activation of GlyR and GABAAR 

will cause hyperpolarization of the cell. However, during the early stages of development 

there is a delayed expression of the potassium-chloride cotransporter 2 (KCC2), which is 

responsible for the extrusion of chloride ions, leading to higher intracellular chloride 

concentration (Ben-Ari, 2002; Fiumelli and Woodin, 2007; Payne et al., 2003). Therefore, 

early in development, the activation of these “inhibitory” receptors causes depolarization 

of the cell. These processes are developmentally regulated and have important 

functional significance in the maturation of neurons in the CNS. Both GABA and glycine 

receptors are structurally related to the acetylcholine (ACh) receptors and are pentamers. 

There are many GABAAR subunits including six α, three β, three γ and a few other types 

in the human. GABAARs usually consist of two α, two β and one γ subunits with the 

neurotransmitter binding sites on the α and β subunits. In contrast, there are only four α 

and one β subunits for GlyR. GlyRs are composed of three α and two β subunits but 

glycine binds only to the α subunits. The ligand binding domains for both receptors are 

located at the N-terminus on the extracellular surface. Both GABAAR and GlyR α1 are 

known to be expressed in the DCN (Altschuler et al., 1993; Frostholm and Rotter, 1986; 

Glendenning and Baker, 1988; Juiz et al., 1994; Sato et al., 1995). Detailed expression 

patterns of these excitatory and inhibitory receptor subunits in the adult DCN were 

described in more detail in Section 1.1.2.4 (page 32).  

Research into the developmental expression pattern and timeline of different 

neurotransmitters and their receptors in the DCN is very limited. One study describing 

the developmental expression of AMPA receptor subunits in the brainstem of the rat 

shows expression of GluA1, GluA2 and GluA2/3 in the DCN as early as P4 whereas 

GluA4 labelling appeared around P12 coinciding with the onset of hearing (Caicedo and 

Eybalin, 1999). Each subunit has distinctive distribution pattern starting from their initial 

expression followed by subsequent changes occurring from around P12. The mature 

pattern is achieved by P20 as the expression at this age showed no significant 

difference from what is observed at P30. Another study examined the NMDA receptor 

subunit expression during neonatal development of the gerbil CN between P7 and P28 

(Joelson and Schwartz, 1998). In the DCN, GluN1 and GluN2A/B subunits show overall 
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diffuse staining at P7 and the expression subsequently increases in neuronal cell bodies 

and dendrites while neuropil staining decreases with age. 

Using templates established in the previous study on the structural development 

(Chapter 2, page 56), this chapter aims to describe the molecular development of the 

mouse DCN by characterizing the developmental expression of key excitatory and 

inhibitory neurotransmitter receptor subunits using IHistC. The expression of AMPA 

receptor subunits (GluA1-4) and the α1 subunits of GABAA and glycine receptors were 

examined. All six receptor subunits are known to be expressed in the adult rodent DCN 

(Campos et al., 2001; Petralia et al., 2000, 1996; Rubio and Wenthold, 1997; Sato et al., 

1995). 
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3.2 Materials and Methods 
Standard IHistC protocols were carried out as described in the previous study (see 

Materials and Methods in Chapter 2, page 61) with a few modifications to optimize 

labelling as neurotransmitter receptor expression tends to be low. Briefly, animals were 

euthanized and perfusion-fixed with 4% PFA (in 0.1 M PB, pH 7.4) and the brains were 

removed and placed in the same fixative overnight. The brains were cryoprotected in 30% 

sucrose in 0.1 M PB (pH 7.4) for 2 days before being cryosectioned at 30 µm in the 

parasagittal plane. The sections containing DCN were collected in 0.1 M PBS and 

incubated in blocking solution of 10% normal donkey serum (NDS) in Tris-buffered 

saline (TBS) containing 0.1% Tween 20 (a membrane permeabilizing agent) (pH 8.4) for 

2 hours at room temperature (RT). The blocking solution was removed and primary 

antibodies (Table 3-1) diluted in 5% NDS in TBS-Tween 20 were added to the sections 

and incubated for 36 hours at 4 °C. The sections were then washed in TBS-Tween 20 (3 

times, 10 minutes each) and incubated in donkey anti-rabbit Alexa 594 secondary 

antibody (Invitrogen, USA; 1:500 dilution from 2 mg/mL) for 2 hours at RT. Control 

sections were only incubated with the secondary antibody (“no-primary” controls). 

However, as all antibodies and their developmental series were processed together, 

only one control at each magnification will be shown (see Figure 3-2). All incubations 

were undertaken on a shaker to facilitate maximal penetration. All sections were double-

labelled with fluorescent Nissl stain as previously described (see 2.2.3.3, page 62). 

Primary antibody Original  
Conc. 

Dilution Immunogen Supplier 
(Catalog #) 

Rabbit anti-GluA1 3 µg/mL 1:200 C-terminus synthetic 
peptide 

Abcam 
(ab31232) 

Rabbit anti-GluA2 6 µg/mL 1:100 N-terminus synthetic 
peptide 

Alomone labs 
(AGC-005) 

Rabbit anti-GluA2/3 50 µg/mL 1:20 C-terminus peptide 
of rat GluA2 

Millipore 
(AB1506) 

Rabbit anti-GluA4 6 µg/mL 1:100 N-terminus synthetic 
peptide 

Alomone labs 
(AGC-019) 

Rabbit anti-glycine 
receptor α1 subunit 

13.6 µg/mL 1:100 N- terminus 
synthetic peptide 

Millipore 
(AB15012) 

Rabbit anti-GABAA 
receptor α1 subunit 

7 µg/mL 1:100 N-terminus synthetic 
peptide 

Millipore 
(06-868) 

Table 3-1: Primary antibodies used to investigate the molecular development of 
the mouse DCN. Antibodies against excitatory and inhibitory neurotransmitter receptors 
are shaded green and orange, respectively. 
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Images were single optical sections or maximum intensity projection images taken using 

a laser scanning confocal microscope (Olympus FV1000 Live Cell System, Japan). For 

images taken with a 20x objective (NA = 0.75), the optical thickness was 1.14 µm and 

10 consecutive optical sections were stacked to produce projection images. For images 

taken with a 60x objective (NA = 1.35), the optical thickness was 0.49 µm and 20 

consecutive optical sections were stacked to produce projection images. Occasionally, a 

digital zoom was used to achieve a magnification of 120x with no additional resolution. 

Confocal settings for the same developmental series were kept identical for consistency. 

Images were enhanced to improve contrast when necessary using Adobe® Photoshop® 

CS5. All images in the same figure were enhanced using the same settings for 

comparisons to be made. However, settings may differ between figures, and an image 

that appears in more than one figure may appear to have different intensities.  
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3.3 Results 
3.3.1.1 Expression of excitatory neurotransmitter receptors during 

DCN development 

3.3.1.2 GluA1 

In the DCN at P21, GluA1 was labelled at low levels with minimal cytoplasmic labelling 

(Figure 3-2). At low magnification the staining appeared very diffuse and the majority of 

the labelling was located in the superficial part of the DCN (Figure 3-2A). When overlaid 

with fluorescent Nissl staining, it was apparent that the labelling is concentrated in the 

molecular layer which appeared to have a low cell density (Figure 3-2B). In contrast, the 

pyramidal cell layer and deep layer appeared to have much higher cell densities but only 

very light GluA1 labelling. At higher magnification more punctate labelling was apparent 

in the molecular layer than the pyramidal cell layer (Figure 3-2C). Occasionally, 

cytoplasmic staining in granule cells was observed (magenta arrowheads; Figure 3-2C 

and D). Closer examination of the superficial layers revealed that the punctate staining 

appeared to be smaller and denser in the molecular layer (Figure 3-2E) than in the 

pyramidal cell layer (Figure 3-2F). 

There was minimal labelling from P0 to P6 (Figure 3-3). Labelling appeared to increase 

at P9 throughout the DCN. The labelling intensity and pattern did not appear to change 

substantially between P9 and P12. However, a marked increase was visible at P21, 

especially in the molecular layer. At high magnification, some punctate labelling was 

already present at P0 throughout the DCN (Figure 3-4). At P6, the density of punctate 

labelling has increased and occasional intracellular staining could be observed (green 

arrowhead; identified as a pyramidal cell when overlaid with fluorescent Nissl staining). 

By P12, differential staining in the molecular and deeper layers was observed, as well as 

low level of intracellular staining in the occasional pyramidal (green arrowhead) and 

cartwheel cells (yellow arrowhead). 
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Figure 3-2: GluA1 expression in DCN at P21, maximum intensity projection images. 
(A & C) GluA1, inset = no-primary antibody control. (B & D) GluA1 and fluorescent Nissl. 
(E) GluA1 labelling in the molecular layer. (F) GluA1 labelling in the pyramidal cell layer. 
Key: DL = deep layer, magenta arrowhead = granule cell, ML = molecular layer, PL = 
pyramidal cell layer. 
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Figure 3-3: Developmental series of GluA1 in DCN, maximum intensity projection 
images. Key: Cb = cerebellum, DL = deep layer, ML = molecular layer, PL = pyramidal 
cell layer, PVCN = posterior-ventral cochlear nucleus. Scale bar = 100 µm. 
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Figure 3-4: GluA1 expression at selected time points, single optical sections. Key: 
DCN = dorsal cochlear nucleus, green arrowheads = pyramidal cells ML = molecular 
layer, PL = pyramidal cell layer, yellow arrowhead = cartwheel cell. Scale bar = 30 µm. 
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3.3.1.3 GluA2 

In the DCN, GluA2 was labelled in all three layers (Figure 3-5A and C) where both 

somatic and dendritic labelling was observed at P21 (Figure 3-5B and D). Several cell 

types in the molecular and pyramidal cell layers showed labelling, including pyramidal, 

cartwheel and granule cells (Figure 3-5E and F). There was also neuronal labelling in 

the deep layer associated with giant and/or vertical cells (not shown). In pyramidal cells, 

labelling was observed in both somata and proximal dendrites (green arrowheads). In 

cartwheel and granule cells, labelling was mostly observed in the cytoplasm of the 

somata or in the cell membrane (yellow and magenta arrowheads, respectively). The 

GluA2 antibody labels the extracellular domain (N-terminus), therefore, membrane 

labelling was expected. However, since a membrane permeabilizing agent was used in 

all experiments to increase antibody penetration, labelling of intracellular GluA2 was also 

anticipated. Much of the labelling was not associated with either somata or their proximal 

dendrites, especially in the molecular layer. Some of this “free” labelling appeared 

punctate while others resembled segments of neuronal processes. Therefore, they could 

represent labelling in the neuropil of a variety of cell types including the apical dendrites 

of pyramidal cells and dendrites of cartwheel and stellate cells in the molecular layer, 

granule cell and Golgi cell dendrites in the pyramidal cell layer, as well as basal 

dendrites of pyramidal cells and dendrites of giant and vertical cells. 

GluA2 expression in the DCN appeared early in development with intense labelling 

observed at P0 (Figure 3-6). Labelling in the central region was more intense compared 

to the superficial layer at this early stage. From P3 to P21, there was an overall 

decrease in labelling intensity, while the level of GluA2 labelling between all three layers 

was similar. At higher magnification, GluA2 labelling in the DCN was still intense and 

extensive at P6 (Figure 3-7). By P9 the overall labelling intensity decreased substantially. 

The labelling was evident in dendrites within the pyramidal cell layer, such as the one 

shown in Figure 3-7 (P9, green arrowheads), and based on location (see Figure 3-5E 

and F) these are most likely from pyramidal cells. At P12, GluA2 labelling appeared to 

be further reduced. Occasionally, thin segment of dendrites were labelled at the 

boundary of molecular and pyramidal cell layers (P12, green arrowheads) and are likely 

to have originated from granule cells (Figure 3-7). 
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Figure 3-5: GluA2 expression in DCN at P21, single optical sections. (A, B & E) GluA2. 
(C, D & F) GluA2 and fluorescent Nissl. Key: DL = deep layer, green arrowheads = 
pyramidal cells, magenta arrowhead = granule cell, ML = molecular layer, PL = 
pyramidal cell layer, yellow arrowhead = cartwheel cell. 



 

103 

 

 
Figure 3-6: Developmental series of GluA2 in DCN, single optical sections. Key: Cb = 
cerebellum; DCN = dorsal cochlear nucleus, DL = deep layer, ML = molecular layer, PL 
= pyramidal cell layer, VCN = ventral cochlear nucleus. Scale bar = 100 µm. 
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Figure 3-7: GluA2 expression at selected time points. Right panel: GluA2 labelling; 
left panel: GluA2 and fluorescent Nissl double-labelling. Key: DCN = dorsal cochlear 
nucleus, green arrowheads = dendrites of unknown origin, ML = molecular layer, PL = 
pyramidal cell layer. Scale bar = 30 µm. 
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3.3.1.4 GluA2/3 

The GluA2/3 antibody used was produced by immunizing against a peptide based on 

the C-terminus of the rat GluA2. The C-terminus of GluA2 and GluA3 subunits are 

almost identical therefore this antibody would recognize both subunits and is expected to 

label the intracellular region. At P21, GluA2/3 labelling was high in DCN neurons of the 

pyramidal cell layer and less so in other layers in the adult mouse (Figure 3-8A and C). 

The diffuse staining throughout the DCN could represent neuropil labelling. At higher 

magnification, the cytoplasm of pyramidal, cartwheel, granule and stellate cells 

appeared to be labelled intracellularly in the molecular and pyramidal cell layers (Figure 

3-8B and D). The proximal dendrites of pyramidal cells were also labelled (green 

arrowheads; Figure 3-8B and D). Neuronal labelling was also seen in the deep layer, 

possibly in giant and/or vertical cells.  

The developmental expression of GluA2/3 is similar to that of the GluA2 in that the DCN 

was already intensely labelled at P0 (Figure 3-9). The labelling pattern was also similar 

at this stage with a higher level in the centre compared to the superficial region. By P3, a 

band of intensely stained cells was seen in the putative pyramidal cell layer containing 

large cells which are presumably pyramidal and/or cartwheel cells. The identity of these 

cells was not distinguishable at higher magnification due to high packing density. From 

P6, neuronal labelling became more distinctive with staining seen in all three layers, 

although the relative labelling in the pyramidal cell layer exceeds the molecular and 

deep layers. The labelling intensity did not appear to change significantly between P6 

and P21. At higher magnification, GluA2/3 labelling at P0 is similar to GluA2 in that a 

mass of staining was seen in the central core relative to the superficial region with 

almost all structured labelled (Figure 3-10). Staining intensity appeared to decrease 

dramatically between P0 and P6, distinctive neuronal labelling was observed at P6 with 

intracellular labelling identified in cartwheel (yellow arrowhead) and granule cells 

(magenta arrowheads). Cytoplasmic staining in pyramidal (green arrowheads) and 

stellate cells (blue arrowheads) was also observed from P9 onwards. 
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Figure 3-8: GluA2/3 expression in DCN at P21, single optical sections. (A & B) 
GluA2/3. (C & D) GluA2/3 and fluorescent Nissl. Key: blue arrowhead = stellate cell, DL 
= deep layer, green arrowheads = pyramidal cells, magenta arrowheads = granule cells, 
ML = molecular layer, PL = pyramidal cell layer, yellow arrowheads = cartwheel cells. 
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Figure 3-9: Developmental series of GluA2/3 in DCN, single optical sections. Key: 
DCN = dorsal cochlear nucleus, DL = deep layer, ML = molecular layer, PL = pyramidal 
cell layer, VCN = ventral cochlear nucleus. Scale bar = 100 µm. 
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Figure 3-10: GluA2/3 expression at selected time points. Key: blue arrowhead = 
stellate cell, DCN = dorsal cochlear nucleus, green arrowheads = pyramidal cells, 
magenta arrowheads = granule cells, ML = molecular layer, PL = pyramidal cell layer, 
yellow arrowheads = cartwheel cells. Scale bar = 30 µm. 
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3.3.1.5 GluA4 

GluA4 labelling was at moderate to high levels in neurons within the DCN pyramidal and 

deep layers with diffuse staining in the molecular layer at low magnification (Figure 

3-11A and C). At higher magnification, the labelling was confined in pyramidal (green 

arrowheads), cartwheel (yellow arrowheads) and granule cells (magenta arrowheads) 

although occasional stellate cells (blue arrowheads) in the molecular layer were also 

labelled (Figure 3-11B and D). Most neuronal labelling was found in the somata, but in 

pyramidal cells, the proximal dendrites of both the apical and basal domains were also 

labelled. Light neuropil labelling was also observed, particularly in the molecular layer. 

The developmental expression of GluA4 in the DCN was similar to that of the GluA2 and 

GluA2/3 at the gross level (Figure 3-12). Labelling appeared early and labelling intensity 

was strong in the central region at P0 and P3. At P6, a clear band of cells in the 

pyramidal cell layer labelled with GluA4 was visible along with labelled cells in the 

molecular and deep layers. Neuronal labelling became more distinctive between P9 and 

P21 especially in the pyramidal cell layer, probably due to the reduction in overall 

neuropil staining throughout the DCN. At P21, there was a slight increase in diffuse 

staining within the molecular layer. At higher magnification, the intense staining in the 

central core at P0 resembled labelled cytoplasm around cell nuclei and in segments of 

dendrites (Figure 3-13). Distinctive neuronal labelling could be observed at P6 with 

identified pyramidal (green arrowheads), cartwheel (yellow arrowheads) and granule 

cells (magenta arrowheads). Neuropil labelling seemed to decrease from P9 as neuronal 

labelling became more apparent. Labelled molecular layer stellate cells were also 

observed at P12. 
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Figure 3-11: GluA4 expression in DCN at P21, single optical sections. (A & B) GluA4. 
(C & D) GluA4 and fluorescent Nissl. Key: blue arrowhead = stellate cell, DL = deep 
layer, green arrowheads = pyramidal cells, magenta arrowheads = granule cells, ML = 
molecular layer, PL = pyramidal cell layer, yellow arrowheads = cartwheel cells.  
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Figure 3-12: Developmental series of GluA4 in DCN, single optical sections. Key: 
DCN = dorsal cochlear nucleus, DL = deep layer, ML = molecular layer, PL = pyramidal 
cell layer, VCN = ventral cochlear nucleus. Scale bar = 100 µm. 
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Figure 3-13: GluA4 expression at selected time points. Key: blue arrowhead = 
stellate cell, DCN = dorsal cochlear nucleus, green arrowheads = pyramidal cells, 
magenta arrowheads = granule cells, ML = molecular layer, PL = pyramidal cell layer, 
yellow arrowheads = cartwheel cells. Scale bar = 30 µm. 
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3.3.2 Expression of inhibitory neurotransmitter receptors 
during DCN development 

3.3.2.1 Glycine receptor α1 subunit 

GlyR α1 was widely expressed in the mouse DCN at P21 with staining found in all three 

layers (Figure 3-14A and C). Labelling was high in the pyramidal and deep layers with 

moderate labelling in the molecular layer. At higher magnification, labelling was 

observed in the cytoplasm of pyramidal cells (green arrowheads) and possibly other cell 

types that was difficult to identify because of high levels of neuropil labelling between 

them (Figure 3-14B and D). Labelling in the molecular layer was mostly of neuropil origin. 

A closer examination revealed punctate labelling on pyramidal and cartwheel cell 

membranes as well as lighter cytoplasmic staining (Figure 3-14E and F). The 

immunogen used to generate this antibody was a synthetic peptide with a sequence 

corresponding to the N-terminus, which is located on the extracellular side when the 

receptor is inserted into the membrane. Therefore membrane labelling was expected 

although intracellular labelling was also possible because the tissue was treated with 

membrane permeabilizing agent to improve antibody penetration through the tissue. 
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Figure 3-14: GlyR α1 expression in DCN at P21, single optical sections. (A, B & E) 
GlyR α1. (C, D & F) GlyR α1 and fluorescent Nissl. Key: DL = deep layer, green 
arrowheads = pyramidal cells, ML = molecular layer, PL = pyramidal cell layer, yellow 
arrowheads = cartwheel cells.  
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Figure 3-15 shows the developmental series of GlyR α1 labelling in the DCN at low 

magnification. There was little labelling of GlyR α1 in young animals between P0 and P6. 

However, labelling in the DCN, especially in the pyramidal and deep layers, appeared to 

increase dramatically by P9. Outlines of pyramidal cells in the pyramidal cell layer were 

visible indicating much of the staining labelled membrane-bound GlyR α1 subunits. The 

labelling pattern was sustained from P9 and appeared to increase further by P21. At 

higher magnification, light punctate labelling was observed at P6 outlining pyramidal 

cells (green arrowheads; Figure 3-16). By P9, labelling has increased dramatically, 

especially in the pyramidal cell layer. Intense labelling surrounding the somata and 

proximal dendrites of pyramidal cells indicate membrane expression of these receptors. 

Intracellular labelling was also present, together with neuropil labelling in both the 

molecular and pyramidal cell layers. The overall labelling pattern did not seem to change 

with age although there appeared to have a slight decrease at P12. By P21, intracellular 

labelling in the cell bodies appeared to be reduced and labelling became more punctate 

(compare Figure 3-14B and E with Figure 3-16 at P12). 
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Figure 3-15: Developmental series of GlyR α1 in DCN, single optical sections. Key: 
DCN = dorsal cochlear nucleus, DL = deep layer, ML = molecular layer, PL = pyramidal 
cell layer. Scale bar = 100 µm. 
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Figure 3-16: GlyR α1 expression at selected time points. Right panel: GlyR α1 
labelling; left panel: GlyR α1 and fluorescent Nissl double-labelling. Key: DCN = dorsal 
cochlear nucleus, green arrowheads = pyramidal cells, ML = molecular layer, PL = 
pyramidal cell layer. Scale bar = 30 µm. 
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3.3.2.2 GABAA receptor α1 subunit 

GABAAR α1 had a very distinctive expression pattern in the DCN at P21; labelling was 

observed mainly in the pyramidal cell layer with sparse labelling in the molecular and 

deep layers (Figure 3-17A and C). At higher magnification, the labelling was 

concentrated around granule cells (magenta arrowheads; Figure 3-17B and D) that were 

either clustered in groups or by themselves in the pyramidal cell layer. There was also 

some labelling in the molecular and deep layer of what seems to be the occasional 

ectopically located granule cells as well as light neuropil staining. The antibody labels 

the N-terminus of the receptor that together with the C-terminus, is on the extracellular 

side of the cell membrane. In fact, most of the labelling appears to be on the cell surface 

membrane of granule cells (magenta arrowheads; Figure 3-17E and F). Intense labelling 

was also found in unidentified masses surrounding granule cells which are likely to be 

granule cell dendrites (*; Figure 3-17E and F) based on their close association with the 

granule cells and were not seen to originate from any other cell types in the surrounding 

area. Intracellular labelling is also possible, but since granule cells have little cytoplasm 

it is difficult to distinguish membrane and cytoplasmic staining. No cytoplasmic labelling 

was found in pyramidal cells, however, limited punctate labelling was sometimes 

localized to pyramidal (green arrowheads; Figure 3-17E and F) and cartwheel cell 

membranes. 
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Figure 3-17: GABAAR α1 expression in DCN at P21, single optical sections. (A, B & E) 
GABAAR α1. (C, D & F) GABAAR α1 and fluorescent Nissl. Key: * = putative granule cell 
dendrites, DL = deep layer, green arrowheads = pyramidal cells, magenta arrowheads = 
granule cells, ML = molecular layer, PL = pyramidal cell layer. 
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The developmental timeframe for GABAAR α1 is somewhat similar to that of GlyR α1, 

although its expression was detected slightly earlier (Figure 3-18). At P3, there was 

some diffuse staining throughout the DCN but no particular pattern of labelling could be 

observed until P9. At P9, a band in the pyramidal cell layer was labelled, together with 

the horizontal band between the DCN and the VCN, forming a semi-circle in the sections. 

This is thought to be labelling of the granule cells in these regions. Light diffuse staining 

was observed in other areas of the DCN and could be neuropil labelling. Staining 

intensity increased significantly by P12 in the same regions labelled at P9, however, 

there seemed to be some subsequent refinement in that the diffuse staining in the 

molecular and deep layers seen at P9 and P12 has reduced substantially by P21. 

Similar observations were seen at higher magnification with very light diffuse staining 

throughout the DCN at P3 (Figure 3-19). Localized labelling in the pyramidal cell layer 

appeared at P9 which surrounds groups of granule cells. A low level of neuronal 

labelling was also observed in the molecular and deep layers. Labelling intensity 

increased dramatically in the pyramidal cell layer by P12 with subsequent refinement in 

neuropil labelling by P21. 
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Figure 3-18: Developmental series of GABAAR α1 in DCN, single optical sections. 
Key: DCN = dorsal cochlear nucleus, DL = deep layer, ML = molecular layer, PL = 
pyramidal cell layer.  Scale bar = 100 µm. 
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Figure 3-19: GABAAR α1 expression at selected time points. Key: DCN = dorsal 
cochlear nucleus, DL = deep layer, ML = molecular layer, PL = pyramidal cell layer. 
Scale bar = 30 µm. 
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3.3.3 Summary 
An observational semi-quantitative analysis of the relative labelling intensities of the 

neurotransmitter receptor subunits examined in the current study is summarized in Table 

3-2. 

Receptor 
subunits 

Location P0 P3 P6 P9 P12 P21 

 

GluA1 

ML +/- +/- +/- + + ++ 

PL +/- +/- +/- + + + 

DL +/- +/- +/- + + + 

 

GluA2 

ML ++ ++ ++ ++ ++ + 

PL +++ +++ ++ ++ ++ + 

DL +++ +++ ++ ++ ++ + 

 

GluA2/3 

ML ++ ++ + + + + 

PL +++ +++ ++ ++ ++ ++ 

DL +++ +++ ++ ++ + + 

 

GluA4 

ML + + + + + ++ 

PL +++ +++ +++ ++ ++ ++ 

DL +++ +++ +++ + + + 

 

GlyR α1 

ML - - - +/- +/- + 

PL - - +/- ++ ++ +++ 

DL - - +/- ++ ++ +++ 

 

GABAAR α1 

ML - +/- +/- + ++ + 

PL - +/- +/- ++ +++ +++ 

DL - +/- +/- + ++ + 

Table 3-2: Semi-quantitative analyses of the relative labelling intensity and 
localization of the excitatory and inhibitory neurotransmitter receptor subunits 
examined in this study in the developing mouse DCN. Key: -, no expression; +/- 
minimal expression; +, low expression; ++, moderate expression; +++, high expression. 
DL = deep layer, ML = molecular layer, PL = pyramidal cell layer. Green = excitatory 
neurotransmitter receptor subunits; orange = inhibitory neurotransmitter receptor 
subunits. Note: The assessment for the pyramidal cell layer (PL) and deep layer (DL) 
was combined for P0, P3 and P6 due to immaturity in layer development. 
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3.4 Discussion 
This study described the developmental expression of key excitatory and inhibitory 

neurotransmitter receptor subunits in the mouse DCN using IHistC. It provides the first 

detailed account of the temporal and spatial expression of receptor subunits and for the 

first time demonstrated the developmental expression of selected inhibitory receptor 

subunits (GABAA receptor α1 and glycine receptor α1 subunits). The data showed that 

the expression of the receptor subunits required for excitatory neurotransmission 

appears earlier (by P0) than those required for inhibitory neurotransmission in this 

auditory nucleus (by P3 to P6). However, expression of the inhibitory receptor subunits 

quickly matures and an adult-like pattern is already established by P9.  

3.4.1 AMPA, GABA and glycine receptor subunits show 
differential expression pattern in the DCN at P21 

3.4.1.1 AMPA receptor subunits 

GluA1 showed diffuse and punctate labelling throughout the DCN although the 

molecular layer appeared to have higher expression of this receptor subunit. It has been 

shown that the molecular layer of the cerebellum also expresses high levels of GluA1 

(Baude et al., 1994). The protein has been localized to the intracellular membranes and 

processes of the Bergmann glial cells as well as at parallel fibre and climbing fire 

synapses in the cerebellum. In the present study, the cerebellar molecular layer was 

also labelled for GluA1 (see Figure 3-3 at P12), thus providing confirmation of the 

specificity of this antibody. Considering the similarities of the cerebellum and DCN 

circuitry, the punctate GluA1 staining observed in the present study is also likely to be 

associated with glial cells and parallel fibre synapses. However, this needs to be 

confirmed in sections double labelled with a glial cell marker (e.g. GFAP) and/or 

visualized by electron microscopy. In addition to the punctate labelling, intracellular 

labelling also appeared in occasional neurons and could be expected because a 

membrane permeabilizing agent was used in antibody washing solutions and this would 

promote penetration of the antibodies and hence labelling of the unbound intracellular 

receptors. Granule and Golgi cells form excitatory synapses onto the apical dendrites of 

pyramidal cells and dendrites of the cartwheel and stellate cells in the molecular layer; 

the smaller and denser punctate staining of GluA1 observed in this layer could be 
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associated with these structures. The larger but sparser punctate staining in the deeper 

layers is likely to be associated with granule and Golgi cells as they receive 

glutamatergic mossy fibre inputs. Consistent with previous studies, GluA1 labelling has 

been observed most intensely in neuropils of the molecular layer in adult rat (Caicedo 

and Eybalin, 1999), gerbil (Korada and Schwartz, 2000) and rhesus monkey (Coppola, 

2006). However, neuronal labelling in pyramidal, cartwheel and granule cells has also 

been observed in these previous studies although to a much lesser degree compared to 

the neuropil labelling in the molecular layer, but more so when compared to what was 

found in the current study. This could be due to different antibodies and animal species 

used. In addition, all the studies mentioned above have employed Avidin-biotin-

peroxidase protocol which has higher sensitivity (Gosselin et al., 1986). The current 

study used immunofluorescence method that does not amplify signals as significantly 

and may lack the sensitivity to detect extremely low level of expression in the target 

tissue. However, the use of fluorescence allows the sections to be imaged by confocal 

microscope to visualize finer structures.  

GluA2 showed distinctive neuronal and neuropil labelling in all three layers of the DCN. 

Several cell types including pyramidal, cartwheel and granule cells were identified to 

contain GluA2 labelling in the cytoplasm and/or proximal dendrites. In previous studies, 

GluA2 has been observed in many cell types in the DCN of the rat (Caicedo and Eybalin, 

1999) and gerbil (Korada and Schwartz, 2000). There is more neuronal labelling than 

neuropil labelling in general, although neuropil labelling in the molecular layer is 

substantial. A number of cell types were labelled including pyramidal, cartwheel and 

granule cells, as well as giant cells to a lesser extent. Similarly, an in situ hybridization 

(ISH) study demonstrated expression of GluA2 mRNA in pyramidal, cartwheel and 

granule cells (Hunter et al., 1993). In addition, both pre- and post-embedding 

immunocytochemistry (ICC) using electron microscopy (EM) have revealed GluA2 

labelling at both auditory nerve and parallel fibre synapses of pyramidal cells (Rubio and 

Wenthold, 1997). In contrast to the high level of expression in the DCN, GluA2 is present 

in a lower level in the rat VCN (Caicedo and Eybalin, 1999). AMPA receptors are 

tetramers which normally contain dimers of dimers of GluA2 and either of the other three 

subunits (Greger et al., 2007; Mayer, 2005). Therefore, it is expected to see a 

widespread expression of GluA2 in the CNS. Because AMPA receptors containing the 

GluA2 subunit do not allow calcium to enter the pore, most AMPA receptors would only 
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be permeable to sodium and potassium ions. This is in contrast to NMDA receptors and 

is thought to protect neurons from excitotoxicity (Kim et al., 2001). GluA2 and GluA3 

subunits both contain short C-terminal sequences that are more stably anchored to the 

postsynaptic membrane than the other two AMPA receptor subunits (Saglietti et al., 

2007). This could also contribute to its wider distribution in the CNS. 

The widespread expression of GluA2/3 resembles that of GluA2. In previous studies in 

the adult rat (Caicedo and Eybalin, 1999; Petralia et al., 2000), gerbil (Korada and 

Schwartz, 2000) and rhesus monkey (Coppola, 2006), the immunolabelling of GluA2/3 is 

similar to that of GluA2 with staining seen in pyramidal, cartwheel, granule and giant 

cells. An ISH study has shown GluA3 mRNA expression in pyramidal and cartwheel 

cells but not granule cells (Hunter et al., 1993). This suggests that the labelling seen in 

granule cells is attributed to the presence of GluA2 but not GluA3 subunit. There is no 

specific GluA3 antibody available making it impossible to assess only the expression 

pattern of GluA3 in the DCN using IHistC. 

GluA4 showed neuronal labelling in several cell types including pyramidal, cartwheel, 

granule and stellate cells as well as diffuse neuropil labelling especially in the molecular 

layer. Previous studies have described moderate to intense labelling of GluA4 in the 

DCN of adult rat (Caicedo and Eybalin, 1999) and  gerbil (Korada and Schwartz, 2000), 

although to a lesser extent in the rhesus monkey (Coppola, 2006). Cartwheel and giant 

cells in rats express moderate to high levels of GluA4 while pyramidal and granule cells 

express it at slight to moderate levels (Korada and Schwartz, 2000). Neuropil in all three 

layers are also stained with the molecular layer having the highest intensity. This is in 

agreement with the current study. In ISH studies, mRNA of GluA4 is found in pyramidal, 

cartwheel and granule cells (Hunter et al., 1993). In EM studies, antibodies to GluA4 

only label postsynaptic regions at auditory nerve synapses but not synapses in the 

molecular layer (Rubio and Wenthold, 1997). However, labelling was observed on the 

intracellular membranes in the apical dendrites of pyramidal cells. In the present study, 

intracellular labelling was observed in the molecular layer mainly in the cell bodies of 

cartwheel and stellate cells as well as the apical dendrites of the pyramidal cells. Due to 

the IHistC protocols used and limited resolution provided by the confocal microscope, it 

was impossible to visualize membrane-bound receptors at synaptic terminals in the 

current study. Glutamate receptors desensitize quickly; however, AMPA receptors 
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containing the GluA4 subunit have the ability to recover from desensitization more 

rapidly than other subunits (Lomeli et al., 1994). This could explain why most, if not all, 

GluA4 expression is located at the auditory nerve synapses in the DCN, so that the 

postsynaptic neurons can sustain their response to rapid sound stimuli. It is also noted 

that the VCN, and especially the AVCN, has the highest level of GluA4 in the CN 

(Caicedo and Eybalin, 1999). Since the ANFs are the main input of the AVCN, this 

provides additional evidence for the involvement of GluA4 in the neurotransmission of 

excitatory signals at the ANF synapses. 

In light of results from the current study and the literature, it may be speculated that most 

(if not all) excitatory synapses expressing AMPA receptors in the mature DCN contain 

GluA2. The presence of GluA2 at these synapses could protect neurons from the effect 

of glutamate excitotoxicity. It has been shown that the protective mechanisms of GluA2 

do not necessarily involve its effect on calcium permeability but could be mediated 

through effects on agonist potency, ionic conductance of other ion species (e.g. Na+) 

and synaptic reorganization through interactions with scaffolding and regulatory proteins 

(Iihara et al., 2001). In the adult DCN, the excitatory synapses in the molecular layer are 

likely to express AMPA receptors containing GluA2 and GluA1 or GluA3. In comparison, 

the AMPA receptors expressed in the deep layers are likely to contain GluA2 and GluA1, 

GluA3 or GluA4 although GluA4 is the most likely candidate.  

3.4.1.2 GABA and glycine receptor subunits 

The present study revealed a high level of GlyR α1 expression in the pyramidal and 

deep layers and to a lesser extent in the molecular layer. Strong neuronal labelling in 

pyramidal cells can be observed both on the membrane and in intracellular spaces of 

the somata and proximal dendrites. These observations are in accordance with previous 

studies in adult rodents. For example, GlyR α1 immunopositive cells have been found to 

be evenly distributed in the pyramidal cell layer of adult rat (Wang et al., 2009b). 

Receptor binding studies have localized GlyR throughout the DCN of adult rat (Wang et 

al., 2009b) and mouse (Willott et al., 1997) but the highest concentration is found in the 

pyramidal cell layer. In addition, ISH studies have revealed GlyR α1 mRNA expression 

to be concentrated in the pyramidal cell and deep layers (Sato et al., 1995; Wang et al., 

2009b). Moreover, EM studies have localized glycinergic synaptic terminals at both the 

apical and basal dendrites of pyramidal cells, as well as on the dendrites and cell bodies 
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of cartwheel and vertical cells (Rubio, 2004). DCN neurons receive glycinergic inputs 

from both intrinsic and extrinsic sources. In the DCN, cartwheel cells and vertical cells 

are glycinergic and they form synapses with mainly pyramidal cells and giant cells but 

also with other cartwheel or vertical cells (Caspary et al., 1987; Oertel and Wickesberg, 

1993; Saint Marie et al., 1991; Wu and Oertel, 1986). D-multipolar cells from the VCN 

are also glycinergic and their axons project to the DCN and synapse with pyramidal cells, 

giant cells as well as vertical cells. Outside the CN, the sources of glycinergic input 

mainly come from the periolivary nuclei and the lateral and ventral nuclei of the trapezoid 

body (Altschuler et al., 1993; Potashner et al., 1993). These rich glycinergic inputs would 

explain the widespread expression of GlyR in the DCN especially in the deep layers as 

minimal glycinergic synapses are expected in the molecular layer.  

High levels of GABAAR α1 expression was observed in the pyramidal cell layer mainly 

associated with granule cells. Light neuropil labelling is also observed in the molecular 

layer. In the DCN, the highest amounts of GABA and glutamate decarboxylase (GAD), 

the enzyme that synthesizes GABA, are found in the molecular and pyramidal cell layers 

(Godfrey and Matschinsky, 1976). These two layers contain Golgi and stellate cells 

which are the only GABAergic neurons in the DCN. Although cartwheel cells also 

contain GABA at their presynaptic terminals, they generally mediate glycinergic activity. 

Granule cells, together with unipolar brush cells (excitatory interneurons that are slightly 

larger than granule cells), receive GABAergic innervation from Golgi cells on their cell 

bodies (Oertel and Young, 2004). However, because unipolar brush cells are not 

present in large numbers and do not have features that are easily distinguished from 

other cell types, it is difficult to recognize them with a general neuronal stain. It is 

possible that the unipolar brush cells were mistaken as slightly larger granule cells in 

Nissl-stained sections. It has been shown that the unipolar brush cells in both the 

cerebellum and DCN are specifically labelled for calretinin (a calcium-binding protein) 

and therefore can be used to more accurately identify this cell type. Stellate cells in the 

molecular layer synapse with the apical dendrites of pyramidal cells and the spiny 

dendritic trees of cartwheel cells. This could account for the light staining seen in the 

molecular layer. The labelling in the deep layer could be due to the presence of some 

granule cells. Although most granule cells are located in the pyramidal cell layer, it is 

found in all three layers of the DCN. Other cell types in the deep layer are not expected 

to receive any GABAergic input. 
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3.4.2 Expression of inhibitory receptor subunits lags behind 
excitatory receptor subunits in the developing DCN 

The expression of the neurotransmitter receptor subunits in this study showed specific 

distinctions in the onset and developmental pattern between excitatory and inhibitory 

types in the mouse DCN. 

The expression of GluA1 appeared as early as P0 followed by an increase in diffuse 

labelling especially in the molecular layer with age. This is in agreement with a previous 

study in rat (Caicedo and Eybalin, 1999) where the authors found an early expression of 

GluA1 (P4) and subsequent increase in labelling intensity especially in the neuropil of 

the molecular layer from P12 (onset of hearing of rat). The current study indicates that a 

substantial increase in GluA1 expression in the molecular layer occurs after hearing 

onset (P11/12) and therefore is probably activity-dependent. It has been shown that the 

synaptic localization of GluA1-containing AMPA receptors are regulated by NMDA 

receptors in an activity-dependent manner as occurs in long-term potentiation (LTP) 

(Hayashi et al., 2000). There is evidence of AMPA receptors involvement in LTP through 

interactions with scaffolding proteins and phosphorylation of their C-termini on the 

intracellular side at the postsynaptic density (Leonard et al., 1998). For example, GluA1 

binds to SAP97 and contains four known phosphorylation sites which are necessary for 

LTP to occur (Boehm et al., 2006). It has also been established that synaptic plasticity 

does not exist between the ANFs and postsynaptic neurons in the CN whereas the 

superficial layers in the DCN contain synapses that are capable of LTP and LTD (long-

term depression) (Fujino and Oertel, 2003; Tzounopoulos et al., 2004). It is possible that 

the non-auditory circuitry in the molecular layer develops later than the afferent auditory 

pathway and this could explain the late appearance of the GluA1 expression in the DCN, 

especially in the molecular layer. In comparison, while neuropil labelling appears early in 

the developing rat VCN (by P4), neuronal labelling does not appear until P16 (Caicedo 

and Eybalin, 1999). The overall expression of GluA1 in the VCN is lower than in the 

DCN at the same developmental age, which suggests less activity-dependent synaptic 

modification occurring in the VCN. 

The developmental expression of GluA2 differs significantly from GluA1, with an 

apparent decrease in labelling intensity across the entire DCN with age occurring after 

an initial intense labelling at P0. The reduction in labelling was more dramatic between 
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P9 and P21, especially after P12. This could be due to the apparent rapid growth of 

DCN volume relative to the slower increase in cell number causing a reduction in cell 

density. A previous study in the rat has shown that the intensity of GluA2 neuronal 

labelling stays high during development while the intensity of neuropil labelling 

decreases with age (Caicedo and Eybalin, 1999). A decrease in neuropil labelling could 

account for the observed reduction in GluA2 labelling in the mouse DCN in the current 

study and is possibly due to activity-dependent elimination of synapses. In contrast, 

GluA2 expression in the VCN of the rat is very low during early stages of development 

and only starts to increase after the onset of hearing (P12) (Caicedo and Eybalin, 1999). 

In the same study, the authors have shown high levels of expression of GluA2/3 

throughout the DCN between P4 and P30 during which time neuronal labelling slightly 

increases between P12 and P16, while neuropil labelling stays at similar levels. Because 

Caicedo and Eybalin (1999) did not examine the expression in animals younger than P4, 

it is possible that GluA2/3 is expressed in even higher levels in new born animals as 

suggested by the current study. As suggested above, the apparent decrease in cell 

density as the DCN expands in volume could also explain the observed reduction in 

overall labelling intensity of GluA2/3 from P6 even though expression levels may not 

necessarily decrease in individual cells.  

GluA4 also showed a similar developmental pattern as GluA2 and GluA2/3 although 

these data do not seem to agree with Caicedo and Eybalin (1999) who did not observe 

GluA4 expression in the rat DCN until the age of P8 with an increase in both neuronal 

and neuropil labelling until P12 after which neuropil labelling decreases substantially. 

GluA4 is mainly expressed at the ANF synapses in the deep layer and its fast kinetics 

including recovery from desensitization plays a key role in transmitting fast auditory 

information in mature animals (Lomeli et al., 1994; Rubio and Wenthold, 1997). As 

synaptic function at the ANF synapses is established early in development (Brugge and 

O’Connor, 1984; Kandler and Friauf, 1995; Romand and Marty, 1975; Sanes, 1993; 

Walsh and McGee, 1988; Wu and Oertel, 1987) and GluA4 is restricted to the ANF 

synapses in the adult rodent (Hunter et al., 1993; Rubio and Wenthold, 1997), a delayed 

expression of GluA4 is unexpected. However, a developmental shift in the AMPA 

receptor composition so that GluA4 replaces other subunits in the older animals is 

possible. Studies of the developmental expression of various AMPA receptor subunits 

using electron microscopy could be employed to validate this hypothesis. The 
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differences in developmental pattern of GluA4 observed in the two studies could also 

reflect the fundamental differences in the developmental expression of GluA4 between 

mouse and rat or the different types of antibodies used. In the current study, the GluA4 

antibody targets the N-terminus on the extracellular surface while the antibody used by 

Caicedo and Eybalin (1999) was designed to target the C-terminus on the intracellular 

surface. Extracellular expression is more straightforward to detect and with the use of a 

membrane permeabilizing agent in the current study to increase antibody penetration, 

the antibody would bind to both intracellular and extracellular receptors. Caicedo and 

Eybalin (1999) did not treat their tissue sections in any way to increase permeabilization 

of the antibody and therefore may result in lower labelling and possibly more specific 

membrane labelling. Moreover, their description of the developmental expression of the 

AMPA receptors was limited only to the major subdivisions of the CN and the authors 

did not examine the IHistC labelling at higher resolution therefore making comparisons 

difficult. The apparent reduction in neuropil labelling observed in the current study is 

possibly due to synaptic elimination and refinement as a result of either spontaneous or 

acoustically evoked activity. 

In contrast to the early expression of AMPA receptor subunits in the DCN, neither GlyR 

nor GABAAR α1 subunits was detected until P3 to P6. However, labelling increased 

rapidly and by P9 a mature-like pattern of labelling was already established with only 

further increase and/or refinement till P21. There has been no reported literature on the 

developmental expression of GlyR or GABAAR in the DCN to date. However, the 

developmental time course of the inhibitory neurotransmitter systems have been inferred 

through the examination of the neurotransmitters themselves, the synthetic enzymes or 

the mRNA expression of receptor subunits in several studies. For example, GABA has 

been found in the DCN of the gerbil at birth (onset of hearing at P12-14), although at 

very low levels (Gleich and Vater, 1998; Yu, 1992). Its expression increases with age 

and reaches adult level by the third to fourth postnatal week. The GABA synthesizing 

enzyme GAD (glutamic acid decarboxylase) also shows early expression and is present 

in the DCN of the hamster (onset of hearing at P16) and cat (onset of hearing at P10) by 

P3 and at birth respectively (Schweitzer et al., 1993). GAD expression first appears near 

the dorsal acoustic stria (DAS) then in the pyramidal cell layer of the DCN suggesting an 

extrinsic to intrinsic order of maturation for GABAergic synapses. In addition, 

Marianowski et al. (2000) have shown that the expressions of the GABAA receptor α1, 



 

132 

 

β1 and γ2 subunits mRNA are low in the rat DCN during early development and 

increase slightly after the onset of hearing (P12). The early expression of GABA and 

GAD does not conflict with a later detection of the GABAAR α1 protein as demonstrated 

in the present study. In fact, GABA has been proposed to act as a trophic factor and 

promote neuronal differentiation during embryonic development (for reviews of GABA 

signalling during development, see Varju et al., 2001). Therefore, GABA present in the 

earlier stages of the developing CNS is probably not involved in inhibitory 

neurotransmission. Glycine is also present in the DCN at an early developmental stage 

and can be detected in the gerbil and hamster at birth and in the cat 10 days prior to 

birth (Gleich and Vater, 1998; Riggs et al., 1995). However, the developmental time 

course for the expression of glycine receptor subunits has not been studied previously. 

Table 3-2 summarizes the developmental expression of the excitatory and inhibitory 

neurotransmitter receptor subunits examined in the present study. It is clear that the 

labelling of the AMPA receptor subunits appeared earlier than the inhibitory 

neurotransmitter receptors (GABAAR α1 and GlyR α1) with the exception of GluA1. In 

general, the AMPA receptor subunits were expressed in high levels at birth with their 

labelling intensities decrease around P9 then stabilizes towards P21. In contrast, the 

inhibitory neurotransmitter receptors were not detected until between P3 and P6 and 

their adult-like labelling patterns were rapidly established by P9. Labelling intensities 

increased subsequently between P9 and P12 followed by either an increase (GlyR α1) 

or refinement (reduction in neuropil labelling) (GABAAR α1) between P12 and P21. It 

has been demonstrated and widely accepted that GABAergic synapses develop earlier 

than glutamatergic synapses and that GABA causes depolarization, rather than 

hyperpolarization, in immature CNS neurons (for review, see Ben-Ari, 2002). The 

excitatory action of GABA during early development is mainly attributed to the relatively 

depolarized chloride reversal potential (ECl) due to a higher intracellular chloride 

concentration in the immature neurons (Ben-Ari et al., 1989). A developmental shift of 

ECl has been observed in many CNS neurons including those in the auditory pathway. 

For example, there is a dramatic change (more than 50 mV) in the ECl towards a more 

hyperpolarized potential in the rat lateral superior olivary nucleus during the first 10 days 

after birth (Kandler and Friauf, 1995). This shift is primary due to an early expression of 

the sodium-potassium-chloride co-transporters (NKCCs) which increase intracellular 

chloride and a delayed expression of the potassium-chloride co-transporters (KCCs), in 
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particular the KCC2, which decrease intracellular chloride (Fukuda et al., 1998; Ganguly 

et al., 2001; Payne et al., 2003). Interestingly, the developmental shift of the action of 

GABA is regulated by GABA itself through GABAA receptor-mediated postsynaptic 

currents (PSCs). Blocking GABAA receptors with bicuculline and picrotoxin (GABAA 

receptor antagonists) prevented the shift of GABA from excitatory to inhibitory in rat 

hippocampal neurons (Ganguly et al., 2001). It has been demonstrated that the effect of 

GABAA receptor-mediated PSCs on the developmental shift is mediated through calcium 

currents (Dammerman et al., 2000; Eilers et al., 2001; Fukuda et al., 1998; Gao and 

Ziskind-Conhaim, 1998; Khazipov et al., 1995; Leinekugel et al., 1995; Yuste and Katz, 

1991). An increase in intracellular calcium through either voltage-gated calcium 

channels or NMDA receptors could lead to long-term potentiation (LTP) or long-term 

depression (LTD) at GABAergic synapses, respectively (Caillard et al., 1999a, 1999b). 

Therefore, the route by which intracellular calcium is increased influences the synaptic 

plasticity at the GABAergic synapses and hence determines the progress of the 

developmental shift. If it is correct that the development of GABAergic synapses 

proceeds that of glutamatergic ones, we would expect to see earlier expression of 

GABAA receptors. However, the current study has shown a later expression of the 

GABAA receptor α1 subunit relative to the AMPA receptor subunits. This could be due to 

the fact that only one GABAA receptor subunit has been examined. The GABAA receptor 

α1 subunit was selected to be used in the current study due to its known expression in 

the adult rodent DCN (Campos et al., 2001). In addition, it has been shown that there is 

differential expression of different GABAA receptor subunits during development in the 

CNS such that the α2, γ1 and γ3 subunits are expressed early in development with a 

progressive decrease subsequently while the α1 subunit is low at birth but increases 

during the first postnatal week in the rat CNS (Fritschy et al., 1994; Killisch et al., 1991; 

Laurie et al., 1992; Luján et al., 2005). In comparison, the α5, β2/3 and γ2 expression 

remain more or less constant throughout development. It is possible that a similar shift in 

the GABAA receptor subunit composition occurs in the developing DCN and the early 

excitatory effects of GABA are mediated by GABAA receptors made up from those 

subunits that are expressed early during development while GABAA receptors containing 

the α1 subunit are mostly responsible for the inhibitory action in more mature neurons.  

The majority of the studies cited above are based on work in the rat hippocampal or 

cortical neurons. Therefore, it is important to demonstrate whether GABA has the same 
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excitatory effect in the developing auditory system. In the current study, a limited number 

of neurotransmitter receptor subunits have been selected to represent the mediators of 

either excitatory or inhibitory neurotransmission in the DCN based on their known 

expression in the adult animals. While this provides a general view of the neuronal 

circuitry development, further studies are necessary for a complete and detailed 

understanding. In the future, it would be desirable to examine the developmental 

expression of other neurotransmitter receptor subtypes, for example, NMDA and other 

subunits of GABAA and glycine receptors. As described above, interactions between 

NMDA and GABAA receptors during early development are important for the excitatory 

to inhibitory switch of GABA in the CNS. In addition, the GluN1, GluN2A and 2B subunits 

of the NMDA receptors (Bilak et al., 1996), the GlyR α2 and 3 (Sato et al., 1995) as well 

as the GABAAR α3, β3 and γ2 (Marianowski et al., 2000) are known to be expressed in 

the adult rodent DCN. Knowing the developmental expression of these receptor subunits 

will provide a more complete understanding of the developmental relationship between 

the excitatory and inhibitory circuitry. 



 

135 

 

3.5 Conclusion 
This study presented the developmental expression of selected key excitatory (AMPA 

receptor subunits, GluA1-4) and inhibitory (GABAAR and GlyR α1 subunits) 

neurotransmitter receptor subunits in the mouse DCN using IHistC (Figure 3-20). It has 

demonstrated differential expression of each receptor subunit in the mature DCN. In 

addition, it showed that the excitatory receptor subunits are expressed in high levels 

early in development (by P0) with subsequent refinement towards maturation while the 

inhibitory receptor subunits are not detected until a few days later (by P3 to P6) and 

rapidly establish the adult-like pattern by P9 when the expression further increases by 

P21.  

 

Figure 3-20: Summary of the developmental time course of the excitatory and 
inhibitory neurotransmitter receptor subunits in the mouse DCN as examined in 
the current study. 

As the presence of receptors does not necessarily indicate functional synaptic 

transmission, it would now be crucial to study the functional development to confirm the 

delayed onset of the inhibitory neurotransmission in the DCN. In the next chapter, 

results of electrophysiological recordings in the developing mouse DCN will be 

presented that correlate with the IHistC findings in this study. 
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4. FUNCTIONAL CHARACTERISTICS OF THE 
DEVELOPING MOUSE DORSAL COCHLEAR 
NUCLEUS 

4.1 Introduction 
The physiological responses of DCN neurons and their intrinsic properties have been 

studied extensively in more mature (post-hearing onset) animals, particularly in the 

mouse and cat. These have been important to defining the neuronal circuitry of the DCN. 

In contrast there is relatively little information on the developing physiological 

characteristics of DCN neurons, and hence the factors that influence the development of 

the DCN neuronal circuitry. 

The intrinsic properties of DCN neurons have been characterised electrophysiologically 

using in vitro and in vivo preparations. Large cells in slice preparations of the adult 

mouse DCN (P17-P28) fire spontaneous action potentials (APs) (Hirsch and Oertel, 

1988) and are identified to include pyramidal, cartwheel and giant cells (Zhang and 

Oertel, 1993b, 1993c, 1994). No spontaneous activity has been recorded in vertical cells 

or stellate cells (Zhang and Oertel, 1993a, 1993c). When depolarized with current 

injections, pyramidal, giant, vertical and stellate cells fire large APs that are composed of 

simple spikes. In contrast, complex spikes, which are composed of a single AP 

depolarized from resting membrane potential followed by several smaller spikelets, are 

observed in cartwheel cells. In the large cells recorded in the DCN (likely to be pyramidal 

and cartwheel cells), the magnitude of the afterhyperpolarization (AHP) is dependent on 

the frequency of preceding evoked APs which implies that the sensitivity of these cells to 

a particular sound stimulus will vary according to their previous activity (Hirsch and 

Oertel, 1988). The large APs are mediated by voltage-dependent sodium channels 

because they can be blocked by tetrodotoxin (TTX). Blocking the voltage-sensitive 

sodium channels reveals smaller spikes which are shown to be calcium-dependent.  

Trains of excitatory and inhibitory postsynaptic potentials (EPSPs and IPSPs, 

respectively) have been recorded in pyramidal, giant and vertical cells when the auditory 

nerve fibres (ANFs) in the DCN deep layer and/or the parallel fibres (PFs) in the 

molecular layer are stimulated in the mouse between 12 and 26 days of age (Zhang and 

Oertel, 1993a, 1993b, 1994). However, no IPSPs can be recorded in cartwheel or 
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stellate cells (Zhang and Oertel, 1993c). In addition to evoked responses, both 

spontaneous EPSPs and IPSPs have been observed in pyramidal cells while in 

cartwheel and stellate cells spontaneous EPSPs have also been observed. With 

electrical stimulation of the ANFs, postsynaptic responses in pyramidal cells show 

complex patterns which reflect the multiple sources of input these principal cells receive 

(for more details, see Section 1.1.2.2, page 19 and Section 3.1, page 90). There are 

both early- and late-onset EPSPs and IPSPs which suggest that pyramidal cells receive 

inputs from both mono- and poly-synaptic excitatory and inhibitory pathways (Zhang and 

Oertel, 1994). The earliest EPSPs have very short latencies (~1 ms) and are likely to 

represent excitation from ANFs as severing the descending branch removes this early 

component of EPSPs. The early IPSPs have latencies of 2-5 ms and therefore, are likely 

to be monosynaptic. They influence the magnitude of the early EPSPs and could 

originate from local inhibitory interneurons such as vertical and/or D-multipolar cells. 

Late slowly rising EPSPs and bursts of IPSPs are also observed in pyramidal cells which 

are not affected by removal of ANF input. These EPSPs probably originate from granule 

cell input and the IPSPs are thought to arise through cartwheel cell input. The EPSPs 

and IPSPs are eliminated by application of 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 

strychnine respectively suggesting that the excitatory and inhibitory responses are 

mediated by AMPA and glycine receptors respectively (Zhang and Oertel, 1994). 

In more recent studies in adult mouse, long-term synaptic plasticity has been observed 

in cells involved in the PF circuit but not in the ANF synapses (Tzounopoulos et al., 2004, 

2007). Both long-term potentiation (LTP) and long-term depression (LTD) have been 

identified in pyramidal and cartwheel cell synapses in the molecular layer (Fujino and 

Oertel, 2003). It has been proposed that cartwheel cells provide feed-forward and lateral 

inhibition onto their postsynaptic targets depending on how they are activated by the 

PFs and hence the sensory stimulus conveyed by the mossy fibres (Mancilla and Manis, 

2009; Roberts and Trussell, 2010). These arrangements in the DCN circuitry are similar 

to those in the cerebellum (Mugnaini and Morgan, 1987) and electrosensory lobes of fish 

(Bell, 2002; Montgomery et al., 1995). It has been hypothesized that the synaptic 

plasticity in the DCN molecular layer could be performing tasks similar to cerebellar 

learning, such as associating sound inputs with multisensory information from the 

parallel fibre system (Bell, 2002; Fujino and Oertel, 2003). These learning abilities are 

especially important in cancelling self-generated noise and suppressing movement 
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which otherwise would interfere with the detection of real acoustic signals from the 

environment. In addition, abnormal hyperactivity in the DCN has been implicated in the 

pathoetiology of tinnitus (Kaltenbach, 2006a; Kaltenbach and Godfrey, 2008). In a rat 

model of chronic tinnitus, a significant reduction in the glycinergic receptors in the 

pyramidal cells has been observed, providing evidence for the plasticity in the inhibitory 

circuit of the DCN superficial layers and the roles of pyramidal and cartwheel cells in 

generating tinnitus (Wang et al., 2009a). A more recent study by Middleton et al. (2011) 

has shown that the hyperactivity observed in the DCN can also be mediated, at least 

partially, by a decrease in GABAergic inhibition in a behavioural model of tinnitus in the 

mouse. Furthermore, granule cells have also been shown to receive inhibitory inputs 

from which the sources are still unknown (Balakrishnan and Trussell, 2008). It is 

possible that inhibition of granule cells originates from cells in the DCN receiving 

auditory input and therefore this would indicate existence of a reciprocal relationship 

between the auditory and non-auditory circuits in the DCN (see Figure 3-1 in Chapter 3, 

page 91).  

As summarized above, the neuronal circuitry and response from cells in the DCN have 

been well studied in some mammalian species following the onset of hearing. Although 

the functional development of the ventral cochlear nucleus (VCN) has received relatively 

more attention (e.g. Pujol, 1972; Brugge et al., 1978, 1981; Jackson et al., 1982; Walsh 

and McGee, 1987; Lu et al., 2007), little work has yet been undertaken to examine the 

functional maturation of neurons and the development of the complex circuitry in the 

DCN. However, a few early studies have investigated the physiological development of 

DCN neurons using extracellular recordings (Brugge and O’Connor, 1984; Romand and 

Marty, 1975). These authors measured tone-evoked responses in DCN neurons in 

anaesthetized kitten and found that neuronal properties such as threshold, first-spike 

latency and maximal discharge rate matured by postnatal day 10 to day 12 (P10-12). 

From this the authors argued that acoustic input had little influence on these 

developmental changes because the hearing onset in kittens is around P10 (Bernard, 

1981; Stakhovskaya et al., 2008) before then the external and middle ears are 

structurally immature (Saunders et al., 1983). Adult-like discharge patterns can be 

recorded in DCN neurons before the end of the second postnatal week and include the 

typical “pauser”, “buildup” and “chopper” responses characteristic of pyramidal cells (see 

Section 1.1.2.2.1, page 22). However, there have been few studies using intracellular 
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recording techniques to study the neuronal development in the CN and there has been 

only one investigation of the functional development of the DCN in the developing 

mouse using slice preparations (Wu and Oertel, 1987). The study by Wu and Oertel 

(1987) described the functional maturation of the CN neurons, including DCN neurons of 

unidentified cell types, in terms of responses to stimulation of the ANFs and 

demonstrated that both EPSP and IPSP were present in the DCN neurons as early as 

P4. This chapter provides preliminary evidence of the basic physiological properties of 

the principal cell type - pyramidal cells, in the developing mouse DCN using patch 

clamping methods in acute brainstem slices. 
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4.2 Materials and Methods 
4.2.1 Animal and brainstem slice preparation 
CD-1 mice at six developmental time points (P3, 6, 9, 12, 15 and 18) were used for 

these functional studies. Experiments were performed in no specific order with respect 

to age. Animals were anaesthetized with carbon dioxide and decapitated into ice cold 

artificial cerebrospinal fluid (ACSF) containing high concentration of sucrose (“cutting 

ACSF”, see below). The brain was removed in the same solution and then cut 

transversely at the level of midbrain, rostral to the cerebellum. The portion containing the 

CN was cut along the mid-sagittal plane and each half of the brainstem was fixed on a 

metal stage on its medial surface with superglue. The tissue was immersed in the same 

solution bubbled continuously with carbogen gas (95% oxygen, 5% carbon dioxide) and 

parasagittal sections (250 µm) were sliced with a vibrating microtome (Leica VT1200S, 

Germany). Slices were incubated in external ACSF saturated with carbogen gas at 

34 °C for 45 minutes before returning to room temperature (RT). Typical RT in the 

laboratory ranged between 19 °C to 21 °C. For recording, slices were transferred to a 

Perspex recording chamber on the microscope stage.  Slices were continuously flushed 

with external ACSF saturated with carbogen gas at a flow rate of 2 mL/min at RT.  

Tissue was visualized with differential interference contrast (DIC) optics with an infrared 

filter under 40x water immersion objective lens on an upright light microscope (Zeiss 

Axioskope, Germany). Neurons filled with fluorescent dye (Alexa Fluor 488) were 

visualized with a mercury lamp (HBO 100W, Germany) under the same objective at the 

end of each recording session to identify the cell type. After recording, slices were fixed 

in 4% paraformaldehyde (PFA) overnight and mounted on glass slides with anti-fading 

mounting medium (CitiFluor, UK). Alexa Fluor 488-filled cells were imaged using a laser-

scanning confocal microscope (Olympus FV1000 Live Cell, Japan) with a 60x oil-

immersion objective (NA = 1.35). Maximum intensity projection images were taken with 

each optical section having a thickness of 0.49 µm. The number of optical sections 

varied for each neuron depending on its size and extent of dye filling. 
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4.2.2 Solutions 
The different solutions used in this study had the following composition: 

External artificial cerebrospinal fluid (ACSF): 130 mM NaCl, 26 mM NaHCO3, 3 mM KCl, 

1.25 mM NaH2PO4, 10 mM glucose, 2 mM CaCl2 and 1 mM MgCl2 dissolved in distilled 

water, pH 7.4, osmolarity 280-300 mOsm. 

Cutting ACSF: 26 mM NaHCO3, 3 mM KCl, 1.25 mM NaH2PO4, 10 mM glucose, 1 mM 

CaCl2, 5 mM MgCl2 and 249.5 mM sucrose dissolved in distilled water, pH 7.4, 

osmolarity 280-300 mOsm. 

Pipette solution: 120 mM potassium gluconate, 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 5 mM MgCl2, 10 mM ethylene glycol tetra-

acetic acid (EGTA), 4 mM adenosine triphosphate (ATP), 0.3 mM guanosine 

triphosphate (GTP) and 50 µM Alexa Fluor 488 (Life technologies, USA), pH 7.3, 

osmolarity 280-300 mOsm. 

In some voltage clamp experiments, 100 µM picrotoxin (GABAA receptor antagonist) and 

10 µM strychnine (glycine receptor antagonist) dissolved in external ACSF were used to 

block spontaneous outward (positive) currents at a holding potential of -60 mV. Both 

chemicals were purchased from Abcam Biochemicals (UK). 

All chemicals were purchased from either Sigma-Aldrich (USA) or Scharlau (Spain) 

unless otherwise stated. 

4.2.3 Patch-Clamp recordings 
All recordings were performed at RT. Thin-walled borosilicate pipettes (Harvard 

Apparatus, USA) were pulled using an upright PB-7 puller (Narishige, Japan) to achieve 

a pipette resistance between 4 and 6 MΩ. Hydraulic manipulators (Narishige, Japan) 

were used to drive pipettes towards the target neuron. All recordings were performed in 

whole-cell configuration. Cells were selected non-systematically within the DCN 

pyramidal cell layer and did not represent cells in any particular topographic location. 

Access resistance (Ra) was monitored throughout the recording and cells with Ra larger 

than 20 MΩ were not used for subsequent measurements. Membrane capacitance (Cm) 
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was also monitored which provided an indication of the size of the patched cells. Seven 

to thirteen DCN pyramidal cells from two to three animals were recorded at each age. 

Data acquisition was performed using pClamp 9.2 (Molecular Devices, USA), a CV 

203BU headstage with Axopatch 200B amplifier and Digidata 1322A (Axon Instrument, 

USA). A liquid junction potential of -12.5 mV was measured and accounted for in all 

experiments where necessary. All recordings were low-pass filtered online at 5 kHz, 

however, voltage clamp recordings were low-pass filtered at 1 kHz offline due to lower 

signal-to-noise ratio of the initial recordings. Sampling rate for acquisition was 20 kHz. 

4.2.3.1 Current clamp 

Immediately after whole-cell configuration was established, the resting membrane 

potential (RMP) was recorded for one minute in I = 0 mode. Next, current from -200 pA 

to +200 pA in 40 pA steps was injected into the cell to evoke voltage responses. Each 

step lasted 1 second. The steady-state membrane potentials at hyperpolarized current 

steps were used to plot current-voltage relationships (IV plot) in order to measure the 

input resistance (Rin). The action potentials (APs) evoked at the lowest current step 

(current threshold) were averaged and used to measure AP amplitude, AP threshold, 

half-width and decay. 

The absolute AP thresholds were calculated by subtracting the membrane potential 

measured at the point of inflection on the initial depolarising phase from the baseline, the 

point of inflection being a measure of the AP threshold. The point of inflection was 

determined by mathematically differentiating the averaged AP trace, using a pClamp9.2 

algorithm and picking the inflection point on the first derivative. This point was correlated 

in time with the averaged AP trace where the threshold was found. An example of how 

the point of inflection was determined is shown in Figure 4-1.  
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Figure 4-1: Determination of the point of inflection. The averaged AP (red trace) and 
the first derivative (black trace) are overlaid. Blue arrowhead points to the inflection point 
on the first derivative and the blue line traces this point to the actual AP trace. Green 
arrowhead points to the point of inflection on the AP trace. Magenta arrowhead points to 
the baseline. 

Half-width was measured by taking the difference between two points in time, one point 

on either side of the AP peak at which the amplitudes were 50% of the peak amplitude 

measured from baseline while decay was the time taken for the peak amplitude to 

decline from 90% to 10% (Figure 4-2). 

 
Figure 4-2: Illustrations of the measurements of AP half-width and decay. The pair 
of green lines and blue lines indicate the intervals between which measurements of half-
width and decay were taken. 
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4.2.3.2 Voltage clamp  

Voltage clamp experiments were undertaken to investigate the nature of spontaneous 

postsynaptic currents (PSCs) in the developing DCN neurons. Cells were held at -80 mV 

and -60 mV in gap-free mode to record spontaneous depolarizing (negative) and 

hyperpolarizing (positive) currents, respectively. The two holding potentials were chosen 

to be above and below the chloride reversal potential (ECl), which was calculated to be  

-66 mV based on the chloride concentration in external and internal solutions (Table 4-1). 

This was undertaken to examine the development of the chloride currents 

(hyperpolarizing at -60 mV), the main mediator of inhibitory synaptic functions through 

GABAA and glycine receptors. The depolarizing currents were likely sodium currents 

mediated through mainly non-NMDA receptors (see Discussion, page 187). Recordings 

were performed for 1 to 5 minutes depending on the frequencies of the currents. 

Ionic 
species 

Erev 
(mV) 

Holding potential = -80 mV Holding potential = -60 mV 

Ion flow Current flow Driving 
force 

Ion flow Current flow Driving 
force 

Cl- -66 Outward Depolarizing Electrical Inward Hyperpolarizing Chemical 
Na+ +74 Inward Depolarizing Electrical/

Chemical 
Inward Depolarizing Electrical/

Chemical 
K+ -93 Outward Hyperpolarizing Chemical Outward Hyperpolarizing Chemical 

Table 4-1: Theoretical behaviour of main ionic species at the two holding 
potentials. Reversal potentials (Erev) were calculated using Nernst Equation based on 
the ionic concentrations in the external and internal solutions. The direction of ion flow 
and hence current flow is derived from the Erev and the driving force (electrical and/or 
chemical gradients). 

4.2.4 Data analyses 
Current clamp results were analysed using Clampfit 9.2 (Molecular Devices, USA) and 

the spontaneous PSCs were analysed using Mini Analysis Program (Synaptosoft Inc., 

USA). Statistical analyses were performed using Prism 6 (GraphPad Software Inc., 

USA). Graphs were constructed using OriginPro 8.3 (OriginLab, USA). Data were tested 

for equal variance using the Brown-Forsythe test. When the variance between age 

groups was not significantly different, one-way or two-way ANOVA followed by the 

Tukey-Kramer test of means comparisons was performed. In some cases non-

parametric tests (Kruskal-Wallis) followed by the Dunn’s test of means comparisons 

were used when data showed unequal variance between age groups. A p value of <0.05 

was taken as being statistically significant.  
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4.3 Results 
Patched cells were filled with Alexa Fluor 488 diluted in pipette solution and imaged with 

confocal microscopy in fixed tissue after the experiment. Examples shown in Figure 4-3 

reveal some of the morphological changes the pyramidal cells undergo during 

development. For example, qualitatively the cell bodies became larger, consistent with 

the quantitative observations in Chapter 2, and the dendrites (at least the proximal 

portions of the basal dendrites) became smoother as the animal matures. Although the 

apical dendrites were expected to be covered in spines in the mature pyramidal cells, 

due to limited diffusion distance of the dye, it was not possible to compare the changes 

in the appearance in more distal regions of the dendrites. 

 
Figure 4-3: Alexa Fluor 488-filled pyramidal cells at selected ages. White 
arrowheads point to the proximal portion of the basal dendrites. Faint neurons in the 
background in the P6 and P9 sections were out-of-focus neurons also filled with Alexa 
Fluor 488. Key: a = apical dendrites; b = basal dendrites, c = cell body. Scale bar = 30 
µm. 
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4.3.1 Basic properties of the pyramidal cells in the 
developing DCN 

4.3.1.1 Resting membrane potential (RMP) and excitability 

Resting membrane potentials (RMP) of DCN pyramidal cells were measured in I=0 

current clamp mode immediately after obtaining whole-cell configuration. RMPs ranged 

from -56 to -72 mV and increased with age (p<0.001, One-way ANOVA) especially after 

P12 when it became slightly more depolarized (p<0.05, Tukey-Kramer test; Figure 4-4). 

 
Figure 4-4: Resting membrane potential (RMP) of DCN pyramidal cells becomes 
more depolarized with age (p<0.001, one-way ANOVA). Red dots represent mean 
RMP at each age. P18 is significantly more depolarized than P3 and all other ages 
except P15 (p<0.05, Tukey-Kramer test). 

No spontaneous action potential (AP) was observed before P9. After P9 the proportion 

of spontaneously active cells increased with age with 14% (1 out of 7), 14% (1 out of 7), 

23% (3 out of 13) and 86% (6 out of 7) of cells measured at P9, P12, P15 and P18 firing 

spontaneous APs, respectively. In spontaneously active cells, APs occurred more or 

less regularly at the start of the recording and had a tendency to reduce their firing 

frequencies towards the end (Figure 4-5). This could relate to the slight increase in 

series resistance and dialysis of cells which are common in whole-cell intracellular 
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recordings. The depolarization phase consisted of an overshoot of up to 63.64 mV from 

the RMP in younger animals (P9 and P12) and up to 106.1 mV in older animals (P15 

and P18) (Figure 4-6). There was also a fast hyperpolarization phase which usually 

comprised an undershoot, the amplitude of which increased with age and on average 

ranged from -8.3 mV at P9 to -15.5 mV at P18 below the baseline before returning to 

RMP. The rate of repolarization also appeared to increase with age although it was 

unable to be measured consistently due to high rate of firing frequency in many 

instances. The average spontaneous firing frequency over the one minute recordings 

ranged between 0.467 and 19.5 Hz with no particular pattern with regard to age (Figure 

4-7). 

 
Figure 4-5: Examples of silent and spontaneously active pyramidal cells. (A) A 
silent pyramidal cell at P18, RMP = -62.5 mV. (B) A spontaneously active pyramidal cell 
at P9 (RMP = -52.5 mV, spontaneous AP frequency = 11.5 Hz). (C) A spontaneously 
active pyramidal cell at P18 (RMP = -57.5 mV, spontaneous AP frequency = 1.8 Hz). 
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Figure 4-6 Averaged spontaneous AP at P9 (black) and P18 (red) overlaid. 

 
Figure 4-7: Spontaneous activity first occurred at P9 and AP firing frequency did 
not show any particular pattern with age. Cells in which no spontaneous APs were 
recorded from are plotted horizontally at 0 Hz at each age. Red dots represent mean 
firing frequency at each age. There is no significant difference (p>0.05, Kruskal-Wallis 
test) in the firing frequency between any age group older than and including P9.  
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4.3.1.2 Input resistance (Rin) 

How the membrane potential of a cell responds to current injections depends on the 

input resistance (Rin). A current-voltage relationship was plotted using steady-state 

voltage measurements of hyperpolarizing current steps and the inverse of the gradient 

was taken as the Rin. Changes in membrane potential became smaller with 

hyperpolarizing current injections in older animals reflecting a decrease in Rin with age 

(Figure 4-8).  Rin of DCN pyramidal cells was high in young animals, up to 256.9±26.7 

MΩ at P3, and subsequently decreased to 127.1±7.3 MΩ at P18 (p<0.0001, one-way 

ANOVA; Figure 4-9). The most rapid and significant decline in Rin occurred between P3 

and P12 (p<0.05, Tukey-Kramer Test) with no significant changes thereafter. In addition, 

the variance also decreased at the time when Rin stabilized (between P12 and P18). 

 
Figure 4-8: Voltage changes in DCN pyramidal cells in response to current steps 
from -200 to +200 pA in 40 pA intervals at P3, P9 and P18. All eleven traces are 
overlaid. Black arrowhead points to where voltage readings were taken for input 
resistance calculations. Red traces highlight when action potentials were first evoked by 
a depolarizing current step (40 pA in all three examples shown). 
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Figure 4-9: Input resistance (Rin) of DCN pyramidal cells decreased with age 
(p<0.0001, one-way ANOVA). Red dots represent mean Rin at each age. Rin is 
significantly lower at P9 than P6 and P3 and at P12, P15 and P18 than at P3, P6 and P9 
(*p<0.05, Tukey-Kramer test). 

4.3.1.3 Action potential (AP) frequencies, amplitudes and kinetics 

AP properties such as firing frequency, amplitude and kinetics (half-width and decay) 

were measured for DCN pyramidal cells at each age examined. The same traces for 

which Rin was measured were used for these measurements (see Figure 4-8). Pyramidal 

cells appeared to fire APs at regular intervals at all depolarizing current steps above the 

current threshold. Occasionally, a burst of APs was observed at the beginning of the 

depolarising current step then the cells settled into a regular firing pattern (for example, 

P18 in Figure 4-8). Current thresholds did not show any particular pattern with respect to 

age and ranged from 0 to 80 pA. The number of APs was counted over the 1 s period at 

each current step and the frequency was calculated and averaged. Pyramidal cells fired 

more APs when they became more depolarized with increasing current injections for all 

age groups examined and the firing frequency at the same current step increased with 

age (Figure 4-10 andFigure 4-11). When the slope of the changes in AP frequency with 

respect to injected current was calculated, an increasing rate in AP frequency 

augmentation with more depolarizing current injection was observed with age (p=0.0001, 

one-way ANOVA), especially after P9 (**p<0.01, Tukey-Kramer test; Figure 4-12). 
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Figure 4-10: Voltage responses in a P3, P9 and P18 DCN pyramidal cell. Note an 
increase in AP firing frequency with more depolarizing current injection at each age and 
at the same current step with increasing age. The P18 cell is spontaneously active as it 
fired APs with no current injection (0 pA). 

 

Figure 4-11: AP frequency increases with depolarizing current steps in all age 
groups. 
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Figure 4-12: Slope of AP firing frequency with respect to injected current 
increased with age (p=0.0001, one-way ANOVA). The slope is significantly steeper at 
P18 than at P3, P6 or P9 (**p<0.01, Tukey-Kramer test). 

Because APs were evoked at more than one depolarizing current step, only APs evoked 

at the lowest depolarizing current steps (the “current threshold”) were averaged and 

used for subsequent measurements of amplitude, half-width and decay in case there 

was any change in AP properties that occurred with stepwise depolarization and to 

account for the difference in threshold. There were obvious changes in the morphology, 

amplitude and kinetics of the APs as the animals mature as shown by the examples of 

averaged APs in Figure 4-13. For instance, the AP amplitude appeared to increase with 

age as well as the rate of depolarization and repolarization. 
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Figure 4-13: Overlay of averaged APs recorded from DCN pyramidal cells at P3 
(green), P9 (red) and P18 (blue). 

AP amplitudes were measured from the baseline to the most positive peak. The 

beginning of each averaged AP trace was used as the baseline potential, usually 10 

milliseconds before the peak. AP amplitudes did not change significantly between P3 

and P9 (pre-hearing onset) or between P12 and P18 (post-hearing onset). However, a 

significant increase was observed between P6 and each of the post-hearing onset age 

groups (p<0.05, Dunn’s test) indicating that most changes occurred between P6 and 

P12 (Figure 4-14).  

The absolute AP threshold was determined as described in the Materials and Methods 

(page 142). There was a significant (p<0.01, one-way ANOVA) decrease in the absolute 

AP thresholds between P3 and P18 although most of the changes occurred between P3 

and P6 (*p<0.05, Tukey-Kramer test; Figure 4-15). When the absolute AP thresholds 

were subtracted from the RMP for each corresponding cell, the threshold potentials were 

derived. The threshold potentials ranged between -42.7±4.6 and -47.4±5.4 with no 

significant changes with age (p=0.43, one-way ANOVA; Figure 4-16). 
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Figure 4-14: AP amplitude from DCN pyramidal cells measured from baseline 
increased with age (p<0.0001, Kruskal-Wallis test). Red dots represent mean 
amplitude at each age. AP amplitude is significantly larger at P12, P15 and P18 when 
compared with P3 or P6 (*p<0.05, Dunn’s test). 

 
Figure 4-15: Absolute action potential (AP) threshold in DCN pyramidal cells 
decreased with age (p<0.01, one-way ANOVA). Red dots represent mean threshold at 
each age. Absolute AP threshold is significantly smaller at P6, P12, P15 and P18 than at 
P3 (*p<0.05, Tukey-Kramer test). 
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Figure 4-16: AP threshold potential in DCN pyramidal cells did not change with 
age (p=0.43, one-way ANOVA). Red dots represent mean threshold potential at each 
age.  

AP kinetics were investigated by measuring the half-width and decay of the averaged 

AP evoked at the current threshold as described in the Materials and Methods (page 

142). The AP half-width decreased significantly with age (p<0.0001, Kruskal-Wallis test) 

with the significant changes occurring between P9 and P12-P15 (p<0.05, Dunn’s test; 

Figure 4-17) and with no significant changes subsequently. AP half-width seemed to 

stabilize after the onset of hearing (P12). The change in AP decay with age was similar 

and significant (p<0.0001, Kruskal-Wallis test) with a significant reduction between P9 

and P12-15 (p<0.05, Dunn’s test; Figure 4-18). These changes in AP kinetics are also 

apparent in Figure 4-13 where the APs are seen to reach peak amplitude and return to 

baseline faster as the animals mature. 
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Figure 4-17: AP half-width in DCN pyramidal neurons decreased with age 
(p<0.0001, Kruskal-Wallis test). Red dots represent mean half-width at each age. AP 
half-width is significantly shorter at P15 and P18 than at P3, P6 or P9 (*p<0.05, Dunn’s 
test). 

 
Figure 4-18: AP decay in DCN pyramidal cells decreased with age (p<0.0001, 
Kruskal-Wallis test). Red dots represent mean decay at each age. AP decay is 
significantly less at P15 and P18 than at P3, P6 or P9 (*p<0.05, Dunn’s test). 

P3 P6 P9 P12 P15 P18
0

1

2

3

4

5

AP
 h

al
f-w

id
th

 (m
s)

Age (Postnatal days)

*

P3 P6 P9 P12 P15 P18
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

AP
 d

ec
ay

 (m
s)

Age (Postnatal days)

*



 

157 

 

4.3.2 Development of spontaneous postsynaptic currents 
Spontaneous postsynaptic currents were recorded in voltage clamp mode from 

pyramidal cells at each developmental time point as described in Materials and Methods 

(page 144). Two holding potentials (-80 and -60 mV) were used in an attempt to 

distinguish depolarizing (negative) and hyperpolarizing (positive) currents, respectively. 

Hyperpolarizing currents recorded at -60 mV were eliminated by bath application of 

picrotoxin (GABAA receptor antagonist) and strychnine (glycine receptor antagonist) 

(Figure 4-19). 

 
Figure 4-19: Hyperpolarizing currents were eliminated by bath application of 
GABAA and glycine receptor antagonists (P12 DCN pyramidal cell). (A) Both 
hyperpolarizing (positive, green dots) and depolarizing (negative, red dots) currents 
were observed at -60 mV holding potential. Some depolarizing currents may have been 
obscured by the high frequency of the hyperpolarizing currents. (B) All hyperpolarizing 
currents in the same cell were eliminated by perfusion with 100 µM picrotoxin (GABAA 
receptor antagonist) and 10 µM strychnine (glycine receptor antagonist). The cells 
produced spontaneous spikes (blue arrowheads) which projected both above and below 
the baseline with fast kinetics (inset) while depolarizing currents (red dots) had much 
slower kinetics and remained after perfusion with the antagonists. 
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Examples of traces showing spontaneous depolarizing and hyperpolarizing currents 

recorded at selected developmental time points are shown in Figure 4-20 and Figure 

4-21. Spontaneous depolarizing currents could be recorded as early as P3 whereas 

there were virtually no spontaneous hyperpolarizing currents at the same age. Whilst it 

appeared that there was a slight increase in the frequency and amplitudes of the 

depolarizing currents with age it was obvious that both of these properties of the 

hyperpolarizing currents increased substantially between P3 and P18. These 

parameters as well as the kinetics (rise time and decay) of these currents were 

subsequently analysed across the different time points.  

 
Figure 4-20: Examples of depolarizing currents recorded in DCN pyramidal cells at 
P3, P9 and P18, at a holding potential of -80 mV. Red dots indicate the currents that 
were accepted during manual selection. 

 
Figure 4-21: Examples of hyperpolarizing currents recorded in DCN pyramidal 
cells at P3, P9 and P18, at a holding potential of -60 mV. Red dots indicate the 
currents that were accepted during manual selection. 
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There was a significant (p=0.01, one-way ANOVA) increase in the frequency of 

depolarizing currents with age and most of the significant changes occurred between P3 

and P12 (4.34±2.91 Hz to 12.13±7.67 Hz, respectively; p<0.05, Tukey-Kramer test) with 

no significant change after that (Figure 4-22). In contrast, the frequency of 

hyperpolarizing currents increased dramatically (p<0.0001, Kruskal-Wallis test), 

especially between P6 and P12 (0.54±0.70 Hz to 30.03±14.16 Hz, respectively; p<0.01, 

Dunn’s test), followed by a small but non-significant decline subsequently (Figure 4-23). 

Overall the total number of spontaneous currents were dominated by depolarizing 

currents in younger animals (P3 and P6) (p<0.001, unpaired t-test; Figure 4-24) even 

though there were relatively fewer overall events. However, the frequency of 

hyperpolarizing currents increased to reach similar levels as that of the depolarizing 

currents at P9 (p>0.05) and subsequently exceeded that of the depolarizing currents, 

especially at P12 (p<0.01) and P15 (p<0.05) (unpaired t-tests; Figure 4-24). The 

dramatic increase in hyperpolarizing currents is also reflected in Figure 4-25 which 

shows a significant increase in the proportion of hyperpolarizing currents over the total 

number of postsynaptic currents with age (p<0.0001, Kruskal-Wallis test), especially 

between P6 and P12 (p<0.01, Dunn’s test). It was noticed that the variability was large 

especially in older animals. For example, the percentage of hyperpolarizing currents 

ranged between 30 to 80% at P18. 
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Figure 4-22: Frequency of depolarizing currents in DCN pyramidal cells increased 
with age (p=0.01, one-way ANOVA). Red dots represent mean frequency at each age. 
Depolarizing currents occurred significantly more frequent at P12 than P3 or P6 
(*p<0.05, Tukey-Kramer test). 

 
Figure 4-23: Frequency of hyperpolarizing currents in DCN pyramidal cells 
increased with age (p<0.0001, Kruskal-Wallis test). Red dots represent mean 
frequency at each age. Hyperpolarizing currents occurred significantly more frequent at 
P12, P15 and P18 than P3, and at P12 and P15 than P6 (**p<0.01, Dunn’s test). 
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Figure 4-24: Frequency of depolarizing and hyperpolarizing currents recorded in 
DCN pyramidal cells changed differently with age (p<0.01, two-way ANOVA). The 
frequency of depolarizing and hyperpolarizing currents is significantly different at P3, P6 
and P15 (*p<0.05, **p<0.01 and ***p<0.001, unpaired t-test). 

 
Figure 4-25: Percentage of hyperpolarizing currents in DCN pyramidal cells during 
development increased with age (p<0.0001, Kruskal-Wallis test). Red dots represent 
the mean percentage of hyperpolarizing currents at each age. Percentage of 
hyperpolarizing currents is significantly larger at P12, P15 and P18 than P3 and at P12 
and P15 than P6 (*p<0.05 and **p<0.01, Dunn’s test). 
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The developmental differences in the depolarizing and hyperpolarizing currents were 

also apparent in the peak amplitudes, which followed a similar pattern as frequency 

(Figure 4-26 to Figure 4-28). That is, there was a significant increase in the average 

peak amplitude of depolarizing currents with age (p<0.0001, one-way ANOVA), 

especially between P3 and P9 (P<0.05, Tukey-Kramer test; Figure 4-26). In comparison, 

there was a more substantial increase in the average peak amplitudes of hyperpolarizing 

currents during the same developmental period (p<0.0001, one-way ANOVA), especially 

between P9 and P12 (p<0.01, Tukey-Kramer test; Figure 4-27). Although it seemed that 

the peak amplitudes of hyperpolarizing currents decreased between P12 and P15, this 

was not statistically significant. In addition, the average peak amplitudes of 

hyperpolarizing currents were significantly larger than that of depolarizing currents from 

P12 onwards (P<0.01, unpaired t-test; Figure 4-28). 

 
Figure 4-26: Peak amplitudes of depolarizing currents in DCN pyramidal cells 
increased with age (p<0.0001, one-way ANOVA). Red dots represent mean peak 
amplitude at each age. The peak amplitude is significantly larger at P9, P12, P15 and 
P18 than at P3 and also larger at P12 than at P6 (*p<0.05, Tukey-Kramer test). 
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Figure 4-27: Peak amplitudes of hyperpolarizing currents in DCN pyramidal cells 
increased with age (p<0.0001, one-way ANOVA). Red dots represent mean peak 
amplitude at each age. The peak amplitude is significantly larger at P12, P15 and P18 
than at P6 and also larger at P12 than P9 (*p<0.05 and **p<0.01, Tukey-Kramer test). 

 
Figure 4-28: The mean peak amplitude of depolarizing and hyperpolarizing 
currents in DCN pyramidal cells is significantly different (p<0.01, two-way ANOVA). 
The mean peak amplitude between depolarizing and hyperpolarizing currents is 
significantly different at P6, P12, P15 and P18 (*p<0.05, **p<0.01 and ***p<0.001, 
unpaired t-test). 
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Rise time and decay time were measured for postsynaptic currents at each age. Rise 

time was measured from the beginning of the rising phase to the peak. Decay time was 

measured from the peak to 37% of the peak during the decay phase. Only non-

overlapping events were selected for these measurements. The average rise time of 

depolarizing currents did not change significantly with age (p>0.05, one-way ANOVA; 

Figure 4-29). Histograms were plotted for a representative pyramidal cell at each age to 

examine the distribution of the kinetics of depolarizing currents. Rise time of depolarizing 

currents showed a left-skewed distribution (Figure 4-30). Generally the spread of the rise 

time values was less in the older age animals (P12-P18) and appeared to shift towards 

shorter rise times. Similarly, the average decay of depolarizing currents did not change 

with age (p>0.05, one-way ANOVA; Figure 4-31) and histograms revealed a slightly left-

skewed distribution (Figure 4-32). The distribution appeared to become more left-

skewed towards shorter delays between P9 and P12 and there was less variance in the 

older animals. 

 
Figure 4-29: Rise time of depolarizing currents in DCN pyramidal cells did not 
change significantly with age (p>0.05, one-way ANOVA). Red dots represent mean 
rise time at each age. 
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Figure 4-30: Histograms showing rise time of depolarizing currents in 
representative DCN pyramidal cells at each age. 

 
Figure 4-31: Decay of depolarizing currents in DCN pyramidal cells did not change 
significantly with age (p>0.05, one-way ANOVA). Red dots represent mean decay at 
each age. 

P3 P6 P9 P12 P15 P18
0

1

2

3

4

5

6

7

8

9

10

D
ec

ay
 o

f d
ep

ol
ar

iz
in

g 
cu

rre
nt

s 
(m

s)

Age (Postnatal days)



 

166 

 

 

Figure 4-32: Histograms showing the distribution of decay of depolarizing 
currents in representative DCN pyramidal cells at each age. 

As hyperpolarizing currents were not recorded at P3 and were very rare in P6 pyramidal 

cells, analyses of the rise time and decay were based on data from P9 and onwards. 

The average rise time of hyerpolarizing currents did not change significantly across the 

age groups (p>0.05, one-way ANOVA; Figure 4-33). However, the distribution of the rise 

times across the sample shows quite a substantial shift to shorter rise times between P9 

and P12  (Figure 4-35, left panel). In contrast, the average decay of hyperpolarizing 

currents showed a substantial and significant decrease with age (p<0.0001, one-way 

ANOVA), especially between P9 and P12 with little change after that (p<0.001, Tukey-

Kramer test; Figure 4-34). This was reflected in a substantial shift in the distribution 

towards shorter decay times after P9 (Figure 34, right panel).  
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Figure 4-33: Rise time of hyperpolarizing currents in DCN pyramidal cells did not 
change significantly with age (p>0.05, one-way ANOVA). Red dots represent mean 
rise time at each age. 

 
Figure 4-34: Decay of hyperpolarizing currents in DCN pyramidal cells decreased 
significantly with age (p<0.0001, one-way ANOVA). Red dots represent mean decay 
at each age. The decay is significant less at P12-P18 than at P9 (***p<0.001, Tukey-
Kramer test). 
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Figure 4-35: Histograms showing the distribution of rise time and decay of 
hyperpolarizing currents at each age in representative DCN pyramidal cells. 
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4.3.3 Comparisons between pyramidal cells and other cell 
types 

Although the focus of this study was on the pyramidal cells, recordings were also made 

from some other cells types (cartwheel, vertical and giant cells) in the DCN (Table 4-2). 

However due to the difficulties in consistently identifying and recording from these cells 

especially in young animals, the developmental series is not complete for these cell 

types (see Table 4-2 for numbers). Some interesting features were observed among 

these cells and, wherever possible, similarities and differences are compared and 

contrasted with pyramidal cells, here.  

A giant cell at P3 and a cartwheel cell at P18 filled with Alexa Fluor 488 are shown in 

Figure 4-36. Giant cells are located in the DCN deep layer. They have large cell bodies 

(up to 30 µm in diameter) and several proximal dendrites radiating from the cell body in 

all directions (Hackney et al., 1990; Webster and Trune, 1982). The cell body of the 

giant cell shown in Figure 4-36 is about 25 µm across and has four proximal dendrites 

radiating at almost right angles to each other. The proximal dendrites immediately off the 

cell body are thick but quickly divide into two to four thinner dendrites about 20 µm away 

from the cell body. Cartwheel cells are located at the boundary of the molecular and 

pyramidal cell layers (Hackney et al., 1990; Webster and Trune, 1982). Their cell bodies 

are usually circular or oval in shape and have similar sizes as pyramidal cells. They 

normally have one proximal dendrite which then forms several branches more distally 

towards the molecular layer, like the one shown in Figure 4-36. Although all cells 

patched could be visualized by Alexa Fluor 488 while the pipette was attached to the cell 

membrane, considerable amount of dye leaked out through damaged cell membrane 

when the pipette was removed. Therefore, not all cells recorded from were imaged by 

confocal microscopy, including all vertical cells patched. 
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Cell type P3 P6 P9 P12 P15 P18 

Cartwheel cells 3 (1) 2 (1) 0 4 (2) 6 (3) 9 (5) 

Giant cells 2 (2) 1 (1) 3 (2) 2 (2) 0 0 

Vertical cells 0 0 1 (1) 4 (3) 5 (3) 1 (1) 

Table 4-2: Number of cells recorded for each cell type, other than pyramidal cells 
in the DCN from which recordings were made at each age. Numbers in the brackets 
indicate the number of animals from which the recordings were made. Note that not all 
cells patched were used for subsequent measurements of RMP, Rin, AP and 
spontaneous EPSC and IPSC amplitudes and kinetics due to incomplete data. 
 

 
Figure 4-36: A P3 giant cell and a P18 cartwheel cell filled with Alexa Fluor 488. 
Scale bar = 30 µm. 
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4.3.3.1 Resting membrane potentials (RMPs) and spontaneous 
activity 

Cartwheel cells were easily identified as they are the only cell type that fire complex 

spikes both when spontaneously active and evoked by depolarizing current injections 

(Golding and Oertel, 1997; Zhang and Oertel, 1993c). Cartwheel cells were very 

spontaneously active even from an early developmental age (by P3). Of the 19 

cartwheel cells recorded in all age groups, only one cell did not generate APs at rest. 

This is in contrast to the pyramidal cells which did not show any spontaneous activity 

until P9. Spontaneously active cartwheel cells fired both simple and complex APs. A 

simple spike contains only one depolarizing peak followed by hyperpolarization towards 

the baseline (red dots, Figure 4-37). On the other hand a complex spike comprises a 

larger AP followed by a train of smaller spikes (usually four or five) and returns to the 

baseline after the last spikelet (blue circles, Figure 4-37). Interestingly, the 

hyperpolarization phase following a complex spike was usually larger (more negative, 

green arrows, Figure 4-37) than those following a simple spike. The RMPs of cartwheel 

cells were generally more depolarized when compared to pyramidal cells of the same 

age and were never seen below -60 mV. Like pyramidal cells, the RMPs appeared to 

become more depolarized with increasing age.  

 
Figure 4-37: An example of a spontaneously active cartwheel cell at P12 firing 
both simple and complex action potentials. Red dots indicate simple spikes. Blue 
circles indicate complex spikes. Green arrows point to increased magnitude of 
hyperpolarization following complex spikes. 

In contrast, the RMPs of giant and vertical cells were more comparable with those of the 

pyramidal cells at the same age. In terms of spontaneous activity, the first cells to be 

spontaneously firing APs were recorded at P12 for both cell types and AP morphologies 

are similar to those recorded in pyramidal cells (see Figure 4-5B).  
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4.3.3.2 Response to current injections and input resistance 

At rest or with injection of small depolarizing currents (e.g. 40 pA), cartwheel cells 

produced tonic APs with simple spikes (Figure 4-38, red trace). With an increase in 

depolarizing current injection (e.g. 80 pA), these cells fired simple spike APs but with 

decreased amplitudes. At the highest current step (i.e. 200 pA) cartwheel cells fired a 

single simple spike AP at the beginning of the current step followed by oscillations of 

membrane potentials (Figure 4-38, top black trace). These features were common in all 

cartwheel cells recorded at all ages. There was a similar trend in Rin to that observed in 

the pyramidal cells with a decrease of Rin with age from 243.3±40.65 MΩ at P3 to 

130.0±33.53 MΩ at P18 (Table 4-3). 

 

Figure 4-38: Voltage response in a P12 cartwheel cell to selected current steps. 

The voltage response of giant cells to current injections was rather similar to that of 

pyramidal cells (Figure 4-39). The AP frequency increased and the APs were sustained 

with an increase in depolarizing current injections. However, giant cells seemed to have 

a two-phase hyperpolarization that consisted of a faster and larger undershoot (Figure 

4-40, blue arrowhead) which then repolarised to above the baseline (green arrowhead) 

followed by a slower and smaller hyperpolarization towards the baseline (black line).  Rin 

was slightly lower than pyramidal cells of the same age although no recordings were 

made from giant cells at P15 or P18 (Table 4-3). 
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Figure 4-39: Voltage responses in a P12 giant cell to selected current steps. 

 
Figure 4-40: Averaged AP evoked by a 40 pA current step in a P12 giant cell. Blue 
arrowhead, undershoot; green arrowhead, repolarization above baseline; black line, 
baseline. 

The APs of vertical cells had very similar morphology as those of pyramidal cells (Oertel 

and Wu, 1989; Zhang and Oertel, 1993c; Figure 4-41), however, they could be 

distinguished from the pyramidal cells in slices by their smaller membrane capacitance 

which corresponded to their smaller size (Table 4-3). A “sag” (dip in voltage response) at 

the beginning of a hyperpolarizing current injection is usually observed for these cells 

(Figure 4-42). Similar to both pyramidal and giant cells, vertical cells fired more APs 

when depolarized in a step-wise fashion which sometimes showed varied degree of 

accommodation at more depolarized current steps. Although no vertical cells were 

recorded at P3 and P6, the Rin between P9 and P18 was substantially higher when 

compared to pyramidal cells at the same age (Table 4-3). 
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Figure 4-41: Averaged AP at a 40 pA current step in a P12 vertical cell. 

 

Figure 4-42: Voltage responses to selected current steps in a P12 vertical cell. 

Table 4-3: Summary of basic properties of four different cell types recorded in the 
DCN. *RMP and Rin at the youngest and oldest ages recorded for each cell type were 
presented. Only the mean is shown if only one cell was patched at that age. **This row 
shows the earliest age at which spontaneous APs were recorded in each cell type. 
Numbers in the brackets indicate the number of cells/number of animals recorded for 
each cell type. Key: Cm = membrane capacitance. 

Cell type Pyramidal cells Cartwheel cells Giant cells Vertical cells 
RMP/mV* 
(Mean±SD) 

P3: -67.7±4.1 
(9/3) 
P18: -58.9±2.6 
(7/2) 

P12: -56.5 (1/1) 
P18: -51.9 (1/1) 

P3: -64.8±3.5 
(2/2) 
P12: -60.8±3.3 
(2/2) 

P9: -69.0 (1/1) 
P15: -58.8 (1/1) 

Spontaneous  
activity starts** 

P9 P3 P12 P12 

Rin /MΩ* 
(Mean±SD) 

P3: 256.9±26.7 
(9/3) 
P18: 127.1±7.3 
(7/2) 

P3: 243.3±40.7 
(1/1) 
P18: 130.0±33.5 
(1/1) 

P3: 282.5±43.3 
(2/2) 
P12: 130.6±22.8 
(2/2) 

P9: 262.7 (1/1) 
P18: 165.0 (1/1) 

Cm at P12/pF 
(Mean±SD) 

142.0±32.8 70 137.5±38.9 53.4±9.4 

AP morphology Simple spikes Complex spikes Simple spikes Simple spikes 
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4.3.3.3 Spontaneous postsynaptic currents 

Spontaneous depolarizing and hyperpolarizing currents were recorded in some of the 

cartwheel, giant and vertical cells patched (see example traces in Figure 4-43 and 

Figure 4-45). 

 

Figure 4-43: Depolarizing currents recorded in different DCN cell types at P12 
(holding potential = -80 mV). 

Comparing the depolarizing currents recorded in different cell types at the same age 

(Figure 4-43), giant cells and pyramidal cells appear to have the most frequent currents 

while these are much less frequent in cartwheel and vertical cells. The overall peak 

amplitude also appears to be bigger for the two principal cell types of the DCN. It is also 

noticeable that the kinetics are different between these cell types. For example, the 

depolarizing currents of pyramidal and cartwheel cells appear to have slower rise time 

and decay than those of giant and vertical cells as shown by the sharp and narrow 

negative currents recorded in the later cell types. However, both fast and slow 

depolarizing currents were observed in some pyramidal cells with the majority being the 

slow type. Histograms confirmed the above observations and show that the kinetics of 

pyramidal and cartwheel cells were slower whereas giant and vertical cells had much 

faster rise time and decay in comparison (Figure 4-44). 
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Figure 4-44: Histograms showing rise time and decay of depolarizing currents in a 
representative cell for each DCN cell type at P12. 



 

177 

 

 

Figure 4-45: Hyperpolarizing currents recorded in different cell types at P12 
(holding potential = -60 mV). 

Hyperpolarizing currents were observed much less frequently in cartwheel, giant and 

vertical cells in comparison to pyramidal cells of the same age (Figure 4-45). The overall 

peak amplitude appears to be the largest in pyramidal cells while cartwheel, giant and 

vertical cells have smaller hyperpolarizing currents. Qualitatively there were no visible 

differences between the kinetics in the four different cell types. Histograms showed 

similar distributions in the rise time of pyramidal, vertical and giant cells although the 

number of events was too few in the cartwheel cell recorded to make any meaningful 

judgement (Figure 4-46). Pyramidal and vertical cells also showed similar distribution in 

the decay whereas the giant cell seemed to have a slightly faster decay. Again, the 

number of events recorded in the cartwheel cell was too few to show a meaningful 

distribution.  
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Figure 4-46: Histograms showing the rise time and decay of hyperpolarizing 
currents in the four different DCN cell types at P12. 

Table 4-4 summarises the quantification of the depolarizing and hyperpolarizing currents 

recorded in the four different cell types at P12. Pyramidal cells had the most frequent 

depolarizing currents, followed by giant cells and then vertical cells, with cartwheel cells 

having the least frequent events. The average peak amplitude also showed a similar 

trend with pyramidal cells having the largest depolarizing currents. Pyramidal, giant and 

vertical cells showed similar rise time, however the only P12 cartwheel cell in which 

postsynaptic currents were recorded from had a slightly shorter rise time. Comparison of 
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the decay showed large differences between the different cell types such that giant and 

vertical cells had much faster decay times than pyramidal and cartwheel cells. 

Hyperpolarizing currents were frequent in pyramidal cells at P12 but were rather rare in 

the other three cell types. The average peak amplitude was similar in pyramidal, 

cartwheel and giant cells whereas the vertical cells had smaller hyperpolarizing currents 

in general. Measurements of the kinetics showed similar rise times in pyramidal, giant 

and vertical cells while the cartwheel cell had a slower rise time. In comparison, the 

decay was the fastest in the giant cell, followed by pyramidal cells and the cartwheel cell 

with vertical cells having the slowest decay. Calculations of the proportion of 

hyperpolarizing currents in each cell type revealed that pyramidal cells were dominated 

by hyperpolarizing currents whereas the other cell types were dominated by depolarizing 

currents. 

Cell types Properties of 
postsynaptic 
currents 

Pyramidal 
cells 

Cartwheel  

cell 

Giant  

cell 

Vertical 
cells 

Depolarizing 
currents 

Frequency (Hz) 12.1±7.7 4.30 21.6 9.8±5.1 

Peak amplitude 
(pA) 

18.4±11.0 9.44 16.4 11.7±2.4 

Rise time (ms) 3.18±0.63 2.65 3.21 3.53±0.80 

Decay (ms) 6.11±1.24 4.39 1.83 1.98±0.98 

Hyperpolarizing 
currents 

Frequency (Hz) 30.0±14.2 0.1 0.6 0.6±0.8 

Peak amplitude 
(pA) 

29.2±10.8 24.8 22.4 14.4±5.6 

Rise time (ms) 2.69±0.31 4.49 2.91 2.49±2.42 

Decay (ms) 4.62±1.04 5.55 3.72 5.91±2.70 

%hyperpolarizing 
currentss 

 72.9±8.6 2.6 2.8 5.9±4.5 

Table 4-4: Properties of spontaneous postsynaptic currents of four different cell 
types recorded in DCN at P12 (the only age for which all four cell types were recorded 
from). Mean±SD (standard deviation) is presented for multiple cells recorded for 
pyramidal and vertical cells. Number of cells/animals from which pyramidal and vertical 
cells were recorded from are 7/2 and 4/3 respectively. Single values were used for 
cartwheel and giant cells as only one cell each was recorded from. 
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4.4 Discussion 
This study has characterized the postnatal functional development of the DCN pyramidal 

cells in the mouse and provided some limited comparisons to other cell types in the 

developing DCN. Using whole-cell intracellular recording techniques, basic 

electrophysiological properties including resting membrane potential (RMP), input 

resistance (Rin), and aspects of action potential (AP) and spontaneous postsynaptic 

currents were examined across six postnatal ages between P3 and P18. This study 

demonstrated that significant changes were observed for many of these properties (such 

as Rin, AP amplitude and kinetics as well as kinetics of spontaneous postsynaptic 

currents) between P9 and P12 (before and around the onset of hearing at P11/12) while 

very little change occurred at subsequent ages. In addition, spontaneous depolarizing 

currents (as discussed later, assumed to be equivalent to excitatory spontaneous 

postsynaptic currents; EPSCs) were recorded earlier than hyperpolarizing currents (as 

discussed later assumed to be equivalent to inhibitory spontaneous postsynaptic 

currents; IPSCs), however, the hyperpolarizing currents started to dominate in pyramidal 

cells after P9. Results obtained in this study will expand our understanding of the 

functional development of the DCN neurons which has been mostly studied using 

extracellular recordings in the kittens (see Section 4.1, page 136). The developmental 

features observed in the DCN pyramidal cells and the significance will be discussed in 

the following sections. 

4.4.1 Resting membrane potential (RMP) stays constant 
during postnatal development 

The RMP of pyramidal cells did not change substantially with age, although there was a 

small but statistically significant increase by P18. This is in contrast to other CNS 

neurons where there is typically a decrease in RMP (more negative or hyperpolarised), 

as the animals mature (Ramoa and McCormick, 1994; Rusu and Borst, 2011; Spigelman 

et al., 1992; Zhou and Hablitz, 1996). The reason for this change in RMP with 

maturation is poorly understood but it has been proposed to be due to the delayed 

development of ion pumps and channels in particular a delayed increase in potassium 

conductance as well as decrease in intracellular chloride concentration and chloride 

permeability during development (Ben-Ari et al., 1989; Spigelman et al., 1992; Wang et 

al., 2001; Zhang et al., 1991). However, it has also been suggested that the apparent 



 

181 

 

decrease in RMP is an artefact due to technical issues with whole-cell recordings (Tyzio 

et al., 2003). These latter authors have recorded the RMPs in hippocampal CA1 

pyramidal cells at different postnatal ages using three electrophysiological recording 

techniques: whole-cell, perforated patch and cell-attached methods and found that with 

whole-cell and perforated patch recordings, the RMP became more hyperpolarized with 

age as reported in other studies. However, when recorded using the cell-attached 

method, the RMP did not change significantly during postnatal development. Thus the 

difference was possibly due to the invasiveness caused by whole-cell and perforated 

patch methods and therefore the recorded RMP would correlate with seal and input 

resistances associated with the recording techniques. In the present study, although 

whole-cell recordings were used, RMPs were recorded immediately after whole-cell 

configuration was obtained. It was noted that if recordings were repeated five to ten 

minutes later, there was a small depolarizing shift in the RMP by two to five millivolts. 

Thus the data in this study were all taken from the initial recording to minimize variation 

because of changes in membrane properties resulting from the patch-clamping 

technique. However, the reason behind the small but significant increase in RMP at P18 

was unclear but it is possible that the change reflects the state of the tissue as slices 

from older animals are usually more difficult to maintain. But as there were no apparent 

changes in the RMP of cells over the duration of the experiment across the postnatal 

ages it is unlikely that the age of the preparation is a key factor. As the RMP is 

maintained by various ion pumps and channels, examining the developmental pattern of 

expression of these proteins would probably provide insight into the developmental 

changes observed in the DCN pyramidal cells. 

4.4.2 Input resistance decreases during postnatal 
development 

The input resistance (Rin) is an intrinsic membrane property and can be derived from the 

change in membrane potential in response to steady current injections. It depends on 

the density of resting ion channels in the membrane and the size of the cell, hence, 

more ion channels or larger cells will result in lower Rin. It has been reported that the Rin 

decreases with age during postnatal development in a wide variety of cell types in the 

CNS (for examples see McCormick and Prince, 1987; Spigelman et al., 1992; Ramoa 

and McCormick, 1994; Vinay et al., 2000; Tyzio et al., 2003). As animals develop, 
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neurons grow in size and more ion channels are expressed and inserted into the cell 

membrane leading to a decrease in Rin. Results from the present study showing a 

decrease in Rin of DCN pyramidal cells between P3 and P18 are in agreement with 

these previous observations. Most of the changes occurred between P6 and P12 and 

this is also in agreement with previous observations in other parts of the CNS by 

McCormick and Prince (1987), Spigelman et al. (1992) and Ramoa and McCormick 

(1994). In contrast, Tyzio et al. (2003) observed a steady reduction in Rin until at least 

P25. However, in that study, only a smaller number of cells were recorded in animals 

older than P15 and the age interval was also increased in older animals such that the 

trend could not be reliably interpreted. In addition, the use of perforated patch would 

increase the access resistance, reducing electrical access to the cell interior thus 

resulting in decreased current resolution which would affect the accuracy of Rin 

deduction. Comparing the values of Rin measured in DCN pyramidal cells, previous 

studies have reported lower Rin in DCN pyramidal cells and with bigger variance than the 

present study (256.9±26.7 at P3 to 127.1±7.3 at P18), for examples, 86±37 MΩ (Zhang 

and Oertel, 1994), 68.2±38.4 MΩ (Street and Manis, 2007), 64±21 MΩ (Mancilla and 

Manis, 2009) and 69±21 MΩ (Golding and Oertel, 1997). DCN pyramidal cells were 

recorded from rats in studies by Street and Manis (2007) and Mancilla and Manis (2009) 

therefore lower Rin could be anticipated due to bigger neuronal sizes in rats. The ages or 

animals used by these authors ranged between P9 and P24 which were slightly older 

than animals used in the current study. This would also account for the lower values of 

Rin reported by these studies. On the other hand, studies undertaken by Zhang and 

Oertel (1994) and (Golding and Oertel, 1997) recorded DCN pyramidal cells from mice 

but the animals were much older (mostly ranged from P17 to P26), hence lower values 

would also be expected if the developmental decrease in Rin continues beyond P18 (the 

oldest age tested in the current study). In addition, Rin was reported as a single value for 

all cells for the wide range of ages used in these studies. Therefore, grouping animals 

with different ages would introduce large variance.  

4.4.3 Spontaneous and evoked action potentials (AP) and 
neuronal excitability 

Not all DCN pyramidal cells produced APs at rest, however, the percentage of cells that 

did spontaneously produce APs increased with age. This is in accordance with a 
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previous in vivo study in the anaesthetized kitten where the percentage of 

spontaneously active cells, recorded from the DCN and PVCN, respectively, increased 

from 25% in the first postnatal week to 59% at the end of the fourth postnatal week 

(Brugge and O’Connor, 1984). However, the authors did not distinguish between 

different cell types. In another in vitro study using sharp electrode current clamp 

recordings, 40% of simple spiking cells recorded in adult guinea-pig DCN (which were 

verified to be pyramidal cells using Lucifer yellow dye injection) were spontaneously 

active and fired APs at frequencies between 20 and 50 Hz (Manis, 1990). In the present 

study, active cells at rest fired large and fast APs with variable frequencies ranging from 

between 0.2 and 20 Hz. The lower firing frequencies could be due to younger animals 

from which the neurons were recorded from (up to P18) and/or the use of whole-cell 

patch clamping which is more invasive causing cell dialysis and more likely to result in 

run-down of APs than high resistance sharp electrode recordings used by Manis (1990). 

This as well as a slight increase in access resistance could have also caused the small 

reduction in spontaneous AP firing rate towards the end of the recording in the current 

study. Spontaneous activity is common in auditory neurons and is important in the 

developing auditory system as it is involved in neuronal survival as well as establishing 

and maintaining tonotopic maps (Marrs and Spirou, 2012; Tritsch et al., 2007). However, 

as not all pyramidal cells recorded from were spontaneously active, it is possible that the 

silent and active cells have different inherent properties such as differential expression 

and/or distribution of postsynaptic receptors and voltage-dependent ion channels 

resulting in differences in membrane conductance and excitability. It has been shown 

that the mechanisms responsible for generating spontaneous activity in DCN neurons 

are intrinsic within the DCN as cochlear removal or isolation of the DCN does not affect 

the spontaneous activity of these cells (Evans and Nelson, 1973a, 1973b; Koerber et al., 

1966). Therefore, it is unlikely that the spontaneous APs observed in DCN neurons are 

related to the auditory nerve activity. In addition, spontaneous activity in the regular firing 

neurons of the DCN (presumably including but not exclusively the pyramidal cells) is 

modulated by cholinergic receptors that are predominately the muscarinic type (Chen et 

al., 1994, 1998; Zhang and Kaltenbach, 2000). For example, bath application of 

acetylcholine receptor agonists and acetylcholine esterase inhibitors increase the 

spontaneous firing rate in the regular firing DCN neurons when recorded in rat brainstem 

slices in vitro. The cholinergic effect was not affected by low calcium and high 
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magnesium medium suggesting that the spontaneous activity in these DCN neurons 

was not mediated by presynaptic activity (Chen et al., 1994). 

In response to current injections, DCN pyramidal cells fired APs at regular intervals 

when depolarized above current threshold with little accommodation at higher 

depolarizing current injections at all ages recorded. When injected with hyperpolarizing 

current, the cells responded by a characteristic trajectory towards hyperpolarization and 

slow recovery towards steady-state. These observations are similar to those reported 

previously in post-hearing mice and guinea-pigs (Manis, 1990; Oertel and Wu, 1989; 

Tzounopoulos et al., 2004; Zhang and Oertel, 1994). Although a membrane potential 

sag has been observed in guinea-pig DCN pyramidal cells in response to large 

hyperpolarizing current injections (e.g. -1 nA) (Manis, 1990) it was not seen in DCN 

pyramidal cells in the current study possibly due to the small hyperpolarization current 

used (-200 pA maximum). Previous in vivo recordings of mature DCN pyramidal cells in 

response to a sound stimulus showed three types of temporal discharge patterns: 

pauser, buildup and chopper. The type of discharge pattern appears to depend on the 

membrane potential from which the cell is depolarized and the magnitude of depolarizing 

current (Godfrey et al., 1975b; Manis, 1990; Pfeiffer, 1966; Rhode et al., 1983). When 

depolarized from the resting membrane potential (RMP), mature pyramidal cells fire 

regular APs after a short delay (“chopper response”). When depolarized from a 

hyperpolarized membrane potential, these cells fire a train of APs after a longer delay 

(“buildup response”). Applying larger depolarizing current after a hyperpolarizing step 

results in pyramidal cells firing a short latency first spike followed by a long interval then 

a regular train of APs (“pauser response”). It has been proposed that these different 

patterns are probably mediated by a class of voltage-dependent potassium currents – 

transient A-type potassium currents which are inactivated at RMP but become activated 

briefly during the transition between hyperpolarization and depolarization (Hirsch and 

Oertel, 1988; Kanold and Manis, 1999; Manis, 1990). These currents originate from two 

distinctive types of voltage-dependent inactivating potassium channels, one with both 

rapid activating and inactivating currents, the other with rapid activating but slower 

inactivating currents. Computational models mimicking the proposed ionic conductances 

in DCN pyramidal cells were able to reproduce the buildup- and pauser-like responses 

with incorporation of a transient A-type potassium conductance (Kanold and Manis, 

2001; Kim et al., 1994). Evidently, it has been shown that the mRNA level of Kv4.2, an 
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A-type potassium channel subunit, is high in the DCN and its expression has been 

localized to pyramidal and giant cells in the mouse (Fitzakerley et al., 2000). The 

expression of this potassium channel subunit is present at high levels as early as P2 and 

qualitatively is sustained with little change towards adulthood. If the transient A-type 

potassium currents are indeed responsible for the generation of different responses in 

DCN pyramidal cells, with the early expression of the Kv4.2 channel subunit one would 

expect to observe the “buildup”, “pauser” and “chopper” responses in these cells at an 

early age. In the current study, however, only a chopper discharge pattern (i.e. regular 

firing) was observed. This is probably due to the fact that the cells were always 

depolarized from the RMP. 

The frequency of APs both increased with depolarizing current injections at each age as 

well as with an increase in age at the same depolarizing current step. The increase in 

firing frequency with more depolarizing current has also been commonly reported in 

adult mouse and guinea-pig DCN (Manis, 1990; Oertel and Wu, 1989; Zhang and Oertel, 

1994). As little is known about the functional development of the DCN, no data are 

available for comparison with the observed increase in firing frequency with age. 

Analysis of the slope at each time point indicates that the rate of AP frequency increase 

with respect to injected current is not the same for all age groups but increases with age. 

The increase is more dramatic from P9 onwards and could be related to the observed 

decrease in absolute AP threshold and faster AP kinetics in more mature animals (see 

below). Voltage-dependent potassium currents are known to be important for several 

aspects of intrinsic neuronal properties such as maintaining RMP, shaping of APs and 

regulating AP firing pattern (Baldwin et al., 1992). It has been demonstrated that 

changes in AP firing frequency are influenced by several types of potassium current in 

the CNS. For example, increase in the densities of the transient A-type current (IA) and 

the non-inactivating delayed rectifier-type current (IK) are implicated in increasing AP 

firing rate during spinal motorneuron development (Gao and Ziskind-Conhaim, 1998). In 

the adult mouse DCN, several types of the IK and IA channels are expressed including 

Kv1.1, 1.2, 3.1, 3.3, 4.2 and 4.3 (Fitzakerley et al., 2000; Grigg et al., 2000). 

Developmental studies have been limited to the expression of the IA channels (Kv4.2 and 

4.3) which showed early expression of Kv4.2 (by P2) and a delayed expression of Kv4.3 

(after P14) (Fitzakerley et al., 2000). As the developmental expression of the Kv4.2 

subunit does not change substantially after its initial detection at P2 and a delayed 
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expression of Kv4.3 after the onset of hearing, the augmentation in firing frequency with 

age as well as the rate of increase in response to depolarizing current injections  is likely 

to reflect an increase in potassium conductance through the IK channels in more mature 

pyramidal cells. However, the expression of several IK channels, including Kv1.1, 1.2 

and 3.1, has been shown to increase during postnatal development of the rat VCN 

(Bortone et al., 2006; Caminos et al., 2005). Therefore, it is likely that similar increase in 

the expression of IK channels occur in the developing DCN. As a consequence, the 

developmental changes in AP firing properties would lead to an increase in excitability 

and increases in the dynamic range over which neurons would be able to respond. 

AP amplitudes measured from the baseline increased with age especially from P9 to 

P12. Although both sodium and calcium conductance may be present in DCN pyramidal 

cells and are both depolarizing (Hirsch and Oertel, 1988), only the fast-rising sodium 

conductance has been shown to be necessary and sufficient to evoke an AP in rat spinal 

motorneuron (Gao and Ziskind-Conhaim, 1998). The increase in AP amplitudes may 

reflect the increase in the density of ion channels (especially voltage-gated sodium 

channels) in the cell membrane with age which allow an increase in ionic conductance to 

change the membrane potential more effectively (Gao and Ziskind-Conhaim, 1998; 

Vinay et al., 2000). In comparison, the absolute AP thresholds decreased significantly 

between P3 and P18 although not significantly between adjacent age groups. This trend 

indicates that neurons are becoming more excitable with age and are more likely to fire 

APs. A similar developmental trend has been observed in other neuronal types in the 

CNS and has been associated with a decrease in the threshold potential of sodium 

currents and hence sodium channel activation (Gao and Ziskind-Conhaim, 1998; Vinay 

et al., 2000; Zhou and Hablitz, 1996). On the other hand, the threshold potential as 

calculated by subtracting RMP from the absolute AP threshold did not show significant 

developmental pattern. The small decrease in absolute AP threshold with age may have 

been diluted by the variations in RMP. 

The changes in AP kinetics, specifically the decrease in half-width and decay with age 

but particularly between P3 and P12 is consistent with other studies which have also 

found a decrease in AP duration with age during postnatal development of various other 

cell types in both the central and peripheral nervous systems (Cameron and Núñez-

Abades, 2000; Gardette et al., 1985; Ramoa and McCormick, 1994; Spigelman et al., 
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1992; Vinay et al., 2000). AP can be broken down into two components: depolarization 

and repolarization. Depolarization is mainly contributed to by the large inward sodium 

current through voltage-gated sodium channels whereas repolarization is mainly due to 

outward potassium conductances. Interestingly, the changes of half-width and decay 

mirror that of the input resistance and this correlation has also been observed by others 

(Spigelman et al., 1992). It has been suggested that the age-dependent modifications in 

AP properties including an increase in amplitude and decrease in duration in other 

regions of the nervous system, are mainly the result of an increase in sodium channel 

density, rather than changes in their kinetic properties, types and structures (Huguenard 

et al., 1988; Skaliora et al., 1993). Potassium conductances mediated by voltage-

dependent potassium channels also play important roles in shaping APs during neuronal 

developmental, as discussed above for their effects on AP frequency. Therefore, the 

decrease in AP duration observed in the current study could reflect an increase in the 

density of voltage-gated sodium channels which would result in increased sodium 

conductance and hence the rate of depolarization. The rate of repolarization would be 

influenced by potassium conductance hence an increase in the developmental 

expression of the IK channels is likely to be implicated in the shortening of the 

repolarization phase. The temporal expression of ion channels in developing DCN 

neurons is not known and should be undertaken to explain the mechanisms of the 

physiological changes described.   

4.4.4 Inhibitory function develops later and dominates after 
P9 

Spontaneous postsynaptic currents were recorded in pyramidal cells at various time 

points at two holding potentials to determine the development of the depolarizing and 

hyperplarizing currents. The hyperpolarizing currents observed at -60 mV were 

eliminated by application of picrotoxin and strychnine (Figure 4-19), suggesting that 

these currents were mediated by chloride conductance through GABAA and glycine 

receptors and were likely to be equivalent to inhibitory postsynaptic currents (IPSCs) 

seen in vivo. By definition, an IPSC is any current that has a reversal potential below 

that of the AP threshold (Purves et al., 2008). The chloride reversal potential is 

calculated to be -66 mV (see Table 4-1), below the AP thresholds for all cells recorded 

(minimum at -56.7 mV, see Figure 4-16). Although potassium conductance is also 
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expected to be hyperpolarizing at -60 mV (potassium reversal potential is -93 mV), it is 

against the electrical gradient for potassium ions to flow outward at a negative 

membrane potential. Together with the fact that all hyperpolarizing currents recorded at -

60 mV were eliminated with application of GABAA and glycine receptor antagonists, 

these currents were most certainly IPSCs of chloride conductance mediated through 

GABAA and glycine receptors. On the other hand, an excitatory postsynaptic current 

(EPSC) is defined as one that has a reversal potential above the AP threshold and 

hence would increase the likelihood for AP firing (Purves et al., 2008). At -80 mV holding 

potential, all currents were depolarizing (negative) currents. The reversal potential for 

sodium is 74.4 mV, well above the AP threshold (maximum at -33.8 mV, see Figure 

4-16), hence the depolarizing currents at -80 mV were likely to be sodium conductance 

and equivalent to EPSCs seen in vivo. These currents were likely to be mediated 

through mainly non-NMDA receptors as magnesium ions present in the external ACSF 

would block NMDA receptors near resting membrane potential, although this needs to 

be confirmed by application of glutamate receptor antagonists. However, a depolarizing 

current could result from an inflow of positive ions (e.g. Na+ or K+) or an outflow of 

negative ions (e.g. Cl-). As the calculated chloride reversal potential is -66 mV for the 

pair of external and internal solutions used (see Materials and Method, page 144), an 

outflow of chloride ions would be against the concentration gradient. Although favoured 

by the electrical gradient, the overall driving force for chloride ions would be extremely 

small. To test whether chloride conductance through GABAA and glycine receptors was 

not present at this holding potential, the frequency of depolarizing currents was 

calculated before and after bath application of picrotoxin and strychnine and did not 

differ significantly. Thus, either no chloride conductance was present at -80 mV or the 

currents were too small to be detected above noise. Therefore, it was assumed that the 

depolarizing currents at -80 mV were EPSCs while the hyperpolarizing currents at -60 

mV were IPSCs.  

Recordings of spontaneous postsynaptic events showed a dramatic increase in IPSCs 

with maturation such that they became the dominant current type as development 

proceeded. In contrast, although EPSCs were recorded at an earlier age, neither the 

amplitudes nor frequencies changed significantly with age. These results are consistent 

with the immunohistochemical (IHistC) labelling of excitatory and inhibitory 

neurotransmitter receptor subunits shown in Chapter 3, where the AMPA receptor 
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subunits were highly expressed at birth then gradually became more localized while both 

GABAA and glycine receptor α1 subunits did not show specific expression until P6 with 

their labelling becoming more extensive in the DCN with age, especially in the pyramidal 

cell layer.  

The general correlation of the molecular and functional data gives a good indication that 

excitatory neurotransmission in the DCN is already functional at P3 or possibly earlier as 

most AMPA receptor subunits (GluA2-4) were already expressed at high levels at birth. 

In addition, there was no significant modification, at least at the level we were able to 

study, during subsequent development. However, the overall expression of these AMPA 

receptor subunits seemed to decrease with age while functionally there was a stable, or 

slightly increased frequency and amplitude of EPSCs in the pyramidal cells. It is possible 

that excitatory neurotransmission is mediated by glutamate receptors containing 

different combinations of subunits during development. For example, GluA1 expression 

has been observed to increase especially in the DCN molecular layer, as demonstrated 

in Chapter 3. Therefore, the relatively stable excitatory neurotransmission throughout 

development could be mediated by stability in the expression of AMPA receptors. 

However, there could be changes in the receptor subunit composition with age which 

may account for the slight increase in amplitude and frequency through changes in ionic 

conductance, in DCN pyramidal cells. However, it has to be noted that the IHistC 

protocols used in the current project did not enable such a level of differentiation of 

neither subunit expression in an individual neuron nor the differential expression of 

intracellular and membrane-bound subunits, the latter being important functionally. 

Therefore, an increase in conductance could still be achieved when an overall lower 

expression is seen if relatively more membrane-bound receptors are present. 

Unfortunately, immunofluorescent signals imaged by laser-scanning confocal 

microscope as in this study do not have the required resolution to visualize and quantify 

the amount of membrane-bound receptors. Immuno-gold labelling with electron 

microscopy or higher resolution confocal microscopy would be needed for such 

experiments. 

The timeline of the functional development of IPSCs reflects the molecular inhibitory 

receptor expression and together they indicate that inhibitory function appears much 

later (at P6) but takes over between P9 and P12. IPSCs were first recorded in DCN 
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pyramidal cells at P6, consistent with an earlier study which showed that both evoked 

excitatory and inhibitory postsynaptic potentials (EPSPs and IPSPs, respectively) were 

present as early as P4 in several strains of mice (Wu and Oertel, 1987). However, the 

authors were only able to record from very limited number of cells in the DCN with 

unknown identity so the cells may not have been pyramidal cells. It should be noted that 

only one subunit was examined for each GABAA and glycine receptor families in the 

molecular study (see Chapter 3). It is possible that other subunits were present in the 

DCN earlier in development. In fact, the glycine receptor α2 subunit is only expressed in 

the developing rats but not in the adult after 6 weeks (Sato et al., 1995). This and other 

potential inhibitory neurotransmitter receptor subunits could also be responsible for the 

early detection of IPSPs in the Wu and Oertel (1987) study and IPSCs in the current 

study. Although small and insignificant, a slight decline of IPSC frequency and peak 

amplitudes were seen after P12. This correlates well with the refinement in both GABAA 

and glycine receptor α1 subunits as demonstrated by IHistC studies in Chapter 3. 

DCN pyramidal cells receive excitatory inputs from mainly two sources, the auditory 

nerve fibres (ANFs) in the deep layer and the parallel fibres (PFs) in the molecular layer 

(Young and Davis, 2002). As described in the Literature Review and from observations 

made in Chapter 2, ANF innervation in the CN occurs prior to the birth of the animals 

(see Section 1.2, page44 and Section 2.3.2, page72). In addition, synaptophysin 

labelling showed a delayed appearance of glomeruli-like presynaptic terminals in the 

DCN pyramidal cell layer which were assumed to belong to mossy fibres. As mossy 

fibres provide excitatory inputs to the granule cells from non-auditory structures and 

descending auditory pathways, the late development (between P9 and P12) of the 

mossy fibre-granule cell synapses could indicate a later onset of excitatory transmission 

between the PFs and the apical dendrites of DCN pyramidal cells. Therefore, it is likely 

that the earliest EPSCs recorded in pyramidal cells before P9 originated only from the 

ANFs whereas after this developmental age there would be contributions from both 

ANFs and PFs. Inhibitory inputs to pyramidal cells originate from cartwheel, stellate and 

vertical cells within the DCN, as well as D-multipolar cells from the VCN (Young and 

Davis, 2002). Most of these cells are functionally glycinergic with the exception of 

stellate cells which are GABAergic. Therefore glycinergic influences would dominate 

over GABA in pyramidal cells. This was also reflected in the immunohistochemical 

labelling of glycine and GABAA receptor α1 subunits in which extensive glycinergic 
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receptor expression was localized to pyramidal cells while little GABAergic receptor 

expression was found either inside or on the plasma membrane of these cells (see 

Chapter 3). Taken together, the sequence of circuit establishment is likely to begin with 

ANFs forming excitatory synapses with neurons in the DCN especially in the central 

region followed by glycinergic synapses in the pyramidal cell and deep layers. Specific 

GABAergic synapses appear to be formed slightly later than glycinergic synapses. The 

later development of inhibitory connections could be important in modifying the 

excitatory inputs and shaping the final response in DCN neurons which may be 

experience-dependent. The development of the molecular layer circuitry lags behind that 

of the deep layers, suggesting possible dependence of the non-auditory inputs on 

cochlear inputs. 

On the other hand, the average kinetics of the EPSCs recorded in DCN pyramidal cells 

did not change significantly with age although there appeared to be a small shift towards 

shorter rise time and decay between P9 and P12 as revealed by the histograms. The 

rise time and decay of postsynaptic currents reflect the activation and deactivation of the 

postsynaptic receptors responsible for producing the currents. As justified in the Results 

(page 157), the EPSCs recorded in this study were mainly due to sodium conductance 

and AMPA receptors would most likely be responsible for this as the magnesium present 

in the external ACSF would block any NMDA receptors at the postsynaptic membrane. It 

is possible that the kinetics of the AMPA receptors change through alternative splicing of 

the mRNA near the N-terminus resulting in flip or flop isoforms with different kinetic 

properties during development. It has been shown that the flip isoforms show slower rate 

of desensitization and resensitization as well as the rate of channel closing when 

compared to the flop isoform (Mosbacher et al., 1994; Pei et al., 2007; Sommer et al., 

1990). Moreover, it has been demonstrated that most AMPA receptors with the flip 

isoforms are expressed during early development of the CNS and there is a 

developmental shift to the flop isoform during postnatal development (Eastwood et al., 

1997; Mosbacher et al., 1994; Sommer et al., 1990). It is likely that similar 

developmental shift in the flip/flop isoforms of the AMPA receptors occur during 

postnatal development of the DCN neurons which would be responsible for the 

shortening of the EPSC kinetics observed in the present study. In contrast, the kinetics 

of IPSCs changed more dramatically with age such that both the rise time and decay 

decreased from P9 to P18 with more significant changes occurring in the decay. It has 
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been shown that a developmental shift in the composition of the glycine receptors 

occurs in the CNS so that the alpha 2 subunit is gradually replaced by the alpha 1 

subunit as the animals mature (Aguayo et al., 2004; Takahashi et al., 1992). The alpha 1 

subunit has a shorter opening time compared to the alpha 2 subunit and this is 

consistent with the findings in these previous studies that the decay of glycinergic IPSCs 

decreases during postnatal development. In Chapter 3 of this thesis, IHistC reveals a 

delayed appearance of the glycine receptor alpha 1 subunit in the DCN at P6 and a 

subsequent increase in its expression thereafter. This correlates well with the shortening 

of the IPSC decay observed in the DCN pyramidal cells in the present study. As the 

main inhibitory input to pyramidal cells is glycinergic, the decrease in IPSC decay could 

be mostly accounted for by this increase in the glycine receptor alpha 1 subunit. 

4.4.5 Pyramidal cells show distinctive functional properties 
in comparison to other cells types in the DCN 

Cartwheel cells have high spontaneous activity at rest and fire APs with both simple and 

complex spikes at high rates. These observations match those found in previous studies 

(Golding and Oertel, 1997; Manis et al., 1994; Zhang and Oertel, 1993c). Interestingly, 

the circuit organization in the DCN molecular layer resembles that in the cerebellum and 

cartwheel cells share many similarities with cerebellar Purkinje cells (Oertel and Young, 

2004). For example, they express many of the same unique proteins and are affected 

similarly by genetic manipulations. What is more is that they are both spontaneously 

active and fire simple and complex APs. In both cell types, the rapid simple spikes are 

mediated by voltage-sensitive sodium channels as can be blocked by tetrodotoxin (TTX) 

and the slower complex spikes are mediated by voltage-sensitive calcium channels as 

they can be eliminated by replacing extracellular calcium with other bivalent ions 

(Golding and Oertel, 1997; Llinás and Sugimori, 1980). In cerebellar Purkinje cells, the 

membrane potential after the bursts of calcium-dependent spikes is more negative than 

the resting potential before the spontaneous bursting and is similar to the large 

hyperpolarization observed in the cartwheel cells after bursts of complex spikes 

observed in the current study. This is thought to be mediated by calcium-dependent 

potassium conductance (Llinás and Sugimori, 1980). In addition, the input resistance 

(Rin) of cartwheel cells are comparable with that of pyramidal cells of the same age, 

possibly due to similar surface areas as both cell types have extensive dendritic 
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arborisations. Cartwheel cells are the most abundant inhibitory interneurons in the DCN. 

They receive excitatory input from parallel fibres of the granule cells which in turn 

receive multisensory inputs from various brain regions (Young and Davis, 2002). 

Cartwheel cells are glycinergic and their main postsynaptic targets are pyramidal cells 

and other cartwheel cells as well as giant cells (Golding and Oertel, 1997). Cartwheel 

cells’ glycinergic activity is strongly inhibitory to pyramidal and giant cells whereas 

cartwheel cells themselves are weakly excited by it. It has been proposed that they 

could mediate two types of inhibition, feed-forward (inhibition of pyramidal cells) and 

lateral inhibition (of neighbouring cartwheel cells), depending on the sensory stimulus 

they receive through the parallel fibres (Mancilla and Manis, 2009; Roberts and Trussell, 

2010). Therefore, cartwheel cells play an important role in integrating auditory and 

multimodal inputs in the DCN. The early onset of spontaneous activity in the cartwheel 

cells is peculiar and has not been reported elsewhere. It may be related to early 

maturation of calcium conductance in this DCN cell type as calcium is thought to be 

responsible for generating the rhythm of the spontaneous activity seen in cerebellar 

Purkinje cells (Llinás and Sugimori, 1980). 

In comparison, giant cells and vertical cells were more similar to pyramidal cells in 

several ways including the onset and morphology of their spontaneous spikes as well as 

response to current injections. The only visible difference for giant cells was that their 

APs usually had a larger and sharper undershoot of hyperpolarization which was also 

observed by Zhang and Oertel (1993b). The undershoot is thought to be mediated by a 

delayed rectifier and calcium-activated potassium current e.g. the non-inactivating 

delayed rectifier-type current (IK) and Ca2+-dependent K+ current (IK(Ca)) implicated in 

spinal motorneurons (Gao and Ziskind-Conhaim, 1998). For vertical cells there was 

usually a large “sag” at the beginning of the voltage response when a large 

hyperpolarizing current was injected and sometimes accommodation occurred with large 

depolarizing current. These observations are also in accordance with a previous study 

which suggested the sag to be associated with a rectifying potassium current (Zhang 

and Oertel, 1993a). The sag in voltage response could be related to hyperpolarization-

activated currents (Ih) which are mediated by the hyperpolarization-activated non-

selective cation channels (Robinson and Siegelbaum, 2003). Ih currents are observed in 

a variety of neurons in the brain and also in the pacemaker cells of the heart. The 

function of Ih currents is diverse and in neurons they play a role in determining the 
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passive properties including RMP, Rin, membrane time constant and length constant. it 

is likely that they serve similar purposes in vertical cells. In addition, the inability to fire 

APs reliably with large current injections suggests that these cells possibly lack the 

transient type-A current (IA) and do not respond to large stimuli. When comparing the Rin, 

giant cells generally had lower Rin and vertical cells had higher Rin than pyramidal cells 

of the same age. This is reasonable as giant cells and vertical cells are bigger and 

smaller than pyramidal cells, respectively. 

Quantification of the spontaneous postsynaptic currents revealed that the principal cell 

types (i.e. pyramidal and giant cells) have significantly more EPSCs which also have 

larger amplitudes on average than non-principal cell types (i.e. cartwheel and vertical 

cells). Because pyramidal and giant cells send projections to higher auditory centres 

whereas cartwheel and vertical cells only participate in local circuitry, it is sensible that 

the principal neurons receive more excitatory input, presumably from ANFs. It has also 

been observed that cells mainly receive auditory nerve fibre (ANF) input (i.e. giant and 

vertical cells) have faster decay while those receive parallel fibre (PF) input (i.e. 

pyramidal and cartwheel cells) have slower decay. EPSCs can be mediated by NMDA 

and non-NMDA receptors. A previous study has shown that evoked EPSCs of pyramidal 

and cartwheel cells have both slower NMDA and faster AMPA receptor mediated 

components (Fujino and Oertel, 2003). In the current study, magnesium was present in 

the external solution and will block NMDA receptors at resting potentials. Inward 

currents should therefore all be AMPA receptor mediated. AMPA receptor kinetics differ 

depending on input and subunit composition (Gardner et al., 1999, 2001). It has been 

shown that GluR4 subunit is present only at ANF synapses not at PF synapses and has 

fast gating properties (Petralia et al., 1996; Rubio and Wenthold, 1997). Therefore, 

faster kinetics in EPSCs recorded in giant and vertical cells were expected as both cell 

types only receive ANF input. In addition, only slow EPSCs were recorded in cartwheel 

cells as they do not express GluR4 and only receive PF input. Although pyramidal cells 

also receive ANF input, only a very small proportion of the EPSCs recorded in the 

current study had fast kinetics. Because the spiny apical dendrites are more extensive 

than the smooth basal dendrites, it is possible that pyramidal cells receive more 

excitatory input from the PF system than the ANFs.  
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Recording of spontaneous IPSCs in the four different cell types revealed the highest 

IPSCs frequency and proportion recorded in pyramidal cells than any other cell types in 

the DCN. This could reflect the convergence of multiple inhibitory inputs on this cell type 

whereas inhibitory influences on the other cell types are much less considerable. The 

rise time of IPSCs recorded in the four different cell types did not differ visibly but the 

decay seemed to be faster in giant cells than other cell types. This may reflect 

differences in the glycinergic receptor subunit composition which could result in 

differences in gating kinetics as discussed earlier. High resolution IHistC studies would 

be required to decipher this. 

4.4.6 Other considerations 
In the current study, the EPSCs and IPSCs recorded were not distinguished between 

spontaneous postsynaptic currents resulted from spontaneous firing of the presynaptic 

neuron (spontaneous or sEPSCs/sIPSCs) or spontaneous release of neurotransmitter in 

the presynaptic terminal (miniature or mEPSCs/mIPSCs). Spontaneous postsynaptic 

currents are AP dependent and will be eliminated by the sodium channel blocker 

tetrodotoxin (TTX). Miniature postsynaptic currents are AP independent and are due to 

random release of presynaptic neurotransmitters and will not be affected by TTX. 

Spontaneous events usually have regular intervals while miniature events do not usually 

follow a particular pattern. The EPSCs/IPSCs recorded here are likely a mixture of both. 

However, any spontaneous postsynaptic currents resulted from spontaneous firing of 

presynaptic cells would unlikely to be of auditory nerve origin due to separation of the 

acute brainstem slices from the cochlea and the cell bodies of the spiral ganglion 

neurons. 

It is interesting to note that there is a large variance in data collected in some cases, for 

example, input resistance, AP amplitudes and kinetics, and frequencies of spontaneous 

EPSCs and IPSCs. In addition to random variability between cells, it could also be due 

to the fact that the location from which the cells were recorded was not controlled. Cells 

in the CN are tonotopically organized – those located in the ventro-lateral part receive 

ANFs carrying low frequency information and those located more dorso-medially receive 

ANFs with high frequency information (Young and Oertel, 2004). It has been shown that 

there are tonotopic gradients for the expression of potassium channels, resting potential, 

AP threshold and amplitude and other membrane properties in the chicken nucleus 
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magnocellularis (NM) which is equivalent to the mammalian AVCN (Fukui and Ohmori, 

2004). For example, in regions encoding high characteristic frequencies (CF) the 

voltage-gated Kv1.1 potassium channels showed higher expression and greater 

sensitivity to dendrotoxin (a voltage-gated potassium channel blocker). Evoked EPSCs 

by stimulation of the ANFs were all-or-none in the high CF neurons but graded in the low 

CF neurons. This indicates that neurons in the high CF regions receive only one 

synaptic input whereas those in the low CF regions receive multiple converging inputs. If 

similar gradients exist in the DCN, variations in measured AP parameters and 

postsynaptic currents would be observed along the tonotopic axis. Channels containing 

Kv1.1 have a low voltage threshold and are only slowly and partially inactivating (Bosma 

et al., 1993). Kv1.1 has been localized to AVCN bushy cells and PVCN octopus cells 

with high levels of expression in the mouse and is proposed to be responsible for the low 

voltage-activated potassium conductance in these cell types (Grigg et al., 2000). 

Although a slightly lower level of expression is seen in the DCN, an expression gradient 

would mean a difference in the activation threshold for potassium conductance 

implicating in the onset of repolarization and AP amplitude. On the other hand, channels 

containing Kv3.1 are found in VCN bushy cells and DCN giant cells at high levels and 

enable these cells to fire APs at high frequency. If expressed at different levels along the 

tonotopic axis, the neurons will have different abilities to fire high frequency APs. It is 

also possible that neurons encoding different CFs receive projections from different 

numbers of ANF collaterals and variable degrees of inputs from other sources, therefore 

influencing the frequency and amplitudes of the postsynaptic currents. In addition, 

variable portions of dendrites of the recorded neurons may have been cut off during 

sectioning resulting in decreased presynaptic input. This might also contribute to the 

variability observed in the frequencies and amplitudes of spontaneous postsynaptic 

currents. 

The use of acute brain slices provides easy access to cells of interest however, it also 

introduces problems that may affect the interpretation of the results. First of all, acute 

brain slices are isolated from the rest of the nervous system hence the entire neuronal 

network cannot be preserved. In the case of the DCN, this means the absence of 

afferent activity from the cochlea and other regions of the brain which could potentially 

impact on the neurons’ activity. Any evoked neuronal activity through either direct 

current injections or stimulation of the presynaptic partners is unlikely to mimic the 
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response of the neuron to natural stimulus in an intact animal. Secondly, recordings are 

made in neurons in the acute brain slices which are usually maintained in artificial 

cerebrospinal fluid (ACSF) for up to several hours. During this time, changes in the 

neuronal properties may occur due to the artificial environment in addition to the afferent 

input deprivation. Thirdly, the use of whole-cell intracellular patch clamping introduces 

artificial internal solution into the neurons being recorded hence altering the natural 

composition of the intracellular fluid. Therefore the recorded neuronal properties may not 

reflect the real situation. Nonetheless, electrophysiological recordings in acute brain 

slices are valuable techniques which made detailed characterization of neuronal 

properties possible although cautions must be taken when interpreting results obtained 

from such. 
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4.5 Conclusion 
This chapter characterized the functional development of DCN pyramidal cells in several 

aspects. In summary, input resistance, AP properties including frequency, amplitude and 

kinetics, as well as spontaneous postsynaptic current measurements including 

frequency, amplitudes and kinetics of EPSCs and IPSCs, showed age-related changes. 

Most of these changes occurred between P9 and P12, before and around the hearing 

onset (P11/12) with slight modification thereafter (Figure 4-47). This suggests that 

functional development in the DCN is initiated before the animals receive external sound 

stimuli and this could be influenced by spontaneous activity in auditory neurons. 

However, small changes were observed after the onset of hearing which means that 

auditory input is likely to play an important role in shaping the final response. The 

functional characterization of DCN pyramidal cells during development provides a 

starting point for establishing the developmental pattern for the functional maturation of 

the DCN.  

 

Figure 4-47: Summary of main events occurring in the developing DCN pyramidal 
cells. 
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5. GENERAL DISCUSSION 
This thesis describes the overall structural and functional development as well as the 

developmental expression pattern of neurotransmitter receptors in the mouse dorsal 

cochlear nucleus (DCN) using a range of experimental techniques including histology, 

immunohistochemistry (IHistC) and whole-cell intracellular electrophysiological 

recordings in brainstem slices. Neonatal mice aged between P0 and P21 were 

examined at three-day intervals up to at least P12 to provide a reasonable temporal 

resolution for the developmental changes from birth to relative maturity (P21), but 

particularly spanning the onset of hearing (P11/P12).  

Collectively the studies in this thesis show that structurally and functionally, the DCN 

develops relatively rapidly, approaching its mature form during the first 12 days postnatal. 

This is followed by a subsequent refinement of synaptic connections and, pyramidal cell 

activity, which are revealed as refinement of the synaptic distribution, neurotransmitter 

receptor expression, and kinetics of action potentials and spontaneous excitatory and 

inhibitory currents. A key feature was the differential development of excitatory and 

inhibitory inputs into the DCN.  Excitatory inputs had extended into the DCN by birth (P0) 

while the inhibitory inputs developed later, starting around P6. Both the excitatory and 

inhibitory components showed rapid maturation during the first 12 days with the 

excitatory components appearing to be reasonably well established by P12 while the 

inhibitory components showed further subsequent refinement. These differences can be 

interpreted as reflecting the development and refinement of the excitatory and inhibitory 

circuitry of the DCN, although more detailed experiments would need to be undertaken 

to define this explicitly. For example, stimulation of the presynaptic components for 

various DCN cell types during development would provide a better indication with regard 

to the onset of function compared to recordings of spontaneous postsynaptic currents.  

It is useful to make comparison with the development of the VCN. Interestingly, the 

developmental time course of the excitatory neurotransmitter receptor subunits in the 

VCN does not appear to follow the same pattern as in the DCN. For example, GluA2-4 

labelling in the VCN is low until P12 in the rat when it gradually increases moderately by 

P20 as judged by qualitative observations (Caicedo and Eybalin, 1999). This is in 

contrast to the developmental expression of these AMPA receptor subunits in the DCN 
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as shown in the current study and by Caicedo and Eybalin (1999), in which the GluA2-4 

already show moderate to strong labelling at birth with further refinement after P12. The 

developmental expression of the inhibitory neurotransmitter receptors in the VCN have 

not been studied to-date and so a comparison with the current results in the DCN is not 

possible. Results from the current study showed a delayed expression of both GABAA 

and glycine receptor α1 subunits in the DCN when compared to the AMPA receptor 

subunits. Although not the focus of the current study, the VCN was intact in occasional 

sections and captured in the confocal images along with the DCN, providing some 

insights into the developmental expression of the inhibitory receptor subunits in the VCN. 

For example, no GABAA receptor α1 subunit was expressed throughout the VCN at P21 

while glycine receptor α1 subunit was labelled in both the VCN and DCN by P9. 

Functionally, both excitatory and inhibitory postsynaptic potentials (EPSPs and IPSPs, 

respectively) can be evoked by auditory nerve stimulation in the VCN and DCN of the 

mouse as early as P4 (Wu and Oertel, 1987). In addition, spontaneous miniature 

excitatory postsynaptic currents (EPSCs) can also be recorded in the AVCN at the age 

of P7 in the mouse and the properties of the EPSCs recorded from bushy cells changed 

significantly between P7 and P21 (e.g. increase in frequency and faster kinetics), while 

no significant changes were observed in the EPSCs recorded from multipolar cells 

during the same period (Lu et al., 2007). Interestingly, the EPSC characteristics of the 

bushy cells also changed substantially after cochlear ablation in pre-hearing animals 

while the multipolar cells were not affected. In comparison, the spontaneous EPSCs 

recorded from DCN pyramidal cells only showed slight increase in the frequency and 

amplitude as well as a quickening of kinetics during the first 12 days with virtually no 

change observed thereafter. Taken together, the development and refinement of the 

excitatory components in the DCN is likely to be minimally dependent on acoustic input 

due to its early maturation whereas in the VCN, the excitatory function appears to 

develop over a longer period spanning the onset of hearing, at least in the bushy cells. 

Therefore, in addition to spontaneous activity, auditory experience may be more 

important in shaping the excitatory responses of the VCN bushy cells than the DCN 

pyramidal cells. On the other hand, data are very limited to speculate on the 

development of the inhibitory components in the VCN, although there is evidence that 

the inhibition is mediated mainly through glycinergic receptors which also seem to 

appear at the same developmental stage as in the DCN. 
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The relatively rapid development of inputs and connections in the DCN by P12 coincides 

with the so-called “onset of hearing” in the mouse (P11 and P12; e.g. Song et al., 2006 

and Manderson, 2010); the period in which the auditory system becomes sensitive to 

environmental, airborne sound (Figure 5-1 and Figure 5-2). Cochlear sensitivity to 

acoustic stimulation is very low, and confined to low frequencies prior to this period but 

the sensitivity and frequency range rapidly increase after P12 (Manderson, 2010). The 

external auditory meatus (ear canal) opens before the onset of hearing (between P8 and 

P12) at which time the middle ear is conducting sound to the inner ear, so the 

development of sensory transduction processes and neural activity in the auditory nerve 

probably underpins the timing of “hearing onset”. Increased sensitivity to airborne sound 

is reflected in a reduction in the threshold of the CAP (Figure 5-1) or wave I of the ABR 

(Figure 5-3), which is the synchronised activity of the spiral ganglion neurons (SGNs) to 

acoustic stimulation.  Interestingly, the later waves of the ABR, which reflect activity in 

the brainstem auditory pathways, including the CN, begin to appear at later times (P13-

15) and then become more distinct with shorter latencies over the next 6-7 days (Figure 

5-3). This may reflect a slightly more delayed maturation of the brainstem pathways than 

the cochlear nerve. Moreover, it has been shown that the innervation pattern of the 

SGNs forming synapses with the hair cells of the cochlea matures rapidly reaching its 

adult-like pattern before P6 in the mouse (Huang et al., 2007). The pattern of cochlear 

innervation development follows three sequential events: neurite outgrowth and 

extension (E18-P0), neurite refinement (P0-P3) and neurite retraction (P3-P6) (Huang et 

al., 2007). The development of the cochlear innervation thus appears to precede that of 

the DCN as shown by results from the current study which demonstrated a rapid 

development of the DCN both morphologically and functionally between P6 and P12. 

This suggests a peripheral-to-central maturation pattern of the auditory system, implying 

that central development is to an extent determined by peripheral input.   
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Figure 5-1: Auditory nerve compound action potential (CAP) thresholds against 
frequency in the postnatal mouse (P8-21) (Manderson, 2010). 

 
Figure 5-2: Auditory brainstem response (ABR) thresholds to click stimuli in the 
postnatal CD-1 mice (P9-21) (Manderson, 2010). 
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Figure 5-3: Auditory brainstem responses (ABR) to a high intensity 10 kHz 
stimulus in the postnatal mouse (P8-21) (Manderson, 2010). Wave I reflects activity in 
the auditory nerve, waves II to V reflect activity in the brainstem auditory structures from 
the cochlear nucleus to the inferior colliculus.  

It has been proposed that the development of afferent synaptic connections in the 

central auditory system occurring before the arrival of acoustic input is driven by 

spontaneous activity in the immature auditory periphery. Spontaneous activity has been 

recorded in the rat SGNs from birth to the onset of hearing (Tritsch et al., 2007). The 

origin of the spontaneous activity has been suggested to be the transient supporting 

cells in a structure called the Kölliker’s organ, medial to the immature organ of Corti. 

These supporting cells spontaneously release ATP which leads to rhythmic inward 

calcium currents and morphological changes in these cells (Tritsch and Bergles, 2010; 

Tritsch et al., 2010). In addition, the release of ATP causes depolarization of the inner 

hair cells and subsequent glutamate release leading to activity of SGNs (Tritsch et al., 

2007). Interestingly, the spontaneous ATP release terminates as soon as the cochlea 

starts to receive external sound input. This is thought to avoid the interference of the 

spontaneous activity from experience-driven development (Tritsch et al., 2007). Thus 

aspects of early peripheral-to-central maturation pattern of the auditory system may 

depend on the signals from the spontaneous activity generated by cochlear 

supporting/hair cells.  

However, this view that the cochlear hair cell/supporting cell complex is the source of the 

spontaneous neural activity has recently been challenged (Marrs and Spirou, 2012).  

These authors demonstrated that auditory nerve fibres (ANFs) fire spontaneous action 

potentials by embryonic day 14 (E14) in the mouse. This is at least 4 days before the 
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first spontaneous activity is recorded in the hair cells and almost a week earlier than the 

spontaneous rhythmic calcium transients in the rat cochlear supporting cells. Marrs and 

Spirou (2012) have also shown that the synapses between the ANFs and VCN become 

functional by E15 and the superior olivary complex (SOC) could also respond to 

electrical stimulation of the ANFs by E17. These results reveal a different peripheral-to-

central maturation sequence in the developing auditory system, placing the SGNs as the 

cells leading the innervation and synaptic development of the downstream auditory 

structures (Figure 5-4). The early establishment of the topographic projections of the 

ANFs into the CN as observed previously in the rat (Angulo et al., 1990) and in the 

mouse of the current study could be driven by the spontaneous activity in the SGNs 

during embryonic development. Marrs and Spirou (2012) have proposed three phases of 

cochlear-generated activity: the spontaneous activity in the SGNs drives the 

development of the other components, which is subsequently taken over by the hair 

cells when they become spontaneously active followed by further influence from ATP-

mediated calcium waves (Figure 5-4). However, it is possible that the ATP release from 

cochlear supporting cells occurs earlier and may be the driving force for the 

spontaneous activity observed in the hair cells between E17 and E18 as shown by Marrs 

and Spirou (2012), as P0 was the earliest age examined by Tritsch and colleagues 

(Tritsch and Bergles, 2010; Tritsch et al., 2007, 2010).  

 
Figure 5-4 Timeline of neurogenesis and spontaneous activity in the peripheral 
and lower central auditory structures (Marrs and Spirou, 2012). Coloured ovals 
indicate the period of neurogenesis. Key: HC = hair cells, MNTB = medial nucleus of the 
trapezoid body, S = spontaneous activity, SG = spiral ganglion, VCN = ventral cochlear 
nucleus. 
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Spontaneous activity has been recorded and is implicated in the maturation and neural 

patterning in many parts of the developing CNS (Blankenship and Feller, 2010). 

Regardless of the origin of the spontaneous activity in the cochlea, if it is also 

responsible for the early maturation in the central auditory structures, retarded neural 

development would be anticipated when the source of the spontaneous activity is 

removed. Otocyst or cochlear ablation in pre-hearing animals causes apoptosis of CN 

neurons and dramatic reduction in CN volume in several species (Hashisaki and Rubel, 

1989; Moore, 1990; Mostafapour et al., 2000; Tierney et al., 1997; Trune, 1982a). Early 

cochlear removal also results in a decrease in the area of the dendritic field or the length 

of dendrites in CN neurons as well as a decrease in the number of projections to higher 

auditory centres (Trune, 1982b, 1983). Apoptosis in the AVCN induced by 

deafferentation during development appears to be the result of activation of the 

transcription factor NFATc4 (nuclear factor of activated T-cells isoform 4) and inhibition 

of this transcription factor significantly reduces its apoptotic effect on AVCN neurons 

(Luoma and Zirpel, 2008). Microarray studies have also identified genes that are 

involved in deafferentation-vulnerable (pre-hearing) and -invulnerable (post-hearing) 

animals which mainly include immune-related as well as both pro- and anti-apoptotic 

genes (Harris et al., 2008). Moreover, pre-hearing deafferentation also causes abnormal 

developmental mRNA expression of NMDA, AMPA and GABAA receptor subunits in the 

CN (Marianowski et al., 2000). Functionally, cochlear ablation before the onset of 

hearing results in slower kinetics of the spontaneous miniature excitatory postsynaptic 

currents recorded in the VCN bushy cells in the mouse which is shown to be caused by 

a shift in the location of synaptic connections from the cell bodies to the dendrites (Lu et 

al., 2007). Cochlear ablation also disrupts the normal developmental pattern of neurons 

in higher auditory centres, such as the inferior colliculus (IC) (Franklin et al., 2006, 2008; 

Gabriele et al., 2000). The dependence of CN survival on afferent input ends abruptly 

around the onset of hearing (Hashisaki and Rubel, 1989; Moore, 1990; Mostafapour et 

al., 2000; Tierney et al., 1997), ruling out the role of acoustic input in maintaining the cell 

numbers in the CN. However, removing the cochlea or severing the auditory nerve fibres 

could also remove trophic influences and other molecular interactions between the 

SGNs and the postsynaptic neurons, in addition to the cessation of spontaneous activity. 

Therefore, studies in which only the hair cells were destroyed by ototoxic drugs (e.g. 

ethacrynic acid with kanamycin) may provide more insight into the role of spontaneous 



 

206 

 

activity in the development of the central auditory nuclei. For example, sensorineural 

hearing loss induced by systemic administration of kanamycin in neonatal cats causes 

both morphological and physiological changes such as a dramatic reduction in the CN 

volume and neuronal size in the AVCN as well as an increase in the hearing threshold 

and wave IV latency assessed by ABR (Hardie and Shepherd, 1999; Matsushima et al., 

1991). However, no cell death has been observed in the AVCN of these congenitally 

deafened animals in contrast to those with the cochlea removed during the critical period, 

despite a substantial degeneration of the SGNs. It is possible that the apoptosis of 

SGNs caused by the loss of hair cells occurs slowly so that most, if not all, AVCN 

neurons have survived beyond the critical period. The transneuronal degeneration of the 

SGNs caused by hair cell damage still imposes significant problems in the identification 

of the driving force for the development of downstream auditory neurons. However, 

systemic administration of ototoxic chemicals may result in systemic changes in the 

animals and hence local drug delivary into the cochlea would provide more specific 

inhibition of hair cell function. 

Although the basic elements for the excitatory circuitry are established before the onset 

of hearing, the DCN continues to mature thereafter, as demonstrated in the current 

study. For example, the extent of the glomerular synaptic terminals belonging to the 

mossy fibres increased substantially between P12 and P21. There was also 

considerable refinement of the properties of both excitatory and inhibitory characteristics 

of pyramidal cells with the inhibitory components having more visible changes during 

this period. It is possible that these changes were influenced by acoustic input. Although 

cochlear removal in post-hearing or mature animals does not cause significant neuronal 

loss in the CN, there is usually an associated decrease in neuronal cross-sectional area 

especially in the AVCN (Coleman and O’Connor, 1979; Hashisaki and Rubel, 1989; 

Moore, 1990; Mostafapour et al., 2000; Tierney et al., 1997; Webster, 1983). Neuronal 

cell size has been shown to be maintained by activity in the auditory nerve as inhibition 

of ANF firing by application of TTX has the same effect as cochlear removal (Pasic and 

Rubel, 1991; Sie and Rubel, 1992). Interestingly, the effect of TTX on CN neuronal cell 

size is reversible. More subtle changes also occur in the CN after cochlear removal or 

reduction of acoustic input in post-hearing animals. For example, removal of middle ear 

ossicles caused a reduction in the density of presynaptic terminals in the VCN followed 

by recovery in guinea-pigs as measured by changes in synaptophysin immunoreactivity 
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(Benson et al., 1997). However, it is not known whether the recovered synapses formed 

functional connections with proper target neurons. Synaptic and neuronal degeneration 

have also been observed in the adult cat PVCN and DCN within a short time (up to 96 

hours) after unilateral cochlear removal (Kane, 1974b). In another example, unilateral 

conductive hearing loss simulated by blocking one ear with a plug in adult ferrets 

resulted in rearrangement of the projections from the contralateral CN to the IC (Moore 

et al., 1989). Cochlear ablation in the adult rat also caused a redistribution of AMPA 

receptor subunits in the DCN pyramidal cells at both the auditory nerve and parallel fibre 

synapses (Rubio, 2006). In addition, lesions of the auditory nerve caused a decrease in 

excitatory neurotransmitters (glutamic and aspartic acid) and their synthetic enzymes in 

the CN (Wenthold, 1978, 1980). Therefore, it appears that external sound stimulation is 

important for maintaining synaptic connections and proper circuitry in the mature CN 

through excitatory neurotransmission between ANFs and CN neurons. However, relative 

to the DCN, most of these previous investigations have focused primarily on the AVCN 

or whole CN anatomy and there is little data on the effect of ablation or removal of 

acoustic input specifically on the DCN, especially not on its neuronal physiology, and 

this needs further study. 

Whether the observed degeneration in the CN after cochlear removal or deafferentation 

as reported previously transfers into abnormal functional maturation of the CN neurons 

requires further studies. However, it has been shown that the refinement of the inhibitory 

circuitry is activity-dependent in the auditory brainstem, including the intrinsic 

connections within the superior olivary complex and the contralateral projections from 

the  dorsal nucleus of the lateral lemniscus to the IC (see Kandler, 2004 for a review). It 

is likely that similar dependence exists for the reorganization of the inhibitory circuit in 

the DCN. For example, both the α1 subunit of GABAA and glycine receptors showed 

considerable refinement between P12 and P21 as demonstrated in Chapter 3. 

Functional measurements also revealed a slight decrease in the frequency and 

amplitude as well as further improvement in the kinetics of the inhibitory postsynaptic 

currents (IPSCs) in the DCN pyramidal cells between P12 and P18 (see Chapter 4). 

These changes observed after the onset of hearing provide support for the role of 

acoustic input in refining the inhibitory circuitry in the CN. However, acoustically-evoked 

neural activity may not be the only factor that maintains the functionality of the 

downstream auditory neurons. Neurotrophic support is also likely an important factor 
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which is supported by evidence that electrical stimulation delivered through the cochlear 

implant in conjunction with administration of a neurotrophin (BDNF) results in better 

survival of SGNs and recovery of auditory function as measured by ABR thresholds in 

kanamycin-treated adult animals, than electrical stimulation alone (Shepherd et al., 

2005). Therefore, neural activity and trophic support both seem to be important for the 

proper functioning of the auditory neurons and may both play a role in the further 

maturation of the DCN after the onset of hearing.  

As discussed above, most of the data on the effects of auditory experience on the 

development of the CN have been derived from morphological studies with limited and 

less specific functional assessment, such as using ABR thresholds. It is difficult to infer 

precise functional consequences from such studies. Although little has been done in the 

CN, some detailed functional studies examining the effects of auditory deprivation or 

exposure to noise on the developing auditory system have been undertaken in higher 

auditory centres, especially the auditory cortex. These provide some insights into the 

dependence of the auditory system on appropriate acoustic stimuli during development. 

Auditory deprivation has been shown to cause abnormal development of the primary 

auditory cortex in animals and its effects include decreased sensitivity (Batkin et al., 

1970) and synaptic activity (Kral et al., 2000) as well as delayed and altered 

development of local field potentials (LFPs) (Kral et al., 2005). The auditory cortex is 

highly plastic during a “critical period” and the development of tonotopic organization in 

the auditory cortex depends on auditory inputs (Chang and Merzenich, 2003; Villers-

Sidani et al., 2007, 2008). The “critical period” in the auditory cortex of the developing 

rats is between P11 and P13, spanning the onset of hearing (P12) (Villers-Sidani et al., 

2007). During this time, frequency representation is dependent on sound input as pure-

tone exposure results in a long-term alteration of the tonotopic map in the primary 

auditory cortex (A1). On the other hand, exposing the animals to noise during 

development delays the maturation of the auditory cortex and the development of 

tonotopic organization resumes after returning to normal auditory environment or with 

pure-tone stimulations (Chang and Merzenich, 2003; Villers-Sidani et al., 2008). These 

results suggest that the proper development of the auditory cortex relies on inputs of 

meaningful and structured sound stimuli which would in turn depend on the integrity and 

functionality of lower auditory structures. 
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The DCN receives extensive descending inputs from both auditory and non-auditory 

sources through the mossy fibre terminals primarily on granule cells (Young and Davis, 

2002). Behavioural evidence shows that the descending inputs, presumably those from 

the somatosensory structures such as the spinal trigeminal nuclei and vestibular nuclei, 

are involved in the localization of sound in the vertical plane (Kanold and Young, 2001; 

May, 2000; Oertel and Young, 2004; Sutherland et al., 1998a, 1998b) (for more detail, 

see Literature Review, Section 1.1.2.6, page 40). The DCN pyramidal cells play a 

central role here as they integrate ascending auditory and descending multisensory 

inputs through separate apical and basal dendritic domains (Young and Davis, 2002). 

Electrophysiological evidence shows that the multisensory circuit involving the granule 

and cartwheel cells as well as the apical dendrites of the pyramidal cells in the molecular 

layer are highly plastic and show both long-term potentiation (LTP) and long-term 

depression (LTD) (Fujino and Oertel, 2003). This is in contrast to the auditory circuit in 

the deep layer which does not show any form of long-term plasticity. This arrangement is 

proposed to be important for the association of signals from the non-auditory circuit 

which provides information about head or pinna movement with the acoustic input and is 

thought to be crucial for learning to localize the sound source in the vertical plane using 

proprioceptive information (May, 2000). It is not known if the establishment of these 

descending projections relies on the development of the ascending auditory pathway. 

However, it has been shown that the number of projections from non-auditory structures 

into the granule cell domains increase following permanent cochlear injury in adult 

rodents (Barker et al., 2012; Zeng et al., 2009, 2012), suggesting that reduced auditory 

input leads to a compensation in the DCN. It is not known whether similar processes 

would occur in congenitally deaf animals. The current study showed that the glomeruli-

like mossy fibre terminals first appeared in the DCN pyramidal cell layer at P12 as 

demonstrated by synaptophysin labelling and dramatically increased by P21. The 

delayed appearance of the synaptic terminals from descending inputs after the onset of 

hearing may imply a developmental dependence on the ascending pathway and/or 

acoustic input. This hypothesis requires further studies involving manipulations of the 

afferent input or auditory deprivation in pre-hearing animals.   

Defining the development of the CN, and the role of auditory stimulation and non-

auditory inputs are very important to understanding normal auditory development and 

can also help inform the decline in auditory processing associated with conditions such 
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as auditory neuropathy and central auditory processing disorders, as well as the neural 

processing that occurs with prostheses for congenitally deafened children. The DCN, in 

particular, is thought to be involved in the pathogenesis of tinnitus (for reviews, see 

Kaltenbach, 2006a, 2006b; Kaltenbach and Godfrey, 2008). It has been shown that the 

DCN becomes hyperactive after tinnitus-inducing factors such as exposing the cochlea 

to noise or the cytotoxic drug, cisplatin and this hyperactivity is related to the plastic 

changes involving a decrease in the inhibitory components in the DCN circuitry. In 

addition, the DCN may also be involved in the attentional and emotional aspects of 

tinnitus as it receives descending inputs from various non-auditory brainstem structures 

including locus coeruleus, reticular formation and raphe nuclei. Therefore, the DCN has 

been proposed to be a generator and/or modulator of tinnitus. In support of this 

hypothesis, bilateral DCN lesions before noise exposure in the rat prevented the 

development of tinnitus from noise exposure (Brozoski et al., 2012) while the same 

procedure performed after tinnitus induction did not have an effect on tinnitus (Brozoski 

and Bauer, 2005). All studies examining the pathoetiology of tinnitus to-date have 

focused on adult animal models. However, it is not known whether abnormal 

development of the DCN, such as may be occurring with congenital or early deafness, 

as well as perturbations (e.g. neonatal hypoxia), would result in an imbalance of 

excitatory and inhibitory components in the DCN which may lead to the development of 

tinnitus.  

In summary, as demonstrated in this thesis, the basic circuitry in the DCN appears to be 

established by the onset of hearing with only small and insignificant changes towards 

further maturation subsequently. This developmental arrangement is essential in altricial 

animals like mouse so that they are able to respond to external sound as soon as their 

cochleae are sensitive enough to provide afferent input. By the time they are weaned 

from their mothers (usually around 3 weeks postnatal), their auditory system is already 

well established and ready to respond with adult-like precision to environmental sounds. 

The results of this thesis provide a platform for future, more detailed studies of the 

development and maturation of the complex circuitry of the DCN, the role of auditory and 

non-auditory influences as well as the involvement of DCN in the development of 

auditory disorders.  
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6. FUTURE DIRECTIONS 
As with all scientific research, answers obtained from careful investigations always lead 

to more questions and this study is no exception. In this thesis, significant changes in 

many developmental aspects of the DCN have been observed between P6 and P12, the 

period leading up to the onset of hearing (between P11 and P12). With limited time 

points and an age interval of at least 3 days, it is impossible to resolve the discrete 

changes occurring and the temporal sequence of specific events. Therefore, future 

studies should aim to provide better temporal resolution by including animals at more 

developmental time points, especially before and around the onset of hearing. 

As demonstrated in Chapter 4, functional maturation of the DCN pyramidal cells is 

accompanied by electrophysiological changes in the action potential and postsynaptic 

currents in terms of frequency, amplitude and kinetics. These changes are thought to be 

brought about by the differential expression of various ion channels and receptors during 

development (see Chapter 4 Discussion, page 180). Therefore, an examination of the 

developmental expression of these channels and receptors would hopefully contribute to 

the explanation of the mechanisms behind the developmental changes demonstrated 

here. In addition, through the examination of the developmental expression of the 

inhibitory neurotransmitter receptors and by fixing chloride concentration in the 

extracellular and intracellular solutions in the electrophysiology studies, the potential role 

of GABA and glycine in excitation early in development has been ignored. Although it 

has been demonstrated that these classic inhibitory neurotransmitters are excitatory in 

other regions of the CNS during development, it has not been shown in the CN. 

Therefore, future functional studies (such as sharp electrode or perforated patch 

recordings that does not disrupt intracellular chloride concentration) would be required to 

determine whether or not the early excitatory action of GABA and glycine is universal 

within the CNS. 

As discussed earlier, studies on the dependence of spontaneous activity and later 

acoustic input during the development of the CN have mostly emphasized on the overall 

morphological changes with particular focus on the AVCN. A better understanding of the 

developmental reliance on neural activity (either spontaneous or acoustic-driven) of the 

CN and especially the DCN requires detailed studies on the structural and molecular 



 

212 

 

changes as well as functional manifestations using both in vitro and in vivo techniques in 

activity-deprived animals. For example, a detailed examination of the synaptic and 

dendritic morphology may explain the decrease in cell number and size as well as the 

overall decrease in the volume of the CN in acoustically-deprived animals. Any changes 

in the expression of receptors and ion channels as well as physiological properties 

would provide insights into the functional consequence of auditory deprivation. 

However, the removal of spontaneous activity and/or acoustic input has usually been 

inferred from the removal of the cochlea or lesion of the auditory nerve. These 

techniques have obvious disadvantages and may result in inaccurate interpretation of 

the results as discussed above (see General Discussions, page 199). Some 

investigators have attempted to address this problem through removing the middle ear 

ossicles (Benson et al., 1997; Potashner et al., 1997; Suneja et al., 1998). However, 

these procedures were undertaken in adult animals (guinea-pigs) only and would 

impose considerable challeges in younger animals. In addition, animals could be raised 

in a quiet environment with no external sound, although sound generated by the animals 

and internal sound such as heart beat or blood flow would be difficult to eliminate 

completely. However, modern techniques such as in vivo optogenetics may provide a 

novel approach to silence the spontaneous activity in specific cell types. 

On the other hand, congenital sensironeural hearing loss is relatively rare compared to 

other perturbations that might occur during early development, such as 

hypoxia/asphyxia, abnormal hormonal levels or noise exposure. It may be of clinical 

importance to investigate the effect of these factors on the development of the DCN. The 

description of normal DCN development in this thesis will provide a reference for 

structural and functional changes which may arise from those perturbations. Together 

with future studies on the developmental expression of key molecules including various 

ion channels and receptors, interventions may be undertaken to correct for the abnormal 

development. 

Finally, examination of the developmental pattern of the electrophysiological properties 

in the DCN pyramidal cells presented in this thesis is only a starting point for a more 

complete characterization of the development of the DCN circuitry. Detailed studies of 

the development of neuronal interactions should be undertaken to provide insights into 

when, where and how synaptic connections are established. This requires stimulation of 
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the presynaptic components with precision and may involve current injections into the 

presynaptic neurons using a glass pipette or optical stimulation in brainstem slices from 

animals genetically modified for optogenetic manipulations. The development of the 

DCN molecular layer circuitry would be a particularly interesting aspect to study as little 

is known about its developmental time course or its dependence on spontaneous activity 

and acoustic input. On the other hand, it is also not clear whether this circuit would 

actually influence the development of the auditory circuit in the DCN deeper layers and 

especially the pyramidal cells. However, since the origin of the non-auditory input is 

diverse, removing them would impose considerable difficulties, epsecially in the 

developing animals. 
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7. Summary and Conclusions 
This thesis described the structural, molecular and functional development of the mouse 

dorsal cochlear nucleus (DCN) using a variety of techniques including histological 

staining, neuronal tracing, immunohistochemistry (IHistC) and whole-cell intracellular 

recordings. The main findings are: 

• The gross structural organization of the DCN resembles adult-like pattern before 

the onset of hearing: 

o Cellular organization reveals the three layers by P6; 

o ANFs project to the CN in a topographic manner by P0; 

o Synaptic terminals are present by P0 throughout the DCN with an increase 

in the molecular layer by P9 and appearance of clustered mossy fibre 

terminals by P12. 

• The excitatory neurotransmitter receptor subunits are expressed before the 

inhibitory receptor subunits: 

o AMPA receptor subunits (GluA2-4) are expressed at high levels by P0 and 

expression subsequently decreases after P6; 

o GluA1 expression is low at birth and increases by P21 in the molecular 

layer; 

o GABAA and glycine receptor α1 subunits are not expressed until P3-P6, 

starting at low levels, their expression increases dramatically and adult-like 

pattern is established by P9 with subsequent refinement after P12. 

• Basic electrophysiological properties of the DCN pyramidal cells are established 

before the hearing onset with subsequent refinement: 

o Resting membrane potential becomes slightly depolarized with age while 

input resistance decreases; 

o Action potential amplitude and neuronal excitablity increase with age while 

action potential kinetics become faster; 

o Spontaneous depolarizing currents (EPSCs) are present by P3 with a 

slight increase in frequency and amplitude up to P12 while the kinetics 

become slightly faster between P9 and P12; 

o Spontaneous hyperpolarizing currents (IPSCs) are present by P6 with 

dramatic increase in frequency and amplitude up to P12 followed by 
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subsequent refinement while the kinetics become signficantly faster 

between P9 and P12. 

• The combined findings imply that: 

o The basic structural components and excitatory synaptic connections in 

the DCN are present at birth and become well established before the onset 

of hearing (P11/12), although the most rapid changes occur between P6 

and P12 – these early developmental changes may be directed by 

spontaneous activity occurring in the auditory system during that period; 

o The development of the inhibitory synaptic connections lags behind and 

appears by P6 with significant increase by P12 and subsequent refinement 

thereafter – the initial setup of the inhibitory components may also be 

directed by spontaneous activity but the later refinement is likely driven by 

acoustic input after the onset of hearing; 

o The descending inputs into the superficial layers of the DCN develop later 

than the ascending auditory input, beginning around P12 – the 

development of the descending inputs into the DCN may depend on the 

establishment of the ascending input and/or acoustic stimuli; 

o The overall development of the DCN follows that in the cochlea, 

demonstrating a peripheral-to-central maturation of the auditory system. 

However, further studies need to be undertaken to define the contribution 

of spontaneous and acoustically-driven activity as well as the potential 

influences of descending inputs in the final maturation of DCN neural 

circuits.  

• In conclusion, this thesis has presented the first detailed description of several 

aspects of DCN development in the mouse, providing a foundation and directions 

for a complete understanding of the maturation of DCN neurons and their 

synaptic connections.  
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8. APPENDIX I: GOLGI STAINING OF THE DCN 
8.1 Introduction 
Many early studies of the CN have employed Golgi staining as a histological technique 

to label subpopulations of neurons in fixed tissue slices (Brawer and Morest, 1975; 

Browner and Baruch, 1982; Hackney et al., 1990; Webster and Trune, 1982) (see 

Literature Review, page 9). Golgi staining involves impregnating fixed tissue with 

potassium dichromate and silver nitrate. The product of the reaction is silver chromate 

which is a black precipitate that appears to be retained by neurons. A random selection 

of neurons is usually impregnated with this procedure and the entire neuron including 

the cell body, dendrites and axon can be visualized so the fine neuro-architecture can be 

studied. At the beginning of this study it was planned to examine the morphological 

development of the DCN neurons using the Golgi staining technique as it would provide 

three-dimensional images of the sub-populations of neurons within the DCN at different 

developmental ages. In practice, however, it was time consuming and the quality of 

staining of the DCN was extremely unpredictable and inconsistent results were obtained. 

However, some useful information was provided by this technique and therefore the 

attempts to label DCN neurons with Golgi staining technique is briefly presented in this 

Appendix. 

8.2 Materials and Methods 
Transcardial perfusion with 0.9% saline followed by 5% paraformaldehyde (PFA) was 

performed in animals euthanized with overdose of sodium pentabarbitone. The brain 

was removed and post-fixed in 5% PFA for at least two days at room temperature. The 

brain was transferred to freshly prepared chromating solution containing 3% potassium 

dichromate dissolved in 5% PFA pH 7.6 in phosphate buffered saline (PBS) for three to 

four days in dark on a rotator. The chromating solution was changed daily with freshly 

made solutions. Excess solution was blotted using paper towel and the brain was 

washed several times with 2% silver nitrate solution dissolved in distilled water. Any 

precipitate formed on the surface of the brain was carefully swept away using a fine soft 

paint brush. The brain was then incubated in 2% silver nitrate solution in dark for three 

days on a rotator after which the brain was washed in distilled water. The brain was 

cryoprotected in 30% sucrose in 0.1 M phosphate buffer (PB) for 2 days at 4°C. The 
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brainstem containing the cochlear nucleus was immersed in tissue medium (O.C.T.) and 

cut into 50 µm sections using a cryostat. Brain sections were collected onto a gelatine-

coated glass slide and allowed to dry for 10 minutes and dehydrated in 95% ethanol and 

100% ethanol for 30 minutes each before cleared in xylene for 10 minutes. Sections 

were mounted with DPX and cover-slipped. Bright field images were taken with a light 

microscope (Nikon eclipse 80i, Japan). This Rapid Golgi staining protocol was modified 

from Pilati et al. (2008). 

8.3 Results 
A typical Golgi-stained section of the adult mouse DCN is shown and compared with the 

labelling in a more medial section of the brainstem, which consistently stained well 

(Figure 8-1). A thick precipitation was usually present on the tissue surface and blood 

vessels were also stained making it difficult to see the stained DCN neurons which were 

close to the surface. The appearance of the entire DCN section was cloudy, obscuring 

the morphology of labelled neurons in the structure (Figure 8-1A). In contrast, many 

neurons with long dendrites were usually impregnated in the centre of the brainstem and 

had high contrast with the background (Figure 8-1B). When compared to labelled 

neurons in the brainstem, the quality of the Golgi-stained DCN was always worse.  

Occasionally, neurons impregnated with Golgi stain could be observed at high 

magnification (Figure 8-2). For example, a pyramidal cell with its typical oval-shaped cell 

body (blue arrowhead), spiny apical dendrites (red arrowhead) and smooth basal 

dendrites (green arrowhead) was seen oriented with its long axis perpendicular to the 

DCN surface (Figure 8-2A). Arrays of thin fibres (magenta arrowhead) running parallel 

with the DCN surface and perpendicular to the pyramidal cell appeared at the apical 

dendritic domain of the pyramidal cells. These were probably the axons of granule cells 

which give rise to parallel fibres that provide excitatory input to the apical dendrites of 

the pyramidal cells in the DCN molecular layer. A giant cell with smooth dendrites 

radiating from the cell body was labelled in the DCN deep layer (Figure 8-2B). A 

cartwheel cell was labelled near the DCN surface and had typical oval shaped cell body 

(blue arrowhead) and spiny dendrites in the molecular layer (red arrowhead) (Figure 

8-2C). In some sections, granule cells were labelled in the DCN deeper regions (Figure 

8-2D). They had small oval-shaped cell bodies (blue arrowhead) and thin dendrites that 

ramified near the cell body (red arrowheads). 
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Figure 8-1 Golgi stained neurons in adult mouse. (A) DCN, scale bar = 50 µm. (B) 
brainstem, scale bar = 100 µm.  

 
Figure 8-2 Golgi-stained DCN neurons in adult mouse. (A) A pyramidal cell with 
labelled cell body (blue arrowhead), spiny apical dendrites (red arrowhead) and smooth 
basal dendrites (green arrowhead). Magenta arrowhead points to labelled putative 
parallel fibres. (B) A giant cell in the deep layer with large cell body (blue arrowhead) 
and dendrites radiating from it. (C) A cartwheel cell labelled near the surface of the DCN 
with its oval shaped cell body (blue arrowhead) and spiny dendrites in the molecular 
layer (red arrowhead). (D) A labelled granule cell in the DCN with its small cell body 
(blue arrowhead) and thin dendrites (red arrowheads). Scale bar = 50 µm. 
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8.4 Discussion 
The difficulty in impregnating DCN neurons with Golgi staining could be due to the fact 

that the DCN is close to the surface therefore more non-specific precipitation is likely to 

accumulate in the structure. Also, neurons in the DCN are more densely packed than in 

other parts of the brainstem. No successful impregnation was achieved in younger 

animals and this probably reflects the high density of neurons in the DCN, especially 

early in development. However, from the occasional neurons that were successfully 

impregnated, the neuro-architecture could be revealed providing important 

morphological information for each cell type. For example, the location and orientation of 

the dendritic domains would provide insights into the kind of inputs the cell receives. 

There are many variations of the protocols for Golgi staining including the use of 

different fixatives, solutions with different pH values, different percentage of potassium 

dichromate and dissolved in various concentrations of fixatives and other chemicals, as 

well as different incubation periods. One combination may work better for one type of 

tissue preparation but not the other. Although several different protocols were tried in 

this study, particularly the “rapid” Golgi methods, a full trial of methods to find an 

optimum for the DCN would be time-consuming and it was decided not to proceed but to 

use other histological methods. 

Although the results tend to be variable and inconsistent, Golgi staining is still a valuable 

technique as it is the only method that allows entire neurons to be visualized down to the 

detail of dendritic spines. Even though more recent cell tracing techniques involving 

injecting individual neurons with enzymes that work on chromogenic substrates (e.g. 

horseradish peroxidase) or fluorescent dyes (e.g. Alexa Fluor dyes) using micropipettes 

also enable the visualization of the entire neuron, it has to be done one at a time 

whereas Golgi staining labels many neurons at the same time although there is no 

control over which neurons to be labelled. If Golgi staining could be performed 

successfully across the developmental time points in the mouse DCN, the morphological 

development of different neuronal cell types could be observed, especially the 

maturation of the dendritic trees which cannot be visualized directly otherwise. 
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permissions.heidelberg@springer.com)

Reservation of Rights
Springer Science + Business Media reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of
this licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and
Payment terms and conditions.

Copyright Notice:Disclaimer
You must include the following copyright and permission notice in connection with
any reproduction of the licensed material: "Springer and the original publisher
/journal title, volume, year of publication, page, chapter/article title, name(s) of
author(s), figure number(s), original copyright notice) is given to the publication in
which the material was originally published, by adding; with kind permission from
Springer Science and Business Media"

Warranties: None

Example 1: Springer Science + Business Media makes no representations or
warranties with respect to the licensed material.

Example 2: Springer Science + Business Media makes no representations or
warranties with respect to the licensed material and adopts on its own behalf the
limitations and disclaimers established by CCC on its behalf in its Billing and
Payment terms and conditions for this licensing transaction.
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Indemnity
You hereby indemnify and agree to hold harmless Springer Science + Business
Media and CCC, and their respective officers, directors, employees and agents,
from and against any and all claims arising out of your use of the licensed material
other than as specifically authorized pursuant to this license.

No Transfer of License
This license is personal to you and may not be sublicensed, assigned, or
transferred by you to any other person without Springer Science + Business
Media's written permission.

No Amendment Except in Writing
This license may not be amended except in a writing signed by both parties (or, in
the case of Springer Science + Business Media, by CCC on Springer Science +
Business Media's behalf).

Objection to Contrary Terms
Springer Science + Business Media hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by
you, which terms are inconsistent with these terms and conditions or CCC's Billing
and Payment terms and conditions. These terms and conditions, together with
CCC's Billing and Payment terms and conditions (which are incorporated herein),
comprise the entire agreement between you and Springer Science + Business
Media (and CCC) concerning this licensing transaction. In the event of any conflict
between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and
conditions shall control.

Jurisdiction
All disputes that may arise in connection with this present License, or the breach
thereof, shall be settled exclusively by arbitration, to be held in The Netherlands, in
accordance with Dutch law, and to be conducted under the Rules of the
'Netherlands Arbitrage Instituut' (Netherlands Institute of Arbitration).OR:

All disputes that may arise in connection with this present License, or
the breach thereof, shall be settled exclusively by arbitration, to be held
in the Federal Republic of Germany, in accordance with German law.

Other terms and conditions:
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along with your payment made payable to "COPYRIGHT CLEARANCE
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date. Payment should be in the form of a check or money order
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Customer Support: customercare@copyright.com or +1-877-622-5543
(toll free in the US) or +1-978-646-2777.
Gratis licenses (referencing $0 in the Total field) are free. Please retain
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Estimated size (number
of pages) 310

Elsevier VAT number GB 494 6272 12
Permissions price 0.00 USD
VAT/Local Sales Tax 0.0 USD / 0.0 GBP
Total 0.00 USD
Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in
connection with completing this licensing transaction, you agree that the following
terms and conditions apply to this transaction (along with the Billing and Payment
terms and conditions established by Copyright Clearance Center, Inc. ("CCC"), at
the time that you opened your Rightslink account and that are available at any
time at http://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material
subject to the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures)
has appeared in our publication with credit or acknowledgement to another source,
permission must also be sought from that source.  If such permission is not
obtained then that material may not be included in your publication/copies.
Suitable acknowledgement to the source must be made, either as a footnote or in
a reference list at the end of your publication, as follows:

“Reprinted from Publication title, Vol /edition number, Author(s), Title of article /
title of chapter, Pages No., Copyright (Year), with permission from Elsevier [OR
APPLICABLE SOCIETY COPYRIGHT OWNER].” Also Lancet special credit -
“Reprinted from The Lancet, Vol. number, Author(s), Title of article, Pages No.,
Copyright (Year), with permission from Elsevier.”

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may
be altered/adapted minimally to serve your work. Any other abbreviations,
additions, deletions and/or any other alterations shall be made only with prior
written authorization of Elsevier Ltd. (Please contact Elsevier at
permissions@elsevier.com)

6. If the permission fee for the requested use of our material is waived in this
instance, please be advised that your future requests for Elsevier materials may
attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of
this licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and
Payment terms and conditions.
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8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of
your proposed use, no license is finally effective unless and until full payment is
received from you (either by publisher or by CCC) as provided in CCC's Billing and
Payment terms and conditions.  If full payment is not received on a timely basis,
then any license preliminarily granted shall be deemed automatically revoked and
shall be void as if never granted.  Further, in the event that you breach any of
these terms and conditions or any of CCC's Billing and Payment terms and
conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of
the materials beyond the scope of an unrevoked license, may constitute copyright
infringement and publisher reserves the right to take any and all action to protect
its copyright in the materials.

9. Warranties: Publisher makes no representations or warranties with respect to
the licensed material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and
CCC, and their respective officers, directors, employees and agents, from and
against any and all claims arising out of your use of the licensed material other
than as specifically authorized pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be
sublicensed, assigned, or transferred by you to any other person without
publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in
a writing signed by both parties (or, in the case of publisher, by CCC on publisher's
behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained
in any purchase order, acknowledgment, check endorsement or other writing
prepared by you, which terms are inconsistent with these terms and conditions or
CCC's Billing and Payment terms and conditions.  These terms and conditions,
together with CCC's Billing and Payment terms and conditions (which are
incorporated herein), comprise the entire agreement between you and publisher
(and CCC) concerning this licensing transaction.  In the event of any conflict
between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and
conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions
described in this License at their sole discretion, for any reason or no reason, with
a full refund payable to you.  Notice of such denial will be made using the contact
information provided by you.  Failure to receive such notice will not alter or
invalidate the denial.  In no event will Elsevier or Copyright Clearance Center be
responsible or liable for any costs, expenses or damage incurred by you as a result
of a denial of your permission request, other than a refund of the amount(s) paid
by you to Elsevier and/or Copyright Clearance Center for denied permissions.

LIMITED LICENSE

The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English
rights only unless your license was granted for translation rights. If you licensed
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translation rights you may only translate this content into the languages you
requested. A professional translator must perform all translations and reproduce
the content word for word preserving the integrity of the article. If this license is to
re-use 1 or 2 figures then permission is granted for non-exclusive world rights in all
languages.

16. Website: The following terms and conditions apply to electronic reserve and
author websites:
Electronic reserve: If licensed material is to be posted to website, the web site
is to be password-protected and made available only to bona fide students
registered on a relevant course if:
This license was made in connection with a course,
This permission is granted for 1 year only. You may obtain a license for future
website posting, 
All content posted to the web site must maintain the copyright information line on
the bottom of each image, 
A hyper-text must be included to the Homepage of the journal from which you are
licensing at http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier
homepage for books at http://www.elsevier.com , and
Central Storage: This license does not include permission for a scanned version of
the material to be stored in a central repository such as that provided by
Heron/XanEdu.

17. Author website  for journals with the following additional clauses:

All content posted to the web site must maintain the copyright information line on
the bottom of each image, and the permission granted is limited to the personal
version of your paper. You are not allowed to download and post the published
electronic version of your article (whether PDF or HTML, proof or final version), nor
may you scan the printed edition to create an electronic version. A hyper-text must
be included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx . As part of our normal
production process, you will receive an e-mail notice when your article appears on
Elsevier’s online service ScienceDirect (www.sciencedirect.com). That e-mail will
include the article’s Digital Object Identifier (DOI). This number provides the
electronic link to the published article and should be included in the posting of
your personal version. We ask that you wait until you receive this e-mail and have
the DOI to do any posting. 

Central Storage: This license does not include permission for a scanned version of
the material to be stored in a central repository such as that provided by
Heron/XanEdu.

18. Author website for books with the following additional clauses: 
Authors are permitted to place a brief summary of their work online only.
A hyper-text must be included to the Elsevier homepage at
http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image. You are not allowed to
download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version.

Central Storage: This license does not include permission for a scanned version of
the material to be stored in a central repository such as that provided by
Heron/XanEdu.

19. Website (regular and for author): A hyper-text must be included to the
Homepage of the journal from which you are licensing at

http://www.sciencedirect.com/science/journal/xxxxx
http://www.elsevier.com/
http://www.sciencedirect.com/science/journal/xxxxx
http://www.elsevier.com/
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http://www.sciencedirect.com/science/journal/xxxxx.  or for books to the Elsevier
homepage at http://www.elsevier.com

20. Thesis/Dissertation: If your license is for use in a thesis/dissertation your
thesis may be submitted to your institution in either print or electronic form.
Should your thesis be published commercially, please reapply for permission. These
requirements include permission for the Library and Archives of Canada to supply
single copies, on demand, of the complete thesis and include permission for UMI to
supply single copies, on demand, of the complete thesis. Should your thesis be
published commercially, please reapply for permission.

21. Other Conditions:

 

v1.6
If you would like to pay for this license now, please remit this license
along with your payment made payable to "COPYRIGHT CLEARANCE
CENTER" otherwise you will be invoiced within 48 hours of the license
date. Payment should be in the form of a check or money order
referencing your account number and this invoice number
RLNK500979154.
Once you receive your invoice for this order, you may pay your invoice
by credit card. Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
Dept 001
P.O. Box 843006
Boston, MA 02284-3006

For suggestions or comments regarding this order, contact RightsLink
Customer Support: customercare@copyright.com or +1-877-622-5543
(toll free in the US) or +1-978-646-2777.
Gratis licenses (referencing $0 in the Total field) are free. Please retain
this printable license for your reference. No payment is required.
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