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Abstract 

Neuroplasticity is the ability that perform neurons to modify their activity (short or long-term 

potentiation / depression) and/or their respective synaptic tree organization. Neuroplasticity is a 

relevant process that leads the animal adaptation to new environments and new situations by 

the processes of learning and memory. For the human being neuroplasticity has been essential 

because in clearly involved in the language learning and comprehension. In language tasks 

neuroplasticity leads the acquisition of a second, third, etc. languages. Neuroplasticity could be 

important during the application of some therapeutic strategies, in particular in hearing aids or 

in cochlear implants. After a cochlear lesion or auditory nerve damage afferent connections 

from auditory ganglion can be highly altered. This situation could result in a clear reduction of 

auditory input and, of course, an alteration of connectivity of terminals on cochlear nuclei 

neurons. Such a process could stimulate the reorganization of the neural circuits and 

neuroplasticity. Cochlea removal has demonstrated to be a good model to analyze brainstem 

neuroplasticity, in particular when attends to the cochlear nuclei. After cochlea removal three 

main periods of degeneration and regeneration were observed. Early effects, during the first 

week after lesion, involved the acute degeneration with nerve ending oedema and 

degeneration. During the second and, probably, the third weeks after lesion degeneration was 

still present, even though a limited and diffuse expression of GAP-43 started. Around one 

month after peripheral lesion degeneration at the cochlear nuclei progressively disappeared and 

a relevant GAP-43 expression was found. 

 

Key words: neuroplasticity, cochlea, brainstem, cochlear nuclei, auditory system. 
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Neuroplasticity and sensory systems 

Current life provides constantly a very important amount of information to living animals, 

which is relevant for animal survival. Any environment stimulus, including those from other 

living species, contains many complementary aspects (f. i. image, sound-noise, odour, 

temperature, etc.) than serve to define it. But, one sensory system is unable to analyze all of 

these aspects because each one only perceives one kind of energy. Thus, to really understand 

the nature of a stimulus the information of all sensory systems must be integrated (1). 

Therefore, during learning process the neural circuits must be organized to correctly analyze 

the corresponding kind of information. But also neural circuits must to integrate the 

information activating one sensory pathway with the rest of the sensory systems. This 

particular neural activity has been called cross-modal interactions (1,2) and is possible by 

neuroplasticity processes. Also memory processes, highly relevant during learning and sensory 

recognition, are only possible by neuroplasticity. Up to now, neurobiologists accepts that 

neural circuits, using neuroplasticity, are dynamic and adaptable to new situations (2,3,4). In 

fact, nervous system, even in more advanced species, is only able for correct and adequate 

neural processing by modelling and remodelling their structure and physiology (4). 

Neuroplasticity has been defined as the ability of neurons and circuits to modify: 1) their 

functional activity (short or long-term potentiation / depression) and/or 2) their synaptic 

organization in accordance to variations of the activity (1,5-7). Neuroplasticity is present along 

the individual life span: development, adulthood, after injury, during memory and/or learning, 

etc. Some neurodegenerative processes show a highly relevant reduction of neuroplasticity 

from the beginning of degeneration. 

Even though neuroplasticity must be especially intense and a key process during development 

is still present and necessary in the adulthood (4,7). In fact, neuroplasticity is more needed in 

animals with: 1) a complex psychological activity (in particular mammalians, and especially 

big apes and humans) and 2) with a long lifespan. Both characteristics together need the 

preservation of mechanisms that lead a continuous learning and some adaptation processes (4). 

These processes might generally result in an increase of the use of previous neural circuits, but 

sometimes also might result in the shape reorganization of synaptic tree (4). But also the 

maintenance of neuroplasticity activities is necessary for nerve recovery after damage (8). 

 

Neuroplasticity and the auditory pathway 

Hearing is a very relevant sensorial activity for human beings because it is necessary during 

oral language, a relevant psycho-physiological activity (4,9). The auditory pathway exhibits 
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complex neuroplasticity processes linked to learning language tasks in relationship to increases 

of functional activity (10). Thus, language is based in learning and memory processes and, its 

acquisition, results in the organization of neural circuits. But language acquisition is not only 

restricted to auditory areas, in contrast involves many other cortical regions by cross-modal 

sensory interactions (4). Therefore, language acquisition and maintenance requires that 

neuroplasticity, in the auditory and other pathway, remain active along lifespan. All of this is 

especially relevant during the learning of foreign languages. In fact, learning of "foreign 

languages" requires a complex reorganization and neuroplasticity (4). 

After neural damage neural circuits use the genetically established cross-modal interactions 

among sensory systems to reorganize the processing of sensory perception. These effects have 

bee largely confirmed in studies of early sensory deprivation (f. i. congenital blindness or 

deafness, etc.) (2). Also after auditory damage (e.g. noise trauma, neurotoxicity, etc.) 

neuroplasticity could result of a correct or an inadequate nerve (or synapses) regeneration (11-

14). The use of cochlear implants, micro-pumps or other therapies for deafness requires a 

review of our knowledge on neuroplasticity. 

 

Substances involved in neuroplasticity. 

One of the main goals of the current neurobiology is the searching of chemical factors involved 

in neuroplasticity. Even though such a process is probably due to the cooperative action of a lot 

of substances (certainly acting as a molecular cascade as in development of nervous system) a 

significant amount of recent studies were devoted to define the action of some particular 

molecules. Experimental studies reveal some important genetic and epigenetic factors involved 

in neuroplasticity and the different periods when they could act. Some of these factors, 

currently called neurotrophic factors (15,16), are involved in the organization-reorganization of 

neural circuits, the guidance of nerve fibres, but also in nerve survival and neurite outgrowth 

on neurons, in cell culture and after neural damage. Main substances involved in 

neuroplasticity and neurite outgrowth are: 1) neurotrophic factors (NGF, CNTF, BDNF) acting 

on cell-membrane tyrosine-kinase receptors (TrkA, TrkB or TrkC) (4,15,17-19); 2) 

extracellular matrix molecules (f.i. laminin, fibronectin, and other); 3) Cell-adhesion molecules 

like NCAM, NgCAM, LCAM or calcium-dependent molecules as cadherins, etc. (20); 4) 

neurotransmitters and other neuroactive substances (f. i. glutamate, GABA, acetyl-choline, 

serotonin, etc) (5,21-23).; 5) ions; 6), hormones, etc. (see reviews in 3,4,7,24,25). Other 

molecules as semaphorins or netrins are also relevant for the axon guidance during 
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neurofasciculation, and after nerve section. The mechanism for triggering off the 

neuroplasticity remains still quite unknown. 

 

Neuroplasticity and synaptic tree organization and reorganization. 

The first synaptic organization and circuits of the sensory systems is genetically-determined 

and established during embryo life. Thus, the cortical laminar organization of these areas can 

be observed during these developing periods, but the columnar organization among cortex 

needs of functional activity (3,26). This clearly indicates that columnar structure will be 

defined by individual experience and behaviour as in response to environmental stimulation 

(3,26). Thus, the final synapses tree organization of cortical columnae will be dependent of 

learning, memory (27). 

The arrangement of the synaptic tree is based in the neuron ability to generate cytoplasm 

elongations called "growth cones", which exhibit continuous protrusion and regression 

movements (28). This motility is due to the presence of a highly developed cytoskeleton in the 

growth cones that includes contractile-proteins (actin, myosin and other) (28). Even though the 

better known are the growth cones linked to axon growing it must be stated that also dendrites 

elongates using these structures, for instance during neural development (29). 

 

Experimental models of cochlea removal or auditory nerve section. 

Experimental models of nerve lesion or sensory deprivation have been considered highly 

useful to analyze the reorganization and neuroplasticity of neural circuits (2). Several models 

of auditory nerve section, partial or whole cochlear removal have been used (see review in 8). 

Animal models (rats or other) submitted to experimental cochlea removal offered a very good 

model to analyze neuroplasticity in the auditory pathway (30-32). These experiments served to 

analyze the effects of peripheral auditory deprivation on the cochlear nuclei, as an indication of 

the effects of deafness. 

Several technical possibilities have been developed even though the model more frequently 

used is the unilateral cochlea removal (8), but partial removal also provided relevant 

information (33). The effects of cochlea removal on cochlear nuclei have been classically 

analyzed after short (a week), mid (two weeks) or chronic periods (more than a month after 

removal) (8). 

The effects of cochlea deprivation and regeneration have been evidenced by the study of neural 

protein distribution within the cochlear nuclei. Two interesting neural proteins have been used: 

the synaptophysin (Syp) which is a highly functional protein in mature synapses and the 
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growth association protein (GAP-43) which appears in developing and regenerating nerve-

ending buttons. 

The synaptophysin (Syp) is a nerve ending protein of 38 kDa that has been largely found in 

synapses of neurons (f. i. in: brain, spinal cord, retina, neuromuscular junctions, adrenal cells 

etc.) when reached the maturity (34-41). It has been clarified that Syp participates in 

neurotransmission during the fusion of presynaptic vesicles to the presynaptic membrane and 

the release of neurotransmitters (36-40,42-44). 

The Syp expression appeared in the majority (probably all) the synapses that can be found 

within the CN (8). It could be also used as a complementary method to identify and classify the 

CN synaptic nerve endings by their shape and size, following the classical types: large cup-

shaped buttons, round-ovoid buttons and small buttons. But the most relevant finding is that 

Syp expression exhibits a conspicuous distribution within the CN in mammals (45,46). In fact, 

big differences between the ventral cochlear nucleus (VCN) and the dorsal cochlear nucleus 

(DCN) were found (8). A regular pattern of large-mid size buttons were found in the VCN 

surrounding the neuron cells bodies and nerve fibres, while a dense and homogeneous network 

of very small puncta shaped buttons appeared at the DCN (45). Also, neurons of the cochlear 

nerve root area, between AVCN and PVCN, appeared surrounded by large nerve endings 

containing Syp (8). In contrast, the neuropil between neurons was largely free of synaptic Syp-

containing buttons except for projections of nerve fibres (8). 

Differences of size and shape of synaptic buttons, identified by Syp expression, may be related 

to the type of neuron activity. The anatomical regions of the CN exhibit a different function 

(47). While VCN is mainly involved in the reception of primary afferents (tonotopically 

organized), while the DCN could be mainly involved in a first analysis of the information that 

reach it from the VCN. 

The GAP-43 is a calmodulin binding phosphoprotein currently found in growing axons and 

growth cones of developing neurons (48-56), but also in regenerating axons (48,53,57,58). This 

protein is down-regulated when nerve fibres start connection to their corresponding targets. 

The expression of GAP-43 might indicate the existence of a regeneration or neuroplasticity 

process, such as long term potentiation (30,53,58). GAP-43 is considered a useful marker of 

developmental neuron connections (55) and neuroplasticity or regenerating nerve fibres (53). 

The Syp expression seems to be an efficient marker to identify mature synapses and GAP-43 

expression serves to recognize new buttons or regenerating fibres (53,56). But a complete 

evaluation CN changes after cochlea removal needs also the use of transmission electron 

microscopy. 
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Cochlear nuclei changes after cochlea removal or after auditory nerve section. 

The cochlear nuclei (CN) complex has a conspicuous anatomical division in three main parts. 

Each part contains distinct cell types and a particular nerve fibre distribution (59-61). The three 

main subnuclei are: anterior ventral (AVCN), posterior ventral (PVCN) and dorsal (DCN) 

cochlear nuclei. 

In our experimental model control animals exhibited a normal structure and neuronal and 

neuropil distribution. Thus a dense amount of healthy round and oval neuronal cell bodies can 

be observed at the antero-ventral cochlear nucleus (AVCN) (Fig. 1 a), but it was similar for the 

postero-ventral cochlear nucleus (PVCN). This completely normal structure can be found in 

non operated cochlear nuclei from both the control animals and the contro-lateral nucleus to 

the operated side. Also, synaptic distribution in control animals was highly regular including 

big primary afferent buttons (Fig. 1 b, arrows) and other puncta and small buttons. 

In a previous publication (8) three main cochlear nuclei degeneration phases after cochlea 

removal were proposed: 

1- Phase of acute degeneration of the CN 

A very short time (from hours to 1 day) after cochlea removal the most immediate 

morphological findings, in particular the nerve fibre oedema, were observed (Fig. 1c). These 

initial degeneration effects, with abundant rounded-shape afferent nerve fibers (Fig. 1c), were 

identified by using transmission electron microscopy, because it lets to reveal minimal 

ultrastructural changes. However at this time CN neuron cell bodies appeared apparently 

healthy. However, neuron cell death was also found in CN after cochlea removal in particular 

in susceptible animals (31,62). These findings matched well with other previous studies that 

found CN acute degeneration started immediately after cochlear removal or auditory 

deprivation (31,63). Also a precocious and significant reduction of Syp (synaptophysin) 

expression has been described in rats (8) and in guinea pigs after cochlea removal (46). This 

effect will be present in long-term survival animals (see the third experimental group of 

animals). No relevant degeneration effect or ultrastructural changes were observed in the DCN. 

Preliminary signs of neuron plasticity were noticed by the analysis of the expression of a 

developmental and transient neural protein (GAP-43 expression), because this molecule has 

been frequently used as a clear indicator of regenerating axons (48). 

2- Phase of stabilization of lesions at the CN and start of neuroplasticity 

The second period started around a week after lesion and is characterized by a progressive 

increase of neuroplasticity. During this second degeneration period a rapid neuron cell death 

was observed (Fig. 1 d). This finding matched well with the fact that, 2 months after deafening, 
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a dramatic reduction of neurons was noticed. It seems that only less the 25% of neuron 

population was still present at that time, when compared to the deafened and non-deafened 

animals (32). A significant change in the distribution of Syp expression was observed in both 

parts of the VCN, in fact the big projections, end-bulbs of Held, have disappeared, but some 

small buttons were found surrounding the VCN neurons (8).  

In fact, a relevant increase of new nerve fibres containing GAP-43 was detected along the 

VCN. Neuron cell bodies were found completely surrounded by small nerve endings and 

punctae containing GAP-34 (Figure. 1 e). This abundant small nerve endings might correspond 

to projections from the commissural fibres from no-deprived side (64) and/or from the 

descending auditory pathway (65,66).  

3- Phase of neuroplasticity and CN reorganization that takes place around after two weeks and 

a month after cochlea removal. 

At this last phase after cochlear removal a certain number of neurons still appeared with signs 

of degeneration (8). But the more relevant finding of this period was the predominance of the 

regeneration process. It is clear that the CN morphology remains deeply modify by the cochlea 

removal (Fig. 2). 

Significant differences were observed when compared the Syp expression at the CN complex 

between animals submitted to cochlear ablation and controls two weeks or more after lesion. 

While no-deafened animals exhibited an abundant Syp expression in the ventral cochlear 

nuclei (Fig. 2a), animals that were submitted to cochlear removal (model in Fig. 2b) showed a 

high reduction of Syp expression in the same VCN (Fig. 2 c). Also, a relevant increase of 

GAP-43 expression was reported in the deafened CN complex (8). 

 

Relevance of neuroplasticity in CN complex after cochlea removal 

The neuroplasticity in the mammalian nervous system is linked to the activity of several 

molecules as growth factors (67,68), neurotransmitters (68,69), among other. In a our studies 

after auditory receptor lesion or deafening some relevant changes were found in the nerve fibre 

organization and distribution of nerve fibres by using two complementary markers: Syp, as an 

indicator of functional synapses, and GAP-43 which recognized growing nerve fibres. 

The experimental partial or whole cochlear removal in animals was chosen as a good model of 

auditory peripheral lesion or deafening with neuronal degeneration (31,70). A first interesting 

finding is that very quickly after cochlea removal CN neurons rapidly degenerate (31), which 

could be linked to several complementary situations: oxidative stress, excitotoxicity and a 

significant auditory activity reduction (8,71,72). Certainly, a very interesting finding was to 
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recognize that in the next days after cochlea removal or nerve section started neuroplasticity. 

Thin nerve fibres and terminals were found growing and replacing the big afferent auditory 

terminals previously degenerated. Trophic factors must be responsible of such a regenerative 

process. Also, glutamate and NMDA receptors have been involved in neo-fasciculation in both 

in vivo (73) and in vitro experiments (74). Neuroplasticity is still an intriguing process with 

many factor and sequences of activities involved. Neuroplasticity has been claimed usually as a 

positive process because might help to regenerate nerve and fascicles in the peripheral but also 

in the central auditory system. However, a bad connectivity after neuroplasticity processes 

could be also responsible of several pathologies including dislexia among other (60). 

 

Acknowledgements 

The authors acknowledge the helpful comments and criticisms to this manuscript made by Mr. 

D. E. Gil-Pérez, also to Drs. P. Fernández-Pacheco, A. Merchán and E. Hernandez for their 

collaboration in preliminary experiments on this topic. We also acknowledge the laboratory 

assistance of Ms. T. Rodríguez. The preparation of this review has been supported by "Cátedra 

de Neurobiología de la Audición" from the Complutense University of Madrid (Spain). 

 



 10

References 

1. Díaz Arribas MJ, Pardo-Hervás P, Tabares-Lavado M, Rios-Lago M, Maestú F. Plasticidad 

del sistema nervioso central y estrategias de tratamiento para la reprogramación sensorimotora: 

comparación de dos casos de accidente cerebrovascular isquémico en el territorio de la arteria 

cerebral media. Rev Neurol, 2006;42153-8. 

2. Shimojo S, Sams L. Sensory modalities are not separate modalities: plasticity and 

interactions. Curr Op Neurobiol 2001;11:505-9. 

3. Bergado-Rosado JA, Almaguer-Melian W. Cellular mechanisms of neuroplasticity. Rev 

Neurol. 2000;31:1074-95. 

4.- Gil-Loyzaga P. Biological bases of neuroplasticity: in vivo and in vitro studies. Interest for 

the auditory system. Audiological Medicine 2009:7/1:2-10.  

5. Nitsche MA, Liebetanz D, Paulus W, Tergau F. Pharmacological characterisation and 

modulation of neuroplasticity in humans. Curr Neuropharmacol. 2005;3:217-29. 

6. Syka J. Plastic changes in the central auditory system after hearing loss, restoration of 

function, and during learning. Physiol Rev. 2002;82:601-36 

7. Gil-Loyzaga P. Neuroplasticity in the auditory system. Europ Rev ENT. 2005;126/4:203-8. 

8. Gil-Loyzaga P, Iglesias MC, Carricondo F, Bartolome M, Rodríguez F, Poch-Broto J. 

Cochlear nuclei neuroplasticity after auditory nerve and cochlea removal. Audiological 

Medicine 2009:7/1:29 - 39. 

9. Deacon TW. Prefrontal cortex and symbol learning: Why a brain capable of language 

evolved only once. In BM Velichkovsky, DM Rumbaugh. Communicating meaning: The 

evolution and development of language. LEA Publ. New York. 1996:103-38. 

10. Irvine DR. Auditory cortical neuroplasticity: does it provide evidence for cognitive 

processing in the auditory cortex?. Her Res. 2007;229:158-70 

11. Moller AR. Symptoms and signs caused by neural plasticity. Neurol Res. 2001;23:565-72. 

12. Bartels H, Staal MJ, Albers FWJ. Tinnitus and neural plasticity of the brain. Otol Neurotol 

2007;28:178-84. 

13. Cacace AT. Expanding the biological bases of tinnitus: cross-modal origins and the role of 

neuroplasticity. Hear Res. 2003;175:112-32. 

14. Jin YM, Godfrey DA. Effects of cochlear ablation on muscarinic acetylcholine receptor 

biding in the rat cochlear nucleus. J Neurosci Res. 2006;83:157-66.  

15. Barbacid M. Neurotrophic factors and their receptors. Current Op Cell Biol 1995;7,148-55.  

16. Levi-Montalcini R. Developmental neurobiology and the natural history of nerve growth 

factor. Ann Rev Neurosci. 1982;5:341-62. 



 11

17. Korsching S. The neurotrophic factor concept: a reexamination. J. Neurosci. 1993;13:2739-

48. 

19. Pirvola U, Hallböök F, Xing-Qun L, Virkkala J, Saarma M, et al. Expression of 

neurotrophins and Trk receptors in the developing, adult, and regenerating avian cochlea. J 

Neurobiol. 1997;33:1019-33. 

20. Ditlevsen DK, Povlsen GK, Berezin V, Boek E. NCAM-induced intracellular signalin 

revisited. J Neurosci Res. 2008;86:727-43 

21. Gil-Loyzaga P, Pujol R. Neurotransmitters and neuroplasticity during cochlear 

development: in vivo and in vitro studies. Audiological Medicine 2009:7/1:11-21.  

22. Haberny KA, Paule MG, Scallet AC, Sistare FD, Lester DS, et al. Ontogeny of the N-

Methyl-D-Aspartate (NMDA) Receptor System and Susceptibility to Neurotoxicity. Toxicol 

Sci. 2002;68:9-17. 

23. Emerit MB, Riad M, Hamon M. Trophic effects of neurotransmitters during brain 

maturation. Biol Neonate. 1992;62,4:193-201. 

24. Castro Soubriet F. Moléculas quimiotrópicas como mecanismo de orientación del 

crecimiento axonal y de la migración neuronal durante el desarrollo del sistema nervioso de los 

mamíferos. Rev Neurol. 2001;33:54-68. 

25. Brors D, Aletsee C, Dazert S, Huverstuhl j, Ryan AF, Bodmer D. Clstridium difficile toxin 

B, an inhibitor of the small GTPases Rho, Rac and Cdc42, influences spiral ganglion neurite 

outgrowth. Acata Otolaryngol (Stockh) 2003;123:20-5. 

26. Toyama K, Komatsu Y, Yamamoto N, Kurotami T, Yamada K. In vitro approach to visual 

cortical development and plasticity. Neurosci Res 1991;12:57-71. 

27. Bufill E, Carbonell E. Are symbolic behaviour and neuroplasticity an example of gene-

culture coevolution? Rev Neurol 2004:39:48-55. 

28. Letourneau PC. Regulation of nerve fiber elongation suring embryogenesis. In WT 

Greennough, JM Juraska. Developmental Neuropsychobiology. Acad. Press Ibc. Harc. Brace 

Jovanovich Publish. Oralndo USA. 1986, 2:33-71. 

29. Portera-Cailliau C, Yuste R. On the function of dendritic filopodia. Rev Neurol. 

2001;33:1158-66. 

30. Illing RB, Reisch A. Specific plasticity responses to unilaterally decreased or increased 

hearing intensity in the adult cochlear nucleus and beyond. Hearing Res. 2006; 216, 189-97 

31. Rubel EW, Hyson RL, Durham D. Afferent regulation of neurons in the brain stem 

auditory system. J. Neurobiol. 1990;21:169-96 



 12

32. Kraus KS, Illing RB. Cell death or survival: molecular and connectional conditions for 

olivocochlear neurons after axotomy. Neuroscience 2005;134:467- 81 

33. Morest DK, Kim J, Bohne BA. Neuronal and transneuronal degeneration of auditory axons 

in the brainstem after cochlear lesions in the chinchilla: cochleotopic and non-cochleotopic 

patterns, Hearing Res. 1997;103:151-68 

34. Gil-Loyzaga P, Pujol R. Synaptophysin in the developing cochlea. Int J Dev Neurosci. 

1988;6:155-60. 

35. Südhof TC. The synaptic vesicle cycle: a cascade of protein-protein interactions. Nature 

1995;375:645-653.  

36. Jahn R, Schiebler W, Ouimet C, Greengard P. A 38, 000-calton membrane protein (p38) 

present in synaptic vesicles. Proc Natl Acad Sci USA 1985;82: 4137-4141. 

37. Knaus P, Betz H And Rehm H. Expression of synaptophysin during postnatal development 

of the mouse brain. J Neurochem 1986;47: 1302-1304. 

38. Navone F, Jahn R, Di Gioia G, Stukenbrok H, Greengard P, De Camilli P. Protein p38: an 

integral membrane protein specific for small vesicles of neurons and neuroendocrine cells. J 

Cell Biol. 1986;103:2511-27. 

39. Wiedermann B, Franke WW, Kuhn C, Moll R, Gould VE. Synaptophysin: A marker 

protein for neuroendocrine cells and neoplasms. Proc Natl Acad Sci USA. 1986;83:3500-04. 

40. Thomas L, Hartung K, Langosch D, Rehm H, Bamberg E, Franke WW, Betz H. 

Identification of synaptophysin as a hexameric channel protein of the synaptic vesicle 

membrane. Science. 1988;242:1050-3. 

41. Johnston PA, Jahn R, Südhof TC. Transmembrane topography and evolutionary 

conservation of synaptophysin. J Biol Chem. 1989;264:1268-73. 

42. Wiedenmann B, Franke WW. Identification and localization of synaptophysin, an integral 

membrane glycoprotein of Mr 38,000 characteristic of presynaptic vesicles. Cell. 

1985;41:1017-28. 

43. Rehm H, Wiedenmann B, Betz H. Molecular characterization of synaptophysin, a major 

calcium-binding protein of the synaptic vesicle membrane. EMBO J. 1986;5:535-41. 

44. Korematsu K, Goto S, Nagahiro S, Ushio Y. Changes of immunoreactivity for 

synaptophysin ('protein p38') following a transient cerebral ischemia in the rat striatum. Brain 

Res. 1993;616:320-4. 

45. Bartolomé M; Ibáñez MA; López-Sánchez JG; Merchán-Pérez A; Gil-Loyzaga P: 

Synaptophysin immunoreactivity in the cochlear nuclei of mammals: A comparative study. 

ORL and Its Related Specialities 1993;55:317-332. 



 13

46. Benson CG, Gross JS, Suneja SK, Potashner SJ. Synaptophysin immunoreactivity in the 

cochlear nucleus after unilateral cochlear or ossicular removal. Synapse 1997;25:243-57  

47. Lorente de Nó R. The primery acoustic nuclei. Raven Press. New York. 1981 

48. Verhhagen J, Van Hooff COM, Edwards PM, De Graan PNE, Oestreicher AB, Schotman P 

et al. The kinase C substrate protein B-50 and axonal regeneration. Brain Res Bull 

1986;17:737-41 

49. Lasiter PS, Kachele DL. Postnatal development of protein P-38 ('synaptophysin') 

immunoreactivity in pontine and medullary gustatory zones of rat. Dev Brain Res. 1989;48:27-

33. 

50. Bergmann M, Schuster T, Grabs D, Marquèze-Pouey B, Betz H, Traurig H, Mayerhofer A, 

Gratzl M. Synaptophysin and synaptoporin expression in the developing rat olfactory system. 

Dev Brain Res. 1993;74:235-44. 

51. Ovtscharoff W, Bergmann M, Marquèze-Pouey B, Knaus P, Betz H, Grabs D, Reisert I, 

Gratzl M. Ontogeny of synaptophysin and synaptoporin in the central nervous system: 

differential expression in striatal neurons and their afferents during development. Dev Brain 

Res. 1993;72:219-25. 

52. Illing RB, Horváth M: Re-emergence of GAP-43 in cochlear nucleus and superior olive 

following cochlear ablation in the rat. Neurosci Lett 1995;194:9-12 

53. Illing RB, Horvatz M, Laszig R. Plasticity of the auditory brainstem: Effects of cochlear 

ablation on GAP-43 immunoreactivity in the rat. J Comp Neurol. 1997;382:116-38. 

54. Merchán-Pérez A; Bartolomé M; Ibáñez MA; Gil-Loyzaga P: Expression of GAP-43 in 

growing efferent fibers during cochlear development. ORL and Its Related Specialities 

1993;55:208-210. 

55. Illing RB, Cao QL, Forster CR, Laszig R. Auditory brainstem: Development and plasticity 

of GAP-43 mRNA expression in the rat. J Comp Neurol. 1999;412:353-72. 

56. Bartolome MV, Ibanez A, Gil-Loyzaga P. Transitional expression of OX-2 and GAP-43 

glycoproteins in developing cochlear nerve fibers. Histol. Histopathol. 2002:17:83-95. 

57. Skene JH, Jacobson RD, Snipes GJ, McGuire CB, Norden JJ, Freeman JA. A protein 

induced during nerve growth (GAP-43) is a major component of growth-cone membranes. 

Science. 1986;233:783-6. 

58. Benowitz Li, Perrone-Bizzosero N. The relationship of GAP-43 to the development and 

plasticity of synaptic connections. Ann NY Acad Sci USA. 1991;627:58-74 

59. Osen KK. Cytoarchitecture of the cochlear nuclei in the cat. J Comp Neurol. 1969;136:453-

84. 



 14

60. Brawer JR, Morest DK, Kane EC. The neuronal architecture of the cochlear nucleus of the 

cat. J Comp Neurol. 1974;155:251-300. 

61. Hackney CM, Osen KK, Kolston J. Anatomy of the cochlear nuclear complex of guinea 

pig. Anat Embryol (Berl). 1990;182:123-49. 

62. Mostafapour SP, Cochran SL, del Puerto NM, Rubel EW. Patterns of cell death in mouse 

anteroventral cochlear nucleus neurons after unilateral cochlea removal. J Comp Neurol 

2000:426:561-71. 

63. Cant NB, Morest DK. Organization of the neurons in the anterior division of the 

anteroventral cochlear nucleus of the cat. Light-microscopic observations. Neuroscience. 

1979;4:1909-23. 

64. Shore SE, Godfrey DA, Helfert RH, Altschuler RA, Bledsoe SC Jr. Connections between 

the cochlear nuclei in guinea pig. Hear Res. 1992;62:16-26.  

65. Ryan AF, Keithley EM, Wang ZX, Schwartz IR. Collaterals from lateral and medial 

olivocochlear efferent neurons innervate different regions of the cochlear nucleus and adjacent 

brainstem. J Comp Neurol. 1990;300:572-82. 

66. Shore SE, Helfert RH, Bledsoe SC Jr, Altschuler RA, Godfrey DA. Descending projections 

to the dorsal and ventral divisions of the cochlear nucleus in guinea pig. Hear Res. 

1991;52:255-68. 

67. Fuentes-Santamaría V; Alvarado J Carlos; Henkel CK; Brunso-Bechtold JK. Cochlear 

ablation in adult ferrets results in changes in insulin-like growth factor-1 and synaptophysin 

immunostaining in the cochlear nucleus. Neuroscience. 2007;148:1033-47 

68. D'Sa C, Gross J, Francone VP, Morest DK. Plasticity of synaptic endings in the cochlear 

nucleus following noise-induced hearing loss is facilitated in the adult FGF2 overexpressor 

mouse. Europ J Neuroscience 2007;26:666-80. 

69. Holt AG, Asako M, Lomax CA, MacDonald J, Tong L, Lomax MI, Altschuler RA. 

Deafness-related plasticity in the inferior colliculus: gene expression profiling following 

removal of peripheral activity. J Neurochem. 2005;93:1069-86 

70. Mossop J, Wilson M, Caspary D, Moore D. Down-regulation of inhibition following 

unilateral deafening. Hearing Res. 2000;147:183–7 

71. Pavon N, Vidal L, Blanco L, Alvarez-Fonseca P, Torres-Montoya A, Lorigados L, 

Alvarez-Gonzalez L, Macias R. Factores que desencadenan la muerte neuronal en 

enfermedades neurodegenerativas. Rev Neurol. 1998;26:544-560. 

72. Durham D, Park DL, Girod DA. Central nervous system plasticity during hair cell loss and 

regeneration. Hearing Res. 2000;147:145-59. 



 15

73. d'Aldin CG, Ruel J, Assié R, Pujol R, Puel JL. Implication of NMDA type glutamate 

receptors in neural regeneration and neoformation of synapses after excitotoxic injury in the 

guinea pig cochlea. Int J Dev Neurosci. 1997;15:619-29. 

74. Gil-Loyzaga P: Neuroplasticity in the auditory system. European Review of ENT (Rev. 

Larynologie, Otologie and Rhinologie) 2005;126,4:203-208. 

 

 

 

Legends of figures. 

Fig. 1. a) Ultrastructure (Transmission Electron-Microscopy) of a panoramic view of the 

ventral cochlear nucleus. Oval and round-shape neurons (stars) are observed in this image with 

a healthy and no deleterious effects appear. 

b- Syp expression in the ventral cochlear nucleus of a control no-deafened rat. Positive dark 

reactive points (arrows) correspond to typical thick end-bulbs of primary afferent nerve fibres 

making contact with CN neurons. 

c) Ultrastructure (Transmission Electron-Microscopy) of the ventral cochlear nucleus, of a rat 1 

day after cochlea removal, showing oedematous afferent nerve fibres (arrows). 

d) Ultrastructure (Transmission Electron-Microscopy) semi-panoramic view of the ventral 

cochlear nucleus, of a rat 5 days after cochlea removal, showing some neuron degeneration 

image (arrows). 

e) GAP expression in the ventral cochlear nuclei, of a rat 3 days after cochlear removal, 

demonstrated by dark small points around neuron cell bodies (arrows). 

 

Fig. 2. a) Syp expression in the cochlear nuclei complex of a no-deafened rat (panoramic 

view). Syp expression has a unlike distribution in either ventral (VCN) and dorsal (DCN) 

cochlear nuclei. In the VCN, Syp expression exhibits a more intense presence in large nerve 

endings around neurons. In contrast, in the DCN exhibits a dense regular pattern. 

b) Schematic drawn showing of the cochlea and cochlear (CN) complex before nerve section 

or cochlea removal (scalpel) following the dot discontinuous line 

c) Cochlear nuclei (CN) effects 15 days after cochlea removal. Syp expression is highly 

reduced in both the AVCN and PVCN, while seems to be unaffected in the DCN, except in its 

deep region.  
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