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          The cochlear and vestibular sensory neurons of both animals show some 

differences and similarities. The similarities in tonotopy of the cochleo-

vestibular sensory neurons are much more impressive in all vertebrates. The 

sensory neurons in mammal’s acoustic system is very simple than the avian, but 

share some fundamental characteristics, including the developmental principle, 

distribution of sensory hair cells and neurophysiological properties. Moreover, 

the provided evidences by many researchers suggest that the cochleo-vestibular 

sensory neurons of the human being have an affinity with a developmental plan 

of other vertebrate. In many species, the adaptations for detecting a particular 

frequency have shaped many questions in the mind of investigators. As a result, 

the neurophysiology has very benefitted by the use of different techniques to 

understand the structural and functional correlation of the SAO (stato-acoustic 

organ) in all animals. The marvelous advantage is that the chickens and rats 

offered a useful experimental model for comparative physiological studies.  

         Both chickens and rats are endothermic, revealed sophisticate capability to 

detect the mechanical sound wave and magnifying a low range of frequency by 

dramatic oscillation in the SHCs (sensory hair cells) and stereocilia. Although, 

more than 200 million years ago the aves and mammals were diverged from the 

reptilia (Benton, M. J. 1997). It has often been informative that how determined 

the dissimilarities and similarity in response properties of sensory neurons in 

both modern ideal model of the chickens and rats. This research planning is 

begin by examined that how a specific features of the neural sensitivity is intact 
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to their tonotopy and developmental history and then seek to know that how 

tonotopy of the stato-acoustic organ serve as low and high frequency detector.  

      The sensory neurons convey information about the external and internal 

environment to the brain and peripheral components by receiving from SHCs 

(sensory hair cells). Many mammals and birds are altricial, they spend the first 

several days to weeks as neonate before the onset of prominent frequency 

selectivity. During this period, projections rate of the sensory neurons very high 

in the cochlea and vestibular system. Ultimately, the information about a 

particular frequency conveys through these projections. This frequency 

magnifies by the cochlear receptive hair cells and their intact components. Thus 

it provides a significant basis for casting the auditory and vestibular system. The 

projection of sensory neurons in both systems are preserved and discriminates 

during ontogeny of SAO, therefore the neural synapse provides a means to pass 

a stimulus wave from sensory hair cells to the brain. We have understood the 

phases of neural refinement in regard to the sense of particular stimulus 

frequencies and recording the responses from active sensory neurons of both 

systems over the different range of stimulus frequency. 

        The refinements in the activity of sensory neurons are complete before the 

onset of proper hearing (Cant et al. 1998). However, the mechanisms of 

particular frequency selectivity underlying the prehearing development 

processes are not yet evident in both animals. The development of neural web in 
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1.1. Outer Ear 

          It is a visible part of the ear, well developed in mammals (Whale, seal, 

ornithorhynchus are an exception) than the other animals. It surrounds the 

opening of a small tubular passage called external auditory meatus (EAM), 

which leads into cranium and terminates at an elliptical shaped tympanic 

membrane (Ear drum). 

1.1a  Function of Pinna:  

         The pinna preferentially concentrates the mechanical sound frequency and 

transfer into the EAM. It also plays an important role to enhance the intensity of 

the sound frequency. In some animals such as rabbits, dogs and cows, it is 

movable. Although in the human being the muscles (auriculares) of the ear are 

vestigial, so it is immovable. It may be varied in all animals according to their 

use and environmental conditions, although it is absent in some classes of 

animals, for example Aves, Reptilia, Amphibia and super class Pisces. 

1.2. Middle Ear  

       The air filled cavity situated between outer and inner ear known as middle 

ear, connected with the Eustachian tube, its first named after Bartolommeo 

Eustachian an Italian anatomist. In mammals, the middle ear contains a chain of 

three small cartilaginous bones extending between the TM (Tympanic 

Membrane) and fenestra ovalis. These bones are known as the Malleus, Incus 
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and Stapes orderly from outside to inner, homologically they represent the 

articular, quadrate and hyomendibular bones respectively.  

          The ear bones transmit the mechanical vibration of the ear drum 

(Tympanic Membrane) into the internal ear through oval shaped fenestra ovalis 

passage. It is believed that only about 0.1 % of the sound wave striking semi 

fluid surface, rest 99.9% wave is reflected back. If the entire mechanical waves 

have arrived into the semi solid fluid of the internal ear, most of the wave 

reflects back. One end of the malleus is connected to the tympanic membrane 

and the foot plate of the stapes connected to the oval passage as a movable 

piston. Thus the middle ear accomplishes the remarkable task of recovering 

otherwise lost sound wave by coordination of the mechanical action of 

peripheral components. 

1.3.  Internal Ear 

          The inner ear is an important intact part of the vertebrate’s ear. It is a very 

complicated and delicate structure, comprise a sac that surrounds by the 

membranous wall known as the membranous labyrinth (ML). It is firmly 

embedded in periotic bone in a small cavity called the bony labyrinth. It is 

hollow, contains a fluid known as endolymph. A narrow outside space of the 

membranous labyrinth is filled with another semi-solid fluid known as 

perilymph; both fluids are separate from each other by the delicate membrane. 

The membranous labyrinth contains three delicate structures: 
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A. Cochlea 

B. Semi-circular Canals 

C. Small sac like Utricle and Saccule (Body Proper) 

A. Cochlea 

        In all vertebrate, the cochlea is similar in many aspects, but it is varies on 

the basis of addition of long narrow coiled and tubular outgrowth from the 

lower portion of the saccule called cochlear duct. The cochlea is a bony canal; 

its size and shape are varying in all vertebrates in which mechanical waves 

propagate from the middle ear to the end part of the cochlea or organ of corti. 

The canal of cochlea is a part of the bony labyrinth of the auris interna (internal 

ear), length is about 30 mm. The spiral cochlea includes three chambers: 

i. The vestibular duct (filled with perilymph) situated to the superior of the 

cochlear duct and adjacent to the oval window. 

ii. The tympanic duct (filled with perilymph) lies inferior to the narrow 

cochlear canal terminates at the helicotrema. 

iii. The cochlear duct (filled with endolymph) has high concentration of K
+
 

ions  

Furthermore, many specialized components of the stato-acoustic organ that 

involve in the sense and enhance of the neural sensitivity at a particular 

frequency are such as: 
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a. Helicotrema 

         Helicotrema located at the merge point of the tympanic duct and 

vestibular duct, near this part a low frequency sound best detects by 

sensory hair cells. 

b. Reissner’s Membrane  

        This membrane separates the vestibular canal from the cochlear canal 

and located just above the tectorial membrane, it is important for 

function of the organ of Corti. 

c. Basilar Membrane  

          It is a main functional and structural component which separates the 

cochlear duct from the tympanic canal. The properties of mechanical 

wave propagation determine by it. 

d. Organ of Corti 

        The organ of corti is a sensory epithelium lies in scala media or middle 

chamber of the cochlea, in which several sensory hair cells are powered 

with the creating the potential difference between the semi solid fluid 

perilymph and endolymph. 

e. Sensory Hair Cells 

         These cells are mechanical wave receptor in both the vestibular system 

and cochlea (auditory system) of all vertebrates. The sensory cells are 
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tonotopically arranged in four rows within the organ of corti along the 

entire length of the cochlear duct. These rows are situated just above a 

thin basilar membrane. Many fine hair like structure called stereocilia 

present on the sensory hair cells. 

A.1. Function  

       The tympanic membrane vibrates when the mechanical wave transmitted 

via the outer ear. This membrane is connected with the malleus by which the 

stepes bone of middle ear transmits mechanical vibration into the oval window 

on the apex of the cochlea.  This mechanical vibration generates the oscillatory 

motion in semi solid perilymph of the vestibular canal. The ear ossicles play an 

important role in coupling of mechanical waves into cochlea. The cochlear inner 

part is a delicate membrane system; it takes more pressure for transmitting 

sound waves via fluids. The increased pressure is achieved by the area ratio of 

the ear drum; thereby the pressure maintained itself. This pressure is an 

impedance, it equal to the mechanical waves traveling through the fluid 

membrane system.  

          At the apex of the cochlea, each duct terminates at a membranous portal 

that faces the middle ear cavity. The vestibular duct terminates at the fenestra 

ovalis, where the stapes footplate is connected. The stapes footplate vibrates 

when mechanical waves is transmitted via the chain of cartilage bones. The 

waves in vestibular perilymph move from stapes foot plate to the helicotrema. 
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The cochlear and vestibular duct acts mechanically as a single duct being kept 

apart only by a thin reissner’s membrane. 

         The mechanical waves of the cochlear endolymph generate the vibration 

in the basilar membrane (BM). The organ of corti vibrates due to the movement 

of the outer sensory hair cells that amplify the mechanical wave. The inner 

sensory hair cells vibrate by the vibratory waves of endolymph, and depolarize 

by the inflow of potassium (K
+
) ions via their apex transduction channels; after 

that transmits the electrical signals via neurotransmitter to the primary auditory 

neurons. The sensory hair cells (SHCs) of the organ of corti are tuned with a 

particular sound frequency in way of their location on cochlea due to the 

magnitude of the severity in the BM (Guenter Ehret, Dec 1978; Camhi, J. 

1984). 

          The coiled structure of the cochlea is unique in mammals. In birds and 

other non-mammalian vertebrates the acoustic duct containing the sensory hair 

cells for receiving particular sound frequency is sometimes known as a cochlea, 

despite not coiled up. Instead, these animals have a blunt tube also known as 

cochlear duct. These structures evolve in parallel to the frequency selectivity in 

non-mammalian and mammalian vertebrates. The frequency range of hearing in 

the vertebrate is specialized due to their different mechanism of amplification of 

traveling sound waves by the active sensory hair cells (SHCs). The frequency 

resolution is not better in the mammals than the most birds and reptiles, but 
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several researchers believed that the upper frequency limit is somewhat higher. 

The frequency selectivity is very controversial in mammals and non mammalian 

animals. 

          Most species of the birds do not detect above 4-5 kHz frequency, but the 

current study on the barn owl have suggested that their frequency detection 

range extended from 6 kHz to ±11 kHz; it is high in compare to the chickens 

and rats. Some marine mammals focus up to 200 kHz. In the present study we 

have also observed the factors that alter the frequency detection such as 

environmental, anatomical and experimental factors in both groups of the 

animals that belong to different classes (Aves and Mammals). For this purpose, 

two groups of the animals and mechanical stimulus were included in the 

experiment such as: 

i. Group I- Chickens (12 -14 Weeks old, Number-6) 

ii. Group II- Rats (12-14 Weeks old, Number-6) 

iii. Mechanical stimulus from 32 Hz to 10 kHz 

 

          The birds and mammals are an ideal model for comparison of the 

anatomical and physiological evolution. They have provided appreciable 

perception in the ontogeny of SAO. Thorough documentation of the anatomy 

and physiology of the ear given by Cohen et al. (1992), the detail descriptions 

of spontaneous discharge patterns recorded from the developing cochleo-
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vestibular nerves and their peripheral auditory circuits of both animals. The 

frequency selectivity patterns (FSP) have recorded from the cochleo-vestibular 

sensory nerves in many neonate animals, their spontaneous burst represents to 

the development of the neural course in the cochlea. The neural bursting has 

plotted form the sensory nerves of the cochleo-vestibular system, it gives a base 

of the evaluation of the refinement in neural activity and sensitivity in the hair 

cells.      

       Although, further development of the sensory neurons in adult animals 

reveal the different distribution of neural fibers and spontaneous activity that 

also show the remarkable dissimilarity from pre to next developmental phase of 

the cochlea and cupula. This dissimilarity occurs in both animal but may be less 

in an individual. Therefore, several investigators have been concluded that this 

dissimilarity as a resultant of the many anatomical, habitual and experimental 

factors that influence the mechanism of the cochleo-vestibular nerves and hair 

cells. The experimental and theoretical observations are helpful to determine the 

cochleo-vestibular potential using the various mechanical stimulus on both 

animals and comparison between them. 

       In both auditory and vestibular system, stereocilia are a mechano-sensing 

part on the sensory hair cells which are very sensitive in response to the 

endolymph oscillation in many types of species. It is also play an important role 

in magnifying the sound frequency. Their length is varying from animal to 
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animals. It has some similarity with the microvilli of cupula. The sensory hair 

cells sense the endolymphatic force and transduce such other mechanical wave 

into the electrical signal via the numerous stereocilia. Stereocilia are a hair like 

outgrowth of the sensory hair cells and these are arranged in clusters of 30 –300 

(Rzadzinska, A. K. et al. 2004). 

          The stereocilia are arranged in several rows of increasing length, as 

staircase. The cross linked actin fibers present at core region of the stereocilia, 

which can regenerate. These actin fibers face their positive and negative ends 

respectively at apex and base of the stereocilia, these fibers can be 120 

micrometers long ((Rzadzinska, A. K. et al. 2004). These fibers liked with the 

tips of stereocilia of the contiguous rows within clusters. These cross links are 

made up of fine fibers that project upward from the apex region of shortest to its 

longest stereocilia. When the stereocilia stretched, the transduction channels 

open thus it permits to flow of the ions across the cells membrane into the 

sensory hair cells. This mechanism also plays an important role in the wave 

traveling across the cluster of the stereocilia and maintains the wave 

propagation properties of the sensory hair cells.  

A. 2.   Pathway of the Auditory System 

         The stereocilia are arranged in several rows on the organ of corti. In the 

hearing mechanism, the stereocilia involved as a transducer and transduce the 

mechanical waves into the electrical signal for the sensory hair cells that leads 
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to the stimulation of the auditory neurons. The cross connected actin fibers 

embedded in cytoplasm of the stereocilia, these actin fibers supports to the 

sensory neurons and apex region of the hair cells. When the mechanical wave 

propagates in cochlea the oscillatory movement produces in endolymph and 

then frequently bends the stereocilia. The bending of the stereocilia generates 

stretch on the apex region, whereby the opening of the apex transduction 

channels. The cations flow from the endolymph into the sensory hair cells that 

depolarized the cells and start the release of the neurotransmetters from the 

adjacent neurons of the cells. 

        In the auditory system, the movement of the tectorial and basilar 

membrane induced the stereocilia, whereby the stretched on the cross tip liked 

fibers then flow and suppress of the ions from the membrane into the sensory 

hair cells. The flow of the ions across the membrane into the sensory hair cells 

are increased with the increasing the stretched on the cross tip liked fibers. 

Thus, inflow of the ions induces the depolarization of the sensory hair cells; 

resultant in the developed of the electrical potential that ultimately leads the 

electrical signals to the auditory neurons. The channels of transduction related 

with the stereocilia; it is believed the transduction channels lie at the distal ends 

of the stereocilia (Hudspeth, A. J. 1982). The bending of the stereocilia toward 

the tall stereocilia leads to an enhanced the opening rate of the non specific ions 

channels. It is also induced the depolarization of receptor sensory hair cells and 

stimulate to the cochlear afferent neurons that are projected at the base of the 
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sensory hair cells. The bending of the stereocilia in the opposite direction of the 

small stereocilia causes transduction mechanism to suppress. In this condition, 

the sensory hair cells hyperpolarized and the afferent neurons are not activated 

(Ohmori, H. 1985; Corey et al. 1979; Hackney et al. 1995). 

          In the inner ear of all vertebrate animals, two types of semi solid fluid that 

covered the sensory hair cells. The first fluid is endolymph that covers the 

superior surface of the sensory hair cells; it contains the potassium ions (K
+
). It 

is thought that the endolymph is responsible for carrying the wave in the 

cochlea. The second fluid is perilymph, which surrounds the bases of the 

sensory hair cells. The sodium (Na
+
) is a major ion of the perilymph and 

potassium in low quantity (Bosher et al. 1978). The different ionic 

concentration of the fluid, generate the potential difference across the apex 

membrane of the hair cells, thus the potassium ions enter into the transduction 

channels. The flow of the potassium ions induced the depolarization of the 

sensory hair cells. It is responsible for the release of a neurotransmitter that can 

initiate the sensitivity of the neurons on the base of the sensory hair cells. 

B. Semicircular Canals (SCCs):  

        A group of three SCCs connected to the utricle, these are at right angle to 

each other called the horizontal (lateral), the anterior (superior) and the posterior 

(inferior) semicircular canals. Anterior and posterior SCCs collectively are 

known as vertical SCCs. The movements of semi solid fluid within lateral SCCs 
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corresponding to the rotation of head around the vertical axis. The superior and 

inferior SCCs sense the rotation of the head in the sagittal and the frontal plane. 

Both superior and inferior canals adjusted at approximately 45
◦
 between sagittal 

and frontal plane. The movement of the endolymph fluid pushes on the cupula 

which contains several sensory hair cells that transduce the endolymphatic 

mechanical movement to electrical wave by the help of stereocilia. The 

vestibular system in all animals is physiologically very ancient and their 

development is an important evolutionary event because without it all animals 

unable to maintain equilibrium while moving in their niche.  

         The vestibular labyrinth in all vertebrate detects the linear and an angular 

movement of the head. The response of the copular sensory neurons at the 

different range of stimulus frequency is a matter of this review. In mammals, 

the horizontal SCCs are situated in the head and it aligned ordinarily with yaw 

axis of the head, whereas the superior (anterior SCCs) and inferior semicircular 

canals are positioned at right angle (orthogonal) to each other. These SCCs have 

an endolymph fluid filled hollow tube containing an enlarge sac like ampulla at 

one end.  The crista ampularis is receptor organ lies inside the ampulla and 

anchored to a thin wall of the ampulla. This crista innervated by the delicate 

layer of the sensory hair cells and the stereocilia. The length of stereocilia is 

about 100 microns projected into a gelatinous cupula that closed in the fluid 

flow ampulary space.   
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         The sensory hair cells are well innervated by the vestibular afferent 

neurons that nerves emerge from the base of ampula and projects toward the 

brain. The vestibular system is secured in the skull; therefore, the endolymph 

flows with the head movement. The inertial force is generated within the SCCs 

with oscillatory movement of semi solid endolymph. The endolymph flow is 

produced a drag force and a compensatory movement of the cupulary sensory 

hair cells that generate invigorative force, it is symmetrical to the inertial force 

in dynamic equilibrium (Damiano, E; Rabbitt, R. D. 1996).        

B.1. Pathway of the Vestibular System:  

          The stereocilia are situated in the cupula of semicircular canals (SCCs) 

and otolith membrane of the utricles chamber in all vertebrates. These sensory 

hair cells in the vestibular system are somewhat vary to the cochlear hair cells. 

The vestibular sensory hair cells have several cilia called kinocilium. When the 

kinocilium bends toward the tallest kinocilium which depolarizes the sensory 

hair cells, results in the excitation of the responses of sensory neurons, and the 

stereocilia bends away from tallest kinocilium, whereby the sensory cells are 

hyperpolarized, results in the suppress of neural responses. In the SCCs the 

sensory hair cells located in the crista ampullaris.  The stereocilia of the sensory 

hair cells projected into the cupula and their entire stereocilia bends in the same 

direction with the movement of the endolymph in SCCs, whereas the sensory 

hair cells of the otoliths membrane are located at the otoconia (calcium 



Introduction 

18 

 

carbonate crystals). Otoconia are bio-cristals which couple mechanical forces to 

the sensory hair cells in the utricle and saccule, a process essential for animals 

to sense linear acceleration and gravity for the purpose of maintaining body 

balance.   

C. Small sac like Utricles and Saccule (Body Proper) 

         In the vestibular system, a large upper part is utricles and the lower small 

chamber is saccule, these two chambers are connected to each other by a narrow 

sacculo-urticulus duct. The saccule gives off a small tubular endolymphatic 

duct, terminating against the skull into an endolymphatic sac. Each part has a 

specialized cluster of the sensory cells known as macula with fine projecting 

sensory hair. These sensory hairs are firmly embedded in semi solid jelly also 

containing calcium carbonate particles (CaCO3) called otoliths. These sensory 

hair cells are known as the macula utriculi and macula saculi respectively. Its 

important role in all vertebrates is to maintain body posture and position of the 

head. The hard bony labyrinth covered the utricle and saccule are called 

vestibule.  

          This approach has observed the common and distinct physiological 

features in both systems. The mechanism of frequency selectivity in the 

cochleo-vestibular neurons has examined and it appears that the comparative 

physiological approach has continued as data generative in regard to it. We have 

also compared the similarity and dissimilarity in response properties over the 
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different range of stimulus frequency, with the intent of cross-correlation in the 

sensitivity of the cochlear and vestibular sensory neurons in both groups of the 

animals.  
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CHAPTER- 2 

AIM AND OBJECTIVES 
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         The animal's ear anatomy firmly correlates with the neurophysiological 

responses in regard to the detection of particular sound frequency that also 

represents the specific neurophysiological and anatomical conditions. 

Physiological data were collected from the cochlear and vestibular neurons of 

the different groups of animals. Entire anatomical and physiological parameters 

included in the studies of the cochleo-vestibular responses. The mechanical 

stimulus from 32 Hz to 10 kHz generated by an audio oscillator to evaluate the 

cochleo-vestibular potential. The stimulus intensity from 25.5 dB to 45dB SPL 

was used for both animals. The potential was measured directly on the 

oscilloscope and expressed in µV peak to peak. The main focus of the current 

studies is summarized in the following contents: 

i. To evaluate the established hypothesis that anatomical 

specialization enhanced the sensitivity of the cochlear and 

vestibular neurons. 

ii. Compare the sound-induced cochleo-vestibular nerves responses 

between both animals. 

iii. To determine the physiological relationship of the cochleo-

vestibular system between both groups of the animals. 

iv. To observe the tonotopy of the cochlea and vestibular system. 

v. To study the neural innervations in the organ of corti and cupular 

hair cells. 
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vi. To observe the amplification of mechanical wave by the sensory 

hair cells of the cochlea in both animals. 
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CHAPTER- 3 

REVIEW OF LITERATURE 
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         It is generally believed that all animals tend to extend the FR (frequency 

range) of hearing and equilibrium of our body posture. Many researchers have 

been suggested that the avian’s SAO (stato-acoustic organ) lies between the 

primitive organ of the reptilian and the anatomically complex cochlea of 

mammals. The oscillation in the sensory hair cells of the cochlea and cupula 

over a stimulus range of frequency has been observed in many species of the 

birds and mammals in detailed; this movement has plotted as curves. Similar 

studies have been completed on mechanotransducer channels in papillary hair 

bundle of the non mammalian cochlea (Manley and Koppl, 1998; Hudspeth et 

al. 2000; Koppl, 2011). Many researchers have been supported that this 

mechanism has in the birds (Cohen et at. 1992; Sul and Iwasa, 2009). 

Furthermore, this mechanism was detected in the basilar membrane of 

mammals (Gurmmer et al. 1987). According to this mechanism, we have been 

observed the cochleo-vestibular potentiality in both animals. 

       The frequency tuning curves (FTC) of the cochleo-vestibular neurons 

revealed spontaneous spikes discharge rate and frequency selectivity in the 

chickens and rats. Therefore, the dissimilarity occurred in the switching of the 

spikes discharge and the magnitude of the spikes on FTC. The switching was 

observed in the phases of the cochleo-vestibular sensory nerves at about ≤1200 

Hz (spikes discharge rate 70 sp/s) and ≤1350 Hz (SDR 67 sp/s) respectively for 

chickens and rats. Many researchers have been observed the variation in spikes 
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discharge rate, that value for chickens was 86 sp/s (Salvi et al.1992), but this 

value markedly contrasted with the 1-12 days old chickens (23sp/s) (Manley et 

al.1991a). However, many researchers assumed that the variation in SDR might 

be attributed by anesthesia, environmental factors rather than age (Smolders et. 

al.1995). The stimulus magnitude 6 - 8º/s and 3-6 º/s respectively for chickens 

and rats have reported by the oscillatory movement in vestibular endolymph at 

about 0.06- 4.0 Hz range of frequency (Anastasio, T. J. et al. 1985, Baarsma, E. 

A. 1974, and Barmac, N. H. 1981). 

         The Spikes discharge patterns of the vestibular and cochlear sensory 

neurons have been examined in the newborn mammals (Carlier et al. 1975; 

Curthoys 1978, 1979, 1982, 1983; Desmadryl et al. 1986; Gummer and mark 

1994; Kettner et al. 1985; Romand and Dauzat 1982; Walsh And McGee 1987) 

similar data collected from the embryo of  posthatch birds (Yamaguchi and 

Ohmori 1990, 1993; Manley et al.1987, 1991a; Vaverde et al 1992;  Jones, S.M 

and Jones 1995a,b; Richter et al. 1996; Sheppard et al. 1992), and they also 

measured the spikes discharge rate and  bursting behavior of the  cochleo-

vestibular sensory neurons in the avian and mammals. 

         The inner ear transduces the mechanical wave into electrochemical signals 

that are encoded by the sensory neurons. This mechanism initiate when the 

mechanically induced oscillatory wave pushed the clusters of stereocilia of 

cochleo-vestibular sensory hair cells. An ionic flow through the membranous 
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transduction channels creates receptor potentials, that modify to the neural 

synaptic and release neurotransmitters from the neurons of basal regions of 

sensory hair cells. Therefore, the sensory hair cells do not only sense the 

mechanical force; it is also generate the force with bending of the clusters of 

stereocilia that is related with the transduction channels (Howard, J et al. 1988; 

Hudspeth, A. J. 2014) and/or fast adaptation, it may also be related with the 

closing of the transduction channel (Ricci, A. J et al. 2002; Fettiplace, R. et al. 

2014). The force generation by the cluster of stereocilia is likely to present in all 

type of sensory hair cells across all vertebrates and may in particular frequency 

selectivity (Bormuth, V et al. 2014).  

        In mammals, the force generates by outer sensory hair cells with changing 

their length in response to the oscillatory movement in endolymph. This 

mechanism is initiated with the external or internal induction in both systems. 

Together, these force generate by sensory hair cells with give raise otoacoustic 

emissions and frequency selectivity, that enhanced by the inner ear. Otoacoustic 

emission has been reported by many researches in all vertebrate classes 

(Bergevin, C et al. 2015). The sensory hair cells (SHCs) are main components 

for the cochlear amplification and particular frequency selectivity in all 

mammalian and avian stato-acoustic organs (Liberman et al. 1984; De Boer, 

1991; Hubbard et al.1995). These features of the stato-acoustic organs (SAO) 

can be realized if the function of active sensory hair cells as an amplifier and 
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force is generated in such a way that amplified a low frequency stimulus. The 

frequency amplification may be vary in all animals.  

         Gold (1948) was a first researcher who point out the need of such 

amplifier in all animals. He also considered the vibration in viscous BM (basilar 

membrane) that was absolutely significant by which the cochlear sensitivity 

occurred more active, if their activity is not affected by such viscous fluid. On 

the ground of these studies, he has hypothesized that the cochlear sensory hair 

cells have a feedback of low frequency amplifier and reduce the effect of 

viscous fraction.           

           Although, it is believe that the movement of BM (basilar membrane) is 

not as heavily glutenized expected by Gold (1948). The presence of Feedback 

of the amplifier has been greatly accepted (De Boer, 1991; Zweig, 

1991; Patuzzi, 1996). It has been hypothesized that the voltage dependent 

movement of the cylindrical body of outer hair cells referred as electromotility 

and makes the function of mechanosensory cells as a feedback of cochlear 

amplifier (Brownell et al., 1985). The movement amplitude is ∼5% of the cells 

length (Ashmore, 1987) and force generation by the cells is ∼0.1 nN/ mV 

(Hallworth, 1995; Iwasa et al. 1997). 

       The mechanism of the outer sensory hair cells movement is similar to the 

piezoelectricity, it is based on direct electro-mechanical coupling (Iwasa, 1993;                      
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Dallos et al. 1993; Iwasa, 1994; Gale et al. 1994; Kakehata et al. 1995; Iwasa, 

2001), in which charge is conveyed across the basilar membrane (Ashmore, 

1990; Santos-Sacchi, 1991; Iwasa, 1993). The movement mechanism may be 

fast because its motion is not controlled by diffusion. Indeed, electromotility 

develops a phase-locked mechanical force without reduction of 60 kHz 

frequency (Frank et al., 1999). Moreover, prestin protein that reproduces most 

features of the motor neurons have been identified by Zheng and their 

collaborators (2000). 

          However, the physiological and anatomical differences in the SAO of 

different animals/species are inferred to the substantial differences in 

transduction of mechanical sound wave. For example, the sensory hair cells of 

the vertebrate (frogs, lizards and turtles) have been described in detailed, it has 

suggested that the hair cells anatomically are very similar and clustered within 

the complex cochlear duct. In frogs, basilar membrane is absent, on the other 

hand, in most reptiles (lizard and turtles) the sensory hair cells located on the 

basilar membrane (BM) that is not mechanically tuned (O’Neill, M. P et al. 

1995; Peake, W. T et al. 1980).  

          Several specialized accessory cells have surrounded to the sensory hair 

cells which give rise to new sensory hair cells when existing cells are damaged 

by mechanical trauma (it mean, sensory hair cells regeneration). Physiologically 

hair cells of both animals have electrically resonance, in which an interaction 
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between voltages channels and receptor potential of all sensory hair cells for 

frequency selectivity (Lewis et al. 1983; Ashmore et al. 1983; Crawford et al. 

1981). Thus, when the stereocilia on the sensory hair cells are induced over a 

stimulus frequency, they have more sensitivity and then it can better stimulate 

the sensory neurons. 

         In all mammals, the cochleo-vestibular sensory hair cell precisely 

surrounded by specialized accessory cells. Two rows of outer and inner sensory 

hair cells are located along the length of the cochlea in all vertebrate. 

Functionally, the principle characteristic of mammalian cochlea is that the 

passive mechanism of basilar membrane produces a spectral analysis by 

generating the mechanical energy that reveals as traveling waves (Von Bekesy 

et al. 1960). Stimulus energy is traveled along the length of the cochlea in a 

tonotopic mode so that the lowest stimulus frequency cause to vibrate 

maximally of the upper surface of the basilar membrane and highest stimulus 

frequency cause to vibrate maximally of the basal part of the basilar membrane. 

The active force generation properties of outer hair cells are generally referred 

to the locally amplify and sharpen the endemic range of BM vibration; 

therefore, this term is cochlear amplification, it enhance the neural sensitivity at 

low stimulus frequency and low frequency selectivity (Wang et al. 2016).  

         It has been observed that the active properties of the outer hair cells do not 

appear on the basis of cycle by cycle oscillation of the endolymph, but adjust 
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the magnitude of local viscidity appear within the non amplifying system (Van 

der Heijden et al. 2014). According to both theories the outer hair cells are also 

responsible to achieve the normal response of cochlea. Resonance has not 

observed within the adult mammalian cochlea. The inner sensory hair cells 

receive the frequency tuning of mechanical vibrations from the organ of corti 

and relay these signals to the afferent sensory neurons (Narayan et al. 1998).  

         The avian basilar papillae have an affinity with the mammalian cochlea 

and the auditory papillae of other non mammalian. Mammals have two types of 

sensory hair cells such as short and tall hair cells. Short hair cells (SHCs) 

located on vibratory basilar membrane and less innervated by the sensory nerve 

fibers. On the other hand, the tall hair cells located adjacent to the SHCs that are 

more innervated by the sensory nerve fibers. The principal role of SHCs is not 

confirmed, but many researchers have been hypothesized that it involves in 

force generation and amplify the low stimulus frequency. The inductions of 

stereocilia of the tall hair cells are somewhat similar to the patterns of the 

mammalian outer hair cells and it provides functional support to the inner hair 

cells (Iwasa et al. 2015). The sensory hair cells of the chickens have the motility 

that enhances bundle motility and induced the movement of the tectorial 

membrane in redial direction (Beurg et al. 2013).  

        It is clear that the otoacoustic emission in the bird’s cochlea in a manner of 

the hair cells force generation. The correlation between mammalian and avian 
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cochlea is unclear. However, in the turtles, lizards and bird, the sensory hair 

cells arranged in the organ of corti are surrounded by non-specialized accessory 

cells, it also may regenerate and have well electrical/ mechanical tunning (Fuchs 

et al. 1988). Thus, the aves (Chickens) and mammals (Rats) offer a way to 

determine the active properties of sensory hair cells. The mechanism of basilar 

membrane is related to the evaluation of the frequency selectivity and response 

of auditory neurons. Furthermore, many researchers argue that the basilar 

papilla (have many hair cells innervated by auditory neurons) is well developed 

in the reptiles and mammals. This suggestion may provide a clue as to the 

functional roles of their mechanism in mammalian and avian hearing. 

Specifically, we desired to determine amplification, defined as the enhanced in 

cochlear response and sharpening of frequency selectivity in the auditory 

neurons of chickens and rats. To accomplish this, we have observed the 

mechanically induced response of the cochleo-vestibular sensory neuroses in 

both animals (invivo) and we observed traveling wave within the cochlea of 

both animals. However, traveling wave more amplified by the cochlea of 

chickens than the rats. Furthermore, the frequency of traveling wave was higher 

in the chicken’s cochlea than the rats. It is not correspond to the cochlear 

potentiality have been observed in previous studies in the chicken’s auditory 

response. These data informed that the chickens cochlea more potential to 

amplify the traveling wave in compare to the rat’s cochlea.  
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          The important role of the vestibular efferent fibers in the processing of the 

information about the body or head motion in primates has been observed in 

details. The vestibular receptors are innervated with the centrifugally distributed 

efferent nerves (Rasmussen et al. 1958; Gacek et al. 1974). The group of 

efferent nerves in primates is made up of ~ 400 nerves fibers that are located at 

the brainstem just lateral to the abducens nucleus (Goldberg et al. 1980).  

          Many animals have a different sensory neural projection on the cupular 

hair cells. The low and high frequency selectivity is somewhat depend on the 

tonotopic arrangement of the neurons on active sensory hair cells. Efferent 

axons distribute bilaterally on the labyrinth, it makes connection pre-

synaptically with type II sensory hair cells and post-synaptically with the axons 

of vestibular afferent neurons (Lindeman et al. 1969). In frogs (Valli et al. 

1986) and presumably in the mammals (Purcell, 1997) the efferent neural 

innervations are similarly diverged from central nerve fibers that terminating at 

basal sensory hair cells. The afferents neurons are arise from the different 

vestibular region.  

        The vestibular organs controlled by distributed efferent neurons have been 

explained by Golberg et al (2000) in many species including birds, monkeys 

and chinchillas (Rodent). An electrically induced the vestibular efferent neurons 

were revealed the increase in resting discharge rate in the toadfish and squirrel 

monkeys (barbiturate anesthetized) (Highstein et al. 1985). Further evidences 
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by the mechanically induced action of the efferent neurons with the afferent 

neural discharge rate have been provided by detailed studies in the chinchilla 

(plotnik et al. 2000). There are more different effects of mechanical inductions 

have been observed in many species including turtles (Brichta et al. 2000) and 

frogs (Bernard et al. 1985). 

          The several available evidences suggested that efferent neural 

innervations of the SCCs might be altered the rate of spike discharge and/or the 

sensitivity of the vestibular afferent neurons. The first experiment in toadfish 

has shown the modulation in afferent neurons of SCCs with passive head 

rotation it also decrease during electrical induction of efferent neurons. Second, 

the efferent nerve induction of the toadfish revealed the response but unclear 

phase (Boyle et al. 1990; Highstein et al.1985). Just before this unclear phase, 

the efferent neurons generate the active phase of spikes. The behaviorally 

induced of the efferent neurons lead to enhance in discharge rate and reduced 

the rotational sensitivity of the afferent neurons. Third, in primates, the 

vestibular neural sensitivity with non eye movement was related to the second 

order sensory neurons of vestibular nuclei, it is inference to mediate the 

vestibulo-ocular reflex, it preferably attenuated by the self induced head rotation 

on body movement (Roy et al. 2001; Gdowski et al. 1999).  

The observation in several species have suggested about the important role of 

vestibular efferent neurons that the neurons do not contribute to modulate of the 
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afferent responses, it relatively have similar role of the response in barbiturate 

anesthetized monkeys (Fernandez et al. 1971; Keller, 1976; Lisberger et al. 

1986). The premotor neurons are responsible for control the eye movement, 

they also do not contribute to altering the afferent activity, in head restrained 

animals, the afferents neurons are not modulated during the saccadic eye 

movement (Miles et al. 1980). Furthermore, there are unlike that the neck 

proprioceptive inputs alter to the vestibular afferents action. The second order 

neural response of the vestibular system in the rhesus monkey has been 

observed with the head movement during passive and active rotations of the 

head on body (Roy et al. 2001). 

         The primary function of the vestibular semicircular canals (SCCs) is to 

generate neural information in response to the angular rotation of the head and 

mechanical stimulus. This information is encoded as electrical signals by 

canal’s primary afferents neurons. The afferent neurons of the horizontal canal 

are induced when the force of the angular acceleration deflect the cupula toward 

the utricle (Blanks et al. 1975; Precht et al. 1971). However, the sensory neuron 

revealed wide variation in response to the given external stimulus with 

increase/decrease the velocity of the endolymph within SCCs. 

        The accurate information is not available for this variation, but Honrubia et 

al. (1989) have been reported that the site of mechanism of an afferent dendrite 

in sensory epithelium might be factor.  Baird et al. (1988) have given own view 
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that the distribution of individual afferent dendrites reflects a variable number 

of innervating sensory hair cells it may alter the mechanism of sensory neurons. 

Further, the dissimilarity in the degree of displacement of the different 

component in the cupula (Mclaren et al. 1979) probably also generate variation 

in neural responses. 

          Many other anatomical and physiological features could be included for 

the observation of different responses of afferent neurons. For example, the 

firmly adhering of the kinocilia in the cupula show variance on the 3-

dimensional surface of the crista (Hillman, 1977), sensory hair cells may have 

unmatchable ratios of depolarization at a different surface, and sensory hair 

cells have a dissimilar size of the quantum of transmitter. Afferent neurons have 

different post-synaptic sensitivities in response to the transmitter released from 

the neurons of sensory hair cells, and the neural synaptic cleft might have 

variance in width, resulting in different diffusion times across it. 

         Many investigators attempt to determine the correlation of the 

semicircular canal radius and response properties of afferent neurons in 

mammals and avian. Ten Kate (1970) have been determined the relationship 

between vestibular canal’s size and neural sensitivity in fish. The SCCs 

(semicircular canals) continue to grow with body size in adulthood,  it is not 

relevant to the predictions of a standard model of the mechanism of SCCs; he 

also observed that the constant induction is required for minimum threshold of 
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responses and the mechanism of the vestibular organ, it did not change despite 

the growth of the bony labyrinth. He hypothesized that the changes in cupular 

mechanism, efferent frequency selectivity, the sensitivity of hair cells and 

neural connections compensate the large SCCs radius to keep neural sensitivity 

constant. 

         Churthoys (1982a, b) determined the relationship between SCCs size and 

neural sensitivity using the same developmental paradigm but he found a 

contradictory result. He recorded the response of vestibular afferent neurons in 

neonate rats as their labyrinth get mature dimension over the first week of life. 

He reported that the sensitivity of the afferent neurons grew with the size of the 

SCCs, although the neural sensitivity increased more than would be anticipated 

on the ground of changes in SCCs anatomy only. He hypothesized that the 

neural sensitivity increased beyond the described of the SCCs size, it might be 

due to modulation in copular mechanism or changes in the sensitivity of 

neuroepithelium. 

          Many researchers have been studied on the sensitivity of SCCs in 

growing animals which undergo from the disadvantage that the growing 

changes alter the endolymphatic movement. The tonotopy of the cupular 

neuroepithelium, patterns of the neural innervations themselves might generate 

the variation in the outcome. An alternative approach relies on the sensitivity of 

semicircular canals of different size for comparison among mature animals of 



Review of Literature 

37 

 

the same species. Different size and responses of the horizontal, anterior and 

posterior SCCs have been included to make such comparison, although by this 

observations have not been reported the relevant results.  

          Anderson et al. (1978) have reported that the posterior small semicircular 

canals to be more sensitive in the cat (mammal); in the squirrel monkey the 

large anterior SCCs have more sensitivity in compare to the both other 

semicircular canals (Goldberg et al. 1971). Similarly, in pigeons, the small 

horizontal and large anterior canals have similar sensitivity (Anastasio et al. 

1985). Goldberg et al. (1971) observation relied on steps stimulation is a matter 

of the afferent neural adaptation that may affect the recording of their sensitivity 

(Boyle et al. 1990). The observation of the responses of SCCs in pigeons may 

be complicate because the anterior SCC is dihedral and determined the 

maximum response from its plane is also difficult (Dicman 1996). 
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         The experimental materials and methods used in the current studies have 

been described elsewhere in detail (Henson and Pollak 1972). These methods 

and necessary analytical procedures used here are explained in the following 

text. The animals used in the physiological study of SAO were approved by 

Institutional Animal care and use committee at IPS Academy, College of 

Pharmacy, Indore. We have confirmed of all guideline given by my guide, and 

the ethical committee. Wistar rats were procured from Aurobindo medical 

college, Indore and the chickens from a local poultry farm and breed in separate 

closed colony managed at an Institutional level.  

         After fully acclimatization of the animals according to the animal house 

and laboratory, the females of related animals were kept separately among 2 to 

4 male to breeding for a period of ± 24 hours. All rats were maintained in the 

favorable iron cages of the animal house and chickens in the poultry farm. All 

animal fed on whole/fine grains such as wheat, oats barley and corn, once in 24 

hrs. Chickens and rats were divided into two groups (Group I- Chickens and 

Group II-Rats) have 6 animals (male, females) individually, but both animals 

were nurtured separately in established animal house.  The post-conception or 

total number of gestation and newly born days were included for defined the 

newborn age. It is thought that the animal’s age closely related to the 

development of the organ of Corti (Sato et al. 1999) and vestibular sensory hair 

cells because of the sensitivity of both system increase with the animal’s age. 
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4.1. Animal Preparation 

          Each animal was anesthetized from the effect of inhaled chloroform in 

anesthesia induction chamber, after some time 60 mg/kg ketamine was 

administered intramuscularly and the hourly supplement of ketamine (45 

mg/kg) was given for maintained the anesthesia level throughout the 

experiment. The head stabilized with the head holder and dental cement. The 

prepared animals were secured in sound attenuate experimental booth (SAEB). 

The SAEB was perfused with O2  humidified CO2 mixture (≤ 40 % O2, 4% CO2, 

25% N2 and 8% H2O vapour) and the average respiratory rate (20-25/min) 

maintain in both animals with the varying of CO2%. 

        The animals were maintained on the sound attenuation small animal 

controlled booth, and the tympanic membrane was exposed by the removing of 

the external auditory canal after that the cranium was exposed by microsurgery. 

For the recording of the cochlear and vestibular potential, the glass insulated 

microelectrodes were implanted in the tympanum bulla via an intracranial 

approach. During the stereotactic placement of microelectrodes and conveying 

of the controlled mechanical stimuli into the cochlea and vestibular system, the 

animal insensitive to the positioned in a controlling device then the animal was 

held at one position. The head of the animal was fixed at a sound attenuation 

booth by a fastener connected to a small steel rod. All experiments were 

carefully completed in a sound-attenuated laboratory in which temperature was 
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maintained at 30- 37ºC throughout the experiment. 

         The stereotactic implant of the microelectrodes was easily inserted in 3 to 

4 months old animals than hatchlings because of the well-developed aqueduct in 

the adult animals. In this technique, during the plotting the FTC (frequency 

tuning curves) of the response of cochlear and vestibular sensory nerves was no 

or may be interference with any part of the auditory system, data recorded from 

fully recovered by the effects of anesthesia and microsurgery. 

4.2. Mechanical Stimulation in Cochleo-Vestibular Endolymph [Group I-

Chickens and Group II-Rats (12-14 Weeks Old, Number-6; Stimulus range 

from 32 Hz to 10 kHz)] 

        We were used audio oscillator for generating a constant stimulus (from 32 

Hz to 10 kHz) that were connected to the wave analyzer (Oscilloscope Hantek 

6022BE) and it has been fully described previously (Koppl, C. 2011). Acoustic 

stimuli were produced under computer control by a custom-built arbitrary 

waveform generator. The use of large on-time/ off-time ratios was prevented the 

induction of threshhld by repeated the presentation of sharp stimulus. The 

mechanical stimulus was typically given in steps.  An audio oscillator provides 

broadband swept-source with 1, 300 nm and 16 Hz to 20 kHz sweep rate. For 

all experiment the power of the sample rate was 10.0 mv. The animals and 

stimulus frequency used for recording the sensitivity of cochleo-vestibular 

sensory neurons are summarized in table-1. 
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Table-1. Summary of the stimulus range, animal’s age, stimulus intensity 

animals groups and time periods of response recording. 

Animals  

Groups 

Stimulus Range Time  

Periods  

Of  

response  

Recording 

Stimulus  

Intensity 

Animal Age 

Group-I 

(Chickens) 

     
   1 A.S 

 

 
   2 V.S 

 

 

 

32 Hz to 10 kHz 

 

 

32 Hz to 10 kHz 

 

 

 

±60 s 

 

 

±60 s 

 

 

 

25.5 to 45 dB SPL 

 

 

25.5 to 45 dB SPL 

 

 

 

12 to 14 

Weeks old 

 

12 to 14  

Weeks old 

 

Group-II  

(Rats) 

 
    1 A.S 

 

 
     2 V.S 

 

 

 

32 Hz to 10 kHz 

 

 

32 Hz to 10 kHz 

 

 

 

±60s 

 

 

±60 s 

 

 

 

25.5 to 45 dB SPL 

 

 

25.5 to 45 dB SPL 

 

 

 

12 to 14  

Weeks old 

 

12 to 14  

Weeks old 

  

                 SPL = Sound Pressure Level, S =Second, Hz = Hertz,     dB= Decibel 

                  AS = Acoustic System, VS= Vestibular Systemk, Hz=   Killohurtz 

 

        The resolution of the system was maintained at 8.6 µm vertically and 

horizontally, defined by a visual discriminating line on the output window of 

the oscilloscope software. The oscillatory wave was regulated and synthesized 
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by software with the help of a lock loop band filter; it was connected to the 

oscilloscope. We have calibrated mechanical stimulus and measured cochleo-

vestibular potentiality using probe-tip microelectrode inserted in the organ of 

corti and cupula of the SCCs, this micro probe-tip can be also induced the 

endolymph of the SCCs and cochlea. The motility data collected from the 

sensory hair cells and the curves were analyzed simultaneously. 

        Best MS (mechanical stimulus) range was presented between 32 and 10 

kHz with frequency steps of ≥0.20 Hz at intensity between 25 and 60 dB steps. 

This MS range was selected so that we can collect the data from stimulated hair 

cells without wasting the time that was likely to be below the stimulus floor 

(0.5-0.8 nm under conventional experimental condition). The duration of the 

MS range from 30 to 100ms, this was adjusted for the vestibular system to 

obtain the oscillatory threshold that was 25 dB below the hair cells motility. 

Thus, lower stimulus intensity provides longer recording times. In addition, the 

data of neural response in any given bins was < 4 Spikes of the oscillatory 

threshold at starting intensity of stimulus. If the magnitude of stimulus 

frequency is underneath to the threshold set at the mean SD then the hair cells 

oscillation can be measured at initial stimulus frequency.  

         The mechanical wave was shaped by channels with 12-ms rise and fall 

time during stimulus frequency of 10 kHz and lower. For stimulus frequency 

from 60 to 580 Hz rise and fall times of spikes were determined, that generates 
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approximate 12 oscillatory cycles during stimulus wave onset. There are five 

times oscillation of 450-ms duration, each was applied with 120-ms interval 

between oscillations. For reconciliation of the longer and shorter rise/fall times, 

the oscillatory frequency was increased for both systems of the animals. The 

time duration of the spikes discharge and rise-fall times of the peaks were 

observed by the output window. The intensity of the mechanical stimulus was 

set in the drop-down list of CH1 and CH2 in the control panel of hantek 

software. The irregular response curves were plotted between 140-190 Hz and 

maximum bursting behavior obtained at 8-10 kHz. 

       The oscillator (Audio Oscillator Modal no.me-150) was attached to the 

band pass filter to remove low-frequency of the mechanical stimulus and to 

improve the burst index. To deliver the constant stimulus directly to the 

tympanic bulla, the microelectrode brought adjacent to the tympanic membrane 

and then the mechanical stimuli have driven. A constant stimulus induces the 

maximum responses of the cochlear and vestibular nerves throughout the 

experiment in both animals. Typically, the regular stimulus was presented for 

successive data recording from the cochleo-vestibular system after that the BI 

and spikes discharge rate calculated for the cochlea-vestibular sensory neurons.  

Auditory Thresholds: It is determined with the reducing intensity of the 

mechanical stimulus (near about 32 Hz), in that cases no longer respond of the 

cochlear auditory nerves at about 32 Hz. After determined a primary threshold 
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the final threshold was determined by the applying various stimulus from 32 Hz 

to above 32 Hz. The recording of the sensory neurons in 12 to 14 weeks old 

animals also consisted below the stimulus range of 32 Hz frequency, but clear 

spikes were not occurred at this range. A threshold was defined as the stimulus 

intensity at which the responses would be determined near 32 Hz, which was 

usually occurred by the Interpolation of sensory neurons. The primary 

observation was considered completely at a particular stimulus frequency when 

the thresholds appeared among at least four different terms from 32 -35 Hz. 

4.3. Electrophysiological Recording of Sensory Nerves Responses 

        A wave analyzer (Oscilloscope Hantek 6022BE) connected to the audio-

oscillator (Modal no.me-150), used for recording the amplitude of the cochleo-

vestibular potentials over a constant frequency and assessing the potential as 

spike discharge rate. The stimulus frequency was delivered into cochleo-

vestibular endolymph to produce a mechanical wave, that detected by the 

oscilloscope with root mean square (RMS) and frequency selectivity examined 

at about ≤800Hz. The CP curves were plotted with the various stimulus 

intensities. Therefore, the curves were plotted between potentiality and 

frequency, these curves support to explain the auditory sensitivity and bursting 

patterns in the cochleo-vestibular nerves. The sensitivity of the cochlear and 

vestibular sensory nerves is proportional to the stimulus intensity and range of 

stimulus frequency. Therefore, the high and low stimulus frequency may create 
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some inconstancy in the curves between potentiality and frequency, in this 

situation the stimulus intensity should be constant at sound attenuation booth.  

          To calibrate the intensity of mechanical stimulus, we were measured the 

frequency generated from the audio oscillator as a root mean square value 

during the constant stimulus. Throughout the experiments, the frequency 

intensity level was raised in 28 dB steps from 25 to 60 dB SPL (sound pressure 

level), at each intensity level, 230 spikes generated from the sensory auditory 

nerves were sampled and averaged.  The threshold of auditory nerves and spike 

discharge rate were defined when peak to peak value was higher than the mean 

stimulus (MS) level; after well pronounced by the neurons, it was assessed 

during first 40 ms of the repetition time. The CVP (cochleo-vestibular potential) 

was measured using the same microelectrodes in both animals.  

          We were used Fourier transform and Auto-correlation to assess the 

magnitude of the spikes generated from the cochleo-vestibular nerves. The 

spikes discharge activity of the cochleo-vestibular nerves was recorded digitally 

up to 1 to 3 min for each animal. In figure-1, 2, 3, 4, 5, 8 and 9 (in chapter-5) 

have shown a typical response recorded over a given stimulus frequency for 

auditory and vestibular neurons in both animals. Analysis of spikes discharge 

rate and patterns was accomplished offline using the responses data recorded 

from the neurons. Throughout this detail, the mean value would be denoted as 

the mean SD. Comparable data recorded from neurons having: (1) spikes 
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stimulus ratio (spikes amplitude /stimulus) that allows determining the 

ambiguous spikes and (2) the recording term that was reasonable to collect the 

comparable data from sensory neurons.  

         We used the number of spikes multiply by the time between first and last 

spikes generated from cochleo-vestibular nerves as an objective metric for 

active sensory cells. When we were analyzed the spikes rate, we did not include 

the poor or unclear spikes generated from the cochleo-vestibular neurons. 

Therefore, we were applied different stimulus frequency for recording the 

regular spikes patterns and rate of spike discharge. 

          An audio oscillator like as mechanical stimulus connected to the 

medium/high-frequency filter has used for the determination of CP threshold 

that value for chickens and rats respectively were12.23 µv and 11.34 µv. There 

are also used the range of ± 20 kHz stimulus frequency to oscillate the cochlear 

and vestibular hair cells. Therefore, we observed the high magnitude of the 

cochleo-vestibular response. Analytical data for each active neuron included: 

i. Total recording time (between first to last spikes) 

ii. Total number of spikes 

iii. Spikes discharge rate (total number of spikes/total recording time) 

iv. Spike time interval  

v. Coefficient variation (CVs= SDI/mean) 

vi. Stimulus intensity  



Materials and Methods 

48 

 

vii.  Inter-spike intervals  

The spike time intervals in any selected bins were determined as follows:                             

                                  STI = X –Y                                             (1) 

Where X      = Onset time of spike discharge (OTSD) 

            Y     = Onset time of the preceding spike (OTPS) 

            STI  =  Spike time intervals 

 

Table. 2. The onset time of spike discharge and onset time of the preceding 

spike discharge were recorded from the auditory system and vestibular system 

of both animals. 

Subject OTSD OTPS STI 

Chicken  

AS 

VS 

 

0.2 µs 

0.4 µs 

 

0.4 µs 

0.5 µs 

 

0.2 µs 

0.1µs 

Rat  

AS 

VS 

 

0.4 µs 

0.3 µs 

 

0.5 µs 

0.5 µs 

 

0.8 µs 

0.2 µs 

 

The CVs (coefficient of variation) is a metric used to identify and characterized 

the spontaneous discharge patterns of auditory neurons in terms of spike time 

intervals (Jones, T.A and Jones, S.M. 2000). The CVs for spontaneous 



Materials and Methods 

49 

 

discharge was recorded from cochleo-vestibular neurons were defined with the 

help of spike time interval generated at a given stimulus frequency (32 Hz to 10 

kHz and intensity 25.5 dB to 45 dB). These variations can be minimized to 

some extent of the stimulus intensity but not completely, because it has a 

different developmental degree in different animals. Therefore, the CVs are an 

important parameter for discriminating the physiological and anatomical 

development in both animals; CVs between 0.6 and 2.0 reflect stochastic phases 

of the sensory neurons, these phases often have explained as a refinement 

process at a particular ranges of mechanical stimulus (MS). The CVs were 

recorded for sensory neurons in which the recording time was sufficient to 

resolve the bursting. The numbers of burst spikes have included for calculation 

of the bursting index (BI). 

          Bursting rate of the sensory neurons was calculated as a general counting 

of the total number of burst divided by the total time of recording. The burst 

was defined in the concern of an initial time period of obscure sensitivity of 

neurons, and this was identified by the long spikes intervals on curves. There 

are very important to define a minimum burst per period (MBPP) for the 

purpose of the counting of neural bursts.  

           There was used a threshold to determine the onset of neural bursts and 

bursting patterns. Here MBPP was set equal to four times of the mean spikes 

interval for entire spikes discharge, similar criteria was used by Gummer and 
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Mark (1994) for this purpose in mammals. The invasion of prospective bursts 

was revealed by spikes those having a spikes interval equivalent to or greater 

than the MBPP. A neural burst was counted in TIH (time interval histogram) on 

the invasion of spikes were followed to the group of two or more spike having 

prominent spike intervals equivalent or more than MBPP. The obvious inter-

spike intervals were included for differentiation and evaluate the responses of 

sensory neurons. 

   4.4. Determination of Endolymph Movement 

        We have observed the endolymph flow in the cochlea and vestibular canal 

in both animals over a frequency ranges from 34 to 36 Hz. According to this, 

here presented data were collected from hair cells movement that transduces the 

mechanical movement/stimulus into an electrical waveform that encodes by the 

sensory neurons and after that it conveys to the brain. There have used the 

standard approach to the recording of endolymph flow for later off-line analysis 

and comparison with the bursting patterns of the neurons. Measurement of the 

SCCs dimensions, recording SCCs sensitivity and mechanism of cupular hair 

cells has been explained in the rats (Curthoys et al. 1986). 

      The movement of fluid within semicircular canal is corresponding to the 

rotation of head around a vertical axis in response to the mechanical stimulus 

was driven into the vestibular system. The semicircular canals have a swelling 

ends called the ampulla. The ampulla has covered the cupula which comprises 
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several fine structures called sensory hair cells. The movement of the fluid 

pushes on the hair cells consequent the motion of stereocilia and that transduce 

the mechanical stimulus into the electrical wave. The electrical signals produced 

by the cupular hair cells were recorded by the oscilloscope and weak positive 

stimulus was driven through the oscillatory microelectrode. The microelectrode 

was advanced at ~ 8 µm steps adjacent to the sensory neurons. Stimulus offsets 

were calibrated before the implant of the microelectrode. Stimulus intensity was 

amplified, filtered and sampled at 8 kHz, and then data were collected in a 

computer using the software of oscilloscope (response analyzer). 

         In data analysis, very low spikes were avoided so that the inter spikes 

intervals (ISI) absolutely discriminated in both animals. The stimulus frequency 

from 32 to 80 Hz also was avoided for calculating the SDR throughout the 

experiment. Spontaneous stimulus rate was determined during endolymph 

stimulation (duration at least ± 20 s), similarly, the spikes generation was 

analyzed by measuring the stimulus rate in the given time period for at least 

four repetitions of each stimulus intensity. To determine the maximum spikes 

discharge rate (SDR), the stimulus intensity was adjusted at ± 45 dB SPL 

throughout the experiment and SDR was determined by the following formula:  

                  

                                    SDR =   
�

�
                                                          (2) 
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         SDR=  Spike Discharge Rate 

         X=   Total Number of Spikes         

         Y= Total Time of Recording 

 

Table 3. Spikes discharge rate of the stimulated cochlear and vestibular 

endolymph in chickens and rats. 

Subject TNS (Minimum) TTR (Minimum) SDR 

Chicken   

±4000 Spike 

±2400 Spikes 

 

20 Second 

20 Second 

 

200 Sp/s 

120 Sp/s 

AS 

         VS 

Rat   

±3240 Spikes 

±3200 Spikes 

 

 

20 Second 

20 Second 

 

162 Sp/s 

160 Sp/s 

AS 

VS 

  

 TNS = Total Number of Spikes; TTR = Total Time of Recording; SDR = 

Spikes discharge Rate; AS = Acoustic System; VS = Vestibular System; 

Sp/s = Spikes Per Second. 

         Each cupula were stimulated over 25 s steps of the stimulus that have 

increased magnitude of the spikes discharge. At all level of the stimulus (in both 

animals) the maximum and minimum constant spikes discharge rate have 

defined as a mean discharge rate that was evoked in response to four repetition 
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of the input stimulus by which spikes discharge could be constant throughout 

the experiment. The Control experiments in which stimulus frequency was 

delivered in random order, and then the regular spikes were not observed 

individually in both animals. The spikes discharge more altered by the 

randomness of the stimulus frequency. 

        An adaptation index was calculated while the spikes discharge rate 

between 20 and 60 sp/s because this rate of the spikes generation absolutely 

corresponds to the stimulus rate. We have analyzed the time course of 

adaptation during spikes generation in 20 seconds while the mechanical 

stimulus was conveyed to the vestibular sensory hair cells and their spontaneous 

spikes rate corresponds to the stimulus rate in the chickens and rats. Spikes 

discharge rate was evoked during the initial 25 ms, the invasion of steps 

stimulus did not favorable to the exponential spikes discharge so it was 

excluded from its. Spikes generation was defined as the curves of mean spikes 

discharge rate and stimulus intensity. The correlation coefficients for the mean 

spikes discharge rate and stimulus intensity were determined from the linearity 

of the spikes generated from the sensory neurons. The movements of the 

endolymph fluid in SCCs were quantified by the adaptation index (AI) as the 

spikes generate on histograms. 

          Analysis of the action potential of neural was observed on the average 

range of stimulus during at least 15sp/s. As has been explained by Johnston et 
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al. (1994), in the neurons of the medial vestibular nucleus, the action potential 

of membrane depolarized gradually from preceding each action potential, such 

action potentials do not have a specific threshold. In the present studies, action 

potentials threshold of the sensory neurons were determined as an intersection 

between gradually depolarizing phases leading the action potential and the 

quickly rising phases of the action potential. Action potential height was 

examined as the variation in neural potential between threshold and the 

maximum spikes discharge. The action potential width was examined as the 

time of response threshold during the depolarization of the sensory hair cells. 

After hyper-polarization of the cells, the amplitude was determined as the 

difference between action potential threshold and the most negative neural 

potential was gained during the hyper-polarization.   

4.5. Evaluation of the Magnitude of Spikes Discharge 

        To quantify the magnitude of periodic response in time interval histograms 

of the spontaneously active sensory hair cells and neurons, we have identified 

the spikes sequence with the help of the autocorrelation and Fourier transforms. 

To the evaluation of the magnitude of SAO (spontaneously active neurons), 

total 150 bins were used for correlation between both animals and the size of 

each selected bins was 0.2 mm. Firstly, we calculated the autocorrelation 

function as spikes discharge in the bins of time interval histogram and then 

Fourier analysis (sampling stimulus 32 to 65 Hz/s).  
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        Probability density of spikes discharge (autocorrelation function of active 

hair cells) was produced using the strategies outlined by Moller (1970) for 

quantifying the frequency selectivity of the sensory neurons in mammals. Data 

were taken from digital FTC (frequency tuning curves) files saved in 

oscilloscope for off-line analysis. For the evaluation of the variations in spikes 

generation and inter-spike intervals, we have calculated the CVs by the 

following formula: 

              CVs=     
����	�
	 ��
������ �� ��� ����
������� ����

��� 

���� ����
 ������ ����

��� 
          (3) 

 

Table- 4. The CVs in the response of acoustic and vestibular sensory 

neurons of the chickens and rats. 

Animals SDISI MISI CVs 

Chicken 

   AS 

   VS 

 

±0.56 ms 

±0.48 ms 

 

±0.9 ms 

±0.7 ms 

 

0.62 ms 

0.06 ms 

Rat 

  AS 

  VS 

 

±0.78 ms 

±0.67 ms 

 

±0.9 ms 

±0.8 ms 

 

0.86 ms 

0.83 ms 

  

           SDSI= Standard Deviation of the Inter- spike Intervals 

           MISI= Mean Inter-spikes Intervals, CVs= Coefficient Variations 
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          Stimulus rate (total number of spikes in bins/ total time period in second), 

coefficient variation (CVs= standard deviation of the inter-spike intervals 

divided by mean inter-spike interval) and inter-spike intervals in time 

histograms were also determined for this purpose. Spike intervals data were 

collected from histogram at a time resolution between 40 and 45 µs per point. 

Time interval histograms were also used to evaluate the patterns and spikes time 

intervals for comparison of the neural sensitivity.  

4.6. Determining and Characterizing of Bursting Patterns 

         To identify and characterizing of the regular bursting patterns, there are 

firstly measured the period between uninterrupted burst and spikes discharge 

rate during bursting in cochleo-vestibular neurons. Here we have employed two 

neural bursting factors A [(total time of five longest intervals)/ (sum of sample 

time)] and B [(mean interval length of the longest interval)/ (total number of 

intervals)] to readily identify the neural burst. These two factors were included 

as the numerical indicator of burst for stato-acoustic neural activity. 

          Regular bursting patterns have easily quantified than the irregular burst in 

12-14 week old chickens and rats with the stimulus range between 1200-1800 

Hz. Irregular bursting patterns, bursts of neural activities was occurred at 

regular and irregular spikes intervals detached from each other by relatively a 

long silence period of neural activity. It was easily interpreted using the bursting 

factors (A and B above maintain) and this numerical factors helps in the ranking 
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of neural bursts. It was considered that such neural burst factors should be 

proportional to the respective amount of time at which the sensory neuron spent 

a long silent periods during the mechanical stimulus convey in endolymph, this 

factors known as A. It was calculated as sum of the longest four silence periods 

expressed as a millisecond of the total sample (recording) time. The burst 

components were taken into account of the relative magnitude of neural spikes 

discharge occurred during the active periods. There are a greater disproportion 

between silence and active periods of sensory neurons. The next component of 

the burst known as B, it was calculated as a proportion of mean spikes intervals 

of five longest silent periods divided by the mean spikes intervals over the total 

time of recording. These components are revealed to the average long silent 

periods spent by sensory neurons. These two factors A and B known as burst 

factor and included in present studies as the numerical indicator of the busting 

level for neural activity. This observation reveals that the magnitude of the BF 

played an important role for comparison of the regular and irregular bursting of 

neurons like the correlogram was used to identify the bursting of retinal 

ganglion cells by Sernagor and Grzywacz (1999). BF also provides a mean to 

quantify the magnitude of regular and irregular bursting. 

Hazard Functions: To identify and compared the unclear discharge activity of 

the active cochleo-vascular neurons in animals, the hazard function (relative 

probability) and TIH (time interval histogram) were calculated (Harris and 

flock, 1967; Harris and Milne, 1965; Li and Young, 1993; Gray, 1967). The 
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overall co-relation of bursting has observed by the following equation: 

 

                                            ���� =
     ��

    

∞

    ∑ � 

!"#

                                                   (4) 

Where H (k) expresses to the hazard function, k is the bin’s number in time 

histogram, and $# is the total number of times intervals in the bins that appeared 

in the time interval histogram (TIH). The H (k) shows the possibility of the 

number of spike has occurred in selected bins (k), it is given that spike intervals 

in the time interval histogram increased from first to last spikes. The selected 

bins size or time units used in the current studies for calculating the H (k). The 

magnitude of the H (k) as a function of the average spike discharge rate and is a 

constant for all longest spike intervals.  The factors such as neural refractory 

periods tend to bias in spikes discharge pattern. Therefore, it may reduce the 

probability of spike discharge at a very short interval. The hazard function of 

the neural TIH therefore rises and somewhat stable for the probabilities of 

spikes discharge as the stimulus intensity increases. By comparing of the HF 

and the range of stimulus frequency, we can evaluate the maturational biases 

imposed on the spikes discharge patterns and rate. 

      Overlapping of the neural bursting patterns was determined by (1) 

inspection of the time records, ( 2) cross-correlation of spikes discharge and 

probability density function as a bursting pattern. Overlapping neural bursts 
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were included in the evaluation of the bursting rate and excluding the shortest 

inter-spikes interval. Bursting pattern was evaluated using two prevailing 

computational methods: (1) probability density function of the sensory neurons 

and (2) BI (bursting index). These multidimensional measurements were useful 

for characterizing and ranking of the bursting patterns. 

Ocular Inspection of Time Records: The regular and irregular spikes patterns 

have confirmed by the neural sensitivity curves. The times of spikes onset were 

averaged and calculated for evidence of overlapping spikes of the sensory 

nerves (cochleo-vestibular sensory nerves), these features of the neural 

sensitivity indicates to the sensory neurons that encode a particular frequency of 

sound for relay the information to the brain. These characters would be plotted 

on the curves and have been examined by many researchers in mammals.  

       Spikes discharge rate and the onset time of oscillation in endolymph have 

plotted. The oscillatory or movement cycles were included in time intervals 

histograms. These combined plots and time interval histograms were observed 

offline or visually in detail for confirmation of the particular frequency 

selectivity by the sensory neurons. The spikes recorded from sensory neurons 

were found in a manner that it linked to other adjacent peaks and troughs as an 

entrained (illustrated in fig-4). 

Cross-Correlation: Cross-correlation of produced spikes time intervals and 

invasion time of oscillatory cycles were included in creating four separate time 
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interval histograms for spikes envasion times (Perkel et al.1967). One cycle of 

time interval histograms was based on oscillation onset times and onset time of 

spikes discharge. The time interval histogram term was used herein to express 

the final results of the cross- correlation of cochleo-vestibular potentiality in 

both animals. The duration of time for cross-correlation of sensory neurons and 

resultant oscillation cycle plotted in histograms was equivalent to the mean 

onset time of spikes discharge. 

         The bins (8 mm long) were used for characterizing the correlation of the 

cochleo-vestibular potentiality. Theoretically, the exhibited activity from 

sensory neurons is randomly generated and independent to the external factors. 

The distribution of spikes amplitudes in time interval histogram have plotted for 

comparison with the time histogram amplitudes have been explained by Perkel 

(1967) in mammals. 

Probability Density Functions: There are spikes time histogram was plotted to 

represent spikes discharge probability as a function of frequency selectivity of 

the sensory neurons at a given range of frequency. The number of regular spikes 

has occurred in each selected time bins that taken as an amplitude of spikes 

discharge. This was plotted as s function of the frequency selectivity at a 

particular range of frequency and time period, where each selected time bins 

corresponded to the one cycle period of oscillation. The time represented by the 

total number of selected bins was corresponding to the total time of the 



Materials and Methods 

61 

 

recording of the neural frequency selectivity. If spikes discharge strictly linked 

to the oscillation cycles then each selected bins have comparable numbers of 

spikes (regular and irregular spikes). The spikes discharge amplitudes was 

distributed evenly across all selected bin throughout the time periods of 

recording. Likewise, if the spikes of neural sensitivity (regular and irregular) are 

randomly generated and free from external factors then the amplitude of the 

spikes discharge has to be randomly distributed across all selected bins of the 

time histogram. However, if spike discharges from sensory neurons were 

stochastic and have appeared in recurrent bursts with silent periods then the 

distribution of the spikes in selected bins would be similar and was not 

correspond to the randomly mechanical stimulus. 

BI (Bursting Index):  

          The bursting is an extremely diverse phenomenon of the acoustic and 

vestibular sensory neurons, where periods of rapid action potential spiking are 

followed by quiescent periods. The bursting is a thought to be very important in 

the operation of robust central patterns generation. BI was calculated only for 

those bins contained 12 or more spikes. The interval of each spike was ranked 

from longest to shortest in the selected bins. The longest interval of the spikes 

were used for BI calculate. There are five longest intervals of the spikes were 

used from bins containing 15-60 spikes. The burst index was calculated as 

follows: 
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                                                         BI=A×B                                         (5) 

                                                         A =
TTLI

TST
                                          (5a) 

                                                        B=   
��))�

*�*
                                       (5b) 

TTLI=     Total Time of Longest Intervals (ms)  

TST=      Total Sample Time or Number of Intervals 

MILLI=   Mean Interval Length of Longest Intervals (ms) 

  TST=       Total    Sample Time or Number of Intervals 

 

          The first component (A) in the equation reflects the proportion of the 

period in which the sensory neurons spent a long silent period during the 

propagation of stimulus frequency along the cochleo-vestibular pathway. The 

second component (B) refers to an adjustment of the BI for the relative amount 

of spikes appeared during the stimulus frequency given to the cochleo-

vestibular endolymph, that was greater contrasted between the null and more 

active phase of the sensory neurons of both systems, at this condition the BI was 

greater for active neurons at high stimulus frequency (BIs= ˃2). The bursting 

index of the sensory neurons of both system ( cochlear and vestibular system ) 

have summarized in table-7. 
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Table 5. The A values for the sensory neurons of AS (acoustic system) and 

vestibular system (VS) of the chickens and rats. 

Animals 

 

Total Time of 

Longest Intervals  

(ms) 

Total  Sample 

Time (s) 

A (ms) 

Chicken   

±0.55 

 

12 

 

0.045   AS 

  VS ±0.48 12 0.04 

Rat  

±0.52 

 

12 

 

0.043   AS 

  VS ±0.46 12 0.038 

 

 

Table 6. The B values for the sensory neurons of the acoustic and vestibular 

system of the chickens and rats. 

Animals Mean Interval Length of 

Longest Intervals (ms) 

Total Sample Time/  

Number of Intervals (s) 

 

B (ms) 

 

 

 

Chicken   

±0.35                                

 

12 

 

0.029     AS 

    VS ±0.29  12 0.024 

Rat    

    AS ±0.31 12 0.025 

    VS ±0.27 12 0.022 
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Table 7. The bursting index (BI) for sensory neurons of the acoustic and 

vestibular system of the chickens and rats. 

Animals 

 

   A values  

   (ms) 

   B values  

    (ms) 

Bursting Index  

(ms) 

Chicken   

 

0.045 

 

 

0.029 

 

 

0.0013 

  AS 

  VS 0.04 0.024 0.00096 

Rat    

  AS 0.043 0.025 0.001075 

  VS 0.038 0.022 0.000836 

 

 

4.7. Measurement of the Ear Anatomy  

         To measurement of the ear anatomy we have included 12 specimens of the 

animals (12 to 14 week old 6 rats and 6 chickens). The tympanic membrane and 

middle ear bones were measured with the help of a 15× dissecting microscope, 

it was fitted on the ocular micrometer with 12 mm scale divided into 0.2 mm 

units, and the ocular micrometer had calibrated against a stage micrometer 

subdivided into 0.002 mm units; Here following measurements were taken (1) 

Tympanic membrane (2) Malleus, 3) Incus, 4) Stapes.                                                                                                                       

            The diameter of the tympanic membrane is ± 9 mm in both animals. 
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Cochlear and SCCs measurements were done by the midmodiolar axis, but the 

diameter is somewhat varied due to slight variations in orientation in both 

animals. The point to point comparative physiological data those closely 

correlated to the anatomical specialization are summarized in table-8 (Oaks, E. 

C. 1967; Pritchard, U. 1881). Measurements of the semicircular canals were 

made at 300 × using the Nikon microscope which calibrated with the ocular 

microscope and a rotating stage so that the spiral form of the cochlea and SCCs 

can be measured readily. 

       The casting technique was employed to examine the volume of the middle 

ear cavity.  The temporal cartilage bones were clearly removed from 12 (6 

specimens of chickens and 6 rats) frozen specimens. A dry cavity is well visible 

than the moist cavity of the middle ear. Cavities have casted with wax; it is 

easily pourable in liquid form in the cavity. After the casting of the cavity, the 

cartilage bone surrounds the cavity was broken away from the cast with a pair 

of fine pointed forceps under the dissecting microscope, after that the vacuities 

examined. The volume of each cast was examined from its weight and then the 

casts were weighted on a sartiorius electronic scale (weight in Gram). 

4.8. Histology of Cupula and Cochlea 

       The animal was sacrificed after the conclusion of the cochleo-vestibular test 

by overdoes of the chloroform. Before to fixation of each animal were flushed 

with the saline water. The cupula and cochlea were removed and fixed in 



fixative (formalin 4-10 %). Before microtomy, the specimens were washed in

tap water. Subsequently, several sections (15 

and then each section was

least 3 minutes for dehydration. After that, the section was stained and 

mounting. The organ of corti (part of the cochlea) and cupula (part of 

semicircular canals) are a very important part for the 

movement. Under the organ of 

vestibule; both structures exist in a low potassium fluid called perilimph.

Because those stereocilia are in the 

once their cation channels are pulled open, potassium ions and calcium ions 

flow into the top of the sensory hair cells.

and cupula have illustrated in photograph

 

  

Photograph-2. A cross section of the auditory system (organ of corti) reveals 

the various components that involve in the mechanism of hearing and 

amplifying the low frequency.
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10 %). Before microtomy, the specimens were washed in

equently, several sections (15 -20 µ) was cut with microtomy, 

was passed in increasing percentage of the alcohol for at 

least 3 minutes for dehydration. After that, the section was stained and 

The organ of corti (part of the cochlea) and cupula (part of 

als) are a very important part for the sense of endolymphatic 

movement. Under the organ of corti is the scala tympani and above it, the scala 

structures exist in a low potassium fluid called perilimph.

Because those stereocilia are in the midst of a high concentration of potassium,

once their cation channels are pulled open, potassium ions and calcium ions 

flow into the top of the sensory hair cells. The cross sections of organ of corti 

have illustrated in photograph- 2 and 3. 

ross section of the auditory system (organ of corti) reveals 

the various components that involve in the mechanism of hearing and 

amplifying the low frequency. 
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10 %). Before microtomy, the specimens were washed in 

with microtomy, 

increasing percentage of the alcohol for at 

least 3 minutes for dehydration. After that, the section was stained and 

The organ of corti (part of the cochlea) and cupula (part of 

sense of endolymphatic 

orti is the scala tympani and above it, the scala 

structures exist in a low potassium fluid called perilimph. 

midst of a high concentration of potassium, 

once their cation channels are pulled open, potassium ions and calcium ions 

of organ of corti 

 

ross section of the auditory system (organ of corti) reveals 

the various components that involve in the mechanism of hearing and 



         

Photograph-3. A

components.
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A cross section of the cupula and their peripheral 
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CHAPTER- 5 

OBSERVATION AND RESULTS 
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COCHLEA 

         The cochlea is a part of the inner ear that receives sound wave in vibration 

form through the external and middle ear. The main component of the cochlea is 

the organ of corti a cellular layer on the BM (basilar membrane) and firmly 

covered by the bony labyrinth in the skull. The organ of corti has several 

sensory hair cells arranged in different types of rows and fine hair like 

structures called stereocilia located on the cells. These cilia are very sensitive in 

response to the oscillatory movement in endolymph of semicircular canals 

(SCCs) because these stereocilia are embedded in endolymph of the cochlear 

canals.  

5.1. Response Properties of Stimulated Cochlea 

           It is mostly determined by the evaluation of the frequency selectivity 

(FS), spikes discharge rate (SDR), response threshold (RT), BI, CVs and ISI. 

There are SDR for chickens and rats respectively ≤200 sp/s and ≤162 sp/s, 

whereas the FS also highest of the chicken’s auditory neurons than the rats. 

These data reflect the better response properties in regard to the particular range 

of stimulus frequency.  

          The frequency selectivity (FS) have attributed by the tendency of the 

auditory neurons to be most frequency selectivity with the increasing of 

anatomical specialization, it has explained by the plotted curves for individual 

animals. The highest peaks of the curve depict that the frequency at which the 
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active auditory neurons are most sensitive and better capability to generate 

regular spike. It is denoted by the characteristics frequency (CF). The cochlear 

response at the lower level stimulus was not similar to the stimulus waveform. 

At higher stimulus frequency, the responses offsets were shorter than the onsets 

and traces exhibit that persists well after the end of the stimulus.     

       We have observed the regular and irregular responses of the auditory 

neurons those innervate to the groups of sensory hair cells on the basilar 

membrane. In the present studies, it revealed that the overlying membrane 

imposes an offset on the sensory hair cells and the endolymph oscillation bends 

the stereocilia on the hair cells (Fredrickson-Hemsing, L et al. 2012).  

        The constant spike discharge was revealed by free oscillation of the 

sensory hair cells. The periods of regular oscillations (at ±10 kHz) was detached 

by the inter-spike intervals and height of spikes (maximum and minimum) when 

the stimulus of orderly increased amplitudes was applied (from 1 to 10 kHz). At 

all level the base and top of the curves were shifted by 20nm, these features for 

both animals were different but equivalent to the increased intensity of the 

stimulus applied to the endolymph. In this section, we have also observed the 

responses of the cochlear sensory neurons with the movement of the 

endolymph, that pushed on the sensory hair cells (it posses stereocilia on the 

apical end of the cells) and basilar membrane. Here we have also compared the 

responses properties of the cochlear sensory neurons between both animals 

(table-8).  
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Table 8. Comparative response properties of the cochlear sensory neurons in 

both animals. 

         Characters         Chicken                   Rat 

 

 

First Harmonic CP- spike ±2 kHz ±6 kHz 

CP  Null appeared at ± 125 Hz Appeared at ± 145 Hz 

Switching in Phase ±1200 Hz ±945 Hz 

BF (Busting Factors) ±0.06  ±0.06 (similar to chicken) 

Environmental 

and Anesthesia Effect 

Marked effect on  

response 

Marked effect on  

response 

Induced Cochlear  

Response 

Clear detected Less than Chicken 

Resonance Properties Not detected Not detected 

Maximum Response  ±6 kHz ±8 kHz 

SDR High than rat  Low 

Characteristic Frequency ±8 kHz ±10 kHz 

CVs  ±0.62 ms ±0.86 ms 

Auditory Neurons  

Susceptibility at 

Higher Stimulation 

More Susceptible  Less than Chicken 

Bursting  Index ±0.0013 ±0.001075  

 

          CP = Cochlear Potential, kHz = Kilohertz, Hz = Hertz, CVs = Coefficient          

          Variations, ms = Millisecond, SDR = (Spike Discharge Rate) 
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         At low level of the external stimulus (below 125 Hz) the sensory neurons 

were shown the low level bursts as the oscillation of the sensory hair cells and 

basilar membrane. At higher level of the stimulus ( ±8 kHz), the irregular 

phases between 8 to 10 kHz have replaced by the more stable regular phase in 

chicken’s auditory neuron but these harmonic phases were shown by the 

auditory neurons of the rats at about  ±10 kHz. This feature shows the variances 

in the potentiality of the acoustic system in both animals, but this potentiality is 

different in both animals. It may vary from animals to animals or species to 

species on the ground of environment and development of the acoustic system. 

As the ES (external stimulus) further increased, the response of the auditory 

neurons was continued, but they show the more spikes burst and little spikes 

time intervals in the chickens and rats auditory neurons, but not appeared 

similarity in both animals.  

          Although the mean spikes intervals decrease with the increasing of the 

shifting of the response phases, but their magnitude of the spikes discharge was 

constant. Finally, the stimulation in order of 8-10 kHz, overlapping and 

bistabilities in the spike discharge patterns subsequently were disappeared and 

prominent spikes were observed. When increases in the stimulus frequencies 

then the regular bursting patterns become more stable than the irregular 

patterns. In this condition, bistabilities in the spikes discharge phases were 

removed and the control parameter (µ) orderly decreased with the increase in 

the spikes discharge rate. The effects of slow and irregular phases offset were 



observed as a spikes discharge on histogram individually f

fig- 1 and 2), in figure 

applied to the endolymph and cochlear response. 

 

Fig-1. Intervals spike per bin vs. interval length curves 1A and 1

response properties of cochlear acoustic neurons in chickens, as curves 1C and 

1D depict to the cochlear neurons of the rats.

Observation and Results

observed as a spikes discharge on histogram individually for both animals (

1 and 2), in figure -1 has shown typical traces of different stimulus offset 

applied to the endolymph and cochlear response.  

Intervals spike per bin vs. interval length curves 1A and 1

response properties of cochlear acoustic neurons in chickens, as curves 1C and 

to the cochlear neurons of the rats. 
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shown typical traces of different stimulus offset 

 

Intervals spike per bin vs. interval length curves 1A and 1B depict the 

response properties of cochlear acoustic neurons in chickens, as curves 1C and 
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         An important feature of our hypothesis is that the amplification of the 

stimulus wave due to the movement of the sensory hair cells of basilar 

membrane and stereocilia. According to the spike discharge rate (162 Sp/s) of 

the acoustic neurons of the rat’s cochlea have less amplification properties. 

Although the results of the observation informed that the response of the 

auditory neurons is also correlated with the tonotopy and movement of the 

sensory hair cells in response to the endolymph oscillation.          

       Figure-1 reveals the blueprint of the neural sensitivity at a particular 

stimulus range and also illustrating their tonotopic arrangement in the cochlea. 

The instinct bursting mode has observed here for the chicken’s auditory neurons 

was not similar to the bursting mode of the rat’s auditory neurons. This different 

mode depicts the development level of the auditory neurons of chickens and 

rats. Despite much variation in sensitivity of the auditory neurons in both 

animals, the similarity and dissimilarity in the mode of spike discharge may 

reflect the refinement process of the active auditory neurons. Ultimately, such 

refinement process is not correlated only to the sensory hair cells but it also 

closely correlated with the peripheral components of the cochlea in both 

animals. This refinement process may generate the variation in bursting mode, 

SDR, CVs and BI at all level of the stimulus range and intensity. These 

variations in both animals are different and reflect the adaptation according to 

the stimulus range. The variation of neural response as a function of stimulus 

frequency and intensity may be viewed comprehensively by recasting the data.  
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5.2. Traveling Sound Wave Amplify by Sensory Hair Cells 

          Amplification of the propagating mechanical wave within the cochlea of  

the both animals remains unresolved, to confirm we were used various 

mechanical stimulus (300 Hz 350 Hz, 400 Hz, and 450 Hz) to induce the 

endolymph of the cochlea, consequently, we could be determined the oscillation  

along the length of the BHC (basilar hair cells).  

        It is believed that the cochlear sensory hair cells are an important 

component in the acoustic process in all vertebrate. These sensory cells 

produces electrical forces by their oscillatory movement that enhance the 

response of the cochlea and vibration of the basilar membrane, by which the 

traveling wave amplify and more sensitivity has occurred in the cochlea of both 

animals. When we stimulated the cochlear endolymph at 300 Hz range of 

frequency, the resulting frequency of the cochlea is ~4 kHz, this frequency 

much higher than the stimulating frequency; it is also higher than the amplitude 

of the stimulating frequency. It means that the SHCs have a capability to 

amplify the propagating wave in response to the endolymph oscillatory 

movement in the cochlear duct, because the SHSc firmly embedded in the 

endolymph, and their movements push on basilar membrane and sensory hair 

cell. The same experiment was performed on the rats, their resulting frequency 

was also high ~2 kHz but this frequency is less in compared to the chickens 

(Brownell, et al.1985). There are also determined the time taken for generating 

the 1-20 spikes by the cochlear auditory nerves. There have recorded the several 



microsecond differences in 

basilar papilla in the chicken

the chicken’s cochlea were high than the rat’s cochlea.

Fig 2. The variation in the time intervals histograms (TIH) plotted

response of chicken’s cochlear sensory nerves at

450 Hz stimulus frequency, but output frequency was observed little high from 

cochlear sensory neurons. 

than other TIH. 
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microsecond differences in propagation and amplification properties of the 

basilar papilla in the chickens and rats (in fig-2 and 3). This characteristics of 

the chicken’s cochlea were high than the rat’s cochlea. 

he variation in the time intervals histograms (TIH) plotted

response of chicken’s cochlear sensory nerves at 300 Hz, 350 Hz, 400 Hz

450 Hz stimulus frequency, but output frequency was observed little high from 

cochlear sensory neurons. The spikes discharge suppression is longer in 2A
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propagation and amplification properties of the 

2 and 3). This characteristics of 

 

he variation in the time intervals histograms (TIH) plotted for the 

300 Hz, 350 Hz, 400 Hz, and 

450 Hz stimulus frequency, but output frequency was observed little high from 

ion is longer in 2A TIH 



Fig 3. The variation in time intervals histograms (TIH) plotted for 

of rat’s cochlear sensory neurons at 

intensity; we have also found the amplification of the 

cochlear but less than the chicken

in 3A TIH than the chicken’s auditory neurons
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he variation in time intervals histograms (TIH) plotted for 

of rat’s cochlear sensory neurons at a different range of stimulus frequency and 

also found the amplification of the propagating wave 

but less than the chickens. The spikes discharge suppression 

than the chicken’s auditory neurons. 
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he variation in time intervals histograms (TIH) plotted for the response 

different range of stimulus frequency and 

propagating wave in rat’s 

spikes discharge suppression is longer 
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            Both animals represent to the different habitat and classes so frequency 

selectivity is not relevant when the sensory hair cells intact into the organ of 

corti. The conduction of electrical signal by the auditory neurons may be 

dominated by the motility of the sensory hair cells. The capacitance factors are 

very important to the hair cells motility along the basilar membrane in that cases 

the characteristics frequency of the hair cells may vary. The existence of 

traveling waves within the endolymph of the cochlea was powered by the 

sensory hair cells arranged on the organ of corti in both animals. On the other 

hand, the vibration in basilar membrane was measured in avian and mammals 

revealed the response of frequency dependent phase lags (Smolders, J.W. et al. 

1986). 

       The recorded of neural response have shown in the curves of bursting 

phases that is consistent with the traveling stimulus waves in the cochlea of both 

animals. On the other hand, the observation of the sensitivity of auditory 

neurons in barn owl does not match with the tonotopic frequency represented by 

the basilar papilla (it have many sensory hair cells as cluster) (Fontaine, B. et al. 

2015). 

        The critical features of a traveling sound wave is that it taken time to 

propagate from the tympanic membrane to the organ of corti, because the 

frequency selectivity by the cochlear components are mainly depends on the 

nature and intensity of stimulus frequency. Therefore, we have used the data of 

endoplymph oscillation and response of acoustic neurons from both animals to 



Observation and Results 

79 

 

determine the amplification and propagation of the traveling mechanical wave. 

This was done by the observing of spontaneous response curves of the interval 

spikes per bin versus frequency. We were found longer delays of the spikes 

generation from the auditory neurons of the rats than the chickens at about 300 

Hz, higher frequency stimulus had longer delayed that consistent with traveling 

sound wave in the cochlea. 

          To confirm, we have repeated the experiment for twice, where 300 Hz 

stimulus frequency was presented and the spikes discharge was measured in 

both animals. We were measured the time delayed between first spike and last 

spike of the bursting patterns of auditory neurons (in fig-3). Together, these data 

reveal that the sensory hair cells and basilar membrane in both animals support 

in the traveling sound wave amplification, which was consistent with the 

concept that the amplification of sensory hair cells in chicken’s cochlea is like a 

series of regular spikes discharge as does in the rat’s cochlea at ±400 Hz 

stimulus. 

5.3. Spontaneous Discharge Rate in Cochlea (SDR) 

         The cochlear nerves of the avian and mammalian have a comparatively 

prominent SDR in developing animals, this rate  was different from newborn to 

mature animals, where 25 sp/s and 65 sp/s respectively for ≤ 12 weeks old rats 

and chickens, whereas same SDR rate observed from  ≥ 12- weeks old rats and 

chickens auditory nerves. This dissimilarity between 12 and 14 weeks old 

animals could suggest to the cochleo-vestibular tonotopic or neural refinement 
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in both animals. 

           The relationships between spike discharge rate and characteristics 

frequency for both animals (12 to 14 week old) are clearly different. In same 

ages and groups of the animals, there was a significant relationship between 

spikes discharge rate and characteristics frequency in both animals at a higher 

range of stimulus frequency. The relationship in CVs has not occurred in 

different ages and groups of the animals and reduced the level of spikes 

discharge rate has also appeared at low stimulus frequency in both groups of the 

animals. The changes in spikes generation occurred at high and lower stimulus 

level have functional implication for the ability of mature sensory neurons to 

convey information about the oscillation of endolymph and other components of 

the cochlea. The limit oscillation range and tendency of nonlinear responses 

were observed in the TIH, it implies that mature cochlear neurons can respond 

with proportion changes in stimulus rate than their immature counterparts.   

            Low spontaneous spikes discharge rate has been recorded from the 

auditory sensory neurons in developing avian and mammals. The uniformly 

distribution of the spikes discharge and inter-spike intervals was prominent 

across all responsive neurons of each group of the chickens and rats. However, 

the distribution of spikes in histogram was relatively varied in different ages of 

animals, thus the neurons of 12 weeks old have a lower spikes discharge rate. 

Numerical data of the SDR and silent period have summarized in table-9 for 

auditory and vestibular neurons of both animals. 
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Table-9. The spikes discharge rate and silent periods revealed by the sensory 

neurons of the acoustic and vestibular system in chickens and rats which 

representative of the different habitat and classes. 

Measure SDR Silent Periods (ms) 

Chicken 

    AS  

    VS  

 

±200 Sp/s 

±120 Sp/s 

 

±60 ms 

±58 ms 

Rat 

   AS  

   VS  

 

±162 Sp/s 

±160 Sp/s 

 

±90 ms 

±74 ms 

 

    AS= Acoustic System; VS= Vestibular System; SDR= Spike Discharge Rate;  

   ms = Millisecond; Sp/s= Spikes Per Second 

 

           In  the different group of animals, the spike discharge rate as a function 

of all intact components of the organ of corti at CF; these animals have highest 

discharge rate on a particular range of stimulus frequency. Generally, the 

relation between SDR and CF did not obtain in the different groups of the 

animals because the tonotopic arrangement of the auditory neurons and sensory 

hair cells may be different. There are very unusual that the acoustic neurons of 

post-hatched animal had unclear tonotopy and the spikes discharge rate, it is 

comparable with the higher rate examined in the chickens. Indeed the SDR of 

the auditory neurons in 14-weeks old animals was very peculiar as recorded in               



the chickens by Manley 

numbers of spike to quantify the discharge pattern

factors) were observed 

Fig 4. Irregular spikes discharge 

chickens and rats at 45 Hz and 50 Hz stimulus. In Curve 4A and 4B have shown 

the CVs and BF of the sensory neurons of the c

in CVs but BF is similar at 45 Hz 

representing the irregular sensitivity of the cochlear neurons in rats. 
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the chickens by Manley et al. (1991a). In that cases, there are suffic

to quantify the discharge patterns. The CVs and BF (burst 

observed for irregular spikes discharge (fig-4). 

Irregular spikes discharge plotted form the cochlear sensory neurons in  

chickens and rats at 45 Hz and 50 Hz stimulus. In Curve 4A and 4B have shown 

the CVs and BF of the sensory neurons of the chickens, there are more differe

in CVs but BF is similar at 45 Hz in both animals. Curves 4C and 4D 

representing the irregular sensitivity of the cochlear neurons in rats. 
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CVs and BF (burst 

 

plotted form the cochlear sensory neurons in  

chickens and rats at 45 Hz and 50 Hz stimulus. In Curve 4A and 4B have shown 

hickens, there are more different 

rves 4C and 4D 

representing the irregular sensitivity of the cochlear neurons in rats.                                                                                           
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       There are not possible to obtain a well TIH (time interval histogram) for 

auditory neurons having minimum inter spikes intervals (≤ 12 ms), because 

SDR were too low. In those cases, where are minimum inter spikes interval then 

the data were not included in calculating the mean spikes rate and the silent 

period of the discharge. There are mean spikes interval in the chickens was high 

than the rats. 

          The spikes time intervals in regular spike patterns of auditory neurons 

were significantly longer in 14-weeks old chickens in compare with the 14-

weeks old rat have shown in table-2. For auditory neurons, the spikes time 

intervals were independent to the mean of spikes discharge rate. In contrast, the 

spikes time intervals of regular and irregular spikes were varied as a function of 

the neural spikes discharge rate. The miner spikes intervals often indicate to the 

dead time, that was high for rats (±90) than the chickens (±60) (in table-9). The 

dead time of the sensory neurons was different in both groups and ages of the 

animals. However, when there were considered the discharge rate of auditory 

neuron individually in both groups of the animals, we found that the chicken’s 

cochlea was shown the high discharge rate than the rat’s cochlea (in table-3). 

Coefficient Variation (CVs) in Inter-spikes Interval: In figure-4 have shown 

the sensitivity of the auditory neurons in both groups of the animals. The 

neurons represent the variations in the inter-spike intervals in both animals, it 

can be explained as regular and irregular bursting. Coefficient variations (CVs) 

for the cochlea has varied as a function of regular and irregular discharge and 
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inters spike intervals (in table-9).  

         The spikes generation was relatively irregular in the mode of long inter 

spikes interval and CVs of regular discharge was very low, whereas the 

irregular patterns have a CVs of ±0.86 ms, these values are contrasted to the 

CVs of regular and irregular spikes generated from the sensory neurons of the 

rats. Nevertheless, the CVs for both animals have generally varied and ranged 

from 0.02 to 2.4 ms from lowest to highest stimulus frequency. The highest CVs 

were observed for auditory neurons of the rats, whereas the lowest CVs were 

found in the auditory neurons of the chickens. The CVs of different patterns 

were obtained from auditory neurons is shown in figure- 4 for chickens and rats.  

5.4. Cochlear Responses between 150 Hz and 1800 Hz  

         The overall curves obtained from the cochlea of both animals; thus the 

maximum response peaks occurred at ≥1750 Hz and ≥1800 Hz respectively for 

chickens and rats. Similarly, the minimum sensitivity was determined near 

about 140 Hz and 230 Hz respectively for chickens and rats. Observation of the 

figures 2 and 3 show a clear similarity in disposition of phases of the response 

of cochlear auditory neurons in the chickens and rats was recorded by 

electrophysiological. In the chickens, the spikes of the minimum responses were 

observed at low stimulus frequency than the rats. The second large spikes have 

less magnitude appeared between 1100 Hz  and 1300 Hz. These two spikes have 

separated from each other by the downfall in cochlear sensitivity at either 1200 
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Hz or 1400 Hz. The clear spike between 1100 Hz and 1300 Hz does not appear 

for cochlea of the rats, it shows minor spikes near 1400 Hz and spikes was 

dropped near 1600 Hz, but auditory neurons of the rats were shown gradually 

rise in minor spikes generation from ± 1650 Hz to 1800 Hz. At least four major 

spikes have occurred at 1800 Hz and unusual spikes were examined at 700 Hz 

from the auditory neurons of the rats, but these unusual spikes were observed at 

500 Hz in the chicken’s auditory neurons. The clear discrimination in response 

was obtained by the plotting of the cochlear sensitivity curves for both groups 

of the animals; these curves reflect the increasing anatomical specialization of 

the cochlea, therefore, it enhance of cochlear potential or sensitivity over the 

range of stimulus frequency in both animals. 

5.5. Spikes Discharge Pattern (SDP) 

          The patterns of spikes discharge were remarkably contrasted between 

both animals from neonates to mature. The spikes discharge in mature animals 

reflected continuous, irregular that contained no appreciable long period of 

inactivity, whereas the discharge patterns in the neonate occurred in a series of 

burst interrupted by long silent periods. The SDP is proportional to BI, spikes 

discharge rate and CVs (coefficient variation). The value of the BI, CVs, and 

spikes discharge rate was calculated for chickens respectively are as 0.16, 0.79 

ms and 98 sp/s and the value of the BI, CV, and Spikes discharge rate for rats 

are as 0.14, 0.74 and 81 sp/s (Jones and Jones 2000; Jones, T.A. et al. 2001), 

This discharge rate in 14 weeks old animals reflects harmonic and regular 



patterns (in fig-5). 

Fig 5. Regular spikes discharge p

neurons at 8 - 10 kHz stimulus

and the neurons burst have

ms) and switching in the patterns 
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Regular spikes discharge patterns recorded from the cochlear

10 kHz stimulus rage. At this range, the CVs and ISI were

burst have more similarity in both animals; the dead time (0.2 

switching in the patterns also very less. 
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rage. At this range, the CVs and ISI were less 

dead time (0.2 
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         The sensitivity of auditory neurons in both groups of the animals are 

evidence of the regular spikes discharge having a clear distribution of spikes as 

shown in TIH (time interval histogram) of figure-5. This spike patterns also 

found in both groups of the animals as widely has been reported for posthatch 

birds and mammals by Sachs et al. (1974, 1980). However, in chickens, the 

longest spikes interval has occurred with less probability of CVs in compared to 

the rat’s TIH. 

          In curve 5D has shown the parallel appearance of the shortest spikes 

intervals to the longest spike in TIH of the rats, this features of chicken’s 

auditory neuron was very less than the rats. It was contrasted with the position 

and clear appearance of spikes in TIH of both animals at 8 and 10 kHz range of 

stimulus frequency. As the time of inter-spikes interval has increased beyond 

the dead time (miner inter spike intervals) in the rats then sudden raise in CVs 

of spikes and exponential declined in the number of spikes in selected bins. In 

the chicken, it has also gradually raised and declined of the spikes in overall 

bins but comparatively the spikes interval, height and length was different in 

both animals. The minimum inter spikes intervals are just double in rat’s 

sensory neurons in compared to the chickens.  

          The spike patterns corresponding to prefer intervals are plotted against 

characteristic frequency (CF) in curve 5B revealed the PIs frequency; it was a 

function of CFs for both animals in the current study. The preferred intervals 

(PI) tends to distribute near the lines of corresponding CFs (characteristics 
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frequency). The spikes discharge patterns were quite varied as has been 

recorded by Temchin (1988) in the birds. In figure-5 has illustrated four 

discharge patterns generated by the auditory neurons.  

           Figure-5D is a record of the auditory neurons that have some different 

regular bursting patterns in the rats and periodically appears as an instinct burst 

of neural activity. Discharge of spikes and silent periods was occurred at 

intermittently, this pattern was found only rats (14-weeks old) with miner inter 

spikes intervals. The regular spikes patterns were shown in the figure-5 for the 

rats were not corresponding to the chickens at the same range of the stimulus 

frequency (8 and 10 kHz).  

        To provide the quantitative measure of regular spikes burst, the BF (burst 

factors) was determined for both animals individually. In figure-4 has shown the 

burst factor for spikes train recorded from the auditory neurons in both animals. 

Generally, the magnitude of the bursting factors was correlated with the 

bursting of regular spikes. Fig- 4 shows the contrasts BF for auditory neurons in 

rats and chickens and it is a example of considerable amounts of the irregular 

bursting of spikes was found in both animals at lower stimulus frequency (45-50 

Hz), but this feature was not obvious in rats than the chickens. 

           Hazard function can be used to determine the alteration of probability in 

the inter-spikes intervals and unclear distribution of spikes in the time intervals                      

histograms. Figure-6 show the hazard functions for TIH of both groups of the 



animals. 

Fig 6. The hazard function for sensory neurons of

animals produced quasi Poisson distribution of the spikes and intervals between 

spikes at 10 kHz stimulus frequency, and it 

quickly with spikes intervals of 4 ms.

In both animals, the

mean value of spikes distributed

probability of regular inter spikes intervals

significantly longer interval period to achieve the 

acoustic neurons. There 

less than ~3 ms, whereas the neu

spike intervals in rats. 

and both animals provide

longer spike time intervals. The Auditory neurons in both animals also revealed 
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function for sensory neurons of both chicken and rat, both 

animals produced quasi Poisson distribution of the spikes and intervals between 

10 kHz stimulus frequency, and it observed by the H (k) that rise 

quickly with spikes intervals of 4 ms. 

, the large spikes intervals lead to variation 

of spikes distributed in time interval histograms and also 

inter spikes intervals. However, there are not required the 

significantly longer interval period to achieve the probability plateau from the 

. There have considerable bias against the spike intervals 

less than ~3 ms, whereas the neural potential was occurred at much shorte

spike intervals in rats. This result of both animals is relevant to each other

provide a clear graphical illustration of the substantially
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animals produced quasi Poisson distribution of the spikes and intervals between 
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intervals lead to variation in a constant 
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ral potential was occurred at much shorter 

relevant to each other                                                                           
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intervals. The Auditory neurons in both animals also revealed 
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a regular spike discharge patterns of preferred intervals (PI). 

           Preferred intervals in regular spike discharge patterns are obviously 

recorded from acoustic neurons of the chickens and rats; thus, we found only 

three examples of clear PI (preferred intervals) between 4 and 12 ms in the 

standard time interval histogram (TIH) of the rats. Autocorrelation analysis 

manifests only two instances of unclear periodic spike discharge patterns in rats; 

these optimal examples of the preferred intervals in spike discharge are 

illustrated in figure 6. In figure 5D has shown the differences in recorded TIH, 

autocorrelation function and fast Fourier transformer for the auditory neurons of 

rats and chickens. There are no clear IP in the time interval histogram of the 14-

weeks old animals. Nevertheless, a high amplitude spikes discharge was 

apparently present in the autocorrelation function of the same time interval 

histogram at high stimulus range. The amplitude of fast Fourier transformer 

reveals an explanatory base near 8 kHz for the chicken’s ACF. According to the 

ACF (autocorrelation function) chickens are higher sensitive at a low range of 

the stimulus frequency.  

5.6. Bursting Index (BI) 

         BI calculated only for those curves which have more than 11 spikes, the 

intervals in recorded spikes were defined by the longest and shortest intervals as 

shown in figure 2. Therefore, the BI calculated by following formula (detail see 

in method):  
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                                                             BI= A×B 

                  A= Reveals the proportion of time that the hair cells spent a non        

                       oscillatory period. 

                 B=  Reflecting the relative amount of motility present during     

                        discharge burst 

 

           The spikes length and inter-spikes interval over time were also 

remarkably different for both groups of the animals as shown in figure-2 and 3. 

In figure- 2 and 3 illustrated the clear sensitivity of the auditory neurons of the 

chickens and rats respectively. The length and inter-spikes interval of spikes 

discharged from auditory neurons of the chickens are prominent than the rats. 

The spikes discharge have been recorded relatively irregular at 32 -45 Hz range 

of stimulus frequency in both group of the animals, that not contained a 

remarkably long period of the neural sensitivity, whereas the appreciable spike 

discharge has appeared between 4 and 10 kHz stimulus frequency. These spikes 

were used to calculating the BI. The BI value of chicken’s auditory neurons is 

higher than the rats as shown in table-7. The variances in inter-spikes intervals 

over a long period of the time have plotted in time interval histograms as 

illustrated in figure-2. Each point in the curves of figure-5 shows the correlation 

between invasion time and spikes time intervals. The long time interval gives a  

comparable spike discharge rate in spikes per second (sp/s) for intervals per 

bins, which is referred to ongoing “spontaneous spike rate”.  
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             Figure-5 prominently shows the regular spontaneous spikes discharge 

and inter-spikes intervals from auditory neurons of both animals. The 

spontaneous inter-spikes intervals shown in table-10 for acoustic neurons 

separately and these values are varying in both animals.  In table-5 has shown 

the BI value for the sensory neurons of acoustic neurons of the chickens and 

rats. These values are consistent with an exponential distribution of the inter 

spike intervals, which is a characteristics of the random spike discharge (Kiang, 

1965; Walsh et al.1972).  

5.7. Cochlear Potentiality (CP)  

          A small potential is generated due to a difference in potential between the 

endolymph and perilymph. The CP data were recorded with the help of 

microelectrode positioned near the basilar membrane. The stimulus 2.50 kHz 

was delivered with intensity range from 30 to 95 dB SPL. The erratic value of 

cochlear potential revealed as switching in the spikes and shape of the curves. 

Similar electrode and oscillatory frequency were used for recording of the 

cochlear potential and identify the potential threshold in both groups of the 

animals. With the help of audio oscillator and wave analyzer oscilloscope are 

possible to record the cochlear potential over a broad range of frequency.  

          The amplitude of the cochlear potential at a given range of frequency was 

depend on the SPL (sound pressure level) of the external stimulus and when the 

intensity of the external stimulus was changed gradually; there was a 
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corresponding change in the CP (cochlear potential). Thus, in both groups of the 

animals, the cochlear potential vs. frequency curves was determined with the 

different levels of stimulus intensity. The different length and patterns of the 

spikes (in fig-7 for Rats and fig- 8 for Chickens) in the curves of the neural 

response were not overloaded with the stimulus intensity.  

          The curves plotted for both groups of the animals were compared at the 

similar stimulus intensity. Therefore the audio oscillatory output was not 

constant throughout the observation of spikes patterns with 1 to 10 kHz 

frequency sweeps. The curves in figures- 7 and 8 are illustrating the stimulus 

and response values that depict the attenuation of the stimulus in regard to the 

maximum output of sensory neurons, as have revealed by the maximum audio 

oscillatory output curves. The SPL was relatively constant throughout the most 

frequency (1 to 10 kHz) band have studied in both animals.  

          The spikes generated by the cochlear auditory neurons of the rats were 

relatively low in amplitude and cochlear potential vs. frequency curve could 

only be recorded when the range of the stimulus frequency was relatively high 

(5 to 10 kHz). Figure-7 illustrates the cochlear potentiality of the rat’s cochlea. 

The characteristics of these curves were constant in six rat’s ears, which were: 

(a) The highest CP amplitudes were observed at ≥ 6 kHz range of the frequency, 

(b) the CP amplitude was declined between 32-45 Hz (d) CP amplitude null 

(minimum cochlear responses) recorded around 40 Hz, (e) Miner CP amplitude 

spikes have shown near 200 Hz. 



      

Fig-7. In Cochlear potential vs. frequency curve has shown the cochlear 

potentiality of the rats and this curve also reveals t

rats than the chicken’s cochlea with 

               

     

Fig-8. In curve shown the cochlear potential of the chickens

curve, the cochlear potentiality of the chickens is more than the rats

gradually increasing of stimulus frequency.
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In Cochlear potential vs. frequency curve has shown the cochlear 

of the rats and this curve also reveals the less cochlear response of 

chicken’s cochlea with the increasing range of stimulus frequency.

In curve shown the cochlear potential of the chickens, on the basis

the cochlear potentiality of the chickens is more than the rats

creasing of stimulus frequency. 
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In Cochlear potential vs. frequency curve has shown the cochlear 
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range of stimulus frequency. 
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        In all aspects, the cochlea of chickens has shown clear response properties 

than the rats. Cochlear potential has plotted between 1-10 kHz range of stimulus 

frequency but there are 0.56 ms difference to obtain same CP on the 

characteristics frequency between the rats and chickens. The features that were 

common to the cochlea of the six chickens were: (a) A broad CP amplitude 

`spikes near 7 kHz range (b) Regular spike discharge at about 10 kHz, (c) A 

prominent CP amplitude spike at about 10 kHz, and (d) A unclear pronounced  

at ˃ 10 kHz. In one chicken of six, we have examined a long amplitude spike 

near 11 kHz but the CP spike at ˃11 kHz was variable in appearance. 

         In chicken, the Cochlear potential vs. frequency curves revealed a broad 

amplitude spike in the center of the curve at about 10 kHz. It is very interesting 

to note that the neural potentiality and thresholds were recorded by Pollak et.al 

(1979) in rodents. This frequency is a most effective stimulus for recording the 

sensitivity of the cochlear auditory neurons in both chickens and rats. In all 

chickens, the maximum CP amplitude was examined at ±10 kHz stimulus range 

and the CP amplitude at this range was consistently 0.89 ms higher than that 

generated on the low stimulus frequency. The null of neural response was 

observed at about 32 Hz was very sharp and sometimes disappeared. The CP 

amplitude change among the spikes and nulls points was often on the order of 5 

Hz stimulus. The cochlear potential is higher in the basal turn and decreases in 

the magnitude towards the apex part. The CP is mostly dependent on the 

oscillation of the cochlear components and ionic flow. 
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   5.8.  Tonotopy of Cochlea 

          There have been used direct and indirect techniques for determining the 

cochlear tonotopic arrangement. It has determined by the defining of the hair 

cells sensitivity and the staining techniques. It also noted that the 75% labeled 

auditory neurons innervates throughout the basal region of the basilar 

membrane only 25% to the apical part. These innervations underlie into the 

tonotopically arranged of the basilar membrane in both animals. These data 

revealed that the basal part of the basilar membrane has more innervated by the 

auditory neurons devoted to high-frequency selectivity rather than the apical 

part of the basilar membrane in both groups of animals. These features of the 

cochlea in the chickens are prominent in outer hair cells than the inner hair cells 

of the basilar membrane. On the other hand, the BM (basilar membrane) of rats 

has more branches of the auditory nerves that more innervate to the basal part of 

the basilar membrane than the upper surface. 

           Auditory neurons innervate the outer and inner sensory hair cells of the 

organ of corti in the cochlea and distribute their branches from ventral to the 

dorso-lateral part of the organ of the corti. It terminates at the dorsal part of the 

SHCs (sensory hair cells) in both animals. Whereas, these neurons have 

innervated regularly to the basal part of hair cells and project to regularly basal 

parts of the basilar membrane (Photograph-2). It has been noted that 85% of the 

labeled nerves project throughout the ventral region of the cochlea (Fekete, D.M 

et al. 1984). By the staining of the organ of corti, we found that the individual 
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auditory neurons penetrate into hair cells in the different distance. 

5.9. Neural Innervations in Sensory Hair Cells 

           We have studied of 12 to 14-week-old animal's ear invivo and exvivo. At 

this stage, frequency selectivity of the acoustic nerves and sensitivity of the 

cochlear hair cells was matured. The lateral branches of the basilar papilla 

continue to the basal part after bifurcation, it innervates the basilar hair cells. 

The basilar papilla are ≤ 4.8 mm long that was magnified by the stereo zoom 

microscope. There are different characteristics of bifurcated neurons at high 

CFs (characteristics frequencies) in chicken’s basilar papilla than the rats. 

            The main nerve continues to dorso-laterally after rising from ventral 

main branch that penetrates into basilar membrane and arches across the BM 

(basilar membrane) to innervate the outer sensory hair cells (Photograph- 4).  It 

is relatively a broad region through which auditory nerves fibers distribute, it 

does not have a counterpart to the sensory hair cells in rat’s cochlea. As the 

acoustic nerves fibers courses ventral to dorsal region of the organ of corti then 

it give off more branches in chickens than the rats. The type-1 primary auditory 

neurons innervate inner sensory hair cells that emerge from the dorsal part of 

the basilar membrane. The nerve fibers of inner hair cells are also very heavily 

myelinated, which is in contrasted to the unmyelinated outer hair cells nerve 

fibers. The region of the basilar membrane supplying the inputs to a particular 

afferent nerve fibers can be considered to be its receptive field.       



                                   

       

Photograph- 4. Cross section of the

that innervated to the sensory hair cells; there are 

innervated than the upper surface of the sensory hair cells.

           Each collateral nerve fiber ascends dorsally to innervate the a

of the sensory hair cells and the projection of the branches corresponding to the 

tonotopic arrangement of the basilar membrane (

auditory nerves form the calyx like end bulbs, it is a common character of the 

all animal’s cochlea, including birds and mammals. Anatomical features are 

suggested that each auditory neuron on average contained two endbulbs with 

several branches of the sensory nerves. 

          There are very difference

regards to the low (32

characteristics frequency

lateral region of the rat’s basilar membrane do not form the endbulbs but these 
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Cross section of the cochlear sensory hair cells and the neurons 

that innervated to the sensory hair cells; there are basal regions of the cells more 

upper surface of the sensory hair cells. 

Each collateral nerve fiber ascends dorsally to innervate the a

of the sensory hair cells and the projection of the branches corresponding to the 

tonotopic arrangement of the basilar membrane (Ryugo, D. K. 1992). 

the calyx like end bulbs, it is a common character of the 

, including birds and mammals. Anatomical features are 

suggested that each auditory neuron on average contained two endbulbs with 

several branches of the sensory nerves.  

difference in the tonotopy of cochlear auditory ner
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branches are terminated as a lobulated ending (Koppl, C. 1994). This feature is 

contrasted with the endbulbs situation in the rats in which the bushy fibers of 

lower characteristics frequency in antero-ventral cochlear nerves (AVCN) 

contains endbulbs. The neurons of highest characteristics frequencies in the 

chicken’s cochlea do not have bifurcate fibers but it terminates as endbulbs on 

the basilar membrane. It is clear that the low frequency receiving part 

(bifurcated fibers) of the basilar membrane does not receive inputs from the 

endolymph wave. It is very interesting to consider that the functional and 

anatomical correlations are not appeared in the neural ending. Sensory neurons 

are well specialized in the chicken’s auditory organ than the rats, because this 

feature might be needed for receiving a low frequency in the birds. 

VESTIBULAR SYSTEM 

       The vestibular system is a part of the inner ear in most animals which 

involved in the sense of balance. The vestibular system comprise three SCC 

(semicircular canal) is filled with the endolymph which oscillates in response to 

the mechanical stimulus transmits from the middle ear. With the movement of 

the fluid, the hair cells sense the mechanical movement through their stereocilia, 

subsequently that mechanical wave converts into electrical signals. 

5.10. Responses of Vestibular Sensory Nerve 

          A constant range of the stimulus (130 Hz) at which vestibular neurons of 

the chickens have responded 120 sp /s. The spikes discharge was not obvious of 



Observation and Results 

100 

 

the vestibular neurons in the rats at this stimulus range (130 Hz). The stimulus 

range increases (150 Hz) then the spikes discharge was corresponding to the 

spikes discharge of the chicken’s vestibular neurons. There we could explain the 

dissimilarity in response properties of the vestibular sensory neurons. The 

variation in the sensitivity was much more when the stimulus level gradually 

increased up to 10 kHz. The silent periods of the vestibular sensory neuron in 

chickens were less than the rats.  

           The responses of individual afferent fiber are divers in both animals, it 

receive input from afferent neurons. It does not encode high oscillatory 

movement in the endolymph randomly mechanical stimulus delivered into 

endolymph. The vestibular sensitivity of low oscillatory movement in 

endolymph are related to the second order neurons of vestibular nuclei, which 

are thought to mediate the vestbulo-ocolar reflex; it was selectively attenuated 

for self generated variation in time interval histogram. The vestibule neurons in 

both animals are very sensitive to constant stimulus, but not to random stimulus 

and intensity.   

           Three main patterns of the vestibular neural sensitivity have been 

explained in avian (chickens) and mammals (rats): (1) regular patterns (2) 

irregular patterns and (3) regular bistability patterns, present results revealed the 

low gain irregular and regular responses of vestibular sensory nerves. An  

irregular spikes discharge patterns have appeared near ± 350 Hz, this sensitivity 

continues increased when the stimulus range was gradually increased but the 



mode of the response were different 

 

Fig-9. Response mode of the vestibular sensory neurons of the chickens plotted 

between interval length and intervals per bin at different stimulus frequency. 

There are more variance occurred with the increasing level of the stimulus from 

2 – 8 kHz. 
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response were different in chickens at different stimulus

Response mode of the vestibular sensory neurons of the chickens plotted 

between interval length and intervals per bin at different stimulus frequency. 

There are more variance occurred with the increasing level of the stimulus from 
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at different stimulus ( in fig-9). 

 

Response mode of the vestibular sensory neurons of the chickens plotted 

between interval length and intervals per bin at different stimulus frequency. 

There are more variance occurred with the increasing level of the stimulus from 
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       The sensitivity of vestibular neurons was recorded in order to the high to 

low sensitive neurons and maintains a consecutive phase lead on all stimulus 

frequency, it was very accurately for sensory nerves (Hullar et al. 2005). We 

have categorized the patterns of spikes generated from vestibular sensory 

neurons on the basis of their normalized coefficient variation (Goldberg, 1984) 

in figure-9. The neural response of the chickens and rats over the range of 

stimulus frequencies are not consistent with the previous observation in other 

avian species but the sensitivity of vestibular system increased when the 

stimulus intensity was constant between 2-8 kHz frequencies. These responses 

were continued from 2 to 10 kHz stimulus frequency in both animals 

nevertheless the responses are contrasted in both animals. 

           The correlation between coefficient variation (in table-4) and spikes 

discharge rate (in table-3) was calculated by measuring the inter spikes intervals 

and CVs in spikes patterns was plotted from 6 chickens and 6 rats. The 

coefficient variations of each spikes patterns were explained as its CVs when 

stimulus level was high and inter spike interval was ± 0.14ms. In figure-9 has 

shown the sensitivity of the vestibular system at different rage of stimulus. The 

overall sensitivity of sensory neurons in the chicken ( fig-9) and rat (fig-10) to 

oscillation of endolymph, assuming that the neurons have unequal sensitivity to 

one. The coefficient variations for each patterns were explained on the basis of 

the relationship formula of CVs and the ISI (inter spikes intervals, in 

Millisecond). The values of coefficients + and , related to the ISI are shown in 
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table-10. 

Table-10. The inter spikes intervals (ISI) for both groups of the animals. These 

data have collected from cupular sensory neurons during endolymphatic tilts. 

Animals       +  

   (ms) 

    ,  

  (ms) 

Inter Spikes 

Intervals   (ms) 

Chicken 

        VS 

 

±0.035 ms 

 

±0. 2 ms 

 

±0.17 ms 

Rat 

        VS 

 

±0.053 ms 

 

±0.4  ms 

 

±0.13 ms 

 

 

         The mean value and coefficients of ISI during spontaneous spikes 

discharge of the cupular sensory neurons is not similar in both animals. The 

superimposed spikes discharge curves was discriminated using the coefficients 

values of the ISI (in table-10)  and CVs (in table-4) and then separate the 

magnitude of spikes into regular spikes (regular sensitive neurons) with CVs of 

< 0.3 and irregular spikes (irregular sensitive neurons) with CVs of ˃ 0.3. This 

level for discriminating a regular from irregular spikes discharge is like to that 

used for studies of the chinchillas  (Baird et al. 1988), but slightly lower than 

the rats with CVs of < 0.6 for regular and CVs of  ˃ 0.6 for irregular spikes  

discharge. The correlation between magnitudes of ISI and CVs of the 

spontaneously spikes discharge was not obvious in both animals, but on the 
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basis of CVs and ISI here we have observed the response properties of the 

vestibular sensory neurons in both animals are very different. 

         The sensitivity of the cupular sensory neurons at 6 kHz has shown as a 

function of cupular hair cells movement in figure-9 (for Chicken) and figure-10 

(for Rat). Both the regular and irregular spikes discharge has revealed the 

functional correlation of the SCCs (semicircular canal) in both animals, 

although the correlation between regular and irregular spike discharges patterns 

is much more substantial in both animals. The response of the cupular sensory 

neurons in chickens and rats recorded at 6 kHz is illustrated respectively in 

figures-9 and 10; there is a little difference between mean responses of the 

cupular sensory neurons of the chickens and rats. The difference in the spike 

rate of the vestibular neural responses at 8 kHz range of stimulus frequency is 

40sp/s.  

 Neural Responses in Frequency Domain: Categorization of response patterns 

of the vestibular sensory neurons for individual animals revealed the different 

sinusoidal movement of the endolymph in SCCs. Their variances could provide 

a way for categorization of the discharge patterns into comparative groups. All 

patterns of the sensory neurons were not correlated to each other in chickens 

and rats. The curves 9A (in fig-9) and 10A (in fig-10) have an average phases 

and responses at 2 kHz range of stimulus frequency for the chickens and rats 

respectively.                                                                             



Fig-10. The variations in sensitivity of the neurons of rat’s

different stimulus frequency

vestibular system are 

sensory neurons at all level of 

          The response of 

responses curves (in fig
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stimulus frequency, it also revealed that the sensory neurons of 

 less sensitive in compare to the chicken

all level of stimulus frequency. 

of sensory neurons in the chickens is not similar 

ig-10) of rats, but the sensitivity of cupular neurons had 
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but the sensitivity of cupular neurons had 
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increased from low to high stimulus frequency. There are also increased in 

phases switching at all stimulus ranges of the frequencies. The SDR, CVs, and 

sensitivity of the cupular neurons in both animals are shown in table-11. 

 

Table 11. Characteristics of the vestibular sensory neurons in chicken and rat. 

          Characters 

 

     Chicken                 Rat 

 

 

First Harmonic VP- spike ±4 kHz ±6 kHz 

VP ( Vestibular Potential) 

Null 

Appeared at Low  

(±35 Hz) Stimulus  

Appeared at High (±47 Hz)  

Stimulus  

Relationship of CVs at ±0.11 ±0.12 (Vary to Chicken) 

BF (Busting Factors) ±0.05 ±0.07  

Environmental and  

Anesthesia Effect 

Marked Effect on  

Response 

More Effect on Response 

Induced Cochlear Response Clear Detected Less than Chicken 

Resonance Properties Not Detected Not Detected 

Maximum Response ±3 kHz ± 4kHz 

Spike Discharge Rate 120 sp /s 160 sp/s High than Chickens 

Burst Index ±0.00096 ±0.000836 

Spike Time Interval ±0.1µs ±0.2µs 

CVs  ±0.06 ms ±0.83 ms 
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5.11. Vestibular Potentiality (VP) 

            In all view, the vestibular system of the chickens and rats have shown 

more sensitive respectively at ≥1800 Hz and 2000 Hz. Potentiality in both 

groups of the animals could be examined throughout the experiment over the 

stimulus range from 32 Hz to 10 kHz. The potentiality may be influenced by the 

various factors such as anatomical, experimental, and habitual. Sensory nerves 

potential have been recorded by Landolt Jack, P. et al. (1980), there are clear 

evidence of the potential recorded from the vestibular sensory neuron, and it 

was used as a functional test of the neurons of chickens and rats. The neuro-

physiological substrate for such neural potential is that the sensory neural 

stimulation of the vestibular system gives rise to post-synaptic potentials over 

all range of stimulus frequencies. 

           The most remarkable variations have observed in the response of the 

chickens and rats vestibular neurons at 8 kHz range of the stimulus frequency 

(in fig-11 and12). Spike discharge detection theory suggests that low responsive 

neurons would require more regular and constant stimulus frequency to carry 

the information as the higher responsive neurons; because all low responsive 

neurons have very high responsive threshold and silent time periods at low 

stimulus range. The lower response of the rat’s vestibular neurons is likely to 

reduce their capability to encode the low level stimulus frequency. The negative 

polarization of the sensory hair cells and the action potentials of the vestibular 

neurons are obvious in the chickens but have distinct features at all stimulus 



frequencies (in fig-11). 

 

    

Fig-11. In vestibular potential vs. frequency curves have shown the vestibular 

potentiality of the chickens. There are increased the potentiality with increasing 

the stimulus range of frequency

         The absolute magnitudes of 

movement are almost different in rat’s semicircular canal. If we have stimulated 

with the high stimulus frequency (10 kHz)

potentiality of the vestibular sensory neuron in both animals

potential difference between both animals is ± 30 mv (Millivolts) at 10 kHz 

stimulus frequency. Eventually, there are obvious potential differences were 

observed [in fig -11 (for Chicken) and fig
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In vestibular potential vs. frequency curves have shown the vestibular 

potentiality of the chickens. There are increased the potentiality with increasing 

the stimulus range of frequency. 

The absolute magnitudes of the nerves potentials and endolymphatic 

are almost different in rat’s semicircular canal. If we have stimulated 

with the high stimulus frequency (10 kHz), then we were found the high action 

potentiality of the vestibular sensory neuron in both animals. Actually, the 

potential difference between both animals is ± 30 mv (Millivolts) at 10 kHz 

stimulus frequency. Eventually, there are obvious potential differences were 

11 (for Chicken) and fig-12 (for Rat)] in both animals might be

d by the potassium and sodium concentration in the endolymph of 
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In vestibular potential vs. frequency curves have shown the vestibular 

potentiality of the chickens. There are increased the potentiality with increasing 

potentials and endolymphatic 

are almost different in rat’s semicircular canal. If we have stimulated 

then we were found the high action 

. Actually, the 

potential difference between both animals is ± 30 mv (Millivolts) at 10 kHz 

stimulus frequency. Eventually, there are obvious potential differences were 

at)] in both animals might be 

concentration in the endolymph of 

1200



                            

Fig-12. In vestibular potential vs. frequency (kHz) curves illustrated the 

comparative sensitivity of rat’s vestibular neurons at different stimulus

there are increased the potentiality with increasing the stimulus frequency but 

the potentiality is varying

5.12. Neural Innervation i
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In vestibular potential vs. frequency (kHz) curves illustrated the 

comparative sensitivity of rat’s vestibular neurons at different stimulus

here are increased the potentiality with increasing the stimulus frequency but 

the potentiality is varying in compared to the chicken. 

5.12. Neural Innervation in Cupular Hair Cells 

The medial nerve of the cupular sensory hair cells continues to the 

laterally after bifurcation, that innervates the horizontal rows of the hair 

cells in the chickens. The patterns of the neural innervations are different in

both groups of the animals. In chickens, the vestibular nerves

lateral region of cupular hair cells and terminate at the junc

There are redial neural fibers run to the base of the hair cells and their 

each collateral fiber innervates only one hair cells. These radial fibers are 
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In vestibular potential vs. frequency (kHz) curves illustrated the 

comparative sensitivity of rat’s vestibular neurons at different stimulus range; 

here are increased the potentiality with increasing the stimulus frequency but 

continues to the 

rows of the hair 

cells in the chickens. The patterns of the neural innervations are different in the 

the vestibular nerves enter 

junction of hair 

There are redial neural fibers run to the base of the hair cells and their 

se radial fibers are achief 
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innervated by spiral fibers. There are several branches t
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information.  

 5.13. Comparison of Vestibular 

          The comparison of 

vestibular potential vs. frequency curves (in f

these curves were constant which were: (1) D
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downward, the magnitude reduced 

selectivity was null around 
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pular hair cells. The basal part of the hair cells are

innervated by spiral fibers. There are several branches that project lengthwise of 

pular hair cells neurons in distance of several micrometers

hotograph-5). 

Cross section of the cupular sensory hair cells and its

innervated by the various types of neural fibers involve in the relay of 

5.13. Comparison of Vestibular Potentiality 

The comparison of vestibular potential between both animals by plotting 

otential vs. frequency curves (in fig- 11 and 12), some features of 

were constant which were: (1) Determined the highest amplitudes

10 kHz stimulus range; (2) As the oscillatory frequency swept 

wnward, the magnitude reduced mostly between 5 - 7 kHz; (3) T

s null around ˃10 kHz, and (4) Maximum peaks
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occurred between 9 - 10 kHz. 

          In all consideration, more sensitivity has revealed by the sensory neurons 

of the chickens, those reared in open environment of the poultry farm, on the 

other hand, the rats were breed in the cage of the animal house (not open 

environment). Sensitivity could be measured at ≥ 220Hz frequency with the 

stimuli intensity was around 25 dB SPL for both animals. The amplitude peak 

near 10 kHz range was remarkably constant for chickens. The vestibular 

potential vs. frequency curves represents a broad oscillation peaks at about 10  

kHz range, while in the rats, this broad oscillation peaks was examined near 8 

kHz range of frequency, thus on the basis of these curves, we can assume that 

the vestibular potentiality of the chickens are much more than the rats. Rats 

were reared in cages, on the other hand, the chickens those breeds in open 

environment. Hence, we can say that the auditory specialization somewhat 

correlated with anatomy and the environment of the animal’s habitat. 

5.14. ANATOMICAL-FUNCTIONAL CORRELATES 

            Many researchers believed that the anatomical components are 

correlated with the neural responses over the constant stimulus. Furthermore, 

the anatomical specialization enhanced the frequency selectivity of the sensory 

neurons of both cochlear and vestibular system. We have observed a very high 

correlation between the anatomical components and physiological data recorded 

from both animals. Therefore, we have summarized the anatomical-functional 
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correlation in the following text:    

5.14.1. Correlation between SDR (Spike Discharge Rate) and Cochlear 

Sensory Nerves 

          Anatomical development of the hair cells has been observed in regard to 

the SDR. Low SDR (< 25) of the hair cells have closed and thin spikes, whereas 

high SDR (˃ 25) have thick and clear spikes in the curves. Furthermore, there is 

clear segregation in SDR of the cochlear hair cells in both animals and auditory 

nerves give rise to the normal spikes discharge in presence of controlled MS 

(mechanical stimuli). There are correlated the neural innervations with spikes 

discharge rate and these compared to the spikes discharge patterns those have a 

high and low SDR. The higher SDR neurons traverse along the nucleus and give 

rise more collaterals nerves fibers. There is obvious that the projection of 

sensory neurons with different spike discharge rate might be segregated along 

basilar membrane, but the studies of the neural single unit labeling do not 

obviously support to this suggestion (Liberman, M.C. et al. 1991, 1992, 1984).  

          There are generally one or two swelling node at the terminal end of the 

ascending neurons and the remaining branches being as blunt terminals. There 

have found that these swelling parts are points of synaptic neurons that connect 

to other sensory neurons in the basilar membrane. There is a clear that the SDR 

related variations in sensory neurons and the numbers of swelling parts are 

different in both animals. High SDR neurons give rise to the greater collateral 
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nerves of the cochlea in compared to those neurons that have low SDR. In rats, 

the ascending nerves of low SDR give rise to the greater collaterals nerves that 

are responsible for high CVs (coefficients variations). 

5.14.2. Correlation of Vestibular Potential between Both Animals 

            The bar on the lower portion of each curve expresses the regular sound 

frequency selectivity by the vestibular system, bar position was compared with 

the potential vs. frequency graph of each animal. The curves represent the 

highest peaks in most cases that corresponded to the stimulus sound frequency. 

Consequently, 14.2- 16.4 V RMS (root mean square) were determined for the 

vestibular sensory neurons of chickens, and 10.3- 12.5 V RMS for the rat’s 

vestibular neurons.  There is a close correlation occurs at the peak to peak of the 

second harmonic patterns of spikes discharge, when the frequency band was ± 8 

kHz in the chickens and ± 6 kHz in the rats. 

          The responses of vestibular neurons in both chickens and rats were 

recorded over the external stimulus range extended from 1 to 10 kHz at a 

constant intensity (12 dB SPL) and the values of the neural responses were 

observed at each range of stimulus frequency. The phase changing values of the 

sensory neurons were averaged at different external stimulus for comparison 

between both animals. Generally, the responses increased with the increase of 

the stimulus frequency from 1 to 10 kHz in both animals but these values for 

both animals are different as shown in figure-11 and 12. The difference in 
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neural response was ± 40 sp/s in both chickens and rats.                                                                                  

         The spikes of the neural response in chickens and rats show a gradually 

increases as stimulus frequency increased up to 10 kHz there are broadly change 

in the response between 1 and 4 kHz, ( in fig-11 and 12). The sensitivity of the 

vestibular system was little declined at 32 Hz stimulus frequency and ± 8 kHz 

the highest stimulus frequency at which vestibular neurons sensitivity more 

sensitive. The potentiality of the vestibular neurons of the chickens was higher 

than the rats, it has determined according to the values of the BI (in table-7) and 

CVs (in table- 4).  

           In chickens and rats, the vestibular potential vs. frequency curves were 

plotted for comparison individually. There have been observed the similar and 

sharp spike at ±2 kHz from the chicken’s vestibular nerves and the same 

stimulus was used for plotting the potentiality of the rat’s vestibular system. It is 

interesting to note that the amplitude of VP (vestibular potential) for first 

harmonic characteristics frequency (CF) in the chickens is prominent because 

the appearance of null of neural response on the low frequency side of spikes. 

On the other hand, in rats the amplitude of VP (vestibular potential) are not 

prominent because of: (1) The magnitude of spike was low at the level of 

preferred stimulus frequency; (2) The null of neural response at high frequency 

has appeared on the side of high amplitude spike but the values of bursting 

factor are same in both animals. 
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5.15. EFFECT OF ENVIRONMENT AND ANESTHESIA 

          The frequency selectivity was recorded from the animals those recovered 

by the effect of anesthesia and microsurgery. The disposition of the peaks and 

the variation in spikes discharge has examined on the curves that switched 

thousand kHz in both animals.  The switching and bistability in the spikes were 

very high on high dose of the kitamine and low stimulus frequency in rats than 

the chickens. 

          For examlple, the phase switching appeared at about 1200 Hz among the 

peaks recorded on the oscilloscope. Comparable types of effects were also 

determined in pteronotus (bat, mammal), and have been documented elsewhere 

by Pollak et al. (1972). However, in all animals, these effects ordinarily have 

been evidenced, because considered that the apparent variable factors could not 

reasonably minimized or controlled, i.e., the dose of anesthesia, environmental 

factor, and body temperature.  

           It is observed that the spike rate decreased in deep anesthetized chickens 

and rats (12 to 14 weeks old). The high variation was determined in the phase 

change of bursting patterns in both groups of animals which was deeply 

anesthetized with the effect of ketamine (in fig-13 and 14).  Both the cochleo-

vestibular responses and its maximum amplitude can be altered by the 

administration of the anesthesia which would tend to increase the depolarization 

of the sensory hair cells and then cochleo-vestibular potential may be decreased 

according to the level of anesthesia. The action potentials of the cochlear and 
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vestibular neurons also gradually decreased as shown in figure- 13A and 13

for cochlear and vestibular neurons of the chickens

 respectively represent to the cochlear and vestibular 

Generally, the cochleo-vestibular response is affected by high doses (70

75 mg/kg) and temperature; these effects belong to the sensitivity trauma. They 

are broadly corresponding with the principle of an auditory theory and the 

precise results are confirmed by the distribution of spikes on time interval 

histograms at all range of stimulus frequency. This evidence is very important 

for the question of frequency selectivity of the neurons over different stimulus 

frequency. The effects on potentiality are unlikely when the appropriate dose of 

anesthesia and other environmental factors are maintained. 
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Fig-13. The curves 13A and 13

neurons of the chicken that revealed

stimulus frequency when deeply anesthetized from the effect of ketamine.
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                                                     Fig-13B 

The curves 13A and 13B respectively for acoustic and vestibular 

neurons of the chicken that revealed the variations in sensitivity

stimulus frequency when deeply anesthetized from the effect of ketamine.
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and vestibular 

the variations in sensitivity at different 

stimulus frequency when deeply anesthetized from the effect of ketamine. 
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 Fig-14.  In curves 14A and 14B have

properties respectively for

different stimulus frequency

influenced by the effects of the ketamine at all level of the stimulus frequency.   

          On the basis of the potential vs. frequency curve, deeply anesthetized rats 

are more affected by the effect of ketamine than the chickens. This result 

suggests that captivity of the a

the SAO. Recording was

There are shifting in the position of the peaks, changes in the cochlear and 

vestibular evoked potential curves 

anesthetized animals. There are notable changes occurred in the apex point of 

the curves at ±1 kHz and the maximum spikes at 10 kHz, this effect very less in 

the chickens than rats.  
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                                                        Fig- 14B 

14A and 14B have shown the variances in response 

properties respectively for cochlear and vestibular sensory neurons of the rats at 

frequency. Cochleo-vestibular neurons of the rats

cts of the ketamine at all level of the stimulus frequency.   

On the basis of the potential vs. frequency curve, deeply anesthetized rats 

are more affected by the effect of ketamine than the chickens. This result 

suggests that captivity of the animals reduced the tolerancy and development of 

. Recording was made day time for comparison between both animals. 

There are shifting in the position of the peaks, changes in the cochlear and 

vestibular evoked potential curves (in fig-13 and 14) are illustrated for 

anesthetized animals. There are notable changes occurred in the apex point of 

the curves at ±1 kHz and the maximum spikes at 10 kHz, this effect very less in 
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        The main purpose of this study was to make a direct or indirect comparison 

of the physiological properties of the ear in birds and mammals, those rearing 

entirely different environmental lines. Typically, the comparative physiological 

studies are accommodation with erstwhile observations have shown in the 

following text: (a) continuous sharp Spikes observed from  the auditory nerves 

(Pollak et al. 1972), (b) closely relation of the resting frequency and second 

harmonic response peak of the audiogram (Henson et al. 1980),  the changes in 

the response properties of the ear in regard to the change of body temperature or 

administration of the anesthesia; (c) a notable distinct amplitude of the cochleo-

vestibular resonance in avian and mammalian; (d) dissimilarity in the cochleo-

vestibular responses at10kHz stimulus. 

        The variations in SDR (Spike discharge rate) in chickens and rats may be 

common because the responses of sensory nerves with a CF (characteristics 

frequency) derived from many hair cells lying along the basilar membrane 

(BM) between the inferior and superior portions. These variations are depend on 

the coordination of the frequency with the numbers and compatibility of the 

sensory hair cells on the basilar membrane.  

       Many hair cells lie on the 0.95 nm part of the basilar membrane, according 

to this number and orientation of the cells play a significant role to determine 

the potentiality of the cochlea in both groups of animals. The sensitivity in the 

inferior and superior parts of the papillary cells in the chickens are 
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comparatively prominent than rats (mammals). Nerves fibers synapses are more 

in cochlear hair cells of the chickens that demonstrated with the threshold of CF 

and SDR (Spike discharge rate) by the response curves.  Similar data reported 

from the labeled cochlear nerves units in the starling (bird) (Gleich 1989), but 

these data reveal dissimilarity with the current data collected from the chickens 

and rats. 

         Different instinct spike discharge rate has determined in many avian (barn 

owls, starling, chickens) that have a similar spike discharge rate (Koppl, C. l. 

(1997). One of the basic characteristics of the cochleo-vestibular neurons is 

more sensitivity to a specific frequency of the external stimulus. It may be 

elaborate and compare by the plotting of frequency tuning curves (FTC) at a 

given range of frequency. These curves reveal the response phases and 

frequency co-ordination when the neural response was harmonic at the constant 

external stimulus delivered into the cochlea. 

        The apex of the curves shows the single stimulus frequency at which the 

cochleo-vestibular neurons is most stimulated or sensitive, denotes its 

characteristic frequency. These curves tend to be regular spikes discharge and 

the characteristics frequency of the neurons observed by its distribution end on 

the basilar papilla (Chen et al.1994).The neurons that receiving the low 

frequency range are emerge from the apical end and neurons that receiving the 

high frequency arising from the basal end of the basilar papilla (a group of the 
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sensory hair cells) have comparatively more sensitive than apical sensory 

neurons. All chicken’s acoustic nerves were appeared relatively same in their 

response and morphological features, but show variation in their primary 

characteristics frequency (CFs). The central distribution of the acoustic neurons 

had also revealed the stereotypic morphology (Pigeon, Boord, R. L. G. L.1963; 

Barn Owl, Carr et al. 1991).  

          The oscillatory force generated by the cochlear bundle of hair cells which 

induced the cochlear sensory neurons. This oscillatory movement in the 

endolymph is profoundly and it has a linear FTC (frequency tuning curves) at 

about 8 kHz in mature chickens, whereas this feature was appeared at about 10 

kHz range of frequency in the rats. Artificially amplification of the cochlear hair 

cells in mammals and birds has been yet identified. When such an artificial 

stimulus is not given to cochleo-vestibular organ, then the cochlear hair cells 

was not exhibited the specific CF and have less spikes discharge rate. 

According to this significant feature, we have comprehensively explained of the 

cochleo-vestibular potential and the loss of frequency selectivity in cochlear 

hair cells. The declines in sensitivity of both hair cells were same and that 

suggest to the standard mode of cochlear hair cells stimulation (Kurian et al. 

2003). 

        In addition to the mechanical stimulus, the electrical wave is one of the 

several factors derived from the cochleo-vestibular hair cells, which influenced 



                                                                                                      Discussion         

123 

 

the cochlear sensitivity or particular frequencies selectivity in all vertebrates, 

this frequency has been reported in chicken's hair cells and rats located in 

papilla (Fuchs et al. 1988). The temperature controlling of laboratory and body 

is must because the coordination between both parts of the papilla are very 

susceptible with varying of the temperature and that responsible for higher 

sensitivity of cochleo-vestibular nerves. We have examined the highest spike 

discharge rate (70- 180 sp/s) at 35 to 38ºC in both animals, but spikes discharge 

rate reduced when the temperature was below 35ºC and greater than 38ºC. 

         In avians, the tonotopic organization and coordination in cochlear papilla 

are very prominent than the rats, thereby the variations appear in the responses 

of cochleo-vestibular nerves. The motion of the bird's basilar membrane was 

revealed the traveling wave and broadly sensitive (Von Bekesy et al. 1960), 

Apart from this; the increasing in BMM (basilar membrane movement) and 

sensitivity of cochlear hair cells partially proportional to the stimulus intensity, 

that can be damaged with the high stimulus intensity. 

         In the curves (in fig- 2) clearly has illustrated that the propagating wave 

amplifies in the cochlea of chickens and rats. There are explained a sharp spikes 

discharge with distinct sensitivity on the low and high frequency, but there is 

more variation in frequency selectivity between both animals; therefore, it is 

comparable to the other species of rodents and mammals. Similar studies have 

been done on cochlear sensitivity in mammals and reported that the frequency 
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selectivity in auditory nerves and the sharpness of the BM (basilar membrane) is 

same in mammals on common characteristics frequency (Narayan et al. 1998). 

           Data collected from the ears of chickens and rats were antagonism with 

earlier studies concerning with following text: (a) the precise relationship 

between the CP and stimulus frequency on the 1st and 2nd harmonic cochlear 

responses (b) the amplitude of the peaks of the cochlear sensitivity recorded 

from rats when the stimulated at about 8 kHz. (c) The effects on the CP and 

FTC when the high frequency propagates from cochleo-vestibular hair cells. 

The preparation of animals, anesthesia, the technique used to recording and 

implantation of the microelectrodes may generate variation in the frequency 

selectivity. Pollak et al. (1979) were used Nembutal anesthesia and then drilled 

the micro hole by microsurgery in the cochlea for implant of the microelectrode, 

their studies were carried out on anesthetized Rhinolophus ferrumequinum 

(Mammal), Suga et al. (1975) were used ether anesthesia added with the 

Nembutal for the studies on the  Pteronotus, and the microelectrode implanted 

near the round window via a surgical approach through the middle ear. Their 

experimental set up was maintained at about 35ºC by using the temperature 

controlling room. They have been observed more variation in response of the 

cochleo-vestibular sensory neurons.  

           In the current studied we have used the chloroform and kitamine for 

anesthetized of the animals. There have implanted the microelectrode in scala 
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tympani via an intracranial approach, and then the cochlear potentials were 

recorded over long periods of time in both animals. These were fully recovered 

from the effect of anesthesia and microsurgery. There was maintained the body 

temperature of the animals at about 37ºC by keeping them in the temperature 

controlled room and we have plotted the switching in spikes discharge phases in 

both animals at 2 kHz. This switching was more in the rats than chickens. 

          The finding of the current study reveals that the sensory neurons of stato-

acoustic organ in rats (12 to 14 weeks old) are capable for frequency selectivity 

on low stimulus range as found in the chickens (12 to 14 weeks old). There are 

included both regular and irregular patterns of the neural response in concern 

with the interval histograms that reflect both linear model and binomial 

distribution of spikes. These broad patterns of the spontaneous neural responses 

are very consistent with the mature CF and tonotopic arrangement; it has been 

explained for chicken’s sensory neurons innervating to the hair cells of cupula 

and the cochlea (CF ~100-2000 Hz) ( Jones, S. M and Jones 1995a, b). 

However, some data of the current study shows that the responses of the sensory 

neurons of the rats are not corresponding to the responses of the chickens at all 

level of stimulus frequency. 

         There have comparison with chickens and we observed the sensory 

neurons of the SAO of rats have significantly lower spikes discharge rates, 

greater variance in spikes discharge rate reflected by a broad range of CVs 
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(coefficient variation), longer inter spikes intervals, maximum intervals ( dead 

times) and more irregular bursting patterns. Moreover, the preferred intervals 

were high in the rats. There were no characteristics frequency higher than1500 

Hz in rats of the current study, this finding not consistent with the previous 

observation by Jones, S. M and Jones (1995a, b). Here we have discriminated 

the variations between chickens and the rats by comparison of SA 

(statoacoustic) sensitivity at mature stages as discussed in subsequently 

sections. 

         Many researchers have been described the results of comparative 

physiology of the cochleo-vestibular sensory neurons in both mammals and 

avians (Carlier et al. 1975; Curthoys et al. 1978, 1979, 1982, 1983, Desmadryl 

et al. 1986; Gummer et al. 1994; Kettner et al. 1985; Romand 1984; Romand 

and Dauzat 1982; Walsh and Mcgee 1987) and late or early posthatch birds 

(Manley et al. 1987, 1991a; Richter et al. 1996; Sheppard et al. 1992; Valverde 

et al. 1992; Yamaguchi and Ohmori 1990, 1993). The current study provides 

the first evidence of insitu recording of the spontaneous sensory neural response 

from SAO in mature chickens. The basic frequency of periodic waveforms 

found in the ACF (autocorrelation function) of irregular response, which is 

plotted against time of phase switching. These plots revealed the irregular 

spikes discharge have unclear inter-spike intervals in the rats at 2 kHz stimulus 

frequency. These features of the cochlear and vestibular sensory neurons of the 

rats were not corresponding to the neurons of the chickens but these features 
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have similarity at different stimulus frequency.   

Discharge rate:  A low instinct spikes discharge rate has been recorded broadly 

for cochlear and vestibular sensory neurons in mature chickens and rats. The 

mean spontaneous rate of cochlear and vestibular sensory neurons of the rats is 

less clear than chickens at ± 6 kHz. Manley et al. (1991a) reported no variation 

in spontaneous spikes discharge rate for chickens at age P2 (20 sp/s) and P 21 

(23 sp/s); same rate was examined in the Emu chicks aged P1-P14 and rate 26 

sp/s by Manley et al. (1997). These values markedly are contrasted with the rate 

of adult chickens (86 sp/s) recorded by Salvi et al. (1992). 

           Higher spikes discharge rate has been also recorded in mature animals of 

other avian species including the pigeons (65 sp/s, Gummer 1991; 34 sp/s Hill 

et al. 1989; 67.4 sp/s, Klinke et al. 1994; 90 sp/s Sachs et al.1974; 78 sp/s, 

Temchin 1988) for starling 48 sp/s by Manley et al. (1985) and for barn owl 72 

sp/s by Koppl (1997). The recorded rate little differences between chickens and 

the rats have reflected the maturational refinements in the response of cochleo-

vestibular sensory neurons. However, some researchers have inferred that the 

difference of spikes discharge rate in several studies might be attributed by 

temperature or other factors than the age of the animals (Smolder et al. 1995).  

          Moreover, Manley et al. (1991a) have informed that the anesthesia may 

involve in generating the variations in spikes discharge rate in all adult animals. 

This latter suggestion is supported by the research of Anastasio et at. (1985) and 



                                                                                                      Discussion         

128 

 

informed that the average spontaneous rate of vestibular sensory afferent 

neurons were decreased up to ~55% in anesthetized animals (spike rate 93sp/s) 

in compared with the anesthetized (spike rate168 sp/s) matured pigeons. 

          In anesthetized chickens of the current studies, the mean spontaneous rate 

was 45 sp/s; this rate is approximate to that determined for mature chickens by 

Salvi et al. (1992) as well as other avian species as explained in the preceding 

text. The mean spontaneous discharge rates of the cochlear and vestibular 

neurons of the rats have relatively lower than the chickens. 

         In the current study, we have observed the effects of anesthesia on the 

sensitivity of neurons in mature animals and the lower spontaneous rate in rats 

might be due to the different level of anesthesia and body temperature in both 

groups of the animals. The animals were anesthetized using the same agent, but 

the variances in spikes discharge rate are not likely to be described only on the 

basis of this factor. We conclude that the variances in instinctive spikes 

discharge rate recorded here from chickens and rats reflect developmental and 

adaptation changes in the cochlear and vestibular sensory hair cells and neurons. 

Richter et al. (1996) also have examined the increases in instinctive discharge 

rates in newly born pigeons during the first 4 weeks. 

        Despite being broadly reported the responses of sensory neurons across all 

animals, it is not cleared that why instinctive discharge rates increase during 

development. The stimulus of ambient noise may be a factor, it involve in the 
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generate of instinctive neural activity as we have explained here. In the current 

study, ambient noise stimulus was attenuated for both chickens and rats; As a 

result, reduces in spikes discharge rate of the neurons, it could appear only on 

reduction of ambient external or internal factors in both animals. 

   Although the mean threshold of neural response at characteristic frequency 

(CFs) have reported here for chickens are dissimilar to those explained for 

chickens (hatchling) by Manley et al. (1991a), it was significantly high than rats 

of the current study. The threshold of chickens was comparable with the mean 

threshold in mature chickens recorded by Salvi et al. (1992) on characteristics 

frequency between 500 and 1500 Hz.  

          Moreover, it is reported elsewhere that instinctive discharge rate increase 

with decreasing responsive threshold at the characteristic frequency in mature 

animals (Manley et al. 1991a; Salvi et al. 1992). This finding in both animals 

tends to support the hypothesis that the spikes discharge was low in rats due to 

the higher threshold of the neural response. Despite, these observations of the 

responses of the cochleao-vestibular neurons informed that the relative 

sensitivity of the SA elements may not depend only on it. 

          The spontaneous spike discharge rate was significantly lower in rats than 

chickens. The irregular sensory neurons probably do not depend on the ambient 

stimulus level to convey the information. Second, instinctive spikes discharge 

rate did not increase with decreasing thresholds at characteristics frequency in 
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the rats. Our finding is not corresponding with the hypothesis that the 

spontaneous spikes discharge rate closely related to the ambient noise stimulus 

level. Third, there are clear that the substantial region of instinctive sensitivity 

in hair cells of SAO is not related to ambient noise stimulus only, it is produces 

autogenously within SAO by coordination between frequency and cochleo-

vestibular components. The autogenous characters of instinct response are based 

on several lines of observation. Many researchers have been isolated the sensory 

neurons (Santos Sacchi, 1993) or exposing sensory hair cells of the cochlea and 

vestibular organ in both animals the chickens and birds (Kiang et al.  1976; Li 

and Correia 1998; Muller et al. 1997; Salvi et al. 1994,1998) for eliminates the 

instinctive responses.  They have suggested that instinct neural responses 

depend mainly on the sensory basilar membrane. 

           The instinctive spikes discharge may be altered by external ambient 

stimulus and independ endogenous activities of the basilar membrane. A 

unimodal distribution of instinctive spikes discharge rates has been reported 

broadly for cochleo-vestibular sensory neurons of both groups of the animals 

and this is true for both animals in current study that the mean spikes discharge 

rate varies systematically as a function of characteristics frequency in the 

chickens and rats, although the spikes discharge rate was decreased at higher CF 

in both animals.  

Regularity of Spikes Discharge: Many researchers have evaluated the 
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developmental appearance in instinctive spikes discharge regularity in cochleo-

vestibular sensory neurons. Regular bursting patterns in regular active neurons 

were reported in which to be either present or absent a small proportion of 

sensory neurons in mature chickens and rats. The numbers of regular spikes 

increase obviously with the age of animal (Curthoy 1983; Desmadryl et al.1986; 

Romand and Dauzat 1982).  

          The Mean spikes discharge rate was also increased with age in rats and 

the irregular response continued in few cases at about 1 kHz as both animals 

matured. The regular spikes patterns reflect a mature phase of the tonotopy of 

nerves of the sensory hair cells. No information is available pertaining to the 

appearance of regular spikes discharge patterns during the development of the 

sensory neurons in neonate animals. Our present study on 12 to 14 weeks old 

animals (chickens and rats) revealed that both regular and irregular patterns of 

spikes appear respectively at high and low stimulus frequency. Although the 

sample of irregular sensory neurons was small and the proportion of regular 

spikes discharge in 14-weeks old animals was generally large in compared to 

those reported for immature animals.  

        Furthermore, there are some evidences of the substantial amount of 

variation in mean CVs of both cochleo-vestibular sensory neurons. These 

results indicate that the periods of instinct discharge regularity of sensory 

neurons are comparatively mature in 14-weeks old animals (both animals). It is 
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noticeable that the CVs (0.86 ms) of rat’s auditory neurons were higher than the 

chickens (CV is 0.62 ms). This could be described as a tendency toward more 

regular bursting patterns in the chickens. The lower CVs may be related to the 

higher spike discharge rate and developmental refinement in cochleo-vestibular 

sensory neurons.  

          There are insufficient samplings of irregular spikes discharge; this matter 

deserves a more detailed study on the cochlear and vestibular system of both 

animals. Very little is known about the changes in CVs during the development 

of sensory neurons in these animals. Although the sensory neurons were 

revealed an irregular and regular spikes discharge patterns at low stimulus 

frequency, it was a tendency to increase CVs as a function of neurons. The 

lower CVs in chicken’ auditory neurons informed a deviation in the regular 

spikes distribution in the form of very large spikes that was corresponding to the 

anticipated variances in spikes discharge. This may be related with the increased 

regular, irregular busting patterns and overall variations of instinct discharge in 

both animals; it is commonly reported for developing sensory neurons in many 

species of avians and mammals. The coefficient variations of sensory neurons 

with bursting factors (BFs) ˃ 3.5 are observed in other animals; this value 

indicates the more sensitive characteristics of the sensory hair cells and its 

innervated neurons. 

            Spikes interval and coefficient variations (CVs) curves have plotted as a 
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function of cochlear and vestibular sensory neurons in response to the particular 

stimulus frequency in both animals. CVs of regular sensory neurons were 

independent to the mean spike interval. Coefficient variation is a function of 

irregular sensory neurons as mean spike intervals that explained by the 

regression line and the equation. The inclusion of irregular neural burst 

produced high CVs is shown in table-4. The sensory neurons of the chickens 

have high sensitivity and their CVs were low than the rat’s sensory neurons. 

The CVs of both animals may also be affected by observable biases against the 

occurrence of short spike intervals during instinct response of the neurons. 

Neural Bursting Patterns and Refinements:  The basis of variation in neural 

bursting in both animals is unknown. There are plotted curves of the neural 

bursting patterns indicates the unclear neural activity. It is altered by the 

intensity of stimulus and appears to be very high with high CVs of neural 

bursting. It shows the variation in pre-synaptic stimulatory process and 

modified post-synaptic responses, it compared between both animals are a 

reasonable question to address for the future studies. 

         Several finding has suggested that the instinctive response plays an 

impotent role in the refinement of neural connection during development 

(Shatz, 1996, 1990). The synchronous neural bursting have been observed in 

ganglion cells in the ocular system prior to invasion of sight (Galli and Maffei, 

1988). The bursting patterns are provided a trace for identified the neurons 
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arising from the central sensory nerve as they run to primary receiving regions 

of the cortex. Modification of these early traces has been reported in the altered 

neural synaptic refinements in the ocular cortex and lateral nucleus (Mooney et 

al.1996). In chickens, Lippe (1994, 1995) has observed the patterns of 

instinctive spike discharge from sensory neurons in the region of auditory relays 

and cochlear nucleolus. Using single and multiple recording units he has 

reported a rhythmic synchronized discharge patterns which disappeared in E19 

(embryo 19 days old). Gummer et al. (1994) have been recorded the response of 

the cochlear nucleus and also reported the action potential with rhythmic inter 

spike intervals in wallaby (Mammal).  

           In the current study, the neural bursting patterns were observed clearly in 

the chickens and rats, but there are no similarities in this spike patterns. We 

have assumed that these patterns as an indicator of neural adaptation in response 

to the environmental and/or anatomical development of the stato-acoustic organ. 

The similarity in these patterns was found at the different rage of stimulus only. 

The rhythmic bursting patterns were found synchronized only at the constant 

stimulus range in both animals individually. Although the irregular neural 

bursting have recorded here may be a residue of some putative rudimentary 

bursting patterns. We do not have any reason to confirm that it could serve as 

the basis of the central bursting patterns (Lippe, 1994). Moreover, Lippe (1994) 

recorded that the synchronous rhythmic burst was disappeared in E19, but this 

characteristics of the neurons are not corresponding with the neural bursting of 
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the cochleo-vestibular neurons of the chickens and rats. 

Patterns of Regular and Irregular Sensory Neurons:  The spikes patterns in 

time interval histogram obviously different of the regular and irregular sensitive 

neurons found in chickens and rats. Both regular (CVs of regular response is < 

0.6) and irregular (CVs of irregular response is ˃ 0.6) spikes discharge were 

found distinctly in the bin of TIH. Manley (1991b) have suggested that in the 

birds, numerous ganglion cells project into the cochlea and otolith organ take a 

position at the distal end of the cochlea. The regular instinctive spike discharge 

patterns are produced only by the high CFs neurons that innervate to the 

cochleo-vestibular sensory hair cells and peripheral components.  

          It is facts that the regular neural bursting was most abundant in the 

current study, it is clearly contrasted with the results as reported from mammals 

and aves in the preceding text and suggests that these neurons are somewhat 

well mature in post-hatch chickens; this finding support to the current study on 

cochleo-vestibular evoked potential has recorded in the mature animals. In the 

later case, the action potential was represented by the vestibular neurons in 

mature animals than E18 (Jones and Jones 1996). On the other hand, the 

characteristics of the action potential of irregular sensory neurons points to the 

immature response. It is comparable with the regular sensory neurons as 

explained above. Irregular sensory neurons have prolonged patterns of inter-

spike intervals and dead times in both animals at low stimulus frequency.   
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           Significantly, the kinetic rates of the slow channel (CH1 and CH2) could 

attribute to these findings as argued for regular sensory neurons. Moreover, 

progressively increases in both channels kinetic rate would also included in 

observations; the action potentials of cochleo-vestibular neurons have shown 

the maturity after posthatching of the animals (Jones T.A.  et al 2000). The late 

developmental changes appeared in sensory neurons, it is like to accompany 

refinement in the movement of the basilar membrane, sensory hair cells and 

synaptic neurons. The extent of the mechanism of frequency selectivity may 

involve to detecting the higher range of stimulus frequency is remains to be 

explained. 

          The variances have been observed on TIH in regard to the response of 

irregular sensory neurons of the avian semicircular canals (Correia and Landolt 

1973; 1977; Landolt and Correia 1978; Lifschitz 1973). The TIH of neural 

response, longer dead times and patterns of the irregular sensory neurons have 

been well explained for post-hatch chickens, (Manley et al. 1985, 1991a). 

Walsh et al. (1972) suggested that all regular sensory neurons have modal 

spikes intervals of <10 ms, whereas irregular sensory neurons had shown the 

longer modes of inter-spike intervals. In the chickens, it can not rely on 

minimum inter-spike intervals and it distinguished from regular inter-spike 

intervals in irregular TIH. Some regular sensory neurons have longer spike 

discharge patterns and dead time particularly those have lower CFs (Fig-4) 

(salvi et al. 1992). 
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          Another difference between regular and irregular sensory neurons was a 

correlation between coefficient variations (CVs) and spikes discharge rate. The 

high CVs of irregular response is a functions as a neural spikes discharge rate, 

whereas it is very low for regular sensory neurons. We have explained the 

correlation between CVs in irregular sensory neurons and instinctive spike 

discharge rate using frequency tuning curves. Many researchers have recorded 

the correlation for sensory neurons of the semicircular canal in Pigeons 

(Anastasio et al. 1985; Dickman and Correia 1989). Although, the 

characteristics of these sensory neurons are very prominent and its CVs has 

been shown as a function of neural spikes discharge rate in rat’s cochleo-

vestibular sensory neurons (Fernandez and Goldberg 1976; Fernandez et al. 

1972; Goldberg and Fernandez 1971). Indeed, irregular sensory neurons may 

have high values of CVs depending on the rate of spikes discharge. 

          It is very important to note that the coefficient variations of irregular 

sensory neurons decline with the gradually increasing rate of spikes discharge. 

In figure-2 has shown two outliers of response from the general trend of 

irregular sensory neurons. These irregular sensory neurons revealed relatively 

high spikes discharge rate (±120sp/s) with coefficient variations up to ± 1.5ms.  

Schermuly et al. (1990a, b) have been observed high spikes discharge rate and 

lack in the substantial rate of variation. The mechanically evoked neurons have 

dissimilar mean discharge rate at 10 kHz stimulus in both animals. It is apparent 

that the outlier sensory neurons have an obvious correlation with CVs and 
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spikes discharge rate, it has more inconsistency between chickens and rat’s 

irregular sensory neurons. These sensory neurons are less sensitive at high 

stimulus intensity. 

Immature Spikes Discharge Patterns: It has been believed that the bursting of 

the shortest spike intervals from the cochleo-vestibular sensory neurons is 

related to the refractoriness of dendrite (Gray 1967). Absolute longer and limit 

refractory periods are responsible for the appearance of shortest spike intervals 

and lowest spike discharge rate. Generally, in hatchling, it is rapidly rise in time 

interval histogram. These spike patterns are typically observed in developing 

auditory afferents in the birds and mammals (studies on the bird by Manley et 

al. 1997; Manley et al. 1985, 1991a, b; Sachs et al. 1974; Temchin 1988; 

studies on mammals by Kiang 1965; Walsh et al. 1972).  The exponential 

decline in the time period of the spike intervals is a probability process where 

spike intervals are independent to the initial sensitivity of sensory neurons. 

          In avians, the time inter histogram was plotted that have common features 

in the patterns of longer spike intervals than the shortest intervals. These 

features have suggested that stochastic stimulation process is likely to present in 

most sensory neurons in the chickens. However, the declined of the longer spike 

intervals, shortest spike intervals and dead time also indicates to some 

adaptation in sensitivity of sensory neurons over high and low stimulus range, it 

is not obviously reflected by rat’s cochleo-vestibular neurons. 
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          In mammals (Rat), there is very short information available in regard to 

the overall modal spike intervals and dead time for spontaneous activity in 

sensory neurons. Romand (1984) reported that shorter spike intervals become 

more prevalent with the age of animals. Gummer and their collaborators (1994) 

reported a significant reduction in the modal inter spikes intervals with 

increasing animals age. 

          Many researchers have been observed the reduction in maximum spike 

discharge rates and the prolonged latency period of stimulated neurons. To 

describe well mature spike patterns, many researchers mostly emphasized on 

the development of the stereocilia of sensory hair cells, the properties of basilar 

membrane and the neural synapse (Desmadryl et al.1992). These descriptions 

are plausible for some facts of developing cochleo-vesibular potential; however, 

they are somewhat unclear and very difficult to recording. Prolonged patterns of 

interspike intervals and dead times are an indicator of low potentiality of the 

cochleo-vestibular sensory neurons that may be known by simple observation 

and more direct and indirect methods. These specific features have observed by 

the functional phases of ion channels in the sensory hair cells.  

           The appearance of longer modal spike intervals and dead times in both 

chickens and rats might be an indicator of altered the ionic channel kinetics; 

thus the biases in the probability of spike patterns could generate by pre-

synaptically. For example, as a result of an immature pre-synaptic, the 
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stochastic stimulation process rapidly increased in both animals at about 46 Hz. 

The transformations in the spikes patterns from neonate sensory neurons to 

adult sensory neurons may involve in generating the variations at any level of 

action potential cycle, refinements in pre-synaptic and post-synaptic 

stimulation. These variation my alter the BI, CVs and spike rate in both animals.   

           There are no direct evidence of the pre-synaptic stimulation biases in 

both animals, but there are direct evidences for support the role of channels of 

basilar membranes and the refractory phases of post-synaptic sensory neurons. 

Yamaguchi et al. (1990) explained the kinetic channels in afferents sensory 

neurons of the chickens (E16 –E19) and Compared with adult mammalian 

channel kinetic rate (Santos Sacchi, 1993) it was substantially low. These 

observations support the present working hypothesis that decreased patterns of 

spikes intervals and the longer dead times observed in rat’s sensory neurons are 

results of lower kinetic rate of the ion channel. Thus, these features were 

directly compared with the kinetic rate of an ion channel in chicken’s sensory 

hair cells (12-14 weeks old) and we were found that the age of the animals also 

alters the spike intervals and kinetic rate of an ion channel. 

Significance of Auditory Specialization 

         Both animals have shown a very high correlation for the degree of 

auditory specialization in regard to the habitat; thus the auditory specialization 

augments the auditory sensitivity over the low frequencies of sound. Both 
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animals show the convergence in the cochleo-vestibular anatomy. In the current 

studies, we have included the various anatomical and physiological parameters 

of the cochleo-vestibular for explained the significance of the auditory 

specialization. A well developed middle ear of the chickens and rats have 

attracted the attention of many researches since the detaile studies on the ear 

anatomy and physiology by Webster (1960) and Orr  (1940), they have been 

observed the wide range of the hearing in Rabbits and Hares in the southern 

desert , they posses large and well developed pinna and bullae of the tympanum. 

He also informed that increasing in middle ear size was closely correlated with 

the great acoustic response. Knudsen (1931) has been suggested that the 

transmission of sound in the ear is extensively decreased at above 1000 Hz in 

the air with high temperature or humidity or in both conditions. 
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CHAPTER- 7 

SUMMARY & CONCLUSIONS 
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  Mechanically stimulated neural responses of the cochleo-vestibular 

organ are mainly depend upon the tonotopy of the cochlear and cupular sensory 

hair cells. Here we explained the distinctive features of the hair cells motility in 

cochlea-vestibular organ over nonlinear MS (mechanical stimulus). The data 

were collected from both cells (cochlear and cupular hair cells) graphically that 

implies the bistable oscillatory motion. 

          Furthermore, the disappearance was observed in the bursting behavior of 

the cochleo-vestibular sensory neurons over the range of ≤ 185 Hz frequency in 

the rats, whereas this feature was observed from the chicken’s cochleo-

vestibular sensory neurons at about ≤ 135 Hz. According to this, we concluded 

that the neurophysiological responses are not correlated only to the vestibular 

sensory hair cells but also correlated to the various factors of the SAO such as 

anatomical, physiological, tonotopy of the organ, experimental and habitat of 

the organism. Therefore, the sensitivity of SAO (stato-acoustic organ) of the 

chickens and rats are different. 

        The maximum response peak of the sensory neurons of the chickens (at ≥ 

1750 Hz) and rats (at ≥ 1800 Hz) represents the great variation in the cochleo-

vestibular potentiality and specialization. Thus these data provides the base for 

evaluating the hypothesis that the specialization of the SAO enhances the 

cochleo-vestibular sensitivity in all animals of different classes and habitat. The 

chickens and rats are an example of the different class and habitat. The neural 
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 responses have also influenced by the over dose and administration of different 

anesthesia. 

        The results of the current observation suggest that the active sensory 

neurons of the chickens well potential than the rats. Furthermore, the adult 

cochleo-vestibular neurons fundamentally evidence for different spontaneous 

discharge patterns. At low range of stimulus frequency, these sensory neurons 

were revealed irregular spike patterns and generate phase switching in time 

interval histogram (TIH). At a high range of stimulus frequency, these neurons 

have revealed clear regular spike patterns in TIH. On the other hand, the 

coefficient variations (CVs) varied orderly as a function of the active sensory 

neurons of cells in both animals at a low range of stimulus frequencies but not 

at high stimulus frequency. 

        The regular activities of sensory neurons in the rats are remarkable but not 

similar to the chickens. The present results also revealed the remarkable 

characteristics of primary afferent neurons at lower stimulus range including: a 

lower spontaneous spike discharge rate at low stimulus frequency; longer 

interval of spike discharge (dead time); appearance of shortest inter-spike 

interval accompanied longer spikes discharge patterns; absence of correlation in 

many aspects and has shown the dissimilarity between both animals in some 

other features as described in observations and results. Futhermore, the longer 

irregular bursting patterns were commonly observed in rat’s cochleo-vestibular 
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sensory neurons, this feature has also shown by the chicken’s cochleo-vestibular 

sensory neurons but for a very short time. This features mostly appeared at low 

stimulus frequency and low stimulus intensity in both animals. 

          The dissimilarity in spontaneous discharge rate and some other features in 

both animals may be an adaptation in the sensory hair cells for a particular 

stimulus frequency and the peripheral components of the SAO; it may alter the 

mechanism of sensory hair cells. This contrasting sensitivity of the sensory 

neurons may helpful for identifying the potentiality of sensory neurons and 

discriminating the organ’s tonotopy. 

          Regular and irregular instinctive discharge patterns are basically different 

in regard to the relationship between the spike discharge rate and spike interval 

regularity. The basis of variations is to be tonotopical arrangement of sensory 

hair cells, and/or neural projection. The contrasting spike discharge rate of the 

regular and irregular discharge patterns was very unclear at low (32 Hz) and 

high stimulus frequencies in both animals. 

        The cochleo-vestibular neurons in chickens and rats have shown somewhat 

affinity at different stimulus range and intensities of frequencies because these 

two classes (Aves and Mammals) diverged from their same ancestor. The 

dissimilarities in sensitivity of the cochleo-vestibular neurons are remarkable at 

10 kHz. The cochleo-vestibular neural responses are much more peculiar in the 

chickens than the rats, but many basic principles of the tonotopic development 
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of the SAO and mechanism are somewhat same in both animals. 

         In both chickens and rats, two types of the sensory hair cells have 

common features as in many other mammals, on the ground of sensory hair 

cells; there are obvious evidences of the arrangement of the sensory hair cells of 

chicken’s cochlea. It is not correspond to the arrangement the mammal (rats) 

sensory hair cells in the cochlea. The capability of mechanical wave 

amplification associated with instinct oscillation of the sensory hair cells 

bundle. This mechanism in both animals are varied at all level of stimulus 

frequencies (32Hz to 10 kHz), but this mechanism has increased when stimulus 

intensity increased and this mechanism inhibits at higher stimulus intensity.  

       Cochleo-vestibular studied to date demonstrates the tonotopy with the 

neural response that also reflect the refinement and adaptation process. 

Convergences of the stimulatory and inhibitory mechanism of the sensory 

neurons have played an important role at low stimulus frequencies, but the 

appearance of fast adaptation in responses have not yet observed. 

        There are recorded miniature endolymphatic oscillatory motion at low and 

higher stimulus frequencies in both systems have exhibited the constant 

dynamics but it is not similar to that response of sensory neurons have plotted 

on TIH (time interval histogram); this dissimilarity indicates the magnifying 

mechanism of the sensory hair cells of the cochlea and vestibular system. 
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