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Abstract 

 

The Difference of Sound-specific Response in Rat Auditory Cortical 

Activation Pattern between Normal Hearing and Unilateral Deaf: 

Multi-Channel Neural Recording Study 

Su-Kyoung Park 

Neuroscience, College of Medicine 

Seoul National University 

 

Introduction: The reorganization of auditory cortex is achieved through sound-

dependent plasticity and has a brief postnatal period of heightened nervous system 

receptivity which is commonly referred to as the critical period. The aims of this 

study are to assess the differences of sound-specific neural responses in rat auditory 

cortical activation patterns in the normal hearing rats and unilateral deafening rats of 

young and adult periods.  

Material and methods: Experiments were performed on the 81 Sprague–Dawley 

rats; normal hearing (NH) group: 45 rats, young single-sided deafness (YSSD) group: 

17 rats and adult single-sided deafness (ASSD) group: 19 rats. To evaluate normal 

auditory cortex development in the NH group, we recorded multi-unit neural 

activities at the age of P2w, P2w4ds, P3w4ds, P4w4ds, P5w4ds, P6w4ds, P7w4ds, 

P8w4ds, P9w4ds and P10w4ds. In the YSSD group, left side cochlear ablations were 

done at the age of P10ds and multi-neural recordings were implemented at the post-
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deafening (PD) 2w, PD4w, PD6w and PD8w. In the ASSD group, left side cochlear 

ablations were done at the age of P53ds and multi-neural recording were conducted 

at the PD2w, PD4w, PD6w and PD8w. The both hearing thresholds were < 40 dB 

sound pressure level (SPL) for NH group and the left side hearing thresholds > 80 

dB SPL and the right side hearing threshold < 40 dB SPL for SSD groups. A 

craniotomy was made over both temporal cortices spanning from Bregma to Lambda, 

and the auditory cortex surface area was presumed based on the vascular pattern and 

anatomic position. After fixation of the animal in the stereotaxic frame, a tungsten 

wire-based 16 channel microelectrode array (4x4 array, diameter: 35 μm, inter-

electrode spacing 600 μm, 45° angled tip, impedance 300 k at 1 kHz in phosphate-

buffered saline) was inserted perpendicular to the surface of the auditory cortex to a 

depth of 600 ~ 900 μm for layer IV of auditory cortex. Gaussian white sound 

stimulation (80 dB SPL, 100 ms duration) was generated and introduced to the right 

ear every 500 ms. The classification of multi-units per electrode was done with 

multichannel acquisition processor. One unit which had the greatest peak amplitude 

was chosen and the Peri-stimulus time histogram (PSTH) was optimized 

(observation period: 500 ms, time bin width: 3 ms, number of trials: 200). The 

significant neural response was named ‘responsive’ when the peak amplitude of 

PSTH was over 10 spikes/bin and synchronized with the sound stimulus. The 

parameters were onset latency, peak latency, peak amplitude, contralaterality index 

and total responsive area. To visualize and calculate the total responsive area to the 

sound stimulus, auditory cortex map was reconstructed using Voronoi tessellation 

method. The total responsive area for each hemisphere was calculated using Image 
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J statistical analyses. The Data were analyzed with SPSS software for Windows 

version 21.0 (IBM SPSS statistics, Armonk, NY, USA). The criterion for statistical 

significance was set at p < 0.05.    

Results: In the NH group, we found a larger peak amplitude and total responsive 

area and a shorter peak latency of the contralateral hemisphere and the contralateral 

preference to sound stimulation was observed in the all ages. After the unilateral 

deafening (left ear), the larger contralateral peak amplitude of normal hearing was 

maintained in the YSSD group but disappeared in the ASSD in which the peak 

amplitudes of both hemispheres showed gradually similar responses until post-

deafening of 8 weeks. The shorter contralateral peak latencies of NH group 

disappeared in the YSSD group at the 2 weeks after deafening but recovered from 

post-deafening 4 weeks to 8 weeks. Whereas in the ASSD group, the shorter 

contralateral peak latencies maintained until 6 weeks after deafening and then both 

hemisphere had the almost similar peak latencies. The larger contralateral total 

reactive responsive area of NH group disappeared and showed reversed responses in 

the YSSD group from 2 weeks through 4 weeks after unilateral deafening, and then 

came to recover contralateral larger area from post-deafening of 6 weeks through 8 

weeks. Whereas in the ASSD group contralateral responsive area was abruptly 

decreased at the 4 weeks after unilateral deafening and had gradual increases with 

ipsilateral responsive area until post-deafening of 8 weeks, and then both 

hemispheres came to have similar total reactive areas. 

Conclusion: After unilateral deafening, typical contralateral dominance of hearing 

ear was no longer evident, and different response characteristics were seen according 
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to the deaf onset time and period of deafening. The YSSD group’s sensitive period 

of reorganization after deafening was about 4 weeks from just after deafening but 

that of ASSD group was only 2 weeks from post-deafening of 4 weeks. This result 

suggests that there is specific timing involved in rehabilitation of young and adult 

unilateral hearing loss. 

Keywords: Unilateral deafness, auditory cortex, development, neuronal 

plasticity, rats 

Student number: 2010-30569 
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Introduction 

Sensory systems are capable of significant functional reorganization after 

peripheral sensory organ injury. The reorganization of auditory cortex is achieved 

through sound-dependent plasticity and has a brief postnatal period of heightened 

nervous system receptivity which is commonly referred to as the critical period (de 

Villers-Sidani et al., 2007; Kral et al., 2012). In general, lifelong learning is 

possible, but the neural plasticity during critical period is much facilitating in the 

adaptation of the developing brain and providing a stable long-lasting experimental 

foundation. This critical period of brain plasticity in development can be 

problematic, when associated with injury in neonatal or childhood period. The 

duration of critical period reorganization varies by sensory modalities and different 

mammalian species; humans: the first 1-2 years (Huttenlocher et al., 1997) and 

cats: the first 4-8 weeks (Kral et al., 2005). Although the critical period in the rat 

auditory cortex is known to follow the onset of hearing at postnatal (P) 11-12 days 

(ds), and is known not to extend beyond the first month of postnatal life (Zhang et 

al., 2001). However, there is little known about the onset and duration of 

reorganization as the time of inner ear injury in rats. In humans, the absence of 

acoustic input can lead to abnormal auditory neural development and connectivity, 

and results in delay of language development in childhood (Kral et al., 2012). Brain 

plasticity is also an important factor, which may influence the clinical outcomes in 

hearing loss patients who were received intervention with hearing aids or cochlear 

implants. Moreover, brain reorganization provides a framework on which 
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rehabilitation and therapy initiatives for these clinical populations should be based.   

In humans, normal auditory development needs structural parts of the ear 

development in the first few months of gestation. Sensory parts of the auditory 

system develop after 20 weeks of gestational age while the auditory system 

becomes functional at around 25 weeks of gestational age and the auditory cortex 

development depends on the sound stimulus of hearing ear after birth (Stanley N. 

Graven, 2008). On the other hand, hearing development in rats occurs during 

postnatal period. Rats are easy to be obtained to study and useful animals to 

evaluate the changes of auditory cortices by utilizing as the prelingual and 

postlingual hearing loss model. It has been known that the human brain has a 

strong preference to speech sounds process in the left and music sounds in the right 

auditory cortex (Tervaniemi et al., 2003). However, little is known about auditory 

cortex predominant role to the white sound stimuli in rats. In the 

electrophysiological studies of auditory cortex in the rodents or cats, most studies 

did not separate the left from the right brain. There are other studies of 

asymmetrical hemisphere responses in lower animals such as fish, chicks and rats 

outside the auditory system including the study of amygdala function in a 

differentially rewarded spatial maze using rats (Bisazza et al., 2000; Coleman-

Mesches et al., 1995).  

Many studies have explored the auditory system to evaluate changes in 

neuronal activity after inner ear injury. Various studies of auditory functional or 

connectional plasticity are more evident in the course of development than in 
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mature animals (Popelar et al., 1994). In normal hearing, the contralateral brain to 

the sound stimulus has a greater number of nerve fibers, fewer synapses and direct 

connection than the ipsilateral brain (Adams, 1979; Brunso-Bechtold et al., 1981; 

Coleman et al., 1987). These results are supported by physiological consequences 

in adult gerbils, guinea pigs and cats showing higher evoked responses and lower 

acoustic thresholds on the contralateral auditory cortex to the stimulus of non-

operated ear (Kitzes, 1984; Popelar et al., 1994; Reale et al., 1987). This 

asymmetrical response of the auditory system has been reported in humans as well 

(Ponton et al., 2001).  

There are various methods to monitor the neural activity in the brain 

evoked by auditory stimulation such as evoked auditory brainstem response, local 

field potential, and intracellular/extracellular spike recording. Extracellular neural 

recording is an electrophysiological technique used to directly detect the electrical 

signals from each single neuron in a live animal. The multi-unit extracellular 

recordings with microelectrode arrays can be adapted for monitoring the neural 

activities in several non-auditory fields (Tseng et al., 2011; Tseng et al., 2012; 

Wang et al., 2011). This method has several advantages, such as simultaneous 

recording from multiple neurons, which allows an analysis of different neural 

response patterns and the interactions among neurons with high spatial and 

temporal resolutions (Nicolelis, 2008). The extracellular action potential (AP) is 

derived from currents across the resistive extracellular medium between charge 

locations on the cell surface. The voltage changes of extracellular AP between 
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these locations are a consequence of ion conductance, such as sodium and 

potassium channels. The extracellular spike waveforms take the negative first 

derivative of the intracellular waveform (Henze et al., 2000), (Figure 1). The 

another advantage of extracellular recordings is that neural activity can be recorded 

without puncturing the cell membrane, and recordings are more stable over long 

time periods. The disadvantage is that the extracellular potentials tend to be in the 

range of ~ 100 μV, less than transmembrane potentials, which can be partially 

overcome with careful positioning of fine-tipped electrodes close to individual cells 

and application of algorithms and statistics to separate neurons based on their 

waveform shapes (Blum et al., 1991; Kindlundh M, 2004; Wise et al., 1991).   

Unilateral hearing loss rate is 0.5-1.46/1,000 newborns and the incidence 

increased with age (Watkin et al., 2012). Unilateral deafness can occur in the 

sudden sensorineural hearing loss and cochlear-implant recipients of only one ear. 

In these unilateral deafness conditions, the central auditory system receives much 

imbalanced input from the two ears. Recent studies on cochlear-implant patients 

demonstrated the advantage of binaural versus monaural implant (Litovsky et al., 

2010). It is also well known that there are functional reorganizations of auditory 

cortices after unilateral deafness in congenital or early period of life (Kral et al., 

2013a; Kral et al., 2013b), resulting in the stronger representation of the hearing ear 

in trade of binaural hearing (Kral et al., 2015). In contrast, it is believed that there 

will be a less plasticity or acoustic preference in the adult auditory cortices, based 

on the idea that there are critical periods from the birth for brain to change 
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functionally and structurally (Barkat et al., 2011; Popescu et al., 2010; Yang et al., 

2012). But, several recent reports of human imaging studies have proven that the 

changes of multi-modal brain regions and their connections were occurred after 

unilateral hearing loss in adulthood (Chang et al., 2016; Laugen Heggdal et al., 

2016; Li et al., 2013). To understand the serial process of these changes after 

unilateral hearing loss, animal model studies using the method of unilateral ear 

canal or cochlear ablation have been conducted. One method involves inducing 

conductive hearing loss by blocking or ligating the external ear canal (Clopton et 

al., 1977; Clopton et al., 1978; Feng et al., 1980; Moore et al., 1981; Stuermer et 

al., 2000), which has the benefit of hearing restoration (Moore, 1988; Moore et al., 

1999). However, this particular method produces only partial hearing loss and does 

not destroy the hair cells or the peripheral nerves directly. Another method for 

inducing unilateral hearing loss is the cochlear ablation technique (Kitzes et al., 

1985; Kitzes et al., 1995; Moore et al., 1985; Nordeen et al., 1983; Reale et al., 

1987; Russell et al., 1995), with this method, restoration of hearing is impossible 

and allows complete blockade of sound input and the neural response from one 

side.  

On the basis of the arguments and studies mentioned above, we have 

several questions as follows. (1) When do rats have contralateral dominancy to the 

sound stimulation after birth for the first time? Do the rats have contralateral side 

preference to the hearing ear from neonate or puberty or only adult period? (2) 

How about the serial auditory developmental process of multi-channel neural 
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recording study changes in the normal hearing rats? (3) What is the difference 

between young and adult period unilateral deafening and auditory reorganization? 

(4) What parameter is the important factor to check the electrophysiological 

changes of auditory cortex reorganization after unilateral deafening? 

 To understand and find out the answers of these questions, we used 

animal model studies utilizing the method of unilateral cochlear ablation and multi-

channel extracellular neural recording not only normal hearing rats but also 

unilateral deaf rats of young and adult period. The aims of study are to assess the 

serial normal auditory development between contralateral and ipsilateral cortices to 

the hearing ear and check the electrophysiological factors as indicators of brain 

reorganization and to analyze the differences between young and adult period 

reorganization, leading to an aural preference for the hearing ear after unilateral 

deafening.  
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Materials and Methods 

1. Animal Preparation and Groups 

All procedures were approved under the Seoul National University 

Institutional Animal Care and Use Committee. Experiments were performed on the 

81 Sprague–Dawley rats; normal hearing (NH) developmental group: 45 rats, 

young single-sided deafness (YSSD) group: 17 rats and adult single-sided deafness 

(ASSD) group: 19 rats (Figure 2). Both male and female rats were used for these 

experiments. These animals were acclimatized in the breeding room for 1 week and 

maintained in specific pathogen-free conditions before recordings. The animals 

were cared for according to the guidelines of the International Association for the 

Study of Pain in conscious animals (Zimmermann, 1983). To evaluate normal 

auditory cortex plasticity in the NH group, we recorded multi-unit neural activities 

at the age of P2w, P2w4ds, P3w4ds, P4w4ds, P5w4ds, P6w4ds, P7w4ds, P8w4ds, 

P9w4ds and P10w4ds. In the YSSD group, left side cochlear ablations were done at 

the age of P10ds and multi-neural recordings were implemented at the post-

deafening (PD) 2w, PD4w, PD6w and PD8w. The time (P10ds) of cochlear ablation 

in the YSSD group corresponded to the prelingual period before the onset of 

hearing sensory function. In the ASSD group, left side cochlear ablations were 

done at the age of P53d and multi-neural recording were conducted at the PD2w, 

PD4w, PD6w and PD8w. The cochlear ablation time (P53ds) of the adult SSD 

group corresponded to postlingual period after the onset of hearing sensory 
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function (Figure 2).    

The auditory brainstem response (ABR) was recorded to evaluate the 

objective hearing ability of the animals using Smart EP (Intelligent hearing 

systems, Miami, FL, USA). This ABR recording was performed both before and 

after the cochlear ablation and before multi-neural recordings to confirm hearing 

loss. The both hearing thresholds were < 40 dB sound pressure level (SPL) for NH 

group and the left side hearing thresholds > 80 dB SPL and the right side hearing 

threshold < 40 dB SPL for SSD groups. Evoked waveforms swept 512 times within 

12 ms while stimulating target ear with click sound (rate: 19.1/s) in 5 or 10 dB SPL 

step. The ABR threshold was determined as the wave I to V disappeared. 

Waveforms were repetitively measured when the threshold is hard to be defined. If 

there’s no wave I to V, we defined it as no response. Baseline ABR was performed 

to exclude the congenital or acquired hearing loss at the initiation of the study. 

After the extracellular multi-unit recording procedures, animals were sacrificed. 

Cochlear ablation procedure was not performed to the NH group. For the 

SSD groups (young and adult groups), left ear cochlear ablations were performed 

as below, and the animals went through recording process at a designated time 

point and were sacrificed after the recording. Cochlear ablation was performed at 

10 days after birth for the YSSD group and 53 days of age for the ASSD group, 

(Figure 2). To determine what the adult age of rats is, we adopted the age of sexual 

and cochlear maturation (P32-34ds for female rats and P45-48ds for male rats) and 

defined that the adult period of rats is 7 weeks old and over (Sengupta, 2013). A 
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postauricular incision was made after anesthesia with intramuscular injection of a 

mixture of tiletamine/zolazepam (30 mg/kg) and xylazine (5 mg/kg). Atropine 

sulfate (0.22 mg/kg, i.m.) was injected to reduce the bronchial secretions and 

dexamethasone (0.25 mg/kg, i.m.) to decrease brain swelling and edema. The body 

temperature was maintained as 36 to 37℃ to prevent hypothermia. The cochlea 

was visualized using a surgical microscope (Carl-Zeiss, Oberkochen, Germany) at 

the medial portion of the bulla on the left side ear (Oh et al., 2007). The bony wall 

of basal turn of the cochlea was disrupted using a 26 gauge needle, inner soft tissue 

of the cochlea was also disrupted by using the same tool, and Kanamycin sulfate 

solution (20mg/ml) was irrigated through this small perforation. 

 

2. Extracellular Multi-Unit Neural Recordings of Sound-

evoked activities 

Craniotomy for exposure of auditory cortex 

The animals were anesthetized and shaved before surgery for auditory 

cortex exposure. A skin incision was made at the midline of the dorsal head, and a 

muscular flap was made at the lateral portion above the brain auditory cortex. A 

craniotomy was made over both temporal cortices spanning from Bregma to 

Lambda, and the auditory cortex surface area was presumed based on the vascular 

pattern (Kalatsky et al., 2005; Polley et al., 2007). Typical area of the auditory 
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cortical fields is located at the overlaid area of vertical branches of middle cerebral 

vein superior to zygomatic bone and inferior area to horizontal branch of middle 

cerebral artery between Bregma to Lambda. The primary auditory field is located 

at the posterior-dorsal area of all auditory cortex. The dura mater was removed 

carefully using a 26-gauge needle and forceps. A screw was fixed to the parietal 

bone, which was used as a reference electrode (Figure 3).  

Multi-channel microelectrode array insertion to auditory cortex 

After fixation of the animal in the stereotaxic frame, A tungsten wire-

based 16 channel microelectrode array (Innovative Neurophysiology, Inc., 

Durham, NC, USA), (4x4 array, diameter: 35 μm, inter-electrode spacing 600 μm, 

45° angled tip, impedance 300 k at 1 kHz in phosphate-buffered saline) was 

inserted perpendicular to the surface of the auditory cortex to a depth of 600 ~900 

μm for layer IV of auditory cortex, carefully avoiding surface blood vessels 

(Christianson et al., 2011). To cover the primary auditory cortex, penetration was 

performed at least four times in each hemisphere based on the boundary of acoustic 

neural response by Peri-stimulus time histogram (PSTH) and vascular map of 

auditory cortex (Figure 3 and 6).  

Sound stimulus and sound-evoked multi-neural recording 

Gaussian white sound stimulation (80 dB SPL, 100 ms duration) was 

generated (TDT, Inc., Alachua, FL, USA) and introduced to the right ear every 500 



１１ 

 

ms during recording (total No. of sound stimulus is 200). Data acquisition, 

amplification, filtering by auto-voltage-threshold technique and real-time spike 

sorting of multi-channel signals using multichannel acquisition processor (MAP) 

system (Plexon system with HLK2 card, Dallas, Tx, USA) were done. The 

waveform of neural activity was amplified 1,000 times and filtered at 100–8,000 

Hz. Sound stimulation was introduced to the right ear only, and recording was 

performed in the bilateral auditory cortices (Figure 4).  

Auditory cortex mapping and reconstruction  

To visualize and calculate the total responsive area to the sound stimulus, 

auditory cortex map was reconstructed using Voronoi tessellation method 

(MATLAB (MathWorks. Inc., Natick, MA, USA)), (Yang et al., 2014). The 

asterisks on the map represent the location of electrode penetrations, and the mesh 

cells show the corresponding recording area. The total responsive area calculation 

for each hemisphere was performed using Image J (NIH, USA). The degree of the 

evoked activity of peak amplitude was represented with color column within the 

range of 200 spikes/bin (Figure 3 and 11). 

Spike sorting and selection of significant single-unit spike 

  Hearing levels related significant spike detection and sorting were gauged 

using RASPUTIN and Offline SorterTM (Plexon Inc., Dallas, TX, USA). The 

feature of units was extracted based on principal component analysis for spike 

sorting. The units were classified using the T-distribution E-M clustering 
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algorithm, and the artifacts were removed. For the classification of multi-units 

per electrode, one unit which had the greatest peak amplitude was chosen for 

specific parameter analysis. The sorted files were processed in NeuroExplorer®  

(Plexon Inc., Dallas, TX, USA) to represent the neural activity changes to 

recursive events (Figure 4). The PSTHs of the sound-evoked unit activity were 

generated from bilateral auditory cortices and optimized (observation period: 500 

ms, time bin width: 3 ms, number of sound stimuli trials: 200) according to the 

previous study (Shimazaki et al., 2007). The significant response in the neural 

recording was named ‘responsive’ when the peak amplitude of PSTH was over 

10 spikes/bin and synchronized with the sound stimulus. All PSTH parameters of 

the responsive area were analyzed. If the shape of PSTH was irrelevant to the 

stimulus or the peak amplitude was less than 10 spikes/bin, the unit was 

classified as an unresponsive and excluded from the analysis. 

Parameters for neural recordings  

Parameters were obtained from the PSTHs of auditory cortex neural 

recordings and the cortex map. The parameters were explained as below (Figure 3 

and 5).  

1) Onset latency: time from stimulus onset to the point of the amplitude above 

spontaneous activity (Polley et al., 2007). It reflects age-related changes such 

as synaptogenesis (Kral et al., 2012). 

2) Peak latency: time from stimulus onset to the point of maximum amplitude after 

subtracting spontaneous activity to analyze without variation of background 

activity of each unit. It also reflects synaptogenesis and maturation of synaptic 
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properties (Kral et al., 2012).  

3) Peak amplitude: the number of spikes per unit time (time bin width; 3ms) at the 

maximum neural bursts. It reflects quantitative response of auditory neural 

cells and relates to the increase in response synchrony (Kral et al., 2013a). 

Representative peak amplitude per a rat during 200 sound stimuli  

= Sum of spikes per unit time at the maximum neural bursts / all reactive units  

4) Total responsive area: total area with the peak amplitude of PSTH in the 

auditory cortex was over 10 spikes/bin and synchronized area with the sound 

stimulus.  

5) Contralaterality index (CI): index for comparison of neural activation of 

contralateral and ipsilateral auditory cortex to sound stimulus. The CI of peak 

amplitude means 
𝑃𝐴𝑐

𝑃𝐴𝑐+𝑃𝐴𝑖
, where PAc is peak amplitude of PSTH in 

contralateral side and PAi is that of ipsilateral side to the sound stimulus ear. 

CI > 0.5 indicates that the reorganization of auditory cortex has a tendency of 

contralateral side preference to sound stimuli (Kral et al., 2013a). 

 

4. Statistical analysis  

For the comparison of the factors, analysis between the two hemispheres 

was conducted with paired t-test (2-tailed). Then unpaired t-tests (2-tailed) were 
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performed to compare the averaged PSTH parameters of the responsive electrode 

between SSD and NH groups or YSSD and ASSD groups. For the comparison 

among postnatal periods or post-deafening periods, one-way ANOVA analysis of 

each PSTH parameters acquired from the responsive electrodes was performed and 

in cases with statistical significance. All data are presented as means ± standard 

deviation, and all statistical analyses were performed using SPSS software for 

Windows version 21.0 (IBM SPSS statistics, Armonk, NY, USA). The criterion for 

statistical significance was set at p < 0.05. 
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Results 

1. Auditory cortical developmental responses to monoaural 

sound stimulation in the normal hearing rats 

The demographics and auditory cortex vascular findings by age  

In the NH group, 2 weeks old rats weighed average 29.5 ± 0.7g and the 

rats grew 373.3 ± 103.7g at the 10 weeks old. At all ages, the right and left 

hearing thresholds were below 40 dB SPL and hearing was normal (Table 1). 

During craniotomy for exposure auditory cortex, the younger rats (2 weeks to 3 

weeks after birth) had thin dura mater, which was the cause of easy bleeding 

tendency when the dura membrane was removed. The range of craniotomy was 

from Bregma to Lambda, which was enough to cover all auditory cortical 

responses, but the recording area sometimes exceeded the Bregma-Lambda 

boundary. It was known about the location of primary auditory cortex that it is 

inferior to the horizontal portion of middle cerebral artery, superior to horizontal 

portion of inferior cerebral vein and the caudal superior portion of temporal lobe 

which cross area between middle cerebral artery and vertical branches of inferior 

cerebral vein (Kalatsky et al., 2005). However, there were many variations of 

vascular location in this study, especially vertical branches of inferior cerebral 

vein was prominent in the variations (Figure 6).    
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The Contralateral dominancy to monoaural sound stimulation 

In the NH group, the average onset latencies of contralateral side to the 

right ear was 8.48 ± 21.73 ms (total unit N = 1131) and that of ipsilateral side was 

5.95 ± 10.95 ms (total unit N = 603). Although several studies suggested that the 

reduced onset latencies of contralateral auditory cortices to the hearing ear were 

prominent findings in the normal hearing animals (Hartmann et al., 1997; Kral et 

al., 2013a), in this present study there was no significant difference between 

contralateral and ipsilateral onset latencies in the developmental normal hearing 

group (Figure 7). However, the peak latencies of the contralateral side to the sound 

stimulus were significantly shorter than those of ipsilateral side in the NH group 

(p<0.05), (Figure 8). To quantify the results, paired differences of peak amplitudes 

at each group were statistically evaluated. This results showed that NH group’s 

median and its absolute deviation were -22.73 ± 5.69 ms (contralateral shorter), 

namely there was contralateral peak latency preference in normal hearing rats 

(shorter peak latency for contralateral stimulation), (Figure 8).  

Peak amplitude and total reactive area for contralateral stimulation were 

larger than those for ipsilateral stimulation at all the normal hearing developmental 

ages (Figure 9, 10). In the NH group, the average peak amplitude of contralateral 

brain to the right ear was 34.32 ± 57.53 spikes/bin (total unit N = 1131) and that of 

ipsilateral side was 22.98 ± 27.27 spikes/bin (total unit N = 603). There was highly 

significant difference between contralateral and ipsitlaeral peak amplitude of NH 
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group (p<0.05), (Figure 9e). The total reactive area of peak amplitude of 

contralateral brain to the right ear was 6.48 ± 1.70 mm2 (total unit N = 1131) and 

that of ipsilateral side was 3.00 ± 2.59 mm2 (total unit N = 603). The contralateral 

total responsive area was significantly larger than ipsilateral one in NH group 

(Figure 10e). Thus, there were contralateral peak amplitude and total responsive 

area preferences to the sound stimulus in the normal hearing rats. In the peak 

amplitude activation maps of NH group, there were larger and wider area responses 

in all the contralateral stimulation from postnatal of 2 weeks when just started the 

auditory sensory function (Figure 11).   

This contralateral preference of normal hearing may be due to the rapid 

organization and the large number of synapsed responses in the broad area in the 

contralateral auditory cortex to the monoaural sound stimulation   

2. The Characteristics of Auditory Neural Responses of the 

Single-sided Deafness in Young and Adult Periods  

Comparison of onset latencies 

The onset latency measures the time of initiation of the response. In the 

YSSD group, the average onset latencies of contralateral side to the right ear was 

6.28 ± 17.25 ms (total unit N = 363) and that of ipsilateral side was 4.10 ± 10.27 

ms (total unit N = 258). In the ASSD group, the average onset latencies of 

contralateral side to the right ear was 3.80 ± 5.0 ms (total unit N = 415) and that of 
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ipsilateral side was 3.25 ± 7.83 ms (total unit N = 312). In the YSSD group, only 

the PD4w’s contralateral onset latencies to the only right hearing was shorter than 

ipsilateral ones but there was no significant differences between each post-

deafening week and both hemisphere (Figure 7c, 7f). In the ASSD group, the 

PD6w’s contralateral onset latencies to the only right hearing ear was shorter than 

ipsilateral ones, but there was also no significant differences between each post-

deafening week and both hemisphere (Figure 7d, 7g). The comparison of the paired 

differences’ median (differences of onset latencies = contralateral side – ipsilateral 

side) in onset latencies between groups showed that there was no difference 

between hemispheres in ASSD group (p>0.05), (Figure 7b).  

Comparison of peak latencies  

In the YSSD group, the mean peak latencies of contralateral side to the 

right ear was 71.13 ± 111.95 ms (total unit N = 363) and that of ipsilateral side was 

84.13 ± 101.25 ms (total unit N = 258). In the ASSD group, the mean peak 

latencies of contralateral side to the right ear was 35.15 ± 23.9 ms (total unit N = 

415) and that of ipsilateral side was 45.30 ± 40.40 ms (total unit N = 312).  

Although all peak latencies of contralateral side of each NH postnatal age 

were significantly shorter than those of ipsilateral side to right sound stimulation 

(p<0.01), in the YSSD group, only the PD4w’s contralateral peak latencies to the 

right hearing was shorter than ipsilateral ones and in the ASSD group, all 

contralateral peak latencies to the only right hearing ear was shorter than ipsilateral 

ones, but there was no significant difference between hemispheres. The comparison 
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of the paired differences’ median (differences of peak latencies = contralateral side 

– ipsilateral side) in peak latencies between the groups showed that there was no 

statistical difference between contralateral and ipsiltateral hemisphere to only right 

hearing ear (p>0.05), (Figure 8). Thus the contralateral peak latency preference of 

NH group disappeared in the single-sided deafening groups.  

Comparison of peak amplitudes  

In the YSSD group, the mean peak amplitude of contralateral auditory 

cortex to the right hearing ear was 38.65 ± 86.90 spikes/bin (total unit N = 363) and 

that of ipsilateral side was 23.03 ± 37.33 spikes/bin (total unit N = 258). In the 

ASSD group, the mean peak amplitude of contralateral side to the right hearing ear 

was 35.95 ± 31.33 ms (total unit N = 415) and that of ipsilateral side was 45.30 ± 

40.40 ms (total unit N = 312).  

In the YSSD group, all the peak amplitudes of the contralateral 

stimulation were shorter than those of the ipsilateral stimulation but there was no 

statistical significance between both hemispheres. In the ASSD group, all the peak 

amplitudes of the contralateral auditory cortex revealed a significant decrease at the 

post-deafening 2 weeks compared with the corresponding age-matched NH group 

and gradual recovery until the age of 8 weeks after unilateral deafening. Whereas, 

that of the ipsilateral hemisphere of ASSD group revealed a gradual increase after 

unilateral deafening, with the exception of the 4-week time point (Figure 9). 

Therefore, in regard to the peak amplitude, the contralateral dominance seen in the 

NH group was maintained in the YSSD group but not seen in the ASSD group. In 
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the contralateral hemisphere of hearing ear of SSD group, the peak amplitudes of 

YSSD group decreased gradually with ipsilateral neural responses, whereas the 

contralateral peak amplitudes of ASSD group decreased abruptly and recovered 

gradually with a gradual increase in the ipsilateral hemisphere (Figure 9).   

Comparison of total responsive areas and auditory cortices maps for 

peak amplitudes 

The total response area of auditory cortex based on the peak amplitudes 

was constructed by the time points after unilateral deafening. In the YSSD group, 

the mean total responsive area of contralateral auditory cortex to the right hearing 

ear was 3.93 ± 2.74 mm2 (total unit N = 363) and that of ipsilateral side was 4.09 ± 

3.51 mm2 (total unit N = 258). In the ASSD group, the mean total responsive area 

of contralateral side to the right hearing ear was 4.48 ± 2.06 mm2 (total unit N = 

415) and that of ipsilateral side was 4.27 ± 1.30 mm2 (total unit N = 312).  

In the YSSD group, the total reactive area of the ipsilateral auditory cortex 

abruptly increased at the 2 weeks after unilateral deafening and decreased until the 

post-deafening 8 weeks, whereas the contralateral total reactive area showed 

reversed pattern compared with contralateral auditory cortex after unilateral 

deafening, and the turning point (ipsilateral larger to contralateral larger area) was 

around post-deafening 5 weeks (Figure 10 and 12). In the ASSD group, the 

contralateral dominancy (contralateral larger area) was maintained at the 2 weeks 

after unilateral deafening but the contralateral total responsive area decreased at the 
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4 weeks after deafening and then gradually increased with ipsilateral responses 

until post-deafening 8 weeks (Figure 10 and 13).   
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Discussion 

Summary of the Results 

The present study used the rat’s prelingual (YSSD group) and postlingual 

(ASSD group) models to evaluate normal auditory cortex developmental changes 

(NH group) and the neural activation of the ipsilateral and contralateral auditory 

corteces to sound stimulation before and after single-sided auditory input 

deprivation by extracellular recordings. We found a larger peak amplitude and total 

responsive area and a shorter peak latency of the contralateral hemisphere, 

contralateral preference to sound stimulation in the normal hearing rats from the 

age of 2 weeks to10 weeks after birth. In the comparison of the paired onset 

latencies differences between both hemispheres, there was no significant difference 

between hemispheres and groups. Before the beginning of this experiment, we 

speculated that the contralateral hemispheric dominancy to hearing ear might begin 

from puberty period or adult period of rats. However, the contralateral preference 

to hearing ear was shown immediately after 2 weeks age of rats, just starting time 

of hearing function. All parameter except onset latency were shown the findings of 

contralateral auditory dominance to sound stimulation. This constant contralateral 

preference to hearing ear, even from the starting time of hearing function was 

important and useful when we study auditory cortex plasticity and reorganization 

of young rats and can used the very young rats, 2 weeks of age as a control group. 
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As far as we are concerned, none of any paper has shown the contralateral 

dominancy to the hearing ear of 2 weeks old in rats.  

For the onset latency, past several studies showed that the reduced onset 

latencies of contralateral auditory cortices to the hearing ear are prominent findings 

in the normal hearing animals (Hartmann et al., 1997; Kral et al., 2013a). In this 

present study there was no significant difference between contralateral and 

ipsilateral onset latencies in the developmental normal hearing group and all SSD 

groups. Onset latency was the time from stimulus onset to the point of the 

amplitude above spontaneous activity (Polley et al., 2007). However, the 

extracellular potentials we used have very low voltages at the range of ~ ~ 100 μV, 

which are less than transmembrane potentials. Even though we applied the 

algorithms and statistics to separate neuron response based on their waveform 

shapes to discriminate the difference between onset response of spike and 

spontaneous activity, there might be limitation to detect significant onset time from 

the intrinsic and extrinsic artifacts and spontaneous responses. However, the peak 

latency was very useful indicator of neural synaptogenesis and auditory cortical 

maturation in this study. Recent study of local field potential method used P1 

latency of human which was a kind of marker of auditory cortical maturation (Kral 

et al., 2012). In the ASSD group of this study the shorter contralateral peak 

latencies maintained after deafening until 6 weeks after deafening and then both 

hemisphere had the similar peak latencies, whose reason might be that ASSD 

group was already synapse maturation state and have slow elimination and 
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maturation process of ipsilateral side to sound after deafening . Whereas the shorter 

contralateral peak latencies of NH group disappeared in the YSSD group at the 2 

weeks after deafening but recovered from post-deafening 4 weeks to 8 weeks, 

which might be the reflection of the gradual increase in response to synchrony of 

contralateral hemisphere to sound stimulation.    

After the unilateral deafening (left ear), the larger contralateral peak 

amplitude of normal hearing was maintained in the YSSD group but disappeared in 

the ASSD in which the peak amplitudes of both hemispheres showed gradually 

similar responses until post-deafening 8 weeks. The larger contralateral total 

reactive responsive area of NH group disappeared and showed reversed responses 

in the YSSD group from 2 weeks through 4 weeks after unilateral deafening, and 

then came to recover contralateral larger area from post-deafening 6 weeks through 

8 weeks. Whereas, in the ASSD group contralateral responsive area abruptly 

decreased at the 4 weeks after unilateral deafening and had gradual increases with 

ipsilateral responsive area until post-deafening 8 weeks. These data suggest that 

plastic changes in the single-sided deaf brain are not limited to neonatal animals as 

previously reported (Harrison et al., 1991; Hatano et al., 2012; Reale et al., 1987), 

but also occur in adult animals (Allman et al., 2009; Popelar et al., 1994). In 

addition, these data confirmed contralateral dominance of the normal auditory 

pathway from the onset age of auditory function and also revealed its 

reorganization after single-sided deafness with the different pattern according to 

the onset time of unilateral deafness.  
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Disappearance of Contralateral Dominance after unilateral deafening 

Contralateral preference of the normal central auditory pathway to 

unilateral sound stimulation has been shown by several studies (Aitkin, 1990; 

Clarey et al., 1992). In the present study, although there was no contralateral 

dominance in the onset latencies, the other parameters, such as peak amplitude, 

peak latency and total reactive area revealed contralateral preference to stimulated 

ear in the normal hearing rats. These results suggested that faster (latency), larger 

(responsive area) and more timely responses in the contralateral hemisphere, which 

corresponds to prior reports showing contralateral dominance in cats, (Reale et al., 

1987) guinea pigs (Popelar et al., 1994), and gerbils (Kitzes, 1984). After unilateral 

deafening, contralateral hemispheric dominance disappeared after unilateral 

deafening, which corresponds to previous studies (Kitzes, 1984; Popelar et al., 

1994; Reale et al., 1987). In the paired difference between both hemispheres, the 

significant difference in the NH group disappeared after unilateral deafening in the 

both of young and adult period. In addition, the different results between YSSD 

and ASSD groups in the present study provided additional information. In the 

YSSD group, the contralateral larger peak amplitude was maintained as the NH 

group whereas the ipsilateral shorter peak latency was found only in the 4 weeks 

after deafening and the contralateral larger total responsive areas disappeared from 

just after deafening through post-deafening 4 weeks and at last recovered 

contralateral dominance of stimulated ear.  

However in the ASSD group, the contralateral shorter peak latencies as a 
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same pattern of NH group were maintained but the contralateral peak amplitudes 

and total reactive area were altered by the time period after deafening, and finally 

the both hemispheric peak amplitudes and total reactive area had similar neural 

responses. There was human clinical study which had similar electrophysiological 

results in this ASSD study. In the clinical study of adult sudden unilateral hearing 

loss, the sudden hearing loss auditory cortex’s magnetoencephalography showed 

healthy-side dominance on healthy-side stimulation in terms of amplitude but 

maintained a trend of faster latencies of contralateral hemisphere as both normal 

hearing (Li et al., 2013).  

This YSSD and ASSD results suggested that the auditory reorganization 

pattern after unilateral deafening was different according to the onset of unilateral 

deafening. In prelingual period unilateral deafening (YSSD group), reorganization 

into the ipsilateral dominance to the hearing ear occurred just after deafening; 

however, the contralateral preference was recovered at the 4 weeks after deafening. 

This results might suggest that if children who have unilateral deaf have bilateral 

hearing after cochlear implant to the unilateral deaf ear, they would have 

contralateral dominancy to sound stimulation as original normal hearing. This 

might be why the unilateral deaf children have the pattern of contralateral 

dominancy to sound stimulation.  

Therefore, from the results of this animal model study, it is anticipated 

that in typical binaural hearing circumstances, the contralateral auditory pathway 

shows dominance; however, in monaural hearing circumstances, the response of 
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the ipsilateral auditory pathway also increases, and eventually monaural 

stimulation from the hearing ear might excite both hemispheres temporarily or 

consistently. The reorganization findings of ASSD, gradual ipsilateral shorter 

latency and symmetric hemispheric excitability, were very similar to the results of 

congenitally unilaterally deaf adult cat from previous report (Kral et al., 2013b).  

The Sensitive period for reorganization after unilateral deafening  

 The critical period means the brief postnatal epoch of heightened nervous 

system receptivity (de Villers-Sidani et al., 2007). In this study, the auditory 

cortices after unilateral deafening had reorganization changes of both auditory 

cortices, even in the adult period when the critical period already passed. The 

period of post-deafening acute change of auditory cortex was named ‘sensitive 

period’ in this study. In the YSSD group, the sensitive period of reorganization was 

estimated about 4 weeks after unilateral deafening in terms of peak latency and 

total reactive area. During the 4 weeks after deafening, the YSSD group showed 

ipsilateral dominancy to hearing ear unlike NH group and recovered contralateral 

dominancy pattern from 6 weeks after unilateral deafening.  

In the ASSD group, the sensitive period of reorganization was estimated 

about 2 weeks from the 4 weeks after unilateral cochlear ablation, when it showed 

definite ipsilateral dominancy to hearing ear regarding peak amplitude and total 

reactive area. Compared to YSSD group, the sensitive period of ASSD group 

showed shorter period and later onset.  
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The Possible Hypotheses of auditory reorganization after unilateral 

deafening 

There are two known hypotheses to explain this compensatory response in 

the ipsilateral hemisphere of only hearing ear. The first hypothesis is the loss of the 

inhibitory process (Hendry et al., 1988; Ponton et al., 2001). The ipsilateral sound 

input can inhibit the discharges produced by contralateral stimulation in about 30% 

of primary auditory cortex (A1) neurons responding to sound stimuli. A second 

large population of A1 neural cells receives excitatory inputs from the two ears and 

among these are a relatively small number of cells that discharge only when the 

tone possess certain interaural time and intensity differences (Reale et al., 1987). 

This proposal has been reinforced by observations made in the adult cats with 

unilateral cochlear damage. They found that single neurons in the ipsilateral 

auditory cortex of the hearing ear had lost surrounding inhibition. This resulted in 

broad tuning of the neurons at higher level stimulation (Rajan et al., 1998; 

Stuermer et al., 2000). The second hypothesis is the emergence of additional 

afferent nerve fibers within the ipsilateral central auditory pathway, which is 

supported by the data of Kitzes (Kitzes et al., 1985) and Salvi (Salvi, 1996). After 

unilateral hearing deficits, more synchronous and symmetrical hemispheric 

activation was described by Ponton. He also proposed that newer projections in the 

central auditory pathways ipsilateral to the stimulated ear contribute to the 

compensatory response in the ipsilateral hemisphere (Ponton et al., 2001).   

Although this study only focused on the plastic change of cortical level, 



２９ 

 

present results mainly support the second one. First, in this study, there was no 

pattern change of peak amplitudes in the YSSD group and peak latencies in the 

ASSD group such as NH group. Whereas the ipsilateral larger total responsive 

areas were shown in the YSSD and ASSD groups during reorganization sensitive 

period. Newer fibers or projections, which were suggested by the latter theory, 

would have increased the firing action potentials (unless they are not connected to 

other units) within a unit.  

However, the peak amplitudes in ASSD group and the peak latencies in 

YSSD group were also altered after unilateral deafening. This could have resulted 

from the loss of nearby inhibition, according to the first hypothesis, since such loss 

can increase nerve conduction speed or intensity, and previously inhibited signals 

will add to the uninhibited signal and result in a larger peak in the PSTH. 

Therefore, further studies regarding unilateral deafness in lower brain area (inferior 

colliculus, cochlea nucleus) might help address this underlying mechanism.   

About the differences of reorganization between prelingual (YSSD) and 

postlingual (ASSD) group, we could speculate the third hypothesis depending on 

the existing auditory synaptic development as follow. The YSSD group had no 

existing auditory track or synapses, so the contralateral side synaptogenesis and 

neural cell synchrony to the hearing ear might be maintained and as the result, the 

final recovery of shorter peak latency and larger total reactive area and consistent 

higher peak amplitude of contralateral side to hearing ear were shown. In case of 

ASSD group, there were pre-existing auditory synapse tracks, which might be the 
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cause of maintaining of the shorter peak latency of contralateral side to hearing ear 

after unilateral deafening. Because the emergence of additional afferent nerve 

fibers within the ipsilateral central auditory pathway, the ipsilateral total reactive 

area and peak amplitude would increase gradually neural synchrony of additional 

afferent nerve fiber.  

The Strengths and Weaknesses of this study  

The experiment with rats’ auditory cortex has provided a much useful 

model in order to compare differences or similarities between prelingual and 

postlingual deafness and reorganization, because the rat auditory cortex 

development begins just after the onset of hearing at postnatal 11-12 days (Zhang 

et al., 2001). The another strength of the present study is taking the advantage of 

multi-channel extracellular neural recording method, which can detect the electrical 

signals directly from adjacent several neurons at the same time with sound 

stimulation in an alive rat and stable real time recording of the neural activities 

without puncturing the cell membrane for long time periods. A weakness of multi-

channel extracellular neural recordings is that this experimental method can destroy 

the auditory cortex by insertion of microelectrodes and cannot use the brain lesion 

of the electrode insertion sites to study pathologic findings at a time. However, the 

hearing thresholds were preserved even after recordings despite brain lesion by 

microelectrodes insertion, which suggested that this experimental method could be 

used for chronic model of auditory neural recording. This present study only 

indicated the changes of auditory cortical level, not the downstream process of 
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reorganization. Therefore, further research is needed to prove the changes of multi-

modal regions and its top-down and bottom-up effects after unilateral deafening.  

Until now, about the hemispheric specialization such as human and 

nonhuman primates auditory cortex (left-hemisphere specialization for auditory 

temporal processing), there are no rodent studies on auditory cortex lesion effects 

on white noise sound, which investigate the difference of hemisphere lateralization. 

Many electrophysiological studies of rodents or cats showed the experimental 

values were averaged across hemispheres, or only one side hemisphere’s lesion was 

made by averaging across hemispheres regardless of side (right or left). However, 

several studies of gerbils or rats demonstrated a hemispheric asymmetry of 

auditory cortex in the recognition of frequency-modulated (FM) stimuli and the 

dominance of the right auditory cortex in the discrimination of the direction of FM 

stimuli (Rybalko et al., 2006; Wetzel et al., 2008). Further investigation of the 

hemispheric differences to white sound stimuli between right and left unilateral 

deafness would help to consolidate this electrophysiological method and 

understand the rodent hemispheric lateralization to general sound stimuli. 

 To find the auditory cortical response, the vascular pattern map with 

middle cerebral artery and inferior cerebral vein was not reliable for us due to 

many variations of vessels, especially inferior cerebral vein. Therefore, the 

combined methods are recommended as surface vascular map and physical 

anatomic position of auditory cortex; the anatomic position of the auditory cortex is 

located between Bregma to Lamda no matter how wide it is, and the superior 
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bounded area is below the horizontal branch of middle cerebral artery and inferior 

boundary is upper margin of zygomatic arch.  

The clinical application possibilities of this study  

Clinically, it can be speculated that hearing ear will gradually take over 

the function of hearing impaired ear and stimulate the ipsilateral auditory cortex as 

well. This might goes with the clinical situation of sudden sensorineural hearing 

loss, initially after hearing loss patients’ discomfort is very high, but gradually their 

discomfort decreases even without the improvement of their hearing. It might be 

speculated as a possible hypothesis by the ASSD group results of this study that 

both hemispheric parameters such as peak amplitudes and total reactive area come 

to have similar neural responses as time goes by after sudden unilateral hearing 

loss in adult period. That might be the one of the reasons that the rehabilitation of 

hearing for adult onset unilateral deafness was not popular. 

Cochlear implant in unilateral deafness patients was not performed and 

investigated to the same extent as cochlear implant in profound bilateral hearing 

loss patients. Within a decade, several studies have indicated the effectiveness of 

cochlear implant after unilateral deafness (Bond et al., 2010; Firszt et al., 2012; 

Hansen et al., 2013; Jacob et al., 2011; Punte et al., 2011; Ramos et al., 2012; 

Tavora-Vieira et al., 2014; Tavora-Vieira et al., 2013). However, improving the 

effectiveness and customizing cochlear implant for unilateral deafness still require 

further study, and one question is pertaining to the proper restoration time and 

deafness duration (Tavora-Vieira et al., 2013). According to this study, the longer 
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stay as unilateral deafness, the more brain would reorganize functionally as well as 

structurally. This would lead to maladjustment for the cochlear implant device, 

resulting in poorer prognosis in adults as well as children. In the bilateral cochlear 

implant cases, there are debates between simultaneous cochlear implant and serial 

cochlear implant. Considering the possibility of functional reorganization, it has 

been believed that the simultaneous cochlear implant will lead to the best outcome, 

and if serial surgeries are to be done due to other medical conditions, minimizing 

the time gap between the two cochlear implants is recommended.  
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Conclusion 

In the present study, the different reorganization of the YSSD and ASSD 

rats was observed. After unilateral deafening, typical contralateral dominance of 

hearing ear was no longer evident, and different response characteristics were seen 

according to the deaf onset time and period of deafening. The YSSD group’s 

sensitive period of reorganization after deafening was about 4 weeks from just after 

deafening but that of ASSD group was only 2 weeks from post-deafening of 4 

weeks. The results suggest that there would be specific timing involving in the 

rehabilitation of young and adult unilateral hearing loss in clinical conditions such 

as sudden sensorineural hearing loss or unilateral cochlear implant of the both deaf 

patients. If the same hypotheses of this study could be applied to humans, in the 

children’s sudden unilateral deafening condition, the late auditory rehabilitation 

could bring more successful result than that of adult’s case to have their 

contralateral preference to the hearing ear. It is because children with sudden 

unilateral hearing loss could maintain their contralateral dominance to sound 

stimuli after unilateral hearing loss and have longer sensitive periods. On the other 

hand, the adult’s sudden unilateral hearing loss might need more active and faster 

auditory rehabilitation than child’s case to recover their contralateral dominance of 

hearing ear due to the shorter sensitive period after unilateral deafening.   
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Table 1. Demographics of normal hearing group of rats 

 

Age 

No. of 

Gender  

(M:F) 

Body weight   

(g) 

Auditory brainstem response  

(dB SPL) 

Right Left 

2w    0: 2  29.5 ± 0.7 27.5 ± 3.5 30.0 ± 7.1 

2w4ds    1: 3  35.7 ± 1.1 26.7 ± 2.9 28.3 ± 2.9 

3w4ds  4 : 2  79.0 ± 1.4 21.7 ± 2.9 22.5 ± 3.5 

4w4ds    3 : 1 105.7 ± 4.0 21.7 ± 5.8 21.7± 2.9 

5w4ds  4 : 1 166.0 ± 8.2 18.8 ± 6.3 17.5 ± 2.9 

6w4ds  4: 0 195.0 ± 11.2 19.0 ± 4.2 16.0 ± 6.5 

7w4ds  5 : 2 222.3 ± 69.9 18.8 ± 2.5 17.5 ± 2.9 

8w4ds  2 : 2 287.6 ± 76.1 16.0 ± 6.5 22.0 ± 5.7 

9w4ds   5: 1 226.3 ± 17.7 15.0 ± 5.0 13.3 ± 2.9 

10w4ds    1 : 2 373.3 ± 103.7 20.0 ± 8.7 26.7 ± 2.9 

Data expressed as mean ± standard deviation. w: weeks, ds: days, SPL: sound 

pressure level  
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Figure 1. Characteristics of extracellular waveforms. (a) Comparison of 

intracellular (top) and extracellular waveforms (bottom). The early components of 

extracellular action potential takes the negative first derivative of the intracellular 

waveform. (b) Examples of responses of extracellular spikes using tetrode 

electrode. (Adapted from Henze DA, et al., 2000)    
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Figure 2. Experimental protocols for normal hearing group in rats (a) and 

single-sided deafness groups in young (b) and adult (c) rats. (a) Normal hearing 

group in rats which has ten developmental subgroups from 14 days through 73 

days after birth and has both normal hearing (hearing threshold < 40 dB SPL). (b) 

Young single-sided deaf group which has four subgroups from 2 weeks to 8 weeks 

after left ear cochlear ablation at the age of 10 days after birth. (c) Adult single-

sided deaf group which has four subgroup from 2 weeks to 8 weeks after left ear 

cochlear ablation at the age of 53 days after birth.    
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Figure 3. Schematic of distribution of electrodes insertion sites and merging 

process with electrophysiological results in a rat. (a) Schematic picture of a rat 

preparation for insertion of microelectrode array (4 x 4) to right auditory cortex. (b) 

A picture of exposure of right rat auditory cortex from Bregma to Lamda. (c) 

Insertion of electrode array to dorsocaudal area of right auditory cortex. (d) 

Marking with dots for insertion sites of microelectrode on auditory cortex picture. 

(e) Marking with dots for all insertion sites of microelectrodes (four times 

insertions) on auditory cortex picture. (f) Marking with dots for boundary line on 

auditory cortex picture. (g) Auditory cortex map was reconstructed using Voronoi 

tessellation method (MATLAB (MathWorks. Inc., Natick, MA, USA)) for all 

insertion sites of electrode array and merged with the value of each site’s peak 

amplitude. (h) Calculation of total reactive areas which have peak amplitude more 

than 10 spikes/bin using Image J program (NIH, USA). The asterisks on the map 

represent the location of electrode penetrations, and the mesh cells show the 

corresponding recording area. (i) Graph for total reactive area of peak amplitude 

according to postnatal weeks. Bar scale of picture: 1mm, D: dorsal, C: caudal, R: 

rostral, V: ventral  
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Figure 4. Schematic of electrophysiological neural recordings and data analyses 

in rat auditory cortex. (a) A 4 x 4 array of tungsten microelectrode and headstage.  

(b) Preamplifier with x 1,000 gain of signals. (c) Data acquisition system by auto-

voltage-threshold technique and real-time spike sorting of multi-channel signals 

using multichannel acquisition processor (MAP) system (Plexon system with HLK2 

card, Dallas, Tx, USA). (d) Obtaining of significant single-unit spike times by spike 

sorter (Offline sorter, Plexon, Dallas, Tx, USA). (e) Data analysis of peri-stimulus 

time histogram (PSTH) of each significant single-unit (Neuroexplorer and PL2 

software program, Plexon, Dallas, Tx, USA).    
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Figure 5. Parameters of peristimulus time histogram (PSTH) for neural 

recording in auditory cortex. (a) Spontaneous activity is spontaneous bursts of 

spikes regardless of sound stimulus. (b) Peak amplitude is defined as the number of 

spikes per unit time (time bin width in this study; 3 ms) at the maximum neural 

bursts, which reflects quantitative response of auditory neural cells and relates to 

the increase in response synchrony. (c) Onset latency is defined as the time it takes 

for the sound stimulus to initiate an evoked action potential above spontaneous 

activity, which reflects age-related changes such as synaptogenesis. (d) Peak 

latency is the time it takes for the sound stimulus to reach at the peak amplitude, 

which reflects synaptogenesis and maturation of synaptic properties.  
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Figure 6. Auditory cortex’s pictures by postnatal age of normal hearing group 

and a schematic picture of left rat auditory cortex vascular finding. (a) Pictures 

of rat auditory cortex from 2 weeks through 10 weeks and 4 days after birth. (b) 

Schematic picture of vascular map of left rat auditory cortex (adapted from Valery 

A. Kalastsky, et al., 2005).  

Bar Scale: 1 mm, solid vertical line: an extension line from Bregma, dashed 

vertical line: an extension line from lamda, w: weeks, ds: days, mca: middle 

cerebral artery, icv: inferior cerebral vein 
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Figure 7. Comparisons of onset latencies of normal hearing (NH) group, 

young single-sided deafness (YSSD) group and adult single-sided deafness 

(ASSD) group. (a) Onset latency of NH group by postnatal weeks. Onset latency 

of YSSD group (c) and ASSD group (d) by weeks after left cochlear ablation. (b) 

Median of the paired differences in onset latencies for all groups. There was no 

difference between contralateral side and ipsilateral side to the right hearing ear in 

the all groups (e, f and g). The box represents a median (horizontal line within each 

box) and 25th and 75th percentiles, and the whiskers are the minimum and 

maximum. Significant differences were calculated using the paired t-test.  

PD: post-deafening, w: weeks   
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Figure 8. Comparisons of peak latencies of normal hearing (NH) group, young 

single-sided deafness (YSSD) group and adult single-sided deafness (ASSD) 

group. (a) Peak latency of NH group by postnatal weeks, YSSD group (c) and 

ASSD group (d). (b) Median of the paired differences in peak latencies for all 

groups. Within the peak latency of NH group, the contralateral brain of right 

hearing ear was significantly shorter than the ipsilateral brain of hearing ear 

(p<0.05), (e), whereas no differences in YSSD and ASSD groups were observed (f) 

and (g). The box represents a median (horizontal line within each box) and 25th 

and 75th percentiles, and the whiskers are the minimum and maximum. Significant 

differences were calculated using the paired t-test. * indicate significance at 

p<0.05.  

PD: post-deafening, W: weeks   
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Figure 9. Comparisons of peak amplitudes of normal hearing (NH) group, 

young single-sided deafness (YSSD) group and adult single-sided deafness 

(ASSD) group. (a) Peak amplitudes of NH group by postnatal weeks, YSSD group 

(c) and ASSD group (d). (b) Median of the contralateral index (CI) of peak 

amplitudes for all groups, the CI of NH group was significantly larger than that of 

ASSD group (p<0.05) but no difference with that of YSSD group. The contralateral 

peak amplitudes to the right hearing ear were significantly larger than those of the 

ipsiltaeral brain in NH group (e); whereas, there were no significant differences 

between contralateral and ipsilateral sides in YSSD (f) and ASSD (g) groups. The 

box represents a median (horizontal line within each box) and 25th and 75th 

percentiles, and the whiskers are the minimum and maximum. Significant 

differences were calculated using the paired t-test. * indicate significance at 0.05.  

PD: post-deafening, W: weeks   
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Figure 10. Comparisons of total reactive area of normal hearing (NH) group, 

young single-sided deafness (YSSD) group and adult single-sided deafness 

(ASSD) group. Total reactive area of peak amplitudes of NH group by postnatal 

weeks (a), YSSD group (c) and ASSD group (d). (b) Median of the paired 

differences of total reactive areas between contralateral and ipsilateral auditory 

cortices for all groups. There were significance differences between NH group and 

single-sided deafness groups (p<0.05). The contralateral total reactive areas to the 

right hearing ear were significantly larger than those of the ipsiltaeral brain in NH 

group (e); whereas, no significant differences in YSSD and ASSD groups were 

observed (f) and (g). The box represents a median (horizontal line within each box) 

and 25th and 75th percentiles, and the whiskers are the minimum and maximum. 

Significant differences were calculated using the paired t-test. * indicate 

significance at 0.05.  

PD: post-deafening, W: weeks   
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Figure 11. Auditory cortices maps of peak amplitudes in normal hearing 

group by postnatal age. Contralateral auditory corteces showed larger areas and 

higher responses than ipsitlateral auditory corteces to the right hearing ear in the all 

ages. Unit of color column of peak amplitude: spikes per bin (3 ms), w: weeks, ds: 

days 
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Figure 12. Auditory cortices maps of peak amplitudes in young single-sided 

deafness (YSSD) group by post-deafening age. Until four weeks after deafening, 

the activities of ipsilateral auditory cortices higher than contralateral side to right 

hearing ear. From six weeks after deafening, the activities of contralateral auditory 

cortices to the right hearing ear were higher than ipsilateral auditory cortices. Unit 

of color column of peak amplitude: spikes per bin (3 ms), PD: post-deafening, w: 

weeks 
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Figure 13. Auditory cortices maps of peak amplitudes in adult single-sided 

deafness (ASSD) group by post-deafening age. Until two weeks after deafening, 

the contraleral dominancy of auditory cortex was maintained. However, from the 

four weeks after unilateral deafening ipsilateral auditory cortices activities higher 

than those of contralateral auditory cortices, and then both auditory cortical 

activities ended up having similar activities. Unit of color column of peak 

amplitude: spikes per bin (3 ms), PD: post-deafening, w: weeks 
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국문 초록 

 

서론: 청각을 담당하는 뇌의 피질은 소리자극에 의존하여 발달하며 가장 

발달이 왕성하여 가소성이 있는 시기를 중요한 시기(Critical period)라고 

한다. 본 연구의 목적은 실험에서 가장 쉽게 사용할 수 있는 쥐를 

이용하여 출생 후 소리에 대한 정상적인 청각 피질의 발달과정을 

살펴보고 청각기능이 활성되기 이전(young single-sided deafness (YSSD) 

group)과 이후 청각이 완성된 성인 시기(adult single-sided deafness 

(ASSD) group)에 일측성 난청이 발생할 경우를 비교하여 건청에 소리 

자극을 주었을 때 나타나는 양측 청각 신경의 특이 반응을 분석하였다. 

대상 및 연구 방법: 실험을 위해 총 81 마리의 Sprague–Dawley 쥐를 

이용하였으며, 정상 청력군에 45마리, YSSD군 17마리, ASSD군 19마리를 

이용하였다. 정상 청력군은 출생 후 2 주에서 10 주 4 일까지 총 10 시기에 

걸쳐서 우측 귀에 소리자극을 주고 양측 뇌의 청각신경의 반응을 

측정하였고, YSSD 군은 출생 후 10 일째에 ASSD 군은 출생 후 53 일째 

좌측 귀의 와우에 심도 난청을 유발하여 일측성 농 상태를 유발하였다. 

정상 청력은 양측 청성뇌간반응역치가 40 dB SPL 보다 좋은 경우만 

포함시켰으며, 일측성 난청군은 우측 청력은 40 dB SPL 미만, 좌측 
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청력은 80 dB SPL 초과인 경우만을 포함시켰다. 청각 피질에 미세전극을 

삽입하기 위해 마취 후 측두골을 노출하고 4 x 4 배열의 16 채널의 

미세전극을 600 ~ 900 μm 두께로 layer IV 에 도달하도록 삽입하고 우측 

귀에 80 dB SPL 강도와 100 ms 기간의 가우시안 백색 잡음을 

소리자극으로 500 ms 간격으로 총 200 번을 주고 청각 신경의 반응을 

측정하였다. 각 전극의 복합단위의 활성 전위는 다채널 인식 

프로세서(Multichannel acquisition processor)를 이용하여 자동으로 역치 

측정과 파형을 분류하였고 이를 통해 Peri-stimulus time histogram 

(PSTH)을 측정하였다. 의미있는 활성전위의 단위(unit)는 각 전극당 가장 

큰 반응을 보이는 1 개의 단위를 선택하였고 PSTH 가 10 spikes/bin (time 

bin width: 3 ms) 이상인 경우를 의미있는 단위로 정의하였고 그 이하인 

경우는 반응 없음으로 기록하였다. 소리에 대한 청각신경의 반응을 

분석하기 위한 요소로는 시작 잠복기, 최대반응 잠복기, 최대진폭, 총 

반응 영역, 반대측 반응지표(contralaterality index) 등을 이용하였다.  

결과: 정상 청력군에서는 소리자극의 반대편의 청각피질에서 동측에 

비해 더 큰 최대진폭, 더 짧은 최대잠복기, 더 넓은 전체 반응 영역이 

청각기능이 시작하는 2 주에서부터 생후 10 주까지 모든 연령에서 

관찰되어 반대측 청각피질의 우성도를 보였다 (p<0.05). YSSD 군에서는 

소리자극의 반대편 청각피질의 더 큰 최대진폭은 좌측 난청을 유발한 
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이후에도 정상청력군과 마찬가지로 유지되었으나 정상청력군의 반대측 

피질의 더 넓은 총 반응 영역은 좌측 난청 유발 직후부터 동측에서 넓은 

영역에서 의미있는 반응을 난청 유발 후 4 주까지 관찰되다가 6 주부터는 

반대측 피질 영역에서 더 넓은 반응이 관찰되었다. ASSD 군에서는 좌측 

난청 유발 후 4 주째에 동측의 반응이 우세해져 동측에서 더 넓은 

반응과 더 큰 최대잠복기가 관찰되었고 6 주째부터는 다시 소리자극의 

반대측에서 강한 반응을 나타내다가 8 주째부터는 양측 피질의 반응이 

비슷해지는 양상을 보였다.  

결론: 정상청력군에서는 모든 인자에서 소리자극의 반대측 청각피질의 

우세성이 관찰되었으나 좌측 일측성 난청이 유발된 군에서는 YSSD 군과 

ASSD 군이 각 인자마다 다른 반응이 나타났다. 일측성 난청이 발생 후 

청각피질의 재구성(reorganization)에 대한 저자의 추론은 YSSD 군은 아직 

청각 피질이 발달이 되지 않은 상태에서 한쪽에서만 소리자극이 

주어지면 양측 청각 피질의 세포수는 비교적 난청 이전 수준으로 

유지되면서 (최대진폭의 반대측 우세성은 계속 유지됨), 시넵스 발달은 

정상 청력 때와 마찬가지로 소리 자극의 반대측 피질 쪽으로 점차 

발달하면서 최대잠복기가 짧아지고 이를 통해 반대측 피질의 소리반응 

영역이 넓어지는 것으로 여겨진다. 청각발달이 완성된 후 일측성 난청이 

발생한 ASSD 군에서는 이미 시넵스의 발달은 최대로 이루어진 상태로 
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기존 청각반응을 전달하는 트랙이 유지되어 추가로 발달은 미비하여 

시넵스의 발달 정도를 반영하는 잠복기는 정상 청력 때와 같이 반대측 

우세성을 보이나 소리자극의 동측 피질에 대한 억제 기능이 약화되면서 

동측의 반응 세포가 많아지고 이를 통해 동측의 반응 영역이 커지는 

것으로 추측된다. 본 연구 결과를 임상에 접목해 본다면 일측성 난청에 

대한 청각 피질의 반응은 영유아와 성인의 시기에 따라 다를 수 있으며 

적절한 청각재활시기와 치료에 대한 반응도 서로 차이가 있을 수 있음을 

추측해 볼 수 있을 것으로 보다 자세한 기전을 연구하기 위해 후속 

연구가 필요하다.   

주 요 어: 일측성 난청, 청각 피질, 발달, 신경 가소성, 쥐 

학    번: 2010-30569 
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