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Abstract
Background: Due to the paired structure of two labyrinths at both sides of ear, their communication is
conducted through the interconnected commissural pathway. The close interconnection produces the
neural responding property in vestibular nucleus, and the mechanical movement of the hair cells mainly
speci�es the property. However, the mechanism to initiate the responding property was evident based on
the structure, but few direct experimental data were provided to understand the responding property
based on the structure.

Experimental Approach: The directional preference was investigated, which was one of critical neural
responding property to illustrate the functional structure. Also, a chemically induced unilateral
labyrinthectomy (UL) was performed to emphasize the preference. For the model evaluation, static and
dynamic behavioral tests were applied, and the results demonstrated a practical model construction.
Following the evaluation, an extracellular neural activity was conducted for the neuronal responses to the
horizontal head rotation and the linear head movement.

Results: Seventy seven neuronal activities were recorded from thirty SD rats (270-450 g, male), and total
population was divided into three groups; left UL (20), sham (35), right UL (22). Based on the directional
preference, two sub-groups were again classi�ed as contra- and ipsi-preferred neurons. There was no
signi�cance between those sub-groups (contra-: 15/35, 43%; ipsi-: 20/35, 57%) in sham model. However,
more ipsi-preferred neurons (19/22, 86%) were observed after right UL while left UL caused more contra-
preferred neurons (13/20, 65%). In particular, the convergent neurons mainly led this biased difference in
the population (ipsi-: 100% after right UL & contra-: 89% after left UL).

Conclusion: The directional preference was evenly maintained under a normal vestibular function, and its
unilateral loss biased the directional preference of the neurons, depending on the side of lesion. Moreover,
the dominance of the directional preference was mainly led by the convergent neurons which had the
neural information related with head rotation and linear translation.

Background
Vestibular nucleus (VN) is the core neural complex which the initial neural signals from different body
structures are processed and converged. As two labyrinths are separately positioned at both sides of the
head, the generated neural signal initially projects on the ipsilateral VN, and it is again transferred to the
contralateral VN through the interconnected commissural pathway (CP) [1–5]. Thus, if a unilateral
vestibular loss occurs, the same side of VNs fails to receive the incoming sensation of head movement,
and it results in imbalanced vestibular functions, such as balance control, head orientation, and
navigation [6–8]. An arti�cial vestibular dysfunction was often produced by a unilateral labyrinthectomy
(UL) to assess the neural or the behavioral effects by the vestibular loss [9–11]. For the detection of head
movement, three semicircular canals and two otoliths in each labyrinth sense head rotation and linear
translation, respectively. Especially, an accurate functional performance, like navigation, by the sensed
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head movement was constructed based on the �ne directional property of the otolith-related neurons [6].
The directional property of the vestibular neurons is mainly initiated by the hair cells in the canals and the
otoliths. In each canal, all innervated afferent neurons have the same directional preference [12]. The
morphological polarization of hair cells in a canal was triggered by the de�ection of the cupula, and the
direction for the neural excitation was same in all neurons of the canal. Because of the oppositely paired
structures, the inhibitory direction for the ipsilateral VN excited the neurons in the contralateral VN during
the head rotation [13]. On the other hand, the otolithic organ has a relatively complicated organization in
the generation of its directional signal. Using the unequally divided structures, the otolithic organ excites
the neurons connected to pars medialis and inhibits those to pars lateralis during the linear head
movement [14, 15]. As known, the pars medialis and the pars lateralis cover two third and a third of
otolithic surface, respectively, and the main source of the signal was provided by pars medialis [14–17].

Even though the underlying mechanism in the generation of the vestibular neural signals was well
described, the experimental results showed the mismatched distribution of neural population to the
structure. According to a previous study, the directional preference of otolith-related neurons under a
normal condition was biased to contra-direction [18]. However, this result was rarely supported by few
direct studies to identify the neural responding property (directional preference) during the head linear
translation. Furthermore, it has been unknown what kind of neural information mainly leads the
directional preference of the otolith-related neurons by unilateral vestibular loss. Here, the directional
preference of the otolith-related neurons in VN was examined for the neuronal property. Also, the neuronal
responses were classi�ed depending on the neural information, which was originated from pure (only
otolith) or convergent neurons (both otolith and canal). To emphasize the obtained results, a UL model
was constructed by an intratympanic toxic injection, and it was investigated how unilateral vestibular
loss affected the directional preference in the otolith-related neurons.

Results
Forty four SD rats (270-450 g, male) were used in this study. Fourteen animals were employed for the
measurement of the middle ear cavity. According to the estimation, the overall volumes in left and right
ears showed a similar amount (mean ± standard deviation (STD): 50 μl ± 13.09 and 50.71 ± 9.61,
respectively). Therefore, a sham or a UL model was constructed by the injection of approximately 50 μl
saline or ferric chloride (FeCl3) solution, respectively. Thirty animals were again divided into three groups:
11 sham, 14 right, and 5 left UL models. The addressed behavioral tests were selectively applied in the UL
models, and the number of animals for each symptom was summarized in Table 1, indicating the
unilateral vestibular dysfunction. For example, the symptom of spontaneous nystagmus (SN) was
observed in 7 right UL and 3 left UL animals, and half of UL models (10/19, 52.63%) showed SN in
overall. Another symptom, like tail-hanging, appeared in most UL models (15/19, 78.95%), showing a
relatively high percentage in the population. As expected, the sham group had few symptoms related with
the unilateral vestibular dysfunctions in the static and the dynamic tests. Figure 1 illustrated the
schematic overview of the experimental procedures. In short, the models were constructed by UL with
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FeCl3. Once the animals were awakened, some selected behavioral tests were applied to assess the
unilateral vestibular dysfunction. Following the tests, the neuronal recording was performed to identify
the directional preference.

The relation between the degrees of head deviation (HD) and skewed deviation (SD) was presented
depending on the sides of lesion (gray and black for the left and the right UL, respectively) (Figure 2A).
Both symptoms were observed in most UL models (14/19, 70.68%, Table 1), and the circles indicated the
ocular and the head displacements by UL. In two models, no head tilt was observed after right UL despite
the existence of SD, and another two models had no change in SD with the existence of HD. Based on the
results, the head rolled to the right by the right UL while it did to the left by the left UL. Total range of HD
was between 6.12 and 42.07 deg (mean ± STD: 23.49 ±10.76 deg), and the range by the left UL (14.4 -
42.07 deg) was wider than that by the right UL (6.12 - 39.43 deg). In addition to HD, the neck was often
bent laterally after UL. SD was an effective clinical indicator of unilateral vestibular lesion, and this
symptom normally appeared in early phase of the behavioral responses. The right UL also induced the
ocular displacement, causing the right eye to downward and the left eye to upward direction, and the
opposite ocular displacement was produced by the left UL. Due to the displacement, SD resulted in the
clockwise and the counter-clockwise rotation by the right and left UL, respectively. Compare with the head
tilt, SD was small (mean ± STD: 5.58 ± 2.29 deg), and there was little difference between SD of the right
and the left UL (5.76 ± 2.74 deg and 5.27 ± 1.79 deg, respectively). Other static responses were also
selectively examined, and the results supported the unilateral vestibular dysfunction. Especially, paw
distance (PW) showed the asymmetry limb positions after UL. In the examination using 6 selected UL
models, the width between two paws of the front or the hind side changed, and the alteration in PW was
evident at the hind side (Figure 2B). In the front paws, PW rarely changed after UL while that in the hind
side increased (53.9%, 7/13), generating a clear separation after UL. The unilateral vestibular dysfunction
by UL was further demonstrated by the dynamic behavioral responses. Through the rota-rod test, the
walking time on the rolling rod signi�cantly decreased after UL (Figure 2C). The walking time before and
after UL were ranged from 44 to 335 second (mean ± STD: 208.5 ± 99.56) and 1 to 77 second (13.23 ±
20.42), respectively. The tail-hanging (15/19, 78.95%) and the rotational motion (12/19, 63.16 %) were
provoked after UL. The rotational direction in the tail-hanging was headed to the counter-clockwise after
the right UL and the clockwise after the left UL. In an open space, the movement of the models showed
the animals after UL headed to the side of lesion.

Following the model con�rmation by the behavioral tests, the neuronal recording was conducted, and
total 77 neuronal responses were recorded, originated from the otolith. Based on the activities in
instantaneous �ring rates (IFR), all responses were classi�ed as the ipsi- and contra-preferred groups. As
shown in two otolith-related examples, the ipsi-preferred neuron increased its IFR as the head linearly
translated to the ipsi (right) direction while the contra-preferred neuron increased its IFR by the contra
(left) movement of the head (Figure 3). The head was translated with a speed of ±21.18 cm/s, and the
positive and the negative areas represented the ipsi- and the contra-direction, respectively. The positive
synchronization between the head velocity and the IFRs identi�ed the ipsi-preferred neuron (Figure 3A),
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and the negative one implied the contra-preferred neuron (Figure 3B). All neuronal responses were
classi�ed by models as well as the directional preference: 20 (contra-: 13 & ipsi-: 7) from the left UL, 35
(15 & 20) from the sham, and 22 (3 & 19) otolith-related neurons from the right UL (Table 2). An
additional division was conducted for the separation of the pure neurons (responding to linear translation
only) and the convergent neurons (responding to horizontal rotation and linear translation). The speci�c
numbers of neurons for each group were summarized in Figure 4 (percentage) and Table 2 (number). In
left UL models, the labyrinthectomy induced the dominance of the contra-preference by 13 (65%) neurons,
and the dominance was mainly led by the convergent neuron (8/9, 89%). On the other hand, the right UL
dominantly generated the ipsi-preference (19/22, 86%) in the neuronal responses, also leading the ipsi-
dominance by the convergent neurons (100%). In sham, there was little difference the numbers for the
ipsi- and the contra-preferred neurons (p=0.155, Binomial Cumulative Distribution (BCD)).

Discussion
This study investigated the directional preference in the otolith-related neuronal responses before and
after UL as well as a normal condition (sham). Based on the current observations, the biased directional
preference was constructed depending on the side of lesion, and the convergent neurons led the
dominance in the directional preference. Due to the switched dominance in the directional preference, the
unilateral vestibular loss by UL was the key to change the dominance of the directional preference.

Dominant driving force of directional preference

During the head linear translation, the directional preference was primarily driven by the otolith-related
neurons, and its balance was disintegrated after UL. Considering the altered dominance in the directional
preference after UL, it was also explained that the directional preference was closely related with the
incoming neural information from both sides of otolith organs. According to our results, the loss of neural
information from one side biased to the same direction. With a well vestibular function (sham model), the
distribution of the ipsi- and the contra-preferred neurons was even, and the pure neurons were the major
group (p<<0.001, BCD). Under the same condition, there was no signi�cant dominance in the directional
preference. After UL, however, the directional preference became biased, and the result was emphasized
in the convergent neurons (Figure 4 & Table 2). After the left UL, the contra-preferred was dominant, and
the ipsi-preferred was main direction after the right UL (p<0.004, BCD). Even though the neuronal type in
sham group indicated the opposite distribution compared with that after UL, the convergent neurons
mainly governed the directional preference regardless of the side of lesion. The same consequence was
driven by all convergent neurons in the sham and UL models, and, thus, the main diving force for the
directional preference was induced by the information of the convergent neurons.

Unlike our current data in sham, the neuroanatomical basis suggested that the otolith neurons
dominantly had contra-preferred direction. However, few direct examinations on the dominant directional
preference had been performed. From the aspect of the neural excitation, the right UL model lost the
concurrent neural information from the right labyrinth, and it received the incoming stimulation only
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through the left side through the CP [11,18,22,23]. During the ipsilateral translation after right UL, the hair
cells initiated the excitation of the vestibular afferent neurons by the pars medialis in the left side,
projecting on the right side of VN through CP [14,15]. Therefore, the neural recording on the right side of
VN showed the increased neuronal activity as the head moved toward right direction while the induced
neural activity was dominant to the left VN. The serial activities of the utricular afferents were mainly
governed by the hair cells in the pars medialis, which located at the opposite side of labyrinthectomy.
Also, it was highly expected that the neural information from the pars lateralis was suppressed because
of the superiority of the pars medialis in the population, and that's why there were only several contra-
preferred neurons.

Model con�rmation based on behavioral responses

Chemical labyrinthectomy eliminated the hair cells, and it caused the asymmetric neural activity in VN
[24-26]. Furthermore, the chemical labyrinthectomy has been known an easier and more e�cient
approach than the surgical method [27-30]. Due to the abnormal behavioral responses following the
unbalanced neural information, various behavioral tests were adopted with no animal sacri�ce for the
model evaluation [31]. A previous study reported that a toxic (ex. sodium arsanilate) injection caused SN
and HD [32], and the injection of streptomycin also induced SN and HD within 12 hours [33,34]. Some
experimental results demonstrated that an abnormal ocular symptom, called ocular tilt reaction, was
caused by the damages on the utricle [14,35-37]. These accumulative results suggested that the head and
the ocular responses were the critical indicators for the unilateral vestibular dysfunction, and the
examination on the responses was a reasonable method for the model evaluation [28,37,38]. In addition,
the limb asymmetry after UL was also previously investigated during the functional recovery and
neurogenesis [28]. In this study, the neural recording was followed by the model con�rmation, and the
behavioral tests were relevant with no animal sacri�ce. Previously approved tests were included for the
evaluation, and the analysis for the PW was newly developed to identify the continuously changing
symmetry in the limb. The obtained results in static and dynamic tests indicated that the models
constructed the unilateral vestibular dysfunction by UL, and the assessments were shown in the analyzed
consequences. Nevertheless, there was a limit to show how much damage was caused by FeCl3 injection.
According to a previous histological study, neither chemical nor the surgical labyrinthectomy conducted a
complete removal of the vestibular hair cells [31]. However, the purpose for the evaluation was to
investigate the unbalanced vestibular function after UL and the alteration in the directional preference in
the neuronal activity. Thus, the behavioral tests were suitable for the evaluation for this study.

Conclusion
The directional preference of the otolith-related neurons in VN was investigated using the chemical UL
models as well as the normal condition. Due to the main structure to provide the neural information of the
linear head translation, the unilateral destruction of the otolithic organ failed to generate the appropriate
neural signals for the vestibular balance, causing abnormal behavioral responses. Previous
neuroanatomical studies suggested the neural connectivity between two separated labyrinths maintained
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the consistent directional preference, and the obstructed link by UL produced the altered dominance in the
directional preference. Agreeing with the anatomical evidences, the directional preference of the otolith-
related neurons in VN was converted to the ipsi- or the contra-direction depending on the side of lesion.
Moreover, the biased dominance in the directional preference was mainly led by the convergent neurons
which received the neural information by the head rotation and the linear translation. Therefore, the
current �nding demonstrated the existence of the directional preference in VN, and its dominance was
evident in the group of convergent neurons.

Methods
All experimental procedures and the laboratory animal care in this study were veri�ed and approved by
Inha University Animal Ethics Committee. All animals (SD rats, male) were provided by an animal
provision company (Oriental Bio corp., Korea).

Animal preparation

Unilateral labyrinthectomy (UL) was performed by intratympanic injection of ferric chloride (FeCl3) using
rodents (SD rats, male). For the injection, a syringe (0.5 mm-diameter needle) was inserted through the
tympanic membrane until its tip encountered the middle-ear ossicles. Once positioned, the needle was
slightly pulled back, and the injection was conducted. To estimate a proper amount of the FeCl3 solution
(mixture of 0.97 g FeCl3 and 1.4 ml saline), we initially used saline to assess the volume of the middle ear
cavity. An animal was anesthetized by the intramuscular injection of a mixed solution (1.3 ml/kg) of
Ketamine (1 µl/g) and Xylazine (0.33 µl/g). Following the anesthesia, saline was injected until it was
emerged back through the tympanic membrane. Once the backward �ow of saline was observed, the
injection was ceased, and the injected volume was measured. Determining the averaged amount based
on multiple measurements, the same volume of FeCl3 solution was applied to an animal for a UL model.
After constructing the UL model, the animal was in a resting stage until it was recovered from the
anesthesia.

Behavioral test

Static symptoms

The static symptoms were observed in the absence of the head movements, and a spontaneous
nystagmus (SN), a skewed deviation (SD), a head deviation (HD), and a paw distance (PW) were used as
the critical indicators for the unilateral vestibular dysfunction. SN was the rhythmical ocular movement
with a rapid phase toward the opposite side of the lesion. SD was the horizontal misalignment by the
ocular displacements, de�ned as the tilted degree between a horizontal line and the imaginary line by
both eyes. HD was the vertical misalignment of the head, de�ned as the tilted degree between a vertical
line and the imaginary line by the head. PW was estimated by the distance between two front or hind
paws. For the PW measurement, the animal was placed in a transparent box right after its awakening,
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and the paw positions were identi�ed for at least 30 sec. Using the recorded positions, PW was calculated
before and after UL.

Dynamic symptoms

The dynamic symptoms were examined in the animals’ free head movements. Three different behavioral
responses, such as rota-rod test, tail-hanging, and rotational direction, were used for identifying the
unilateral vestibular dysfunctions. The rota-rod test has been commonly used to estimate the animal’s
motor function by measuring the time that the animal was maintaining on the rolling rod (5.9 cm/sec).
Using the tail-hanging test, it was examined if the body was spun, which rarely happen before UL. In an
open space, the animal’s directional movement was also examined to identify the rotational direction,
depending on the side of the vestibular lesion. All behavioral tests were conducted to identify the
unilateral vestibular dysfunction after UL.

Extracellular neural recording

Following the behavioral tests, the animal was re-anesthetized by the same method (see Animal
preparation). Once the animal was fully anesthetized, it was placed on the motorized stereotaxic
apparatus (NEUROSTAR, Germany) to �x its head. The overall neural recording process followed our
previous methodological approach [19-21]. In short, surgically removed its scalp, the superior surface of
the skull was exposed. On the surface, the lambda was designated as a center, and the hole (2.0 mm
diameter) for a recording electrode (5 M𝝮, A-M system, US) was opened (generally, 3.0 mm posterior and
2.0 mm lateral away from the center). Due to the recording position, the right side of the animal was
de�ned as the ipsilateral direction. The neuronal activities were explored by advancing the recording
electrode, and they were tested by the kinetic stimuli, such as a horizontal rotation and the linear
translation following the x- axis (ipsi- & contra-lateral). Based on the responses to the kinetic stimulation,
the neurons were classi�ed as a pure otolith or a convergent (otolith+canal-related) neuron. The pure
otolith neuron showed a neuronal response only to the linear translation while the convergent neuron
responded to both kinetic stimuli. The neuronal responses to the stimulation were recorded with the
sampling rate of 40 kHz in OmniPlex D system (Plexon, TX) after ampli�ed and �ltered (bandpass 0.5-3
kHz). All the recordings were performed under the anesthetized condition.

Data analysis

Behavioral tests were composed of four types of static symptom and three types of dynamic symptom
tests. For PW, the measured distances were executed off-line using a user code written in MATLAB
(MathWorks, USA). The distances were presented in a bar chart to identify a possible width by two feet,
and the normal width was assessed by measuring the largest and the smallest values (1-15cm for front &
1-10cm for hind). The �nal value was presented by a range, instead of averaged values. As brie�y
explained in Behavioral test, SD and HD were examined by the misalignments compared with the
horizontal and vertical lines, and they were assessed by the altered lines in the ocular and the head
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displacements, respectively. The tail-hanging, the rotational motion, and SN were con�rmed based on the
observation, and the rota-rod test was analyzed using the measured times (mean ± standard deviation).

The directional preference was determined by the neuronal response to the kinetic stimulation following
the x-axis (passive inter-aural translation), which was originated from the utricle. During the repeated
right- or leftward linear translation, the instantaneous �ring rates (IFR) of the neuron was evaluated; if IFR
increased as the head was linearly translated to the right direction, the neuron was identi�ed as ipsi-
preferred unit. The contra-preferred neuron increased its IFR as the head was linearly translated to the left
direction. In addition, the neuronal information responding to the horizontal rotation was examined to
demonstrate if the recording response was originated from a pure or a convergent neuron.
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Tables
Table 1. The number of animals for each symptom at right or left UL model

Symptom Right UL model Left UL model Total

SN 7 3 10

SD 9 5 14

HD 9 5 14

PD 8 5 13

rota-rod 7 4 11

rotational motion 8 4 12

tail hanging 13 2 15

Abbreviation: UL: unilateral labyrinthectomy, SN: spontaneous nystagmus, 

SD: skew deviation, HD: head deviation, PD: paw distance

Table 2. The number of contra- and ipsi-preferred neuron in each group
  Left UL Sham Right UL

preferred direction contra- ipsi- contra- ipsi- contra- ipsi-

pure otolith 5 6 11 15 3 11

canal + otolith 8 1 4 5 0 8

total 13 7 15 20 3 19

Abbreviation: UL: unilateral labyrinthectomy, 

contra-: contra-preferred direction, ipsi-: ipsi-preferred direction, 

Pure otolith: responding to passive inter-aural translation only, 
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Canal+otolith: responding to horizontal rotation and passive inter-aural translation

Figures

Figure 1

Schematic overview of experimental procedure. Unilateral labyrinthectomy (UL) model was constructed
by an intratympanic FeCl3 injection, and the animal model was undergone using two types of behavioral
tests, static and dynamic symptom tests. Once con�rming the model, the extracellular neural recording
was conducted. During the online neural recording, the otolith-related neurons were identi�ed, and their
directional preference was determined. The directional preference was examined if there was any relation
to the effect by UL and its lesion location.
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Figure 2

Behavioral Responses. A, Relation between the degrees of the head (HD) and the ocular skew deviation
(SD). The black and the gray circles indicated by HD and SD after right and left UL, respectively. Some
animals showed no HD (2) or SD (2), locating at the dotted line. B, Front and hind paw distances from 6
selected animals before and after UL. Each bar represented the range of paw distance. C, Rota-rod tests
before and after UL. For each condition, animals were tested in 4 trials, and the performing time on the
rolling rod decreased after UL.
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Figure 3

Neuronal examples responding to head velocity. Two neurons were selected to show their responses to
the given kinetic stimulation. A, Example of ipsi-preferred neuron. The sinusoidal wave represented the
head velocity (amplitude: ±21.18 cm/s). As labeled, the upper in the subplot indicated the ipsi-, and the
lower space did the contra-direction (A, top). Depending on the supplied kinetic stimulation, the
concurrent neuronal spikes were presented (A, middle). Their corresponding instantaneous �ring rates
(IFR, gray dot) were computed and presented to show their relation with the given stimulation (A, bottom).
To emphasize the changes of IFR, a curve �tting was used to �nd a wave for the distribution of IFR, and a
curved line in black was applied. B, Example of contra-preferred neuron. The basic format of subplots
was exactly same as that in A. The difference was the neuronal response to the head velocity. Unlike the
case in the ipsi-preferred neuron, this neuronal IFR increased as the motional direction shifted to the
contra-direction.
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Figure 4

Population by lesion location. Speci�ed populations were presented in pie charts. Total population was
divided into three sub-groups; left unilateral labyrinthectomy (UL), sham, and right UL (1st row). In each
group, the neurons were again classi�ed as the pure otolith-related (OR, receiving otolith input only) (2nd
row) and the otolith+canal-related (OCR, receiving both canal and otolith input) units (3rd row), using the
responses to the passive inter-aural translation. In the sham, the population in both OR and OCR showed
a similar distribution for the ipsi- and the contra-preferred neurons. On the other hand, the population after
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UL biased to the contra-preferred under the left UL and the ipsi-preferred after right UL. Both biased
tendencies were led by the changed population in the OCR.
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