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Abstract
Balance control is accomplished by the anatomical link which provides the neural information for the coordination of skeletal
muscles. However, there are few experimental proofs to directly show the neuroanatomical connection. Here, we examined the
behavioral alterations by constructing an animal model with chemically induced unilateral labyrinthectomy (UL). In the exper-
iment using rats (26 for UL, 14 for volume cavity, 355–498 g, male), the models were initially evaluated by the rota-rod (RR) test
(21/26, 80.8%) and ocular displacement (23/26, 88.5%). The duration on the rolling rod decreased from 234.71 ± 64.25 s (4th
trial before UL) to 11.81 ± 17.94 s (1st trial after UL). Also, the ocular skewed deviation (OSD) was observed in the model with
left (5.79 ± 3.06°) and right lesion (3.74 ± 2.69°). Paw distance (PW) was separated as the front (FPW) and the hind side (HPW),
and the relative changes of HPW (1.71 ± 1.20 cm) was larger than those of FPW (1.39 ± 1.06 cm), providing a statistical
significance (p = 1.51 × 10−4, t test). Moreover, the results of the RR tests matched to those of the changing rates (18/21,
85.7%), and the changes (16/18, 88.9%) were dominantly observed in HPW (in FPW, 2/18, 11.1%). Current results indicated
that the UL directly affected the changes in HPWmore than those in FPW. In conclusion, the missing neural information from the
peripheral vestibular system caused the abnormal posture in HPW, and the postural instability might reduce the performance
during the voluntary movement shown in the RR test, identifying the relation between the walking imbalance and the unstable
posture in PW.
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1 Introduction

Accumulated neuroanatomic results indicate that the skeletal
muscles receive the motor commands from the central ner-
vous system to support the balance of posture or voluntary
movement. The neural control using the commands is a com-
plicated process, mainly constructed by the combination of
visual, somatosensory, and vestibular information [1–3].
Based on the evoked body sway, center of mass or center of
pressure in human and other species, these control systems

have been thoroughly investigated separately in visual [4, 5],
somatosensory [6, 7], and vestibular sensations [8, 9]. These
previous studies indicated that the balance-related motor com-
mandmodified its amplitude to provide the neural information
for a fast balance [5]. Also, the sensations with different neural
orientations were interacted to coordinate the muscular activ-
ities [10], and their relevant motor commands possessed var-
ious sensations from different portions. According to the stud-
ies of vestibular compensation, some patients showed their
recovery in the postural balance by utilizing the remaining
sensations, which was covered by one or multiple missing
information. Especially, the combination of various sensations
was easily observed in vestibular hypermetria, which might be
resulted from the reduced neural inhibition in the cerebellum
to generate the motor command in the spinal motor system
[11]. Many previous studies supported this addressed process
by showing the relation between the abnormal vestibular func-
tion and the head movement [12–14].

In the model with unilateral vestibular loss, the initial
change was observed in the neural activities in vestibular
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nuclei (VN) by decreasing or increasing the neural activity in
the sides with lesion or non-lesion, respectively [14]. The
asymmetric neural information by the unilateral vestibular
loss affected the modulation of a motor command to provide
the balance control, and it directly caused an abnormal kinetic
response. For the assessment of the dysfunctional kinetic ac-
tivities, various behavioral tests as well as rota-rod (RR) test
have been widely used in animal experiments [15–17].
However, few dynamic results have revealed this
neuroanatomically relayed cause and effect, which di-
rectly indicates from the vestibular loss to an abnormal
activity during posture and voluntary movement.
Moreover, insufficient experimental evidence to support
the neuroanatomical and behavioral links was often
underestimated in model evaluation, and it eventually
produces the uncertainty in the coordination in motor
control by the neural information. In a quadruped ani-
mal, for instance, the postural balance and the stable
movement was successfully constructed by the fine con-
trol of four paws, and the neural information initiated in
VN generated the requisite motor command for the ki-
netic consequence. In addition, the control of paws was
possibly identified by their continuous relocation, which
could be assessed by their paw distance (PW) [18].
Thus, an incomplete motor command by a damaged
sensory signal results in abnormal balance and unstable
motion, and the dysfunction by a loss of sensory infor-
mation can be assessed by measuring the relocation of
paws. Some previous studies attempted to show the
muscular control to maintain a stance with no correla-
tion with the neuroanatomical link [18–20]. According
to these studies , the muscular responses to a
perturbating plane showed the mechanical strategy for
the postural and the motional balance with no delibera-
tion on its initiation, the neural motor command.

To overcome the weak proof ranged from the neural orig-
ination to the abnormal behavioral responses, we constructed
an animal model with unilateral vestibular loss. For the con-
sistent and easy model generation, chemical unilateral
labyrinthectomy (UL) was performed for the vestibular loss.
An animal model was evaluated by RR and ocular
skewed deviation (OSD) tests, and their results verified
a reliable model construction. PW between two paws in
front or hind side identified the modification in the an-
imals’ behaviors, and it provided a directly affected
body area by the unilateral vestibular loss. According
to the current results, the unilateral vestibular loss seri-
ally affected the initial motor command, the transferred
neural information, and the muscular activities, implying
the direct vestibular effects for the balance of posture
and voluntary movement. In addition, the results sug-
gested a possible reason to explain the reduced walking
performance after UL, which was related with PW.

2 Methods

Overall experimental process was separated into three steps;
behavioral test before UL, animal model construction, and
behavioral test after UL. In each behavioral test, we conducted
three independent tests: PW, RR, and OSD. By comparing the
difference in the given behaviors before and after UL, we
assessed the effects by unilateral vestibular dysfunction and
its relevant kinetic consequences.

2.1 Animal preparation

UL was performed by an intratympanic injection of ferric
chloride (FeCl3) into the middle ear (ME) cavity of rodents
(SD rat, male), and FeCl3 was injected as the form of a toxified
solution mixed with saline (0.69 g/ml, FeCl3 /saline). An an-
imal was anesthetized by an intramuscular injection of a mix-
ture of ketamine (1 μl/g) and xylazine (0.33 μl/g). To find a
proper amount of the toxified solution, the volume of ME
cavity was measured by initially injecting saline under a mi-
croscope. The intratympanic injection was made by a syringe
(0.5-mm diameter needle) advancing through the tympanic
membrane until its tip encountered the middle-ear ossicles.
Once positioned, the needle was slightly pulled back, and
the injection started. Saline was injected until it was flowed
back through the tympanic membrane. When the injecting
saline leaks back through the tympanic membrane, the injec-
tion was stopped, and the injected volume of the solution was
measured. Based on the measured volumes in different ani-
mals, an averaged volume was determined, and the same
amount of FeCl3 solution was applied to construct a UL mod-
el. After the injection, the animal was left to recover from
anesthesia. All experimental procedures and the laboratory
animal care in this study were verified and approved by
University Animal Ethics Committee.

2.2 Paw distance

PW indicates the distance between two legs from the front or
the hind side of an animal, separately, and each animal
underwent two independent recording sessions before and af-
ter UL. Thus, there were two different kinds of PW: the front
(FPW) and the hind paw distances (HPW). To measure them,
a simple device was designed, composed of a transparent box
(L ×W ×H = 25 × 19 × 21 cm), a camera, and a rectangular
parallelepiped-shaped structure (L × W × H = 28 × 27 ×
65 cm). The box was mounted on top of the structure, and
the camera was located between the box and the bottom of the
structure. The camera continuously recorded all the positions
of the animal’s paws (> 180 s, 28 frames/s) during the ses-
sions. The video format captured by the camera was RGB24,
and its size was 1280 × 720 (width × height). Before the ani-
mal awaked from anesthesia, two different colored scraps
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were attached on the bottoms of paws; the green color on the
front and the orange on the hind paws. Then, the animal was
placed in the transparent box for the recordings. Once com-
pleting the recording session, the movie files were processed
to compute PW in a customized code (see “Data analysis”).
After the recording was completed, the animal started addi-
tional tests, such as RR and OSD tests for a model
conformation.

2.3 Rota-rod test and ocular displacement

Additional observations were made for the confirmation of a
model; one was RR test and the other was the identification of
the ocular displacements. RR test was conducted to measure
how long an animal maintained to walk on a rolling rod. After
the PWmeasurement was done, RR test was performed with a
constant speed (34 m/min). The test lasted during an approx-
imate 3-min period while the animal could maintain RR test,
and this process repeated up to four times with a 5-minute
break. During the process, the test was terminated if the ani-
mal changed its walking direction oppositely or the animal
was just hanging the rolling rod with no walk. The attained
time (second) on the rod was measured, and the results indi-
cated as the performance of the walking balance.

Ocular displacement was observed immediately after an
animal model was awakened from the anesthesia. Generally,
the ocular positions were skewed after UL; the eye of the
lesion side by the toxic injection moved to the downward
while the other side shifted to the upward direction, so-
called OSD. This phenomenon indicates that the eyeball at
each side rotated to a specific direction closely related with
the lesion side. In this study, the lesion implied the physical
damage on the hair cells in labyrinth by injecting FeCl3. As
the ocular skewness disappeared between 24 and 72 h after
awakened from the anesthesia, the animal’s facial pictures
were taken for the measurement of the ocular tilted degree
before and after UL.

2.4 Data analysis

PW was obtained based on the image processing of color
detection. For the data preparation, the recorded movie file
was separated into multiple pictures, and specific colors (the
green and the orange colors for the front and the hind paws,
respectively) were detected in each picture. Once a picture
was loaded, a pre-defined marker was applied for the detec-
tion; 8-pixel area for maker size across a color range of 15
intensity values from the original RGB value. The initial color
of target was identified using a free software (color cop), and
we used the color range to accept some errors from the initial
color. The first identified position was used as a reference to
calculate the possible PWs (mm), and all distances in each
picture were saved for a total population of PW. To avoid

the possibility to include the distances by two positions on a
paw, the distances shorter than the longest distance in one sole
of a foot were discarded. In all separated pictures, the same
processes were conducted, and the accumulated PWs were
presented in a histogram to visualize the calculated PWs. To
assess the effects on PW by UL, the maximum PWs before
and after UL were measured and their differences (PWD)
were calculated. Using the obtained values, the changing rate
in PW was computed as the following eqs. 1 and 2.

PWCRfront ¼ 100� 1−
FPWbefore−PWDfront

FPWbefore

� �
ð1Þ

PWCRhind ¼ 100� 1−
HPWbefore−PWDhind

HPWbefore

� �
ð2Þ

where PWCRfront and PWCRhind are the changing rates in front
and hind limbs, and PWDfront and PWDhind are the PW differ-
ences in front and hind limbs, respectively. FPWbefore and
HPWbefore are the front and the hind paw distances before
UL, respectively.

OSD was measured using the pictures before and after UL.
In each picture, a horizontal line connecting two eyes was
drawn, and the inner angle between two obtained lines was
measured to specify the degree of the ocular tilt. In case that
the horizontal line of the normal condition was not perfectly
horizontal, the degree of tilt was modified by rotating the
horizontal line, and the same amount of adjustment was ap-
plied on that of the lesion-conditioned animal before the mea-
surement of their inner angle. Depending on the direction of
rotation from the horizontal line of the normal condition, its
sign was determined; a positive for clockwise and a negative
for count clockwise rotation. For example, the right eye
moved to downward direction while the left eye rotated to
upward direction under the right lesion. Thus, the sign of
skewness for the animal with the right lesion was positive
based on the subject’s viewpoint.

3 Results

Forty animals (355–498 g) were used for this study. Using 14
animals, the volume of cavity was measured by injecting the
saline (see “Animal preparation”). The volume of cavity was
separately measured in left and right ears, and their averages
and standard deviation were calculated. The volumes of cav-
ities in the left and right ears were similar (50 ± 13.59 μl and
50.71 ± 9.97 μl, respectively). Therefore, the amount of a so-
lution to fill the cavity was determined as the averaged value
of the left and the right ears, 50.35 μl, and our practical value
was approximately 50 μl. Due to the different size of animals,
the volume of cavity was examined based on the animal
weight, and its result showed that there was no relation be-
tween the cavity and the weight (Fig. 1). Based on the current
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relation between the cavity and the weight, the injecting vol-
ume of the toxic solution was maintained as the calculated
value, 50.35 μl (50 μl, practically).

Two types of behavioral tests (RR and OSD) were adopted
to evaluate the constructed model. Out of 26 animals, 21 an-
imals (80.8%) were used to test their walking balances on the
rolling rod. The maintaining time on the rod increased as the
trials were repeated. The initial averaged time was 139.90 ±
79.98 s, and it reached to 234.71 ± 64.25 s in four trials. Even
though the maintaining time on the rod might be affected by
the behavioral characteristics of each animal, it was consis-
tently true that the tendency of the increasing time by the
repetition of the test was applicable in all animals before
UL. After UL, on the other hand, the duration on the rod
dramatically dropped. The initial time on the rod after UL
was 11.81 ± 17.94 s, and it rarely changed during the repeti-
tion (8.62 ± 8.67, 8.95 ± 11.68, and 7.48 ± 7.83 s for 2nd, 3rd,
and 4th trials, respectively) (Fig. 2a). During the repetition of
tests, there was no recovery in the result of RR test, indicating
that the animals’ walking balance was affected by UL. The
similar consequence by UL was also identified in OSD. In the
measurement of the ocular displacement after UL (n = 23,
88.5%), the initial ocular positions were tilted into downward
or upward depending on the lesion side. After right UL, for
instance, the position of the right eye moved to the downward
while that of the left eye moved to the upward when UL was
conducted on the right side. Therefore, the ocular displace-
ment resulted in a positive tilt by a clockwise rotation after
right UL. In the left UL, on the other hand, the eye movement
was opposite after UL, and it caused a counterclockwise rota-
tion, producing a negative tilt after left UL (see “Data analy-
sis”). Using the same method, OSDs in 23 animals were mea-
sured (Fig. 2b). The OSD after left UL was ranged from 2.77
and 13.57° (mean ± STD = 5.79 ± 3.06°), and that after right

UL was between 2.78 and 8.20° (3.74 ± 2.69°). Compared
with the averages, OSD from left UL was bigger than that
from right UL. Also, this difference was maintained after re-
moving one outlier (OSD = 13.57°) of left UL, resulting in
5.08 ± 1.91°.

PW was separately presented in front (Fig. 3a, left) and
hind paws (Fig. 3b, left). Their maximums before (blue) and
after UL (red) were used to show the effects by UL, and the
differences before and after UL were indicated by the green
circles. In addition, the changing rates were calculated (Eqs. 1
and 2), and they were presented in yellow-edged bars (Fig. 3a
and b, right). Based on the PWs before UL, FPW (14.97 ±
1.58 cm) was wider than HPW (5.18 ± 1.36 cm), and this
inequality between FPW and HPW was maintained after UL
(14.99 ± 2.09 cm and 6.75 ± 1.27 cm for FPW and HPW,
respectively). Comparing the difference between FPW and
HPW, the difference in HPW (1.71 ± 1.20 cm) was bigger
than that in FPW (1.39 ± 1.06 cm), but the physical difference
was not big enough to appreciate the effect by UL. Statistical
examination (t test) compared 3 aspects of PW before and
after UL: the range between the minimum and the maximum
of PW, the minimum of PW, and the maximum PW. The
statistical tests indicated that HPW was mainly affected by
UL (p < 0.0001) while FPW rarely showed the UL effects
(p > 0.363), agreeing with our current finding. Especially,
the result was clearly recognized in the minimum or the max-
imum of PW, instead of their ranges. To emphasize the dif-
ference in FPW and HPW after UL, we examined the portion
of the difference in PW (see “Data analysis”). The changing
rates in percentage demonstrated the change in HPW was
larger than that in FPW by UL (p = 1.51 × 10−4, t test). This
result indicated that UL affected the changes in HPW more
than those in FPW, agreeing with their raw data. Using the
changing rates in PWs, some insignificant results by RR tests
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were re-examined if the results were consistent. Three (3/21,
14.3%) cases were resulted in no significance (p > 0.058, t
test) in the RR test. Their corresponding changing rates were
4.88, 3.82, and 16.47% for FPW and 0.20, 62.31, and 19.02%
for HPW, suggesting that our current analysis using PW
strengthened the reliability in the behavioral tests after UL
confirmation. In most significant data (18/21, 85.7%), the

significance in RR tests matched to the results in the changing
rates. The dominant changes (16/18, 88.9%) occurred in HPW
while only several cases (2/18, 11.1%) showed that the chang-
ing rates in FPW were bigger than those in HPW. This result
also supported that the damages on the peripheral vestibular
system mostly affected the abnormal motor control in hind
rather than front side.
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4 Discussion

The physical damages to the vestibular end organ weakened
the functional behaviors, losing the balance control in the
posture and the voluntary movement. The generated damage
was indicated in the decreasing RR time after UL, and the
results implied the lack of a learning process as generally
observed in the repeated trials on the rota-rod. This inference
was reasonable as considering the unbalanced neural informa-
tion in the central vestibular system by UL, which eventually
resulted in abnormal PW. Our current results showed that the
unstable walking balance was clear after UL, and its main
cause was initiated by the abnormal PWs. Due to the vestib-
ular damage, the partial loss of the relevant neural commands
resulted in the walking control, which required the rhythmical
coordination by the paws and their connected ankles.
Accumulated neuroanatomical evidence has suggested the se-
rial neural signals from the vestibular end organ to their skel-
etal muscles in the hindlimb possibly explained the imbalance
of PW after UL [21–24], and the most relevant muscles were
known as soleus and medial gastrocnemius (GL) [25–27].
Although there are still arguments related with the nature of
neural signals, the serial process for the postural stabilization
is generally agreed by the postural sensation to the muscular
activities in the limbs [27].

The neural link from a motor command to its correlated
muscular activity was the fundamental mechanism in the be-
havioral consequence, but few studies to deal with the whole
link resulted in its insufficient comprehension. According to
the accumulated neuroanatomical proofs, the integrated neural
information from various peripheral sensory signals finely
controlled the muscular responses, and the supervised muscu-
lar activities achieved the postural balance and the stable
movement [11–13]. Current hypothesis was that the complete
link from a motor command to its concurrent muscular control
was possibly assessed by a specific animal model and a proper
behavioral test, and the adopted indicator and UL model re-
vealed the link. Especially, the proposed model was evaluated
by additional tests, such as RR and OSD, which were gener-
ally used to identify the functional abnormality in vestibular
system. Thus, current study was expected to show how the
damaged neural motor command affected the postural and the
motional balance by assessing the indicators, and fulfill the
incomplete series of the neuroanatomical connection from the
damaged vestibular end organ to its concurrent muscular re-
sponses to maintain the postural and the motional balance.

4.1 Effects of vestibular imbalance on hindlimb

For a quadruped like a rat, a stable balance of posture or
voluntary movement requires a well-harmonized coordination
of muscular activities. Various skeletal muscles are located in
the front and hindlimbs, and the core muscles are the medical

head of triceps branchii (TM), the long head of triceps branchii
(TL), the vastus lateralis (VL), the vastus intermedius (VI), the
gastrocnemius (GL), and the soleus [28]. Based on the vestib-
ular neural responses to a kinetic perturbation as well as the
muscular functions, the dominant role for the postural balance
was believed to be conducted by the hindlimb [29].
Especially, due to its concurrent activity during a balance con-
trol, the soleusmuscle and the medial GL in the hindlimbwere
often pointed as the mainly converging areas of motor com-
mands to build up the balance for posture and voluntary
movement [23, 24, 26, 30]. In some examinations for the
relation between the skeletal muscles and a stable posture,
the soleus H-reflex also indicated that the modulation shifted
to the decrease in its amplitude while other fine motor com-
mands were accumulated in the main command [29, 31, 32].
In addition, the functional differences in the muscles were
revealed by the intrinsic physiological characteristics and the
muscular geometry as well as the biased sensory feedback [24,
33, 34]. Unilateral labyrinthectomy (UL) or bilateral
labyrinthectomy (BL) showed no evidence to affect the mor-
phological changes in the skeletal muscles [23]. Nevertheless,
the labyrinthectomy paralyzed the hindlimb by increasing the
PW as shown in Fig. 3. Our fundamental finding in this study
demonstrated the direct relation between the vestibular end
organ and the postural balance supported by the skeletal mus-
cles. According to the previous study [23], the abnormal bal-
ance and the reduced walking performance that we observed
after UL were possibly caused by the neural failure in the
motor commands, instead of the alterations in the muscular
properties. In normal condition, the motor command to con-
trol the skeletal muscles in the hindlimb was mainly covered
by the slow twitching muscle fibers, which the soleus
contained up to 50% [28]. During the perturbation in posture,
however, the portion by the soleus in the motor command was
reduced, and it was replaced by additionally recruited neural
information from different central nervous areas. The vestib-
ular nuclei would be one of the critical central regions to
provide the neural information based on the three-
dimensional head movements. If the peripheral vestibular
structure became malfunctioned, it implied some sources for
the removed information in the motor command were absent.
Considering that the vestibular stimulation mainly affected the
responses in medial GL more than the soleus [24], the in-
creased HPW was resulted by the partially missing informa-
tion to the medial GL, initiated from the vestibular end organ.
Thus, the abnormal posture in PW after UL was caused by the
skeletal muscles with a large proportion of fast twitching fi-
bers, like the medial GL (Fig. 4).

4.2 Mechanism behind the chemical labyrinthectomy

In medical treatments, chemical intratympanic injection is a
common method for the treatment of vestibular related
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diseases. Although the effects on different vestibular inner
organs depended on the type of chemicals, the approach was
widely used to reduce the burdens by a surgical way [35, 36].
As only small amount of the injected toxic solution was ex-
pected to absorbed to vestibular epithelia through the semi-
permeable membrane of the round and the oval windows [37],
the solution in the middle ear cavity should be remained for an
enough duration (e.g., 20–30 min in our current experiment).
Generally, the absorbing amount of the solution depended on
the diffusing windows and the concentration of the solution
[37–39]. The structural shape and the various perilymphatic
flows in the labyrinth as well as the molecular weight were
considered the critical factors to affect the absorbing amount
of the chemical solution [37, 40, 41]. Including these mechan-
ical properties, a general osmatic delivery through a semi-
permeable material indicated the contacting area as well as
the pressure caused by the solution also increased the absorb-
ing amount of the solution. Thus, the amount of the solution
filled in the middle ear cavity was decided to provide two
factors, increasing the contacting area and the pressure by
the solution. However, the injecting amount should be limited
due to the eustachian tube connecting between the middle ear
and the stomach. When the amount was overflowed, it easily
flew into the stomach, causing a fatal consequence [42, 43].
Thus, a moderate amount of the toxic solution was determined
based on the volume of the middle ear cavity, and it contrib-
uted a lower chance for an animal’s death during the injection.

5 Conclusion

This study investigated the effects by the physical suppression
of the peripheral vestibular system, focusing on the postural
imbalance. Particularly, the dysfunctional responses in postur-
al control after UL were examined based on PW, which di-
rectly represented the effects. The destruction of the hair cells

in the vestibular end organ caused the walking imbalance by
the dysfunctional motor controls, and it resulted in the reduc-
tion of the sustaining time on the rolling rod. According to the
results of RR and PW, the abnormal performance in walking
on the rolling rod was possibly initiated by the unstable pos-
ture as shown in PW. Especially, the neural connectivity from
the vestibular nuclei to the motors suggested that the vestibu-
lar damages affected PW in the hindmore than that in the front
paw. Our experimental results of PW indicated the changed
posture, and it provided the neuroanatomical explanation to
clarify the behavioral consequences of RR. The addressed
connection was also expected to describe the postural imbal-
ance by neurological disorders related with the vestibular sys-
tem, and it could be a critical source to understand the under-
lying mechanism in the postural controls.
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