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ABSTRACT
EYE MOVEMENT RESPONSES TO ANGULAR AND LINEAR MOTION IN WILD
TYPE AND HET MICE
By Patricia Milagros Chang

Astronauts exposed to altered gravity environments frequently develop motion
sickness in orbit and temporary balance problems upon return to Earth. The central
nervous system has the ability to make new connections or use existing connections in
different ways to respond to such a changing environment. The present study compares
the compensatory oculomotor reflex to head movement in a wild type and a genetically
altered mouse known as the Head Tilt mouse (het) that lacks normal gravito-inertial
sensors. Experiments of this type may help us understand how the nervous system
responds to novel environments, such as the condition of microgravity in space. The
results of this study may also serve to improve therapies for patients with vestibular

disorders.
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INTRODUCTION

I. Peripheral Vestibular System

The function of the vestibular system in vertebrates is to maintain balance,
stabilize vision, and control movement (2, 27). The system includes five peripheral
sensory organs associated with each ear: three semicircular canals (superior, posterior,
and lateral or horizontal) for angular accelerations of the head and two otolith organs for
translational and gravito-inertial accelerations (saccule and utricle).
A. Sensory Hair Cells and Vestibular Nerve Fibers

The hair cells are the sensory receptors of the vestibular labyrinth and are
responsible for mechanoelectrical transduction that sends electrical signals to the brain
for analysis via the afferent nerve fibers of the 8" cranial nerve. There are three kinds of
afferent nerve fibers, each with a different termination; calyx fibers, bouton fibers, and
dimorphic fibers. Calyx fibers have terminations that completely surround the basolateral
surface of the target hair cell(s). These fibers innervate a region of the epithelium called
the striola. Bouton fibers have terminations that make smaller, distinct contacts with the
target hair cell(s). These fibers may be found throughout the epithelium. Dimorphic
fibers provide a mixed innervation, including calyx and bouton endings. Dimorphic units
also supply the entire sensory epithelium (13, 9). Efferent nerve fibers, whose cell bodies
are in the brain, serve to modulate sensory input. Efferent nerve fibers may contact hair
cells and/or afferent nerve fibers.

The apical surface is in contact with a fluid filled (endolymphatic) space that is

high in potassium concentration. Tight junctions at the apical surface of the hair cells



separate apical and basolateral fluid spaces. The hair bundle, composed of stereocilia
(microvilli in reptiles, birds, and mammals) and a single kinocilium (true cilium), projects
into the endolymphatic space. Deflection of the hair bundle toward the kinocilium opens
cation channels and allows the entrance of K+ from the endolymph into the hair cells.
The hair cell is then depolarized, opening voltage-gated Ca2+ channels in the basolateral
membrane. The subsequent influx of Ca2+ triggers the release of neurotransmitter,
which in turn causes an increase in the frequency of action potentials in the vestibular
afferents (10, 16, 20, 27).
B. Semicircular Canals

Each semicircular canal is essentially donut-shaped with a dilated end called an
ampulla where the sensory epithelium is located. The three (lateral, superior, and
posterior) canals are laid out in nearly orthogonal planes. Each canal is nearly co-planar
with the corresponding canal on the other side. The canal consists of a circular tube filled
with viscous endolymphatic fluid. The ampullar space is blocked by a small triangular
shaped mass of gelatinous material called the cupula. This structure sits on a bulge in the
wall called the crista that is covered with hair cells. When the head is rotated, the fluid
lags behind because of its inertia and pushes against the cupula. The bundles in contact
with the cupula are deflected and a transduction cascade is generated leading to action
potentials in the afferent nerve fiber (10, 16). An individual canal is maximally sensitive
to rotation of the head in its primary plane. Thus, the three canals, whose input is
combined in the central nervous system, provide the organism with the ability to sense

head rotations in any direction in three-dimensional space.



In general, the lateral (horizontal) semicircular canals have a plane that is elevated
10-30 degrees from the transverse while the vertically oriented superior (anterior) and
posterior canals are in planes approximately 90 degrees from each other and both are
laterally askew from the sagittal and the coronal planes, respectively. The canals
function as organized pairs (i.e., the canal from the same plane on the opposite side of the
head). For example, the superior semicircular canal on one side lies in the same plane as
the posterior canal on the other side, and both detect angular acceleration in the same
plane. Therefore, any head rotation can be encoded by the combined activity from
multiple semicircular canals (10).
C. Otolith Organs

The otolith organs include the utricle and the saccule. The sensory epithelium,
called the macula, responds to linear accelerations such as those produced by
translational motion or re-orientations of the head with respect to gravity. The utricular
maculae sense movement mainly in the horizontal plane (e.g., left-right movement,
forward-backward movement, and any combination thereof) (7, 10, 27). The saccular
maculae sense motions in the sagittal plane (e.g., up-down movement). The sensory
epithelia of the otolith organs are organized as essentially flat structures (horizontal for
the utricle, and vertical for the saccule). In the epithelium, the hair cells are neighbored
by supporting cells that not only support the hair cells metabolically but also secrete the
extracellular matrix proteins that condense to form the overlying gelatinous otoconial
membrane (10, 27). In mammals, this membrane contains two layers; the gelatinous

layer and the otoconial layer (21). The gelatinous layer contains both amorphous and



fibrotic material. In the region of the macular striola, this structure is perforated by holes
through which stereociliary bundles project. In other regions this structure is solid. The
otoconial layer is composed of calcium carbonate crystals (otoconia) that are embedded
in the gelatinous layer. Beneath the otoconial membrane are the hair cells whose bundles
extend upward and are attached to the membrane via the bulb of the kinocilium. The
otoconial layer has a higher specific gravity than endolymph. Motion of the head due to
linear translation or reorientation of the head with respect to gravity results in the relative
movement of the otoconial mass due to its inertia, and therefore stimulates the macular
hair cells by deflecting the hair bundle.
II. Vestibulo Ocular Reflex

The vestibulo ocular reflex (VOR) maintains the stability of the image of the
visual field in response to motion of the head; hence, the oculomotor system interacts
with the vestibular system to produce compensatory eye movements (8,15). The VOR
counter-rotates the eyes during head or whole body movement in order to maintain visual
fixation. The primary neurons of the reflex arc include the vestibular nerve afferents @&
cranial nerve vestibulocochlear nerve), vestibular nuclei neurons, the extra ocular motor
nuclei (3", 4™, and 6™ cranial nerve) neurons which form the oculomotor nerves (Figure
1). For example, if you rotate your head to the left (counter clockwise), the endolymph in
the lateral semicircular canals has a relative clockwise movement. This movement
causes a displacement of the hair cell bundles towards the utricle (utriculopedal
movement), exciting the hair cells in the left lateral canal. The synapses of the 8" nerve

afferent excite the left or ipsilateral vestibular nuclei neurons involved in the VOR. The



axons of these neurons cross the midline and activate the right abducens motor neurons.
The axons of the abducens motor neurons innervate the right lateral rectus muscle
causing an abduction of the right eye. At the same time, the axons of the left vestibular
VOR neurons excite internuclear neurons in the left abducens motor neurons. The axons
of these internuclear neurons travel anteriorly in the medial longitudinal fasciculus to
innervate the motor neurons in the medial rectus division of the 3™ or oculomotor
nucleus. The axons of these motor neurons innervate the left medial rectus muscle to
cause adduction of the left eye. Thus, there is a conjugate, or paired, almost
instantaneous reflex movement of the eyes in the orbit causing them to counter rotate to
the right. In addition, complementary neurons, located in the VOR pathway are
disfacilitated resulting in the relaxation of the eye muscles in the opposing direction
(right medial rectus and left lateral rectus). During a rotational stimulus to the left your
eye approaches a rotational limit to the right. In this case, a saccade or fast eye
movement brings the eye back to the midline.

A number of studies have measured the VOR in rodents (1, 4, 14, 17, 19, 24).
Quinn et al. (1998a) tested the horizontal AVOR (angular VOR) during vertical axis
rotations (upright yaw) in the dark: AVOR because only the canals are stimulated by this
motion. Eye movements were recorded using an implanted scleral search coil. For
stimulus frequencies of 0.05 to 2 Hz, they found the rat horizontal AVOR had a
significant phase lead for frequencies below 0.1Hz. For frequencies above 0.5 Hz, the
AVOR response was compensatory with a phase lead of approximately +1.1° and a gain

of 0.5. The results of this study primarily reported the efficacy of the implanted coil



technique but also provided important baseline data on the frequency dependence of the
horizontal AVOR during vertical axis rotations.

Later experiments examined how both information from canals and otolith organs
converge as a whole during vertical and horizontal axis rotations. Brettler et al. (2000)
studied the contributions of both semicircular canals and otolith organ input to the VOR
by stimulating only the canals (vertical axis rotations) and both canals and otolith organs
(horizontal axis rotations) in the rat (4). During vertical axis rotations (upright yaw), the
horizontal AVOR response was present at both middle and high frequencies (0.2-2 Hz).
The gains increased as the frequency increased and the phase response was compensatory
at middle frequencies and higher (0.5 Hz and 1Hz). During horizontal axis rotations
(nose-up yaw), the gain response remained fairly constant as the frequency increased but
the phase values were compensatory across the whole range of frequencies tested.
Overall, gain responses during horizontal and vertical axis rotations had almost the same
values at middle frequencies of 0.5 Hz and the phase values were more compensatory
during horizontal axis rotations compared to vertical axis stimulation which activates
only the canals. This demonstrates that during horizontal axis rotations canal and otolith
input are not independent of each other.

II1. Het Mice

A spontaneous mutation, known as the Head Tilt or het mouse results is an animal
that lacks otoconia (3, 22, 29). The function of the macula is affected only in the
homozygous ket mutant mice. However, the function of the semicircular canals and the

cochlea (including middle ear structures) appears to be normal (14). Behavioral



manifestations of the homozygous het mutation include head tilt and inability to swim or
float, but they are able to rotate under water (3, 23, 28). The het mouse model therefore
provides a unique opportunity to study the contribution of otolith organs to vestibular
function.

Next, a study by Jones et al. (1999) questioned whether the otolith organs in the
het mouse were functional at all. They tested whether the ket mouse could generate a
vestibular evoked potential (VSEPs), recorded from the skull, in response to linear
acceleration pulses. This study provided evidence that linear acceleration stimuli could
not elicit VSEPs in the et mice. They concluded that the far-field vestibular responses to
pulsed linear acceleration depended on intact otolith end organs (18). In other words, the
stimuli adequate for eliciting linear vestibular evoked potentials VSEPs in normal mice do
not evoke linear VSEPs in hef mice. The otolith organs in ket mice are not functional.

The function of both the otolith organs and the semicircular canals during vertical
and horizontal axis rotations (AVOR) has also been studied in the mouse. In the recent
study by Harrod & Baker (2003), the interaction between the semicircular canals and the
otolith organs was examined in the et mouse and compared to normal wild type mice.
Their results also support the idea that the semicircular canals and the otolith organs do
not function independently. In order to test semicircular canal stimulation with and
without otolith input, animals were subjected to five different stimulus movements:
upright roll (horizontal rostro-caudal axis), on tail yaw (horizontal dorso-ventral axis),
and inverted roll (horizontal rostro-caudal axis) for dynamic canal and otolith stimulus;

upright yaw (vertical dorso-ventral axis) and on tail roll (vertical rostro-caudal axis) for



dynamic canal stimulation only. During horizontal axis rotations (sinusoidal upright roll,
on tail/nose up yaw, and inverted roll), the AVOR response showed compensatory slow
phase eye movements at frequencies of 0.05 Hz and 0.5 Hz for the control group but the
het mice showed an out of phase response. The gain response increased as the frequency
increased for both animals but the control group had higher gain values compared to the
het mice. During vertical axis rotations (upright yaw, on tail roll), both groups had less
VOR phase response at 0.05 Hz compared to 0.5 Hz. The VOR phase response was
compensatory at the higher stimulus frequency of 0.5 Hz. The VOR response had low
VOR gains at 0.05 Hz but had modest gains at 0.5 Hz for both animals, but control
groups still showed higher gain values compared to /et mice. Overall, VOR gain values
during horizontal axis rotations were greater than the average gain elicited during vertical
axis rotations. The VOR gain was nearly absent at 0.05 Hz in the absence of dynamic
otolith stimulation during vertical axis rotation. Finally, the phase of the VOR response
was compensatory during horizontal axis rotations at 0.05 Hz and 0.5 Hz compared to the
vertical axis rotations.
1V. Purpose

The purpose of this study is to test a fundamental question regarding the integration
of vestibular signals in producing head movement-related oculomotor behaviors. The
AVOR has been shown by Brettler et al. (2000) to be a contribution of both canals and
otolith organs. In the het mouse, Harrod et al (2003) also found that the otolith organs
contribute to AVOR at stimulus frequencies up to 0.5 Hz. The present study involved

recording the horizontal AVOR in normal and hef mice, and comparing the resultant



phase and gain response characteristics. Therefore, the present experiment expanded on
the Harrod et al. (2003) study by increasing the stimulus frequency to 2 Hz (+50%sec)
and the stimulus amplitude to +100%sec (1Hz).

The influence of stimulus amplitude on both the phase and gain of the VOR shows a
nonlinear response in the vestibular system of the mouse (1). Alphen et al. (2001)
demonstrated that for all amplitudes the VOR response showed properties of a high-pass
filter in that the gain increased and phase lead increased as frequency was increased.
Harrod et al. (2003) found that the VOR response in the et mouse was significantly
different compared to control groups at middle (0.5 Hz) and low (0.05 Hz) frequencies
during £50°sec amplitudes for stimulating only canals (upright yaw on tail roll) and both
otolith organs and canals (vertical rotations). This in turn, suggests that VOR responses
from the canals depended on the otolith organs for normal performance. Also, VOR gain
during horizontal axis rotations was greater than the average gain elicited during vertical
axis rotations. It could be hypothesized that the horizontal angular VOR (AVOR) in the
het mouse has different response characteristics than that of normal mice, whose
oculomotor reflexes are “calibrated” to input reflecting the coding of angular and linear
accelerations by the semicircular canals and the maculae. It is proposed that the use of
the het mouse is a method of examining the physiological systems affected by the genetic
mutation as it relates to oculomotor behaviors. The strain of mice from which the mutant
animals are derived served as the stock for the control studies. As an animal lacking
otoconia, but without any other known phenotypic deficiencies resulting from the het

mutation, the et mouse is an ideal model for studying selective labyrinthine sensory



deprivation to a loss of input from these specific receptors (14, 18). The mutation present
in the het mouse allows for the isolation of changes and sensory losses similar to those

found in microgravity environments.
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MATERIALS AND METHODS

All procedures followed the principles of laboratory animal care set forth by the
National Institutes of Health Guide for Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee at NASA Ames Research
Center and at San Jose State University (Protocol # 855). Animals were housed under the
Animal Care Facility at NASA Ames Research Center and under the government
guidelines. All procedures to implant the mouse head holder were followed as described
in previous studies (17, 24).
I. Mice

The normal C57BL/6 wild-type (het/+) and C57BL/6 het (het/hef) mice, weighing
approximately 10 grams, were obtained from the laboratory of the University of
Missouri. Some Het animals exhibited a subtle head tilt compared to wild type, but
otherwise maintained normal postures and locomotion. In order to identify otoconial
deficiencies, the University of Missouri used swimming behaviors to identify the het
phenotype. Het mice cannot swim, and when placed in a tank of water they cannot orient
to the gravitational force vector and must be rescued (23, 29). The swim tests were
performed at the University of Missouri and the mice were labeled as het/het mice
(homozygous) and het/+ mice-wild type (heterozygous) based on the results. In the
present study, a total of 33 animals were used. Of those 33 animals, data was gathered on
12 animals (12 C57BL/6). Eight of the 12 C57BL/6 mice (4 het and 4 normal) provided

the AVOR data reported here. All twelve animals were euthanized and tissue processed
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for histology. The 21 animals remaining from the original 33 could not be successfully
recorded. Some of these animals were euthanized due to post-surgical complications.
II. Surgery

To ensure proper restraint of the head during eye movement recordings, an acrylic
pedestal was stereotaxically implanted onto the skull of each mouse using sterile
procedures under anesthesia. Anirhals were anesthetized with an intraperitoneal
administration (0.06 cubic centimeters, cc) of ketamine/xylazine cocktail. The effect of
this initial dose lasted 60-90 minutes, after which supplemental intraperitoneal
maintenance doses of the cocktail (0.03cc) were given if necessary. Body temperature
was maintained throughout the surgical procedure by placing the mouse on a heating pad.
Anesthesia was monitored through close observation of respiratory rate, limb tension, tail
pinch, and corneal reflex. The animal was placed in the stereotaxic holder using blunt-
tipped, non-traumic ear bars to prevent labyrinth damage. A midline incision was made
to expose the dorsal cranial surface, and the skull was scraped clean of tissue and muscle.
Small screws were placed in the major cranial plates in order to anchor the implant to the
skull (17, 24). During the implant procedure, the nose of the mouse was tilted downward
at approximately 35° so that the horizontal semicircular canals were positioned in the
horizontal plane during rotation and VOR recording (17, 24). Finally, dental acrylic was
used to cover the head holder and the cranial screws. Care was taken to insure that edges

around the head holder were smooth.
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111, Coil Fabrication and Calibration

The eye movements were recorded and measured by using the scleral search coil
method (4, 18). The coils were made using 0.008 inch diameter wire coiled to 100 turns
and held together with cyanoacylate (superglue). The average diameter of the entire coil
was 0.6 mm. The resistance of the coils ranged from 18 — 35 ohms. This resulted in coils
with sensitivities around 0.5 — 0.8V/° of eye movement (Figure 2). The mice were
handled daily and allowed to adapt to the restraint and coil system prior to beginning the
recording experiments. Before each recording session, the selected eye coil was
calibrated prior to being placed in the eye. The calibration consisted of recording the
response of the coil to a series of small horizontal and vertical rotational displacements
(0°, £5°, and £10°). This calibration allowed us to calculate the coil’s sensitivity. The
mouse was secured to the recording platform by coupling the head post to the restraint
mechanism (Figure 3). The right eye was anesthetized with ophthalmic tetracaine.
Tetracaine was re-applied every 20-30 minutes as needed. The eye coil was then glued to
the corneal surface directly over the pupil using medical grade cyanoacrylate glue. The
glue was allowed to dry for several minutes. The horizontal eye coil signal was “zeroed”
by rotating the animals’ position within the field coils, after which the whole apparatus
was placed within the Specimen Test Container (STC) aboard the Multi-Axis Centrifuge

(Vestibular Research Facility, NASA/Ames).
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1V. Equipment

The Multi-axis Centrifuge (Figure 4) within the Vestibular Research Facility
(VRF) is designed to measure the physiological responses to angular or combined linear
and angular accelerations in small animals. The centrifuge is constructed with
symmetrical outer yolk assemblies fixed to the main body. Each assembly is equipped
with an STC. In the current configuration, only one arm of the centrifuge has been
upgraded to meet system performance specifications. There are 4 axes of motion: a main
spin axis, an outer high performance spin axis, an inner high performance spin axis, and
an inner positioning axis. In this experiment, we only utilized the main spin axis and the
outer high performance spin axis. The body of the centrifuge rotates about the main spin
axis at a maximum rate of 240° /s. The STC is attached to the inner gimbal. The inner
and outer gimbals are driven by high performance motors capable of achieving maximum
peak velocities of £500° /s. Gimbal motors applied DC to 5 Hz angular motions (up to
500°/sec velocity and 500°/sec? acceleration) to the STC and its payload. Also, fifteen
electrically isolated slip-ring assemblies allowed the recording of multiple channels of
electrophysiological data continuously during operation.
V. Stimulus Paradigms

The VOR was measured from recordings of the animal’s eye position and the

velocity feedback signal driving the stimulus. The data, extracted from longer records,

include head velocity (V", in degrees/sec) and eye position (Pe, in degrees). In this
experiment, we used three different stimulus paradigms similar to Harrod & Baker (2003)

study. First, horizontal axis rotations at constant velocities of +50 and +100°s were
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applied four times for +50°s at the beginning of the session and two times for 100%s at
the end of the session. Second, sinusoidal oscillations followed after the runs of £50%s.
For £50%s and +100%s, sinusoidal rotations were measured at frequencies of 0.05, 0.10,
0.25, 0.50, 1.00, and 2.00 Hz (+50%s only) for two different amplitudes of peak velocity.
In order to hold peak velocity constant across the range of stimulus frequencies, the
rotation amplitude was varied. Finally, centrifugation was combined with horizontal
rotations of £90°s. Animals were used once a week for each run and/or sessions.
V1. Data Analysis

The data was recorded and extracted using custom software developed in
LabVIEW. The stored eye position records were then low-pass filtered and differentiated
using the Wave Metrics (IGOR Pro 5) software package. Using IGOR, the calculations
of gain were first determined from detecting all the maximum and minimum values
(positive or negative) of the eye velocity. This program allowed us to use the curve
fitting function, fitting a sine wave to the eye velocity. The fitted curve allowed us to
detect the low frequency amplitudes located in these peaks and to average them for each
cycle. After calculating all the peaks we obtained the absolute value of those amplitudes
and then these values were used to calculate the mean and the standard deviation for both
eye velocity and stimulus. The amplitude mean of the peaks of eye velocity divided by
the amplitude of the stimulus was the gain value. In order to calculate the phase values in
IGOR, the temporal difference between the stimulus and eye velocities was calculated.
The phase values were reported as phase errors for the proximity values of the ideal VOR

compensation. The phase lead was calculated by adding 180° from all the mean values of
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each run. Phase lead indicated the values for comparing the ideal VOR compensation. If
the VOR phase lead was close to 0° (opposite direction of both the eye velocity and
stimulus), VOR compensation was present. In addition, a VOR phase of 180° was the
anticompensatory VOR response of both eye velocity and stimulus moving in the same
direction. All the average values of gain and phase were entered into a spread sheet to
calculate the mean of all the runs. These values were utilized for further statistical
analysis and graphing bode diagrams showing both gains (ratio) and phase leads (°)

values versus the frequency (Hz).

Statistical analyses were done using a nonparametric (Mann-Whitney) unpaired
test with a two-tailed p-value (p<0.05) to compare both ket mice and control groups for
all the runs. For the present analysis, ket mice (n=4) and normal mice (n=4) were used,

each animal underwent at least two test sessions on different dates.
VII. Histology

Mice were euthanized with carbon dioxide and promptly decapitated. Inner ears
were extracted, dissected, and washed three times in neutral phosphate buffered saline
(PBS), pH 7.4, followed by constant agitation for twenty minutes. The washes continued
with distilled water, repeating the three cycles followed by constant agitation for twenty
minutes. Using a capsule knife and microprobes, the maculae of the saccule and utricle,

and otoconial membranes, if present, were dissected at room temperature.
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VIIL. Scanning electron microscopy (SEM)

For SEM examination, samples were attached to a carbon conductive tab (12mm)
and placed on an aluminum specimen mount (1/2” Slotted head, 1/8” Pin). Samples were
then dried at room temperature and coated with a thin layer of gold using a PELCO SC-7
sputter coater. Coated samples were examined in a LEO 1450 VP scanning electron

microscope (BioVISCenter Electron Microscopy facility).
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RESULTS
L. Microscopy of the Otoconial Mass in the Het Mouse

The morphology of the otoconial mass, including the otoconial membrane and the
otoconia, was determined by microdissection, light microscopy and scanning electron
microscopy (SEM). The inner ears were harvested from each mouse (n=8) and the
condition of the otoconial mass was noted in each case. During microdissection of the
het mouse inner ear, it was observed that the utricle and saccule had a significant
reduction in the number of otoconia. The saccule was preserved for SEM while the
utricle was lost during dissection. During SEM observation of one Aef mouse, the
remaining saccular otoconia were less regular in shape than the wild type and some few
were larger (Figure 5). The microdissection confirmed the normal morphological
structure of the utricle, saccule, and semicircular canals, cochlea, oval window, and bones
of the middle ear (stapes, incus, and malleus) for every mutant.

II. Vestibulo-ocular Reflex
A. General features of Vertical axis horizontal VOR (upright yaw)

Example recordings from one normal mouse are shown for both amplitudes of
peak velocity, 50°/s (Figures 6, 7, 8,9, 10, 11) and 100°/s (Figures 12, 13, 14, 15, 16). In
figures 6 through 27, eye position (°) is shown at top of the graph. Eye position records
show slow eye movements interrupted by fast saccades. This value is differentiated into
eye velocity (°/s) in the middle of the graph. Finally, the stimulus or head velocity (%/s) is
shown at the bottom of the graph. Eye velocity during the slow phase of the VOR was

compared to head velocity to compute gain (Figures 28 and 29). At low frequencies (less
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than 0.1Hz) and a velocity of 50%s, the VOR response to the stimulus is weak (Figures 6
and 7). At higher frequencies (0.25Hz and greater) and a velocity of 50%s, the slow and
fast phases of the VOR response becomes more apparent. The data shows the VOR
response increased as stimulus frequency (Hz) was increased. At the higher stimulus
velocity of 100%s, slow phase eye movement was present at low frequencies (Figure 12).
Compensatory eye movements were readily apparent at 0.25Hz and greater (Figures 14,
15, 16). At higher stimulus frequencies, the amplitude of the eye movement is decreased
and therefore saccades are not present (Figures 14 and 16). In contrast, the VOR
responses of the ket mouse were more attenuated for both 50%s (Figures 17, 18, 19, 20,
21, and 22) and 100%s (Figures 23, 24, 25, 26, and 27). In Figures 25, 26, 27, the VOR
response is present at frequencies of 0.25Hz and greater but more attenuated during
stimulus amplitude of 50%s.
B. Frequency dynamics of control group and het mice compared

Gain is defined as the ratio of the eye velocity to head velocity. Phase is the
temporal difference between the stimulus velocity and the eye velocity expressed in
degrees. Therefore, a gain of 1.0 and a phase difference of 0° would represent perfect
compensation. The average gain in the response of four animals was calculated for each
frequency. The VOR response showed frequency dependence for both hef mice (n=4)
and control groups (n=4). Using a nonparametric (Mann-Whitney) unpaired test with a
two-tailed p-value (p<0.05) indicated the significant values for all the frequencies in both
het mice and control groups. Figure 28, is a Bode plot for the 50°/s data comparing the

het mice with the control mice. The VOR gain in the control mice was greater for all
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frequencies tested but only significant at 0.25 (gain; 0.42+0.069, p-values<0.05) and
0.50Hz (gain; 0.46+0.068, p-values <0.05) during 50°/s. For the 100°/s stimulus, the
gain values for the control mice were significantly greater across all frequencies (Figure

29) showing p-values less than 0.05.

20



DISCUSSION

The results of this study indicated that the gain of the horizontal angular
vestibulo-ocular reflex (AVOR) in Aet mice (n=4) and the control group (n=4) increased
as the intensity of the stimulus increased. In both cases the AVOR attempts to match (or
compensate for) the stimulus. Previous studies in the ser mouse using sections stained
for light microscopy and fluorescence microscope images suggested the complete
absence of otoconia in the utricle and saccule (23, 28). In this study, SEM images of one
het mouse saccule revealed a greatly decreased number of otoconia and those remaining
otoconia were abnormally shaped. This condition could account for the decrease in the
gain observed in this study. In turn, the function of the central neurons receiving input
from both canal and otolith organs would also be affected. The result is a reduction in the
strength of the oculomotor reflex (Figure 30).

Moving the animal in such a way that the canals are stimulated and otolith organs
are not (upright yaw), resulted in gain and phase changes as the frequency stimulus
increased (4, 14). Harrod & Baker (2003) also observed that the VOR response in
normal and ket mice was highly attenuated with large phase errors at 0.05 Hz and a more
modest VOR phase errors at 0.5 Hz. The VOR gain was absent at 0.05Hz (gain of 0.05
in normal group and gain of 0.001 in Aer mice) due to the absence of stimulation to the
otolith system during vertical axis rotations. VOR responses were shown during middle
frequency rotation of 0.5Hz with gain values of 0.24 in normal mice and 0.11 in het mice.
Brettler et al (2000) also found VOR response in normal rats was minimal for stimulus

frequencies under 0.2Hz by stimulating the canals in the upright yaw and nose-up roll
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position. During upright yaw position, the phase errors of the reflex were small from 0.5
to 2 Hz (2° at 0.5 Hz, 3° at 1 Hz, 0° at 2 Hz) and the gain was fairly constant near 100%.
In our study, the VOR gain at low frequencies of 0.05Hz was also low as predicted from
previous studies. There was a dependency of frequencies (0.05Hz-2Hz) resulting in an
increase of VOR gain values from 0.2 to 0.4 in ket mice and from 0.3 to 0.5 in normal
mice.

This study is consistent with previous research (4, 14) emphasizing that the
receptors from both canals and otolith are necessary inputs to the central neurons in order
to achieve a normal AVOR. Inputs from both receptor types contribute to the output of
the VOR response. Also, the results suggest that the abnormal VOR output of the et
mouse could be due to a change in the input to the vestibular nuclei neurons that receive
convergence input. These neurons may continue to receive activity from the otolith
afferent nerve but it could be reduced. One might have assumed that both the sef and
normal mice would have the same AVOR since morphologically the canals are normal in
the het mouse. Based on the results of this study, there are differences of AVOR between
the het and normal groups. A study by Bush et al (1993) showed spatiotemporal
convergence of canal and otolith input onto the vestibular nuclei neurons in rats using a
combination of linear and angular acceleration stimuli. The results showed that the
vestibular nuclei neurons exhibited a complex spatiotemporal response. If it is assumed
that the het mouse has a comparable population of convergent vestibular nuclei neurons,
then this could explain the abnormal AVOR in the hef mouse. Further research is

necessary to examine how the mechanisms underlying the change in the AVOR have
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occurred. These experiments would include stimulating both canals and otoliths (4, 14)
2000) applying different rotational stimuli (e.g., horizontal rostro-caudal axis in upright
roll, horizontal rostro-caudal axis in inverted roll) and various VOR adaptation
paradigms.

The convergence of both canals and otolith has been shown in a few other species
by using electrical stimuli and examining different combinations of head rotations. One
such study (Zhang X., et al 2002) showed that 30 to 40% of cells recorded in the
vestibular nuclei in cats received convergent inputs from both anterior semicircular canal
(AC) and utricular (UT) nerves. The outputs of these central neurons are still unknown.
Recording from the afferent nerves in /et mice could provide a better explanation of the
convergence of canals and otolith organs onto the central neurons during angular head
acceleration.

In addition, there are several studies that have shown the function of both canals
and otoliths in different species by characterizing the output of primary afferents. For
example, Goldberg and Fernandez (1971) showed that during passive whole-body
rotation in head-restrained animals, vestibular afferents originating in the semicircular
canals of the squirrel monkey encode the angular velocity of the head-in-space. Another
study (Scudder and Fuchs 1992) showed that the vestibular afferents of rhesus monkeys
project to second-order neurons within the vestibular nuclei, which encode angular head
velocity during the compensatory eye movements generated by VOR. However, the
vestibular nuclei also receive projections from many structures that could influence their

discharge. For example, neck muscle spindle afferents are known to influence the

23



activity of vestibular nuclei neurons in decerebrate animals (Boyle and Pompeiano 1981).
Another study (Sato et al. 2002) suggested that during mixed angular head accelerations,
the vestibulocollic reflex (VCR) could be accomplished by the vestibulospinal (VS) and
vestibulo-oculospinal (VOS) convergent neurons. This study showed that 18% of the
vestibular nucleus neurons in cats received convergent inputs from the nerves of the
anterior semicircular canals (AC) and posterior semicircular canals (PC). 82% of these
AC/PC activated vestibulospinal (VS) and vestibulo-oculospinal (VOS) reflexes. During
stimulation of the horizontal semicircular canal (HC) and/or PC nerves, 24% of vestibular
nucleus neurons received convergent inputs from both nerves and 46% of these HC/PC
activated VS and VOS reflexes. Therefore, the convergence of multiple inputs to the
vestibular nuclei is an important feature of how these signals are processed and used to
control common reflex motions.

Understanding the contribution of the canals and otolith organs to horizontal
AVOR is still not clear. Studying the structure and function of the vestibular endorgans
and their neural connections is providing information concerning their contribution to
AVOR. Because the brain has the ability to process information in different ways, this
enables it to respond to a changing environment. One area of interest has been or would
be to study the motor pathways of the cerebellum (personal communication; Dr. Richard
Boyle and Dr. Geoffrey Bush from Vestibular Research Facility at NASA Ames
Research Center). The use of a different animal model such as the knock-out/in mouse

(e.g., NR2c subunit receptor in the granular layer of the cerebellum) may help us
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understand how the nervous system responds to microgravity and serves to improve the

health of patients with neurological problems that cause impairment of balance (2, 11).
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APPENDIX: FIGURES
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Figure 1. Vestibulo-ocular Reflex (VOR) Bio-circuit showing the primary neural
pathway of the reflex arc.
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Figure 2. Scleral Search Coil. Coil was glued to the cornea over the pupil of the right
eye. Copper wire coil (0.008 inch diameter, 100 turns, 1.0 mg approx.) held together
with superglue



Figure 3. Animal restraint apparatus mounted within a field coil system for recording the
murine AVOR. The restraint mechanism allowed the animal’s position within the field
coil (outer cubicle frame) to be adjusted fore-and-aft as well as vertically. The platform
of this restraint apparatus facilitated the rotations for angular recordings of the coil
calibration. The center post was the structure to which the head-implanted pedestal was
attached, while the body rested on top of the platform. This apparatus was labeled as the
“specimen test container” of the Multi-Axis Centrifuge at NASA/Ames’ Vestibular
Research Facility
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Figure 4. Multi-axis Centrifuge; Vestibular Research Facility. The four axes of rotation;
a main spin axis, an inner and outer high performance axes, and an inner positioning axis,
when used in combination allowed complex motions delivering both angular and linear
accelerations
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Figure 5. Scanning electron microscopy (SEM) showing the abnormal structures of the
otoconia formation of the head tilt mutant (het/het) at different magnifications. (A) At
low magnification (300X), parts of the saccule (left side) are shown and some indications
of abnormal density of otoconia. Middle (2.0 KX) and higher (6.5 KX) magnifications
showed the morphological structure of the otoconia detecting the deterioration of the
composition. (B) Normal phenotype animal (het/+) showing parts of the saccule (left
side) and normal otoconia formation and density at different magnifications compared to
het/het mutation
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Control group (50°/sec)
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Figure 6. Horizontal eye movement traces of normal mice at frequency of 0.05Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.294 and phase was -3.8°
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Figure 7. Horizontal eye movement traces of normal mice at frequency of 0.1Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.308 and phase was -36.9°
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Figure 8. Horizontal eye movement traces of normal mice at frequency of 0.25Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.489 and phase was 29.4°
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Figure 9. Horizontal eye movement traces of normal mice at frequency of 0.5Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.441 and phase was 157.5°
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Figure 10. Horizontal eye movement traces of normal mice at frequency of 1Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.357 and phase was 128.2°
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Figure 11. Horizontal eye movement traces of normal mice at frequency of 2Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.683 and phase was 102.1°
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Figure 12. Horizontal eye movement traces of normal mice at frequency of 0.05Hz
during vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the
eye position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red/) indicates the stimulus velocity in degrees per second.
VOR gain was 0.442 and phase was 5.3°
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Figure 13. Horizontal eye movement traces of normal mice at frequency of 0.1Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.399 and phase was 108.3°
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Figure 14. Horizontal eye movement traces of normal mice at frequency of 0.25Hz
during vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the
eye position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.488 and phase was 32.8°
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Figure 15. Horizontal eye movement traces of normal mice at frequency of 0.5Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.416 and phase was 55.1°
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Figure 16. Horizontal eye movement traces of normal mice at frequency of 1Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.411 and phase was 69.1°
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Figure 17. Horizontal eye movement traces of het mice at frequency of 0.05Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.349 and phase was 31.3°
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Figure 18. Horizontal eye movement traces of ser mice at frequency of 0.1Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per

second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.222 and phase was -69.6°
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Figure 19. Horizontal eye movement traces of het mice at frequency of 0.25Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.231 and phase was 19.2°
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Figure 20. Horizontal eye movement traces of ket mice at frequency of 0.5Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per

second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.472 and phase was 182.0°
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Figure 21. Horizontal eye movement traces of het mice at frequency of 1Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.553 and phase was 173.6°
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Figure 22. Horizontal eye movement traces of et mice at frequency of 2Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (biue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.477 and phase was 40.6°
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Figure 23. Horizontal eye movement traces of ket mice at frequency of 0.05Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.183 and phase was 177.5°
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Figure 24. Horizontal eye movement traces of ket mice at frequency of 0.1Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per

second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.147 and phase was 44.7°
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Figure 25. Horizontal eye movement traces of Aet mice at frequency of 0.25Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.173 and phase was 3.7°
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Figure 26. Horizontal eye movement traces of het mice at frequency of 0.5Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per

second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.284 and phase was 92.3°
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Figure 27. Horizontal eye movement traces of /et mice at frequency of 1Hz during
vertical axis rotations, up-right yaw in the dark. The first trace (black) shows the eye
position in degrees, the second trace (blue) represents the eye velocity in degrees per
second, and the third trace (red) indicates the stimulus velocity in degrees per second.
VOR gain was 0.339 and phase was 181.4°
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Figure 28. Bode diagrams (50°/s) of horizontal vestibulo-ocular reflex (VOR) in the het
mice (blue) and control groups (pink) during upright yaw. Averaged gains (upper panel)
are expressed as ratios of the value for upright yaw at each frequency (0.05Hz, 0.1Hz,
0.25Hz, 0.5Hz, 1Hz, and 2Hz) and phases (lower panel) are shown in degrees at each
frequency. The two asterisks (*) represent significant p-values less than 0.05 of gain
values at frequencies of 0.25Hz and 0.5Hz
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Figure 29. Bode diagrams (100°/s) of horizontal vestibulo-ocular reflex (VOR) in the het
mice (pink) and control groups (blue) during upright yaw. Averaged gains (upper panel)
are expressed as ratios of the value for upright yaw at each frequency (0.05Hz, 0.1Hz,
0.25Hz, 0.5Hz, 1Hz, and 2Hz) and phases (lower panel) are shown in degrees at each
frequency. The two asterisks (*) represent significant p-values less than 0.05 of gain
values at all frequencies
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Figure 30. Function of the vestibular system as a whole showing three main components:
the vestibular receptors (input), midbrain neurons, and the compensatory reflexes
(output). Het mice show an abnormal output oculomotor reflex response (eye movement
response) compared to the control groups (9, 12).
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