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Abstract

Genetically engineered mice are valuable models for elucidation of auditory and vestibular 

pathology. Our goal was to establish a comprehensive vestibular function testing system in mice 

using: 1) horizontal angular vestibular-ocular reflex (hVOR) to evaluate semicircular canal 

function, and 2) otolith-ocular reflex (OOR) to evaluate otolith organ function, and to validate the 

system by characterizing mice with vestibular dysfunction. We used pseudo-off vertical axis 

rotation (pOVAR) to induce an otolith-only stimulus using a custom-made centrifuge. For the 

OOR, horizontal slow phase eye velocity (HEV) and vertical eye position (VEP) was evaluated as 

a function of acceleration.

Using this system, we characterized hVOR and OOR in the caspase-3 (Casp3) mutant mice. 

Casp3 −/− mice had severely impaired hVOR gain, while Casp3 +/− mice had an intermediate 

response compared to WT mice. Evaluation of OOR revealed that at low to mid frequencies and 

stimulus intensity, Casp3 mutants and WT mice had similar responses. At higher frequencies and 

stimulus intensity, the Casp3 mutants displayed mildly reduced otolith organ related responses. 

These findings suggest that the Casp3 gene is important for the proper function of the semicircular 

canals but less important for the otolith organ function.
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Introduction

Dizziness and balance problems are a significant problem in the United States, and ranked 

among the most common presenting symptoms in the health care system (Burt & Schappert, 

2004; Kerber et al, 2008). The vestibular system is crucial in maintenance of balance, and 

vestibular dysfunction can significantly impact quality of life (Mira, 2008). The vestibular 

system is comprised of the semicircular canals (superior, horizontal and posterior), which 

detect head angular acceleration and the otolith organs (utricle and saccule), which detect 

linear head acceleration. In response to linear or angular acceleration stimuli, compensatory 

ocular reflexes are produced to stabilize images on the retina. These reflexes have been 

utilized to assess functions related to the semicircular canals or the otolith organs. Angular 

vestibular-ocular reflexes have been used routinely in humans to assess semicircular canal 

function (Fetter, 2007; Wuyts et al, 2007) and have been established in different animal 

models, including mice (Beraneck & Cullen, 2007; Faulstich et al, 2004; Kimpo & 

Raymond, 2007; Migliaccio et al, 2011; Stahl, 2002).

However, assessment of otolith organ function using ocular responses is performed less 

frequently. Centrifugation is one of the methods used to target stimulation to the otolith 

organs. In humans, induction of otolith-ocular reflex (OOR) has been established with off 

vertical-axis rotation (OVAR) (Furman et al, 1993; Guedry, 1965; Sugita-Kitajima et al, 

2007), as well as eccentric counter-rotation (CR) (Benson & Barnes, 1973; Niven et al, 

1966). OVAR typically entails constant rotational velocity of a subject’s head about an axis 

that is tilted in respect to the earth vertical axis. After achieving steady state rotation, the 

semicircular canal response decays, and the resulting ocular response is otolithic in origin 

(Cohen et al, 1983; Guedry, 1965; Maruta et al, 2001). Similarly, CR provides rotating 

linear acceleration stimulus, but without relative initial angular acceleration. In animals, 

OVAR has been tested in several lateral-eyed mammals, including rabbits (Janeke et al, 

1970; Maruta et al, 2001) and rats (Brettler et al, 2000; Hess & Dieringer, 1990; Rabbath et 

al, 2001), and CR has been tested in gerbils (Kaufman, 2002).

Mouse models have become prevalent for inner ear studies, since many human ortholog 

genes necessary for auditory and vestibular development and function have been identified 

(Anagnostopoulos, 2002; Fekete, 1999). In these genetically engineered mice, in contrast to 

the well-studied auditory system, the vestibular system remains relatively uncharacterized, 

due to the technical difficulties of manipulating mice for vestibular function analysis. 

Evaluation of the otolith organ function in mice has been reported using several methods: 

vestibular evoked potientials (VsEP), vestibular evoked myogenic potentials (VEMP) and 

maculo-ocular response (MOR). VsEPs are measurable electric potentials in the brainstem 

that are evoked by using angular or linear acceleration stimuli (Elidan et al, 1991; Jones & 

Jones, 1999; Plotnik et al, 1997). Linear VsEP is known to be a response to otolith stimulus, 

and has been a popular otolith function analysis method in mice (Jones et al, 2004; Jones et 

al, 2005; Jones et al, 2006; Jones et al, 2011a; Jones et al, 2002; Jones & Jones, 1999; Jones 

et al, 2011b; Lee et al, 2013; Mock et al, 2011; Robertson et al, 2008; Zhao et al, 2008). 

However, this method is used less frequently in humans, and is found in studies such as 

exploring angular VsEP (Elidan et al, 1991; Rodionov et al, 1996).
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VEMP measures saccule-evoked potentials in head and neck muscles in response to sound 

stimulus, and utricular-evoked potentials related to otolith-ocular function. Due to technical 

difficulty performing this method in rodents, there are a limited number of studies in guinea 

pigs (Yang & Young, 2005) and only one report in mice (Sheykholeslami et al, 2009). MOR 

in response to maintained tilt created by off vertical axis rotation (OVAR) has also been 

used to assess otolith organ function in mice (Beraneck & Cullen, 2007; Oommen & Stahl, 

2008; Romand et al, 2013; Stahl & Oommen, 2008; Stahl et al, 2012).

Our objective was to establish a comprehensive vestibular function analysis system in mice 

using ocular reflexes in hopes of obtaining results that is transferable between humans and 

mouse models. We used caspase-3 deficient mice (Morishita et al, 2001; Takahashi et al, 

2001) which has unique vestibular properties: abnormal semicircular canal function and 

morphology (Makishima et al, 2011), with preserved otolith function and histologically 

intact otolith organs.

Methods

Mice

Male and female wild type (WT) mice (C57BL/6), Casp3 mutant mice and Apaf1 mutant 

mice at ages 2 – 6 months old were utilized in this study. The generation of the CPP32ex3−/− 

(Casp3−/−) and Apaf1 mutant mice (Yoshida et al, 1998) has been previously described 

(Woo et al, 1998). Briefly, the Casp3 mutant mice were generated by replacing a region 

including exon 3 of the Casp3 gene with a neomycin cassette, thus creating a deletion of the 

Casp3 gene downstream of the insertion. The genotype of the Casp3 mutant mice was 

confirmed by PCR amplification of the region including the junction of the Casp3 gene and 

the neomycin cassette as described (Woo et al, 1998). Protocol for animal use was approved 

by the Institutional Animal Care and Use Committee of the University of Texas Medical 

Branch. All animal studies were in compliance with the guidelines of the National Institutes 

of Health, United States.

Centrifuge

All vestibular function recordings were performed with a custom made centrifuge modified 

for use with mice (Fig 1 A, B). Details of the centrifuge have been previously described 

(Kaufman, 2002). In our rotational experiments, we employed rotation of the main and 

eccentric axes of the centrifuge capable of independent or simultaneous rotation in 

clockwise and counter-clockwise directions.

Horizontal Vestibulo-Ocular Reflex (hVOR)

WT mice (males n=15, females n=12), Casp3 heterozygous mice (Casp3+/−) (males n=6, 

females=4), Casp3 homozygous mice (Casp3 −/−) (males n=5, females n=5) and Apaf1 

heterozygous mice (Apaf1+/−) (male n=7, female n=5) were utilized in the evaluation of 

horizontal angular vestibular ocular response (hVOR). Mice aged 2 – 6 months were briefly 

anesthetized with isoflurane inhalation and were placed in a custom plastic conical jacket 

and placed on a support bed. The head was stabilized using a custom bite-block and head 

restraint and the head was positioned 30° nose-down. The bite-block and bed were attached 
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to a mini-platform designed to dock and secure the mouse to the animal centrifuge in a light 

tight drum. After being mounted to the centrifuge, mice were given a 10–15 minute rest 

interval to allow for full awakening and acclimation before testing. Pilocarpine otic drops 

(1%) were administered to the eyes to constrict the pupils allowing for optimal tracking of 

eye movements with video-oculography in darkness.

Horizontal canal vestibulo-ocular reflex function was evaluated using sinusoidal rotation of 

the eccentric axis between 0.05 Hz and 0.80 Hz at a peak velocity of 60 deg/s (horizontal 

VOR). Linearity of the VOR slow phase velocity was tested using 0.20 Hz stimuli at 

increasing peak velocities from 60° – 120°/sec.

Otolith-ocular reflex (OOR) Paradigms

WT (males n=4, females n=1), Casp3+/− (males n=3, females n=2), and Casp3−/− (males 

n=2, females n=3) mice at ages 2 – 6 months old were evaluated for the OOR tests with two 

paradigms: Counter Rotation (CR) and pseudo-Off Vertical Axis Rotation (pOVAR). Mice 

were prepared for stimuli administration and recording in the same manner as in hVOR 

protocol.

Counter Rotation (CR)

CR (Fig. 1C) was performed by slaving the eccentric axis to the velocity feedback signal of 

the main axis, allowing the eccentric axis to be rotated at an equal but opposite angular 

acceleration and constant velocity compared to the main axis. For example, when the main 

axis was rotated at 60 deg/s2 to a constant velocity of 144 deg/s, the eccentric axis was 

rotated at -60 deg/s2 and then reach a constant velocity of -144 deg/s. This rotational model 

resulted in no relative angular acceleration stimulus to the mice, producing a linear 

acceleration stimulus that constantly changed orientation relative to the head (Benson & 

Barnes, 1973). The rotational profiles used to test CR are listed in Table 1. For all profiles, 

the main axis was rotated at an acceleration of 60 deg/s2 to constant velocity. The initial 60 

seconds of recording were excluded to ensure steady state rotation.

Pseudo-Off Vertical Axis Rotation (pOVAR)

pOVAR (Kaufman, 2002) was performed using sustained angular rotation of the main axis 

independent of the eccentric axis at different velocities. Four separate sets of rotational 

profiles were tested for pOVAR (Table 2), with each set increasing in main axis rotational 

velocity, subsequently increasing equivalent linear acceleration and tilt angle vector. During 

pOVAR, the main axis was accelerated to peak velocity at 60 deg/s2 and rotated for at least 

60 seconds to allow the per-rotatory angular vestibular response to decay and reach steady-

state. Main axis rotation was maintained at peak velocity throughout each set of eccentric 

axis rotation frequencies. To control for the initial angular acceleration stimulus, the initial 

60 seconds of eccentric rotation recording were excluded from analysis to allow the canal 

and central signals to fully decay. After achieving steady-state rotation, the resultant 

vestibular stimulus was a continuously rotating linear acceleration similar to stimuli induced 

by OVAR. A schematic of eye position associated with acceleration stimulus orientation 

relative to the head is shown in Figure 2A.
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Video-oculography

The right eye was used for monitoring ocular reflexes. A custom video-oculographic system 

was utilized using a near-infrared eye imaging camera. The maximum-likelihood based 

pupil tracking algorithm provides a robust best-fitting model that has been described 

elsewhere (Sung & Reschke, 1994). We derived a scale factor for gain calculations by 

estimating the average ocular globe diameter of mice at different ages relative to the number 

of pixels from our video images. Eye diameter was found to be lower in 1 month-old mice, 

resulting in a larger scale factor than older mice. Gain calculated by this method was 

verified by rotating a camera concentrically about the mouse eye at a fixed-radius, and 

therefore not dependent on visual following (Makishima, 2011). After applying the eye 

calibration, pupil position was differentiated, desaccaded using velocity thresholds, and then 

verified using a custom interactive script (MATLAB, The MathWorks). Response 

parameters for hVOR (gain and phase) were derived from least-squares sinusoidal fits of 

horizontal eye velocity. The response parameter of amplitude modulation for OOR 

paradigms were derived from sinusoidal fits of horizontal eye velocity and vertical eye 

position.

Gross behavioral analysis

Circling, tail hanging and air righting reflex was used to assess gross vestibular behavior (Al 

Deeb et al, 2000) in WT (n=8), heterozygous Casp3+/− (n=7) and homozygous Casp3−/− 

(n=6) mice at ages 5–6 months. For circling, the behavior was recorded on video for five 

minutes after placing the mouse in a clean cage with fresh bedding. Full 360° rotations, 

either in clockwise or counter-clockwise direction, were counted. For tail hanging, mice 

were lifted by the tail, and then lowered to the ground slowly. Normal response was 

considered when the mouse extended their forelimbs towards the ground, showing a 

‘landing’ behavior. The mouse was considered abnormal if they bent ventrally. For air 

righting, mice were held supine and dropped from a height of 30 cm onto a foam cushion. 

The mice were considered normal if they landed on their feet. If they landed on their side or 

back, it was considered to be abnormal. Each test was repeated three times on three different 

days.

Statistical analysis

Ocular response parameters were assessed for statistical difference (P<0.05) using Student’s 

t test, as well as analysis of variance (ANOVA) and multivariate analysis of variance 

(MANOVA) using the Scheffe’s method. StatistiXL version 1.6 (available from http://

www.statistixl.com/) was used with the Windows® version of Microsoft Excel®.

Results

Modulation of eye movements with linear acceleration stimuli in WT mice

We used the counter rotation (CR) and pseudo off-vertical axis rotation (pOVAR) 

paradigms to induce linear acceleration in mice. In WT mice (n=5), continuous 

unidirectional nystagmus in combination with a very slow vertical eye movement was 

observed in response to CR and pOVAR (Figure 2A, left panel). Horizontal slow phase eye 

Armstrong et al. Page 5

Exp Brain Res. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.statistixl.com/
http://www.statistixl.com/


velocity (HEV) and amplitude of the vertical eye position (VEP) were used as parameters of 

otolith ocular response (OOR). Modulation of the amplitude of the sinusoidal component of 

OOR in response to increasing acceleration was apparent in both CR and pOVAR 

paradigms. Responses at 0.40 Hz showed similar linear stimulus intensity-dependent 

modulation of response parameters induced by pOVAR and CR (Figure 3). Given the 

equivalent response properties of the two stimulus paradigms, we chose pOVAR as the 

primary stimulus type to use in further studies due to higher ranges of stimulus intensities 

that could be provided with our centrifuge. With pOVAR, increasing acceleration increased 

the amplitude of HEV and VEP (ANOVA P<0.05). Increasing frequency increased the 

amplitude of HEV (ANOVA P<0.05), but did not modulate VEP in WT mice (Figure 4).

Impaired hVOR in Casp3 mutant mice

We observed the hVOR at ages 2 – 6 months in heterozygous Casp3+/− mice (n=10), 

homozygous Casp3 −/− mice (n=10) and heterozygous Apaf1 +/− mice (n=12) and compared 

response parameters to WT mice (n=27) (Figure 5). The Apaf1 mutant mice were included 

in the study as a random control heterozygous mutant strain. The Apaf1 mice were nearly 

identical to WT in hVOR response (Figure 5A, B). Both Casp3+/− mice and Casp3−/− mice 

had significant differences in gain compared to WT mice at all frequencies tested (ANOVA, 

P<0.05), with Casp3 −/− mice exhibiting a greatly impaired gain and Casp3+/− mice having 

an intermediate response. Due to severely impaired hVOR gain, phase shift calculations 

were difficult to reliably quantify in Casp3 −/− mice. Casp3 +/− mice had elevated phase lead 

compared to WT at frequencies 0.20 Hz and higher (Figure 5B, Student’s t test, P<0.05). 

Casp3 +/− and Casp3 −/− mice had linear VOR slow phase velocity which was significantly 

lower than the WT mice (Figure 5C). Phase shift decreased with increasing velocity, and 

was significantly higher in Casp3+/− than WT at 60 deg/s (Student’s t test, P<0.05), but 

similar at other frequencies.

pOVAR response was mildly impaired in Caspase-3 mutant mice

pOVAR response in Casp3+/− (n=5) and Casp3−/− mice (n=5) were evaluated and compared 

to WT mice (n=5) (Figure 6). In response to pOVAR, Casp3 +/− mice exhibited continuous 

unidirectional nystagmus comparable to WT. On the other hand, Casp3 −/− mice exhibited 

similar slow phase eye movements, but typically required a higher stimulus intensity to 

reach threshold to produce robust continuous unidirectional nystagmus. Both Casp3+/− and 

Casp3−/− mice had a trend of exhibiting altered stimulus intensity-dependent modulation of 

HEV and VEP amplitudes in high frequencies compared to WT. Similar HEV responses 

were seen in WT and Casp3 −/− mice across increasing stimulus intensities except for a 

significant difference at a single stimulus point of 0.1Hz at 8.2 m/s2 (ANOVA P<0.05). 

Interestingly, Casp3+/− mice exhibited significantly elevated HEV amplitude compared to 

WT at higher intensities at 5.6 m/s2 and 8.2 m/s2 (ANOVA, P<0.05). Casp−/− mice had the 

lowest mean VEP amplitude with significantly lower responses at 3.6 m/s2, 5.6 m/s2 and 8.2 

m/s2 in higher frequencies (ANOVA, P<0.05). There was no difference in VEP responses 

between Casp3 +/− and WT mice.
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Abnormal gross vestibular behavior in Casp3 deficient mice

We assessed gross vestibular behavior in WT, Casp3+/− and Casp3−/− mice by observing 

circling behavior, tail hanging test and air righting reflex. In tail hanging and air righting 

tests, four out of six Casp3−/− mice showed abnormal behavior, while all Casp3+/− mice 

(n=7) and WT mice (n=8) were all normal. In circling, the number of full 360° circling 

during a five-minute period was an average of 39 turns in Casp3−/− mice, while Casp3+/− 

and WT mice only circled less than two turns. Most Casp3−/− mice had a tendency to circle 

in the same direction on all three trials. There were more mice with a tendency to circle in 

the counter-clockwise direction (data not shown). The gross behavior trends were similar in 

older aged mice at >12 months (data not shown).

Discussion

Horizontal VOR and gross vestibular behavioral tests in mutant mice

We previously reported significantly impaired horizontal VOR in homozygous Casp3 −/− 

mice and an intermediate response observed in heterozygous Casp3 +/− mice (Makishima et 

al, 2011). Despite the lower gain observed in horizontal VOR, there were no apparent 

observable behavioral patterns such as circling, head bobbing or hyperactivity in the 

heterozygous Casp3+/− mice. In gross vestibular behavioral tests, circling, air-righting and 

tail hanging tasks did not evoke any abnormalities in the heterozygous Casp3 +/− mice. The 

discrepancy between the VOR results and behavioral test results suggest that: 1) gross 

behavioral tests are not as sensitive as VOR, 2) low horizontal VOR gain at approximately 

50% of that of WT mice does not affect gross behavior in mice, and 3) our VOR video eye 

tracking system is suitable to detect subtle differences in vestibular performance not 

apparent in behavioral observations.

Comparison of CR and pOVAR paradigms

During CR in humans, the relationship of sinusoidal modulation HEV amplitude has been 

shown to be linear in response to increasing stimulus magnitude (Benson & Barnes, 1973). 

While we wanted to model our response parameters on a logarithmic frequency scale, it was 

technically difficult with the CR paradigm because the eccentric turntable could not rotate at 

velocities higher than 144 deg/s, limiting the range of linear stimuli intensity that could be 

provided. The lower intensity profiles of CR often did not reach the threshold for OOR 

response. On the other hand, our pOVAR paradigm was capable of delivering a wide range 

of linear stimuli intensities, making it an ideal test of otolith function. pOVAR is similar to 

OVAR, in that there is an initial angular stimulus until reaching steady state rotation, 

although the subject is not physically tilted. Analogous to CR stimuli, pOVAR equivalent 

tilt angle and magnitude of the linear acceleration vector are functions of the main axis 

rotational velocity, and the frequency rotation of the linear acceleration vector is a function 

of eccentric axis rotational velocity. Comparison between CR and pOVAR OOR 

demonstrated similar linear stimulus intensity dependent responses, providing evidence that 

our pOVAR response is also otolithic in origin.
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Ocular response to pOVAR

Normative response—As shown in Figure 2A (WT data) in response to the pOVAR 

stimulus, we observed a constant horizontal nystagmus alongside a sinusoidal modulation of 

the horizontal eye velocity, and a very slow sinusoidal modulation of the vertical eye 

position. Due to the very slow movement and small amplitude in the vertical component of 

eye response compared to the horizontal component, the vertical eye velocity did not yield 

optimal values as a function of acceleration. Thus, we chose to evaluate the slow phase 

velocity of the horizontal eye movement and the vertical eye position for evaluation of 

otolith ocular response. We evaluated the sinusoidal modulation of the slow phase of HEV, 

which demonstrated a linear increasing modulation with stimulus magnitude. This is 

analogous to the changes in modulation with increasing tilt angle observed in mammalian 

OVAR studies (Darlot & Denise, 1988; Haslwanter et al, 2000). In OVAR, the linear 

stimulus intensity is modeled by g sin(θ), where theta is the tilt angle and g is gravitational 

acceleration (Hess and Dieringer, 1990), thus the linear acceleration vector increases as tilt 

increases. HEV modulation amplitude also displayed an increase with increasing frequency 

of rotation, consistent with OVAR findings in other mammalian studies (Darlot & Denise, 

1988; Jones et al, 2003). The modulation of HEV in mice appear to be consistent with gaze 

stabilization “translational” otolith-ocular reflexes; while the modulation of vertical eye 

position appears consistent with “tilt” otolith-ocular reflexes (Angelaki & Hess, 1996). The 

amplitudes of HEV and VEP modulation for pOVAR in WT mice were comparable to 

findings from OVAR in rats when compared at similar stimulus magnitude and frequency 

(Hess & Dieringer, 1990; Rabbath et al, 2001). These findings provide evidence for pOVAR 

as an otolithic test, and capable of differentiating both tilt and translational type otolith 

ocular responses.

Otolithic response in Casp3 mutant mice is mildly impaired—Although Casp3 +/− 

and Casp3 −/− mice had severely impaired VOR response to angular stimuli compared to 

WT mice at all stimuli tested, there was a relatively small separation between genotypes 

with pOVAR OOR response. At the low and mid ranges of frequency and stimulus 

magnitudes there were no significant differences observed between Casp3 mutant mice and 

WT. While Casp3 −/− mice did not differ greatly from WT in HEV amplitude, surprisingly, 

Casp3 +/− mice had multiple elevated HEV amplitude responses compared to WT at 

frequencies ≥0.20 Hz. Decreased modulation of OVAR HEV amplitude has been 

demonstrated to occur with gentamicin-induced lesions to the otolith organs in guinea pigs, 

likely due to the loss of afferent input from type I hair cells (Jones et al, 2003). Conversely, 

increases in modulation of OVAR HEV amplitude have been observed in humans with 

advanced age (Furman & Redfern, 2001), as well as cerebellar dysfunction (Anastasopoulos 

et al, 1998). It could be postulated that Casp3 +/− mice have defects in the central processing 

of otolith signals, or a lack of inhibition of otolithic responses, however it is unclear why 

this is not observed in Casp3 −/− mice. Alternatively, the enhanced HEV amplitude may be 

due to elevated peripheral input from the otoliths. Casp3 +/− mice exhibit the trend of having 

increased number of hair cells compared to WT in the organs of the vestibule, whereas 

Casp3 −/− mice have significantly fewer hair cells (Makishima et al, 2011). Additionally, the 

reduced modulation of amplitude in VEP for Casp3 −/− mice might reflect decrease in 

Armstrong et al. Page 8

Exp Brain Res. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peripheral vestibular function, which is suggested by the finding of Casp3 −/− mice having 

significantly fewer hair cells in the vestibule (Makishima et al, 2011).
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Figure 1. 
Rodent centrifuge set-up used in the studies. (A) Main axis at the center and eccentric axis 

covered by light-tight drum. (B) The mouse is placed in the center of the drum for eye 

recordings in the dark. (C) Counter rotation paradigm. During counter rotation, the eccentric 

axis rotates with equal and opposite acceleration and velocity, resulting in no net angular 

stimulus.
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Figure 2. 
Otolith ocular response and horizontal angular VOR: raw eye tracings and schematic. 

Representative data of WT and Casp3 deficient (Casp3−/−) mice on pOVAR (A) and 

horizontal VOR (B). (A) pOVAR stimulus (eccentric rotation at 72 deg/s, main rotation at 

245 deg/s) induced similar otolith ocular response in WT (left panel) and Casp3 deficient 

mice (right panel). Lower panel shows a schematic of the direction of acceleration relative to 

head orientation and associated eye movement. (B) angular VOR of WT mice (left panel) 

and Casp3 deficient mice (right panel) were induced by sinusoidal rotation of 0.80Hz, peak 

velocity 60 deg/s. Casp3 deficient mice had significantly reduced response (right panel) 

compared to WT mice (left panel).
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Figure 3. 
Similar responses to counter rotation (CR) and pseudo off vertical axis rotation (pOVAR) 

during equivalent linear acceleration. Horizontal eye movement and verticle eye position 

response between pOVAR and CR are linear and comparable. Error bars, ± SEM.
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Figure 4. 
pOVAR produces robust OOR in WT mice. Bode plots of sinusoidal modulation of HEV 

(A) and VEP (B) at stimulus intensities of 1.7 (●), 3.6 (○), 5.6 (▼), and 8.2 (△) m/s2. 

Sinusoidal modulation of HEV (C) and VEP (D) at frequencies of 0.0125 Hz (●), 0.025 Hz 

(○), 0.05 Hz (▼), 0.10 Hz (△), 0.20 Hz (■), and 0.40 Hz (□). Error bars, ± SEM.
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Figure 5. 
Impaired horizontal VOR in Casp3 mutant mice. Gain (A) and phase (B) of horizontal VOR 

in WT (n=27), Casp3 heterozygous (Casp3+/−) mice (n=10), Casp3 deficient (Casp3−/−) 

mice (n=10), and Apaf1 heterozygous (Apaf1+/−) mice (n=12). Slow phase velocity (SPV) 

(C) and phase (D) in different genotypes. WT (●), Apaf1+/− (■), Casp3+/− (▽) and Casp3−/− 

(▲). Error bars, ± SEM. *, p<0.05, Student’s unpaired two-tailed t test.
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Figure 6. 
pOVAR horizontal eye velocity response is mildly impaired in Casp3 mutant mice. Bode 

plots comparing WT (black circle), Casp3+/− (red triangle), and Casp3−/− (green square) 

pOVAR response of sinusoidal modulation of HEV and VEP at stimulus intensity of 1.7 

m/s,2 3.6 m/s2, 5.6 m/s2, and 8.2 m/s2. Error bars, ± SEM. *, p<0.05, ANOVA. #, p<0.05, 

ANOVA.
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