
The adequate stimulus for mammalian linear vestibular evoked
potentials (VsEPs)

Timothy A. Jones1, Sherri M. Jones1, Sarath Vijayakumar1, Aurore Brugeaud1,2, Marcella
Bothwell3,4, and Christian Chabbert2
Timothy A. Jones: jonesti@ecu.edu; Sherri M. Jones: jonessh@ecu.edu; Sarath Vijayakumar: vijayakumars@ecu.edu;
Aurore Brugeaud: aurore.brugeaud@sensorion-pharma.com; Marcella Bothwell: mbothwell@rchsd.org; Christian
Chabbert: christian.chabbert@inserm.fr
1Department of Communication Sciences and Disorders, Mail Stop 668, East Carolina University,
Greenville, NC 27858-4353 USA
2Institut des Neurosciences de Montpellier, INSERM U583, Hopital St Eloi Av. Fliche, Montpellier,
France 34090
3Department of Otolaryngology-HNS, University of Missouri, Columbia, MO 65212

Abstract
Short latency linear vestibular sensory evoked potentials (VsEPs) provide a means to objectively
and directly assess the function of gravity receptors in mammals and birds. The importance of this
functional measure is illustrated by its use in studies of the genetic basis of vestibular function and
disease. Head motion is the stimulus for the VsEP. In the bird, it has been established that neurons
mediating the linear VsEP respond collectively to the rate of change in linear acceleration during
head movement (i.e. jerk) rather than peak acceleration. The kinematic element of motion
responsible for triggering mammalian VsEPs has not been characterized in detail. Here we tested
the hypothesis that jerk is the kinematic component of head motion responsible for VsEP
characteristics. VsEP amplitudes and latencies changed systematically when peak acceleration
level was held constant and jerk level was varied from ~0.9 to 4.6 g/ms. In contrast, responses
remained relatively constant when kinematic jerk was held constant and peak acceleration was
varied from ~0.9 to 5.5g in mice and ~0.44 to 2.75g in rats. Thus the mammalian VsEP depends
on jerk levels and not peak acceleration. We conclude that kinematic jerk is the adequate stimulus
for the mammalian VsEP. This sheds light on the behavior of neurons generating the response.
The results also provide the basis for standardizing the reporting of stimulus levels, which is key
to ensuring that response characteristics reported in the literature by many laboratories can be
effectively compared and interpreted.

1.0 Introduction
The short latency linear vestibular evoked potential (VsEP) has become a valuable tool in
evaluating vestibular function in mammals and birds [e.g., 1;2;3;4;5]. This is particularly true
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for studies in the mouse, an animal model that brings a notable advantage to the study of the
molecular and genetic basis of vestibular function and disease.

The linear VsEP is an electrical response initiated within the labyrinth
[1;6-11] by gravity receptors [1;12;13] and generated by macular primary afferents and central
relays [14-16]. The VsEP is produced in response to transient linear acceleration of the head.
What we glean from the results of VsEP testing depends in part on our understanding of
how the response is elicited. For example, revealing the effective component of stimulus
motion (i.e. the adequate stimulus) for the VsEP response provides insight regarding what
kind of primary afferent discharge behavior is required and this in turn may suggest
candidate neural types that mediate the response.

In the bird, the adequate stimulus for the VsEP has been shown to be the rate of change in
acceleration (also known as kinematic jerk) rather than peak acceleration [17]. This was a
key observation that permitted for the first time the precise prediction of normal response
patterns under varying stimulus conditions. Although there have been some preliminary data
reported for the rat [18-21], no detailed evaluation in the mouse has been reported regarding
the answer to this important physiological question.

In the present study we tested the hypothesis that the adequate stimulus for the mammalian
VsEP is linear kinematic jerk. To test this hypothesis we set out to show that linear VsEP
responses are independent of peak acceleration when stimulus jerk levels are held constant
and strictly dependent on jerk when stimulus peak acceleration is held constant. Because of
their wide use and potential for scientific inquiry, we chose to complete these studies in the
rat and mouse. We include two strains of mice: the widely used normal adult C57BL/6J and
the Nox3het (+/-) heterozygote. We include Nox3het (+/-) because it is often used as a control
for studies of otoconia-deficient mice (e.g., Nox3het (-/-)).

2.0 Methods
2.1 Animals

Five Sprague Dawley rats (males, 36-41 days-old) weighing between 120g and 160g were
used. Ten normal adult C57BL/6J (abbreviated: C57; 6-7 months old, 3 males and 7 females
weighing 25-45gm) and ten Nox3het (+/-) heterozygote mice were used (background
C57BL/6JEi, 3 & 4 months-old, 5 male and 5 female weighing 20 and 30g). The phenotype
of the heterozygote Nox3het (+/-) is normal in that these animals have normal otoconia,
demonstrate robust VsEPs and are good swimmers [13;22].

2.2 Anesthesia
Rats were anesthetized using an intraperitoneal (ip) dose (0.10ml/100g,) of a Ketamine
(18mg/ml)/ Xylazine (2mg/ml) mixture. Mice were anesthetized with 7μl/g of the Ketamine/
Xylazine. Anesthesia was maintained in both species using additional doses (0.05 ml) as
needed.

2.3 Stimulus generation
The methods used for stimulation in the present study have been described in detail
previously [e.g., 1;23;24;25]. Jerk stimuli were produced by applying voltage ramps (digital to
analog conversion time 20 μs/point) to a commercial power amplifier. The power amplifier
in turn drove the motion of an electromechanical shaker (Labworks, Inc. Model ET2-203).
As described below, the duration of the voltage ramp was adjusted to produce different peak
acceleration levels while keeping jerk levels constant. Stimuli were presented at a rate of 17/
s. A calibrated accelerometer (100mv/g, g = 9.81 m s-2) was mounted on a solid right-angle
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aluminum plate that was bolted to the tip of the shaker piston. The accelerometer output was
electronically differentiated to provide a calibrated jerk monitor voltage. Both kinematic
acceleration and jerk were monitored throughout the studies. The animal’s head was affixed
to this shaker platform using a head clip (mice) or screw (rats) as described below.

2.4 Stimulus coupling to the skull
In rats, the mechanical coupling to the skull was surgically prepared and was similar to that
described elsewhere [1;13;23]. Two self-tapping stainless steel screws were placed on either
side of the coronal and sagittal sutures and used to anchor the skull to the shaker coupling
assembly. A stainless steel machine screw was inverted and embedded in fast setting plaster
along with the two skull screws. The inverted screw was then bolted to the shaker platform.

A non-invasive head coupler was used for studies in mice [24;25]. The animal’s head was
held snuggly in a spring-loaded clip, which in turn was coupled to the shaker platform. All
animals were placed supine on a stationary heated base and the head was suspended beyond
the edge of the base and attached to the shaker platform with nose oriented upward. Shaker
motion was executed along the animal’s naso-occipital axis [1;25].

2.5 Iso-jerk and iso-acceleration stimuli
As noted above, we used acceleration ramps as stimuli. Given that kinematic jerk is the first
time derivative of acceleration (in g), it follows that the slope of the acceleration ramp (slope
= da/dt = jerk in g/ms) represents the corresponding jerk magnitude in g/ms. If one keeps the
slope constant, then the peak acceleration is a function only of the duration of the
acceleration ramp. We refer to the duration of the ramp as the stimulus rise time. Therefore,
one can hold jerk level constant (iso-jerk conditions, figure 1) and systematically change the
peak acceleration by increasing or decreasing the rise time. If responses are triggered by
peak acceleration, then responses will change systematically with different rise times. Here
we recorded VsEP responses under iso-jerk conditions using rise times of 0.5, 1, 2 and 4 ms
(figure 1). On the other hand, if one holds peak acceleration constant (iso-acceleration
conditions, figure 2) and systematically varies the rise time, then jerk levels must
systematically change with different rise times in order to maintain a constant peak
acceleration. Under these conditions, if responses are triggered by peak acceleration, then
response amplitudes will be unaffected by differing rise times. If however they are triggered
by jerk components of the motion, then response amplitudes will change systematically with
rise time. Here we recorded VsEP responses under iso-acceleration conditions using rise
times of 0.5, 1, 2 and 4 ms (figure 2). Stimulus levels were reported in absolute units (g or g/
ms) or in dBre:1.0g, or dBre:1.0g/ms as is customary for our laboratory. The time required
for acceleration level to fall to 37% of the peak value was approximately 2 to 3 ms.

2.6 Acoustic masking
Bilateral wide-band acoustic forward masking was used to challenge and confirm the
absence of spurious acoustic response components. Masking noise was measured using a
B&K 1/4” microphone and Nexus conditioning amplifier. The Nexus output was sampled
(200 KHz) and RMS pressure (Pa) and dB SPL calculated. Spectral analysis was performed
using an SRS785. Masking levels were approximately 92 dB SPL with an effective
bandwidth between 50Hz and 50kHz as described previously [1]. The masker was gated off
(0.5 ms off ramp, TDT SW2) at the onset of the vestibular stimulus and then gated on (0.5
ms rise time) at 15.0 ms following the stimulus.
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2.7 VsEP Recording
Electroencephalographic recordings were made using subcutaneous electrodes placed at the
nuchal crest (non-inverting), below and behind the pinna (inverting) and near the midline of
ventral surface of the lower jaw (ground). Electrical activity was amplified (200,000X),
filtered (0.3 to 3 KHz, -6dB points) and led to an analog–to-digital converter (conversion
time 10 μs/point, 1024 points). Signal averaging was used to resolve responses from
background activity. Each VsEP response trace was the average of 128 individual response
waveforms produced by stimuli having normal polarity (i.e. having an initial upward
movement) and 128 individual response waveforms produced by inverted stimuli (i.e.
having an initial downward movement). Averaging across the two polarities served to
reduce mechanical stimulus artifact. VsEP responses were replicated for each condition.

The VsEP typically demonstrates several positive and negative peaks. The earliest positive
and negative response peaks (P1 & N1) correspond to the compound action potential of the
vestibular nerve [14-16]. The peak-to-peak amplitude (P1-N1, in microvolts) and latencies of
P1 and N1 (time elapsed between stimulus onset and peak occurrence in microseconds) were
used to characterize response changes during iso-jerk and iso-acceleration protocols.

2.8 Statistics
General effects were evaluated using univariate, multivariate, two factor and repeated
measures analysis of variance (rmANOVA). Linear regression was used to generate the
regression slope, intercept, coefficient of determination (R2) and significance (p value) of
relationships between response components and stimulus levels as specified in the results
section (PASW 17 [SPSS]). Post hoc tests consisted of pair-wise comparisons. Values are
reported as means +/- standard deviation unless otherwise stated. A p value less than 0.05
was considered significant.

3.0 Results
During iso-acceleration protocols (figure 2), jerk levels varied systematically (~0.86, 1.25,
2.3 & 4.6 g/ms) whereas peak acceleration levels remained constant (2.0g). Iso-acceleration
studies completed in mice (C57 & Nox3het (+/-)) showed that jerk level had a significant
effect on response amplitudes (figures 3 & 4, univariate rmANOVA: C57: p = 0.003;
Nox3het (+/-) p < 0.001) and latencies (figure 3 & 5; multivariate rmANOVA: C57: p =
0.001; Nox3het (+/-) p < 0.001). P1-N1 amplitudes increased in direct proportion to jerk
level in both strains of mice (figures 3 & 4; [linear regression: C57: p < 0.001, R2 was
0.445; Nox3het (+/-): p< 0.001, R2 = 0.609]). Latencies for P1 and N1 decreased
progressively with increasing jerk levels in both strains (figures 3 & 5; [linear regression:
C57: P1: p < 0.001, R2 = 0.808 ; N1: p < 0.001, R2 = 0.672; Nox3het (+/-):P1: p < 0.001, R2

= 0.694 ; N1: p < 0.001, R2 = 0.702]). Table 1 summarizes numerical results for amplitudes
and latencies and Table 2 summarizes the results of linear regression for the two mouse
strains. There was no effect of mouse strain on the response features for iso-acceleration
studies (C57 vs Nox3het (+/-), two factor rmMANOVA, p > 0.36). These amplitude and
latency relationships to jerk level reported here in iso-acceleration studies are similar to
those reported by numerous studies in mammals where jerk levels have been varied
systematically [e.g., 1;23]. However in those cases reported elsewhere, acceleration levels
were not held constant and the independence of the response from acceleration could not be
discerned. Here response measures are clearly shown to be independent of peak acceleration
level.

In contrast to iso-acceleration studies, VsEP response amplitudes and latencies changed very
little during iso-jerk protocols for both mice and rats (mice figure 6, rats figure 7). In the iso-
jerk protocol (figure 1), responses were recorded during stimulation at four different peak
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acceleration levels (approximately 0.9, 1.7, 3.3 and 5.5g for mice, 0.44, 0.84, 1.64 and 2.75g
for rats), whereas jerk stimulus levels were kept constant (2g/ms for mice or 1g/ms for rats).
In rats, there were no significant changes in P1-N1 amplitude across peak acceleration levels
(rmANOVA: p > 0.82). However, there were small latency differences found for N1 but not
P1 at the highest peak acceleration level (e.g. see Table 3 for rat data, multivariate
rmMANOVA: p = 0.026). Figure 8 illustrates and Table 1 summarizes response amplitude
data for the two strains of mice tested during the iso-jerk protocol. Mean amplitudes varied
somewhat across peak acceleration levels and ranged between 0.6 and 0.8 μV for C57 mice
(figure 8A) and 0.8 and 1.0 μV for Nox3het (+/-) mice [figure 8B]. The response profile of
the two strains of mice, although similar, was not identical in iso-jerk studies (two factor
rmMANOVA, p = 0.045). There was a small but significant difference (< 0.2μV) in P1-N1
amplitude in response to the shortest duration stimulus (i.e. lowest peak acceleration level)
in both C57 (0.9g level; rmMANOVA: p = 0.023) and Nox3het (+/-) (p = 0.008) animals
(Table 1, figure 8). However, only the Nox3het (+/-) group showed increased amplitudes at
the highest acceleration level (i.e. longest duration stimulus, rmANOVA p = 0.003). Minor
differences among the mean latencies were also present for both mouse strains (C57: p =
0.041, maximum difference: 64μs and Nox3het (+/-): p = 0.035, maximum difference: 70.5
μs, see figure 9A & B and Table 1).

Linear regression was used to evaluate the size of these effects and examine whether
systematic progressive relationships existed between response amplitudes, latencies and
peak acceleration during iso-jerk studies. Latency and amplitude regression slopes were
significant only for Nox3het (+/-) mice and only for N1 latencies in rats (figures 6 & 9,
Tables 2 and 3) suggesting a potential systematic association with different acceleration
levels in these cases. P1-N1 amplitudes evidenced a modest relationship to peak acceleration
in Nox3het (+/-) mice having a slope of 0.015μV/dB (linear regression: slope 0.015μV/dB,
R2 = 0.151, p = 0.013, see Table 2) and the regression slope for N1 in these animals was
shallow (~4.5 μs/dB) but significant (linear regression: N1: p =0.048, R2 = 0.099; P1-N1: p
= 0.013, R2 = 0.151, see Table 2). For C57 mice no relationship existed between response
components and peak acceleration based on regression analysis (Table 2 iso-jerk results).

4.0 Discussion
The present findings demonstrate that VsEP response amplitudes and latencies in mice and
rats are dependent on stimulus jerk levels and can be shown under particular conditions to be
virtually independent of peak acceleration levels. The observations provide explicit evidence
that in mammals, as in birds [17], jerk magnitude governs the character of the linear VsEP
response. VsEP amplitudes increase and latencies decrease in direct proportion to linear jerk
and this effect is independent of peak acceleration level. VsEP thresholds are also
determined by jerk magnitude rather than peak acceleration as shown previously [17]. For
these reasons, it is appropriate to regard linear jerk as the adequate stimulus for the VsEP in
the mammal. This finding underscores the importance of characterizing stimulus levels in
terms of jerk in mammals rather than peak acceleration as has been the case in some
instances [e.g., 10].

The finding of a few small but significant changes in amplitudes and latencies during iso-
jerk studies in both mice and rats raises the question of whether peak acceleration level or
some other aspect of the stimulus may in some cases also contribute to the character of the
VsEP. Differences in amplitude were absent in the rat and found only with the shortest
(0.5ms) and the longest (4ms) stimuli in mice. The regression slopes for latencies for
Nox3het (+/-) mice (N1, Table 2) and rats (P1, N1 Table 3) in all cases were very shallow
(less than 8 μs/dB). Peak acceleration cannot provide an explanation for the differences
associated with the 2ms and 4ms iso-jerk stimuli since peak acceleration for these cases
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occurred well after the response onset. The alternative is that some other aspect of iso-jerk
stimuli may lead to small amplitude and latency differences. Stimulus duration for example
may play some role.

The most consistent amplitude difference found in iso-jerk protocols was a slight reduction
in response amplitude for the shortest stimulus in mice (i.e., stimulus durations of 0.5ms).
This may reflect a slightly higher threshold for this stimulus as reported for the bird [17].
The basis for slightly elevated thresholds for 0.5ms duration stimuli in the bird has not been
evaluated. One possibility is that stimulus transfer to the otoconial sensory apparatus is
reduced for short stimuli (duration less than 1 ms). One expects such transfer to depend on
the time constant for the mechanical transfer of the stimulus to the inner ear, a time value
that to our knowledge has not been measured in birds or mice. If the time constant is on the
order of 0.5 ms, then a 0.5ms duration stimulus would be too brief to effectively deliver full
peak levels to the otoconial apparatus. This would explain both elevated thresholds and
reduced amplitudes and is an idea that we intend to explore in more detail.

Slightly elevated P1-N1 amplitudes for the longest stimulus (4ms) in iso-jerk studies was
found only in Nox3het (+/-) mice (figure 8B, Table 1). This was a small unexpected effect.
Although there were no differences between mouse strains for iso-acceleration studies, this
finding in iso-jerk studies raises the question of whether there may be some subtle difference
in the Nox3het (+/-) mice compared to the C57. We have argued above that this effect cannot
be due to a sensitivity to increasing peak acceleration. Thus the Nox3het (+/-) mice present
an interesting puzzle that warrants additional study.

In summary, the current findings indicate that small deviations in amplitudes and latencies
may occur during iso-jerk studies. We argue that these effects are independent of peak
acceleration and that they may be related instead to stimulus transfer characteristics and
duration.

Acceleration and jerk are distinct kinematic components of motion. We all appreciate that
kinematic acceleration is proportional to the level of force associated with motion (e.g. a =
F/m, where, a, is acceleration, F, is force and, m, is mass). It follows that jerk is proportional
to the rate of change in force (i.e. j = da/dt = 1/m * dF/dt). Thus, a collective neural response
governed by jerk components of motion (e.g., the VsEP) is keying on how rapidly a force is
developing (e.g., increasing) over time. Neural activity related to this stimulus component
could provide dynamic sensory information that can be used to anticipate the ultimate force
levels achieved and thus aid the formulation of appropriate motor control adjustments that
must be made by the central nervous system to maintain equilibrium.

Transduction of vestibular stimuli occurs in vestibular sensory hair cells. Hair cells respond
to shearing displacements of the stereociliary bundle. Displacement of the otoconial
membrane (OM) causes shearing displacement of the stereociliary bundle and this occurs in
response to linear acceleration or tilting of the head. Thus, OM displacement (xom) is
proportional to the force applied and the force is proportional to the acceleration of the head
[xom ∝ F ∝ ma] [26]. It follows therefore that the velocity of OM displacement (Vom)
corresponds to the cranial jerk component of stimuli [Vom ∝ d xom/dt ∝ dF/dt ∝ mda/dt ∝
j]. Neurons sensitive to the velocity of OM shearing therefore would be expected to respond
to jerk. Macular primary afferents that respond strictly to cranial jerk have been described in
vertebrates [e.g., 27] but not explicitly in warm blooded vertebrates i.e., mammals and birds.
However, there are candidate neurons in birds and mammals that, under the appropriate
dynamic conditions, are responsive to changes in acceleration and OM shearing velocity
[e.g., 28;29;30;31;32;33;34;35] [36]. Neurons evidencing such sensitivity have been referred to as
“phasic” or “phasic-tonic” neurons in the literature. These are thought to be the irregularly
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discharging calyx-bearing vestibular primary afferents. These include both calyx-only and
dimorphic classes of primary afferents [37]. In general many of these neurons develop a
phase lead relative to acceleration and increase their gain with increasing stimulus
frequency. These properties indicate that the neurons are sensitive to both acceleration and
the rate of change in acceleration [displacement and velocity of OM shear]. A key
requirement for recording the collective neural response in the far-field is that the source
ensemble of neurons generate a synchronous onset discharge. Based on the transfer function
of phasic and phasic-tonic afferent neurons, Lewis & Parnas, [38] estimated that a population
of such neurons would have a striking capacity to collectively synchronize at discharge
onset. We have thus proposed that it is the sensitivity to jerk in such neurons that forms the
basis for the generation of the VsEP [17].

There is increasing interest in the use of VsEPs for assessing macular function following
genetic manipulation in rodents. The potential to gain valuable information about the
molecular basis of vestibular function and disease is considerable. The present findings are
important to the success of such investigations since they provide the justification for
standardizing methods of stimulation during VsEP recordings. Monitoring and specifying
stimulus levels in units of jerk or in dB relative to some reference jerk level (e.g., 0dBre:
1.0g/ms) is key to ensuring that response characteristics reported in the literature by many
laboratories can be effectively compared and interpreted [1].
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Abbreviations

C57 C57BL/6J mouse strain

dB SPL decibel sound pressure level re: 20 micropascals RMS

iso-accel iso-acceleration

Nox3 Nox3het (+/-) heterozygote mouse strain

R2 coefficient of determination

rmANOVA repeated measures analysis of variance

RMS root mean square

VsEP vestibular sensory evoked potential
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Research Highlights

• The macular VsEP is triggered and controlled by kinematic jerk levels in
mammals.

• VsEP amplitudes and latencies are virtually independent of peak acceleration.

• Candidate neural generators are irregularly-firing macular primary afferents.

• Findings provide the basis for standardizing stimulus levels across laboratories.
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Figure 1.
Iso-jerk stimulus protocol. Recordings of stimulus jerk (Top, in g/ms) and acceleration
(Bottom, in g). Top: The duration (rise time) of the jerk stimulus (g/ms) is varied (0.5, 1, 2
& 4ms) while the peak amplitude is held constant. Bottom: Peak acceleration (g) increases
systematically (~0.9, 1.7, 3.3 and 5.5g) with increasing jerk duration. Calibration bars
indicate scales for acceleration, jerk and time.
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Figure 2.
Iso-acceleration stimulus protocol. Recordings of stimulus jerk (Top, in g/ms) and
acceleration (Bottom, in g). Top: Stimulus jerk levels systematically increase (~0.9 1.25, 2.3
& 4.6 g/ms) as the rise time to a constant peak acceleration (2g) decreases. Bottom: Peak
acceleration level is held constant (2g) while the time lapsed during the rise to peak level
(rise time) is varied (0.5, 1, 2 & 4ms). Achieving a constant peak acceleration level requires
systematically higher jerk levels as shown in the Top tracings. Calibration bars indicate
scales for acceleration, jerk and time.
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Figure 3.
VsEP responses recorded during iso-acceleration (2g) protocol. Responses increase in
amplitude and decrease in latency during increasing jerk levels despite constant peak
acceleration level (2g). Jerk levels are indicated to the right (g/ms). Top (A) is a C57 mouse.
Bottom (B) is a Nox3het (+/-) mouse. Calibration bars indicate scales for amplitude and
latencies. Latencies represent time elapsed after the onset of the stimulus. The scoring of P1
and N1 is indicated with marks for the top most group (5g), positive up.
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Figure 4.
VsEP amplitudes during iso-acceleration studies (2g) in C57 (A) and Nox3het (+-/-) (B)
mice. P1-N1 amplitudes increased systematically with increasing jerk level (~0.9, 1.25, 2.3
& 4.6 g/ms). The regression slope for C57 was 0.04 μV/dBre:1g/ms (R2 = 0.445, p < 0.001)
and for Nox3het (+/-), 0.53 μV/dBre:1g/ms (R2 = 0.515, p < 0.001).
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Figure 5.
VsEP latencies during iso-acceleration studies in C57 (A) and Nox3het (+/-) (B) mice.
Latencies of P1 and N1 decreased systematically with increasing jerk level (~0.9, 1.25, 2.3
& 4.6 g/ms). The regression slope for C57 was P1 = -30.52 μs/dBre:1g/ms, N1 = -34.08 μs/
dBre:1g/ms (p < 0.001, R2 => 0.672) and for Nox3het (+/-) was P1 = 26.36 μs/dBre:1g/ms
and N1 = -34.26 μs/dBre:1g/ms μs/dBre:1g/ms (p < 0.001, R2 => 0.694).
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Figure 6.
VsEPs recorded during an iso-jerk protocol in representative C57 (A) and Nox3het (+/-) (B)
mice. Responses remain relatively constant despite widely different peak acceleration levels
(shown to right). Jerk level is held constant at 2g/ms. Calibration bars indicate scales for
amplitude and latencies. Latencies represent time elapsed after the onset of the stimulus. The
scoring of P1 and N1peaks are indicated with marks for the top most group (5.5g), positive
up. The bottom two traces were taken after death and evidence no responses.
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Figure 7.
VsEPs recorded during an iso-jerk protocol in a rat. Responses remain virtually unchanged
despite changing peak acceleration levels (shown to right). Jerk level is held constant at 2g/
ms. Calibration bars indicate scales for amplitude and latencies. Responses were recorded
during acoustic masking (92 dB SPL). P1 and N1 are marked for the topmost group (2.75g),
positive up.
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Figure 8.
VsEP amplitudes during iso-jerk studies in C57 (A) and Nox3het (+/-) (B) mice. relatively
small changes in P1-N1 amplitudes (μV) occurred with increasing peak acceleration levels
(-0.92, 4.6, 10.4 and 13.9 dBre:1.0g) for some peaks. * symbol represents peak amplitudes
that were significantly different from other peaks (see Tables 1 & 2). The regression of
amplitude versus acceleration level was not significant for C57 animals (A). However, the
shallow slope of P1-N1 for Nox3het (+/-) (B) mice was significant: slope 0.015 μV/dBre:1g
(R2 = 0.151, p = 0.013).
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Figure 9.
VsEP latencies during iso-jerk protocols in C57 (A) and Nox3het (+/-) (B) mice. Regression
slopes of latency versus acceleration level were not significant for C57 (see Table 2). Only
slight progressive change in N1 latencies (μs) occurred with increasing peak acceleration
levels for Nox3het (+/-) (-0.92, 4.6, 10.4 and 13.9 dBre:1.0g). Regression slopes for P1were
not significant whereas N1 = 4.482 μs/dBre:1g (p = 0.048, R2 <0.099).

Jones et al. Page 19

Hear Res. Author manuscript; available in PMC 2013 November 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jones et al. Page 20

Ta
bl

e 
1

V
sE

P 
L

at
en

ci
es

 a
nd

 A
m

pl
itu

de
s 

ve
rs

us
 J

er
k 

an
d 

A
cc

el
er

at
io

n,
 C

57
 &

 N
ox

3 
m

ic
e.

L
at

en
cy

P
1 

(m
ea

n 
+/

- 
sd

, μ
s)

n

D
ur

at
io

n
0.

5 
m

s
1.

0 
m

s
2.

0 
m

s
4 

m
s

Je
rk

4.
6 

g/
m

s
2.

32
 g

/m
s

1.
25

 g
/m

s
0.

86
 g

/m
s

ia
C

57
12

04
.4

4 
+

/-
 7

9.
90

13
62

.7
7 

+
/-

 9
1.

48
14

97
.7

7 
+

/-
 8

6.
60

16
64

.4
4 

+
/-

 8
2.

74
9

N
ox

3
12

44
.9

9 
+

/-
 9

2.
82

13
71

.5
0 

+
/-

 9
4.

40
15

25
.5

 +
/-

 1
00

.7
0

16
58

.5
 +

/-
 1

20
.0

7
10

A
cc

el
0.

88
 g

1.
68

 g
3.

28
 g

5.
5 

g

ij
**

* C
57

13
66

.5
 +

/-
 8

4.
36

13
99

.5
 +

/-
 9

7.
50

14
16

.0
0 

+
/-

78
.0

2
14

30
.5

 +
/-

 6
9.

25
10

**
* N

ox
3

13
98

.5
 +

/-
 6

8.
07

14
09

.5
 +

/-
 7

3.
23

14
44

.5
 +

/-
 7

9.
03

14
54

 +
/-

 6
8.

79
10

L
at

en
cy

N
1 

(m
ea

n 
+

/-
 s

d,
 μ

s)
n

D
ur

at
io

n
0.

5 
m

s
1.

0 
m

s
2.

0 
m

s
4 

m
s

Je
rk

4.
6 

g/
m

s
2.

32
 g

/m
s

1.
25

 g
/m

s
0.

86
 g

/m
s

ia
C

57
15

36
.6

6 
+

/-
 1

28
.9

8
17

09
.4

4 
+

/-
 1

38
.0

5
18

60
 +

/-
 1

28
.2

0
20

48
.3

3 
+

/-
 1

65
.0

5
9

N
ox

3
15

39
.5

+
/-

11
6.

31
16

98
.5

 +
/-

 1
33

.2
3

18
93

 +
/-

 1
25

.1
48

20
56

.5
 +

/-
 1

23
.1

9
10

A
cc

el
0.

88
 g

1.
68

 g
3.

28
 g

5.
5 

g

ij
C

57
17

95
.5

 +
/-

 1
90

.9
2

17
85

 +
/-

 1
73

.6
3

18
08

 +
/-

 1
44

.8
4

18
05

.5
+

/-
 1

18
.6

8
10

**
* N

ox
3

17
17

.5
 +

/-
 8

3.
20

17
37

.5
 +

/-
 8

7.
18

17
66

.5
 +

/-
 7

8.
38

17
88

 +
/-

 9
2.

11
10

A
m

pl
itu

de
P1

N
1 

(m
ea

n 
+

/-
 s

d,
 μ

V
)

n

D
ur

at
io

n
0.

5 
m

s
1.

0 
m

s
2.

0 
m

s
4 

m
s

Je
rk

4.
6 

g/
m

s
2.

32
 g

/m
s

1.
25

 g
/m

s
0.

86
 g

/m
s

ia
C

57
0.

97
26

 +
/-

 0
.3

56
3

0.
79

36
 +

/-
 0

.2
94

0
0.

55
88

 +
/-

 0
.2

03
8

0.
38

65
 +

/-
 0

.1
50

7
9

N
ox

3
1.

20
52

 +
/-

 0
.3

42
1

0.
91

10
 +

/-
 0

.2
24

6
0.

63
98

 +
/-

 0
.2

01
9

0.
41

19
 +

/-
 0

.1
33

6
10

A
cc

el
0.

88
 g

1.
68

 g
3.

28
 g

5.
5 

g

ij
C

57
**

0.
61

45
 +

/-
 0

.2
16

7
0.

74
19

 +
/-

 0
.2

26
7

0.
79

61
 +

/-
 0

.2
42

5
0.

76
95

 +
/-

 0
.2

99
1

10

N
ox

3
**

0.
69

71
 +

/-
 0

.1
86

0
0.

83
07

 +
/-

 0
.2

44
0

0.
84

57
 +

/-
 0

.1
98

8
* 0

.9
67

8 
+

/-
 0

.2
71

5
10

* p 
=

 0
.0

03
,

**
p 

<
0.

02
4,

Hear Res. Author manuscript; available in PMC 2013 November 13.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jones et al. Page 21
**

* di
ff

er
en

ce
s 

am
on

g 
m

ea
ns

 p
 <

 0
.0

5

Hear Res. Author manuscript; available in PMC 2013 November 13.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jones et al. Page 22

Ta
bl

e 
2

L
in

ea
r 

re
gr

es
si

on
 o

f 
la

te
nc

ie
s 

an
d 

am
pl

itu
de

s 
ve

rs
us

 je
rk

 (
dB

 r
e:

1.
0 

g/
m

s)
 a

nd
 a

cc
el

er
at

io
n 

(d
B

re
:1

.0
 g

).
 C

57
 a

nd
 N

ox
3 

m
ic

e.
 R

2  
is

 th
e 

co
ef

fi
ci

en
t o

f
de

te
rm

in
at

io
n.

L
at

en
cy

P
1 

(μ
s)

Je
rk

sl
op

e 
(μ

s/
dB

)
In

te
rc

ep
t

R
2

p

ia
C

57
-3

0.
52

15
90

.8
08

0.
80

8
<

 0
.0

01

N
ox

3
-2

6.
36

15
82

.4
2

0.
69

4
<

 0
.0

01

A
cc

el
sl

op
e 

(μ
s/

dB
)

In
te

rc
ep

t
R

2
p

ij
C

57
3.

91
13

75
.2

5
0.

08
1

0.
07

4

N
ox

3
3.

78
13

99
.6

7
0.

09
8

0.
05

0

L
at

en
cy

N
1 

(μ
s)

Je
rk

sl
op

e 
(μ

s/
dB

)
In

te
rc

ep
t

R
2

p

ia
C

57
-3

4.
08

19
63

.1
7

0.
67

2
<

 0
.0

01

N
ox

3
-3

4.
26

19
74

.9
4

0.
70

2
<

 0
.0

01

A
cc

el
sl

op
e 

(μ
s/

dB
)

In
te

rc
ep

t
R

2
p

ij
C

57
1.

00
17

91
.4

3
0.

00
2

=
 0

.8
08

N
ox

3
4.

48
2

17
20

.4
1

0.
09

9
=

 0
.0

48

A
m

pl
itu

de
P1

N
1 

(μ
V

)

Je
rk

sl
op

e 
(μ

V
/d

B
)

In
te

rc
ep

t
R

2
p

ia
C

57
0.

04
0

0.
46

8
0.

44
5

<
 0

.0
01

N
ox

3
0.

05
3

0.
51

5
0.

60
9

<
 0

.0
01

A
cc

el
sl

op
e 

(μ
V

/d
B

)
In

te
rc

ep
t

R
2

p

ij
C

57
0.

01
0

0.
65

9
0.

05
9

=
 0

.1
30

N
ox

3
0.

01
5

0.
72

6
0.

15
1

=
 0

.0
13

Hear Res. Author manuscript; available in PMC 2013 November 13.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jones et al. Page 23

Ta
bl

e 
3

A
: L

at
en

ci
es

 a
nd

 A
m

pl
itu

de
s 

at
 f

ou
r 

pe
ak

 a
cc

el
er

at
io

ns
: 0

.4
4,

 0
.8

4,
 1

.6
4,

 2
.7

5g
. I

so
-j

er
k 

pr
ot

oc
ol

 (
ij)

 in
 r

at
s.

L
at

en
cy

, 0
dB

P
1 

(m
ea

n 
+/

- 
sd

 (
n)

, μ
s)

A
cc

el
0.

44
 g

0.
84

 g
1.

64
 g

2.
75

 g

ij
R

at
12

70
.6

2+
/-

24
.5

2 
(4

)
12

97
.0

0 
+

/-
 3

7.
34

 (
5)

12
75

.0
0 

+
/-

 3
9.

68
 (

3)
13

66
.0

0 
+

/-
 6

7.
58

 (
5)

L
at

en
cy

, 0
dB

N
1 

(m
ea

n 
+

/-
 s

d 
(n

),
 μ

s)

ij
R

at
15

92
.5

0 
+

/-
 6

5.
89

 (
4)

16
12

.0
0 

+
/-

 6
5.

44
 (

5)
16

15
.0

0 
+

/-
 9

1.
24

 (
3)

* 1
71

9.
00

 +
/-

86
.6

3 
(5

)

A
m

pl
itu

de
, 0

dB
P1

N
1 

(m
ea

n 
+

/-
 s

d 
(n

),
 μ

V
)

ij
R

at
0.

26
23

 +
/-

 0
.0

23
00

 (
4)

0.
28

16
 +

/-
 0

.0
46

8 
(5

)
0.

27
92

 +
/-

 0
.0

48
1 

(3
)

0.
23

45
 +

/-
 0

.0
92

25
 (

5)

B
: R

eg
re

ss
io

ns
: I

so
-j

er
k 

pr
ot

oc
ol

 in
 r

at
s:

 L
at

en
cy

 a
nd

 a
m

pl
itu

de
 v

s 
pe

ak
 a

cc
el

er
at

io
n 

in
 d

B
re

:1
.0

g.
 R

2  
is

 th
e 

co
ef

fi
ci

en
t o

f 
de

te
rm

in
at

io
n.

L
at

en
cy

, 0
dB

P1
 (
μ

s)

sl
op

e 
(μ

s/
dB

)
In

te
rc

ep
t (
μ

s)
R

2
p

ij
R

at
5.

32
6

13
01

.9
0

0.
29

6
=

 0
.0

24

N
1 

(μ
s)

ij
R

at
7.

68
8

16
31

.7
53

0.
27

7
=

 0
.0

30

A
m

pl
itu

de
P1

N
1 

(μ
V

)

sl
op

e 
(μ

V
/d

B
)

In
te

rc
ep

t
R

2
p

ij
R

at
-0

.0
02

0.
26

5
0.

03
5

=
 0

.4
74

* p 
=

 0
.0

26

Hear Res. Author manuscript; available in PMC 2013 November 13.


