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Abstract
The auditory brainstem response (ABR) is an evoked potential response of auditory activity in the
auditory nerve and subsequent fiber tracts and nuclei within the auditory brainstem pathways. The
threshold, amplitude, and latency analysis of the ABR provides information on the peripheral
hearing status and the integrity of brainstem pathways. In this study, we compared the threshold,
amplitude, and latency of ABRs recorded from 149 mice of 10 commonly used inbred strains
(BALB/cJ, C3HeB/FeJ, C3H/HeJ, CAST/EiJ, CBA/CaJ, CBA/J, FVB/ NJ, MRL/MpJ, NZB/BlNJ,
and SJL/J) using clicks of different intensities. The ABR thresholds of these strains ranged from
32 to 43 dB SPL. The amplitude of both waves I and IV of ABRs, which increased monotonically
with click intensity in most strains, differed significantly among different strains at each intensity
tested. Moreover, the amplitude of both waves was inversely correlated with the body weight of
each strain at most intensities tested. In general, the amplitude of wave IV was smaller than that of
wave I resulting in the IV/I amplitude ratio of <1.0 in all strains. The peak latency of both waves I
and IV decreased significantly with click intensity in each strain. However, this intensity-
dependent decrease was greater for wave IV than for wave I such that the wave I–IV inter-peak
latency also decreased significantly with increasing intensity. I–IV inter-peak latencies for MRL/
MpJ, C3HeB/FeJ, NZB/BlNJ, and C3H/HeJ strains are longer than FVB/NJ, SJL/J, or CAST/EiJ.
This work is the first step to study the genetic basis underlying strain-related differences in
auditory pathway.
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1. Introduction
The auditory brainstem response (ABR) is an evoked potential measurement of auditory
activity in the auditory nerve and subsequent fiber tracts and nuclei within the auditory
brainstem pathways. The threshold, amplitude, and latency analysis of the ABR provides
information on the peripheral hearing status and the integrity of brainstem pathways.
Therefore, the measurement of ABR has become a useful and practical procedure for the
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determination of hearing levels in animals and young children (Arnold, 2000; Musiek et al.,
1994; Parham et al., 2001). In mice, the ABR threshold has been used successfully to
estimate audiometric thresholds in hearing and genetic research (Davis et al., 2002; Duan
and Canlon, 1996; Erway et al., 1996; Erway et al., 1993; Hirose and Liberman, 2003;
Money et al., 1995; Munemoto et al., 1998; Rosowski et al., 2003; Szymko-Bennett et al.,
2003). A PubMed search using key words of mouse, ABR, and threshold has revealed 80 of
these studies since 1985.

The successful use of ABR threshold for assessment of the hearing sensitivity of mice has
lead to strain characterization (Zheng et al., 1999), gene localization (Galambos and Hecox,
1978; Henry, 2004; Hirose and Liberman, 2003; Huang and Buchwald, 1978; Hunter and
Willott, 1987; Ikeda et al., 2002; Ingham et al., 1998; Jimenez et al., 1999; Johnson et al.,
2001), and gene identification (Ikeda et al., 2002; Johnson et al., 2000, 2001, 2003) since
1997. Moreover, the measurement of ABR threshold has proven essential in identifying
modifier genes (Ikeda et al., 2002; Johnson and Zheng, 2002; Johnson et al., 2000, 2001;
Noben-Trauth et al., 1997, 2003; Zheng and Johnson, 2001). However, previous studies
have shown that, while some hearing impairments were characterized by significant changes
in all ABR parameters such as the threshold, amplitude, and latency, others were associated
with the abnormalities in the amplitude and latency but not the threshold (Evans et al., 1983;
Fujiyoshi et al., 1994; Kanzaki et al., 1985). For example, Kanzaki et al. (1985) have shown
that the peak latency of later ABR waves for the shiverer mice was prolonged with increased
inter-peak latency although the threshold was normal. To further assess the hearing
sensitivity with ABR, we have studied the ABR threshold as well as the variation in
amplitude and latency of ABR components as a function of stimulus intensity in 10 different
inbred strains of mice. These mouse strains include BALB/cJ, C3HeB/FeJ, C3H/ HeJ,
CAST/EiJ, CBA/CaJ, CBA/J, FVB/NJ, MRL/MpJ, NZB/BlNJ, and SJL/J. Because these
strains are commonly used and readily available, they have become increasingly important
for medical research since the gene mutations on these strain backgrounds provide models
for a variety of human disorders. To our knowledge, the amplitude and latency of ABR
components determined at different intensities have only been reported for CBA/CaJ and
CBA/J mice among these strains (Burkard et al., 2001; Hunter and Willott, 1987).

Millions of mice are produced annually at the Jackson Laboratory. These mice belong to
nearly 2800 strains of genetically defined and modified strains, including standard inbred
strains, recombinant inbred strains, congenic inbred strains, and inbred strains carrying both
spontaneous and induced mutations. The Neuroscience Mutagenesis Facility at the Jackson
Laboratory has undertaken a large scale auditory screening project, which is specifically
designed to provide novel murine genetic models for human deafness. The data reported in
this study provide a reliable reference for evaluating mouse hearing in terms of amplitude
and latency of ABR components. The strain differences in ABR parameters reported in this
study suggest genetic determinants, which may lead to gene identification and novel
mechanism discovery for the future studies.

2. Results
As described above, we used clicks and tone bursts to study the ABR threshold as well as
the variation in amplitude and latency of ABR components as a function of stimulus
intensity in 10 different inbred strains of mice. Because of the large amount of data, we
mainly present ABR results obtained using click stimulation in this report. To address the
issue of age-related hearing loss (AHL), which is characterized by a gradual decrease in
sensitivity in the high to low frequency direction, thresholds obtained with tone bursts of
different frequencies were also included.
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The top panel of Fig. 1 shows the family of ABR patterns of one CBA/J and one MRL/MpJ
mouse determined with clicks of different intensities. These ABRs typically consisted of
five vertical positive waves (labeled I, II, III, IV, and V, respectively in Figs. 1A-1, B-1)
occurring within 6 ms post-stimulus. To determine the ABR threshold, these waves were
also displayed in a relative scale (e.g. individual wave was normalized to the maximal wave
within each ABR pattern). As shown in the middle panel of Fig. 1, normalized waves were
more easily recognized than those displayed using the fixed scale, especially at threshold
(Figs. 1A-2, B-2). According to the criterion described in the Experimental procedures, the
ABR thresholds for these two mice were both estimated to be 40 dB SPL. The amplitude of
individual ABR waves was measured as the difference between the positive peak and the
following negative trough (shown by the arrow in Fig. 1A-1). As shown in the bottom panel
of Fig. 1, the amplitude of waves I and IV for these two mice either increased monotonically
with click intensity (Figs. 1A-3, filled or unfilled circles; B-3, unfilled circles) or increased
with intensity to a maximum and decreased thereafter (Figs. 1B-3, filled circles).

As described earlier, ABRs were measured for all mice at 8–12 weeks of age (Table 1). The
ABR thresholds were determined for four mouse strains (e.g. C3HeB/FeJ, CBA/CaJ, MRL/
MpJ, and NZB/BlNJ) in which the age difference was less than 2 days within each strain. To
determine if the ABR threshold varied with age in the other six mouse strains that had an
age difference as large as 1–2 weeks, we compared the average ABR threshold obtained
with clicks for these strains (Fig. 2A). A Student’s t test did not reveal any significant age
difference for each mouse strain (all P values >0.1). This observation is consistent with a
previous study (Zheng et al., 1999).

Because there was no age difference in these ABR data, we combined all data for each
mouse strain. As shown in Fig. 2B, the average ABR thresholds determined with clicks
ranged from 32 to 43 dB SPL, with the lowest thresholds for FVB/NJ mice and the highest
thresholds for BALB/cJ mice. One-way ANOVA showed that there was significant
difference of ABR thresholds in different strains [F(9,139) = 6.25, P < 0.0001]. This
difference was due to the higher thresholds of BALB/cJ mice than those of other strains
(Student–Newman–Keuls multiple comparison post-test, all P values <0.001). When
determined with tone bursts, however, ABR thresholds varied significantly depending on the
stimulus frequency. In general, thresholds at 32 kHz were the highest and those at 16 kHz
were the lowest (Fig. 2C). Two-way ANOVA revealed main effects for frequency [F(2,417)
= 553.08] and strain [F(9,417) = 20.01], and the frequency × strain interaction [F(18,417) =
3.33] for threshold values were significant for all strains studied (all P values <0.001). The
result is in agreement with a previous study (Zheng et al., 1999).

Fig. 3 shows the average amplitude of waves I and IV across click intensities for each strain.
It is clear that, in most strains, the amplitude of both waves monotonically increased with
increasing intensity. In some strains, however, the amplitude increased with intensity to a
maximum and then leveled off or decreased with higher intensity (Figs. 3H, I, filled and
unfilled circles). Over the intensity range of 50 to 90 dB, the increase in amplitude averaged
from 0.99 (MRL/MpJ mice) to 8.73 µV (CAST/EiJ mice) for wave I and from 1.24 (MRL/
MpJ mice) to 2.12 µV (BALB/cJ mice) for wave IV. Two-way ANOVA revealed that main
effects of intensity [F(4,693) = 272 for wave I and F (4,693) = 88.18 for wave IV] and strain
[F(9,693) = 184.8 for wave I and F(9,693) = 54.72 for wave IV] on the amplitude were
highly significant for both waves (all P values <0.001). In general, wave IV had smaller
amplitude than wave I (Fig. 3, unfilled vs. filled circles) such that the wave IV/I amplitude
ratio was smaller than 1.0 at most intensities tested in all strains (Fig. 3, triangles with dotted
line). As shown in Fig. 3, this amplitude ratio typically decreased with increasing intensity
over the range of 50 to 90 dB in most strains (Figs. 3A–F, I, J). The results of two-way
ANOVA also revealed significant main effects of intensity [F(4,693) = 70.4, P < 0.001] and
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strains [F(9,693) = 124.12, P < 0.001], and the intensity × strain interaction [F(36,693) =
3.66, P < 0.001] on the amplitude ratio.

To determine how the amplitude of ABR waves in different strains might be related to their
body weight, we plotted the average amplitude of waves I and IV determined at different
click intensities against the average body weight of each strain (Fig. 4). Linear regression
analyses revealed that the average amplitude of wave I decreased significantly with body
weight (Fig. 4, filled circles, all P values <0.05). The average amplitude of wave IV also
decreased with body weight although the significant correlation between the average
amplitude and the body weight was found at 60, 70, and 90 dB SPL (Figs. 4B, C, E, unfilled
circles, all P values <0.05) but not at 50 and 80 dB SPL (Figs. 4A, D, unfilled circles, both P
values >0.05).

Peak latency is the interval between the delivery of the acoustic stimulus and the peak of the
specified wave. Fig. 5A shows the effect of click intensity on the peak latency of both waves
I and IV for one CBA/CaJ mouse. This effect was characterized by decreasing peak latency
with increasing intensity for both waves (Fig. 5A, dotted lines). For both waves I and IV, we
calculated the slope of each latency–intensity function by dividing the change in peak
latency by the intensity difference (Fig. 5Ba, b). As shown in Fig. 5B, the slope of latency–
intensity function of this CBA/CaJ mouse was 6.4 µs/dB for wave I and 8.4 µs/dB for wave
IV. The average slope of latency–intensity function for wave I (Fig. 6, unfilled bars) ranged
from 4.1 (C3H/HeJ mice) to 7.5 µs/dB (CAST/EiJ mice) while that for wave IV (Fig. 6,
filled bars) ranged from 7.7 (CBA/ CaJ mice) to 14.0 µs/dB (CAST/EiJ mice). Two-way
ANOVA revealed that main effects of waves [F(1,274) = 179.95] and strains [F(9,278) =
11.29] on slope of the latency–intensity function were significant (all P values <0.001). The
effects were further supported by a Student’s t test to compare the slope of waves I and IV
for each strain, and one-way ANOVA to compare the slope of different strains for each
wave. A Student’s t test showed that the slope of latency–intensity function was
significantly larger for wave IV than for wave I in all strains studied (BALB/cJ, df = 10, t =
5.16; C3HeB/FeJ, df = 9, t = 5.64; C3H/HeJ, df = 19, t = 4.88; CAST/EiJ, df = 19, t = 6.03;
CBA/CaJ, df = 9, t = 2.75; CBA/J, df = 12, t = 4.32; FVB/NJ, df = 14, t = 5.62; MRL/MpJ,
df = 15, t = 4.72; NZB/BlNJ, df = 17, t = 3.24; SJL/J, df = 13, t = 5.04, all P values <0.05).
One-way ANOVA also showed significant differences in the slope of both waves among all
strains studied [F(9,137) = 5.77 for wave I and F(9,137) = 8.7 for wave IV, both P values
<0.0001].

Fig. 7 plots the average peak latency of waves I and IV of different strains across the click
intensity (Fig. 7, filled and unfilled circles). A two-way ANOVA showed a significant
decrease in peak latency for both waves with increasing intensity [significant main effects of
intensity, F(4,693) = 288.09 for wave I and F(4,693) = 269.97 for wave IV, both P values
<0.001]. Since the decrease in peak latency with increasing intensity was greater for wave
IV than for wave I (Fig. 5B and Fig. 6, unfilled vs. filled bars), the wave I–IV inter-peak
latency also significantly decreased with increasing intensity, as shown in Fig. 7 (triangles
with dotted line). Within the intensity range of 50 to 90 dB, the minimal decrease in average
inter-peak latency was 0.11 ms for CBA/ CaJ mice (from 2.49 to 2.38 ms) and NZB/BlNJ
mice (from 2.62 to 2.51 ms), while the maximal decrease was 0.34 ms for FVB/ NJ mice
(from 2.61 to 2.27 ms). For any given click intensity, there were significant differences of
these values in different strains. All these observations were confirmed by two-way
ANOVA which revealed significant main effects of intensity [F(4,693) = 63.01, P < 0.001]
(most significant at 70 dB) and strains [F(9,693) = 57.25, P < 0.001] on the inter-peak
latency. Student’s t tests confirmed that at 70 dB, I–IV inter-peak latencies for MRL/MpJ,
C3HeB/FeJ, NZB/BlNJ, and C3H/HeJ strains are significantly longer than FVB/NJ, SJL/J,
and CAST/ EiJ (all P values <0.01).
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3. Discussion
As reported in previous studies (Chuu et al., 2001; Fujiyoshi et al., 1994; Hunter and
Willott, 1987; Parham et al., 2001; Zheng et al., 1999), the ABR patterns of mice typically
consisted of five vertical positive waves (Figs. 1A-1, B-1). Although the precise origins of
ABR waves are not yet well defined, it is generally agreed that, in animal models such as
cats, ferrets, non-human primates, and rodents, the first wave represents activities from the
auditory nerve while the later waves represent neural transmission within the central
auditory system. However, waves I and II are both generated predominantly by the auditory
nerve in humans, due to an unusually long eighth nerve (Markand, 1994; Moller, 1994;
Moller and Jannetta, 1985; Parham et al., 2001). Therefore, the first four waves of ABR in
animal models are considered approximately equivalent to human waves I–V. Because wave
I originates peripherally but wave V is of central origin, and especially, wave V of ABR in
humans is the most robust wave with less within- and between-subject variability for
amplitude and latency compared to the other waves, the wave V/I amplitude ratio and the
wave I–V inter-peak latency have proven to be important parameters for otoneurological
assessment in humans (Arnold, 2000). For this reason, we have specifically examined waves
I and IV in this study to compare the amplitude and latency of ABR components among
different mouse strains (Dammeijer et al., 2002).

Previous studies have shown that 2 (e.g. BALB/cJ and MRL/ MpJ) of 10 strains used in the
present study exhibit AHL at later ages (Jimenez et al., 1999; Ralls, 1967; Willott et al.,
1998; Zheng et al., 1999). When evaluated by click- and tone-pip-elicited ABR threshold,
for example, BALB/cJ and MRL/MpJ mice exhibited late onset hearing loss at an age of 30
weeks or older (Zheng et al., 1999). In this study, ABRs were measured for all mice at 8–12
weeks of age (Table 1). We did find that high frequency thresholds of BALB/cJ and MRL/
MpJ mice appeared to be higher than those of other strains (Fig. 2C). Click-elicited ABR
thresholds for both strains have less than 10 dB elevation, which has little influence on ABR
pattern. Thus, we included these two strains in ABR pattern analysis.

When determined with clicks of different intensities, the amplitude of waves I and IV in
most mouse strains increased monotonically with increasing intensity (Fig. 3). This
observation is similar to what has been reported in other animal species commonly used in
evoked potential studies (Backoff and Caspary, 1994;Ingham et al., 1998;Overbeck and
Church, 1992). We showed that there were significant differences in the amplitude of both
waves among different mouse strains (Fig. 3). Moreover, the amplitude of both waves was
inversely correlated with the body weight at most intensities tested (Fig. 4). This observation
is likely due to the different head size relative to body weight. It has been indicated that
small head size with small body weight would cause the recording electrodes to be closer to
the generators resulting in larger amplitude than those with large body weight (Merzenich et
al., 1983). On the other hand, the amount of fat between electrodes and generators might
also contribute to the observed amplitude-body weight relationship. Previous study suggests
that other factors such as the number of neural element firing and neural synchronicity
within the generators are also the principal contributors to the amplitude of ABR waves
(Merzenich et al., 1983).

Because the amplitude of ABR waves can be affected by many factors such as body
temperature, electrode impedance and location, levels of physiological noise, recording
procedures, and equipment characteristics, the amplitude may not be a good indicator of
hearing level. However, because all waves are similarly affected by many of these variables,
relative amplitude has proven to be useful (Starr and Achor, 1975). For example, it has been
reported that auditory deficits associated with retrocochlear pathology in humans may cause
a decrease in wave V amplitude and thus a decrease in the wave V/I amplitude ratio (Arnold,
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2000). In this study, the wave IV had a smaller amplitude than wave I at most intensities
tested such that the IV/I amplitude ratio was smaller than 1.0 (Fig. 3). Merzenich et al.
(1983) investigated the amplitude of individual ABR waves in different species including
mice, rats, guinea pigs, cats, and humans under optimal and corresponding recording
conditions. They found that the first two waves of ABRs in mice had relatively larger
amplitude than later ones; similar to our present findings. For rats and guinea pigs, waves II
and III became relatively prominent. However, the prominent ones shifted to wave IV in
cats and wave IV–V complex in humans. They suggested that the species-specific difference
in amplitude of individual ABR waves might involve complex considerations such as the
evolution of central nervous system, generator size and orientation, response characteristics
of neurons within a generator, neural conduction velocity, and conduction path length.

When combined with ABR threshold, the slope of the latency–intensity function, which
represents the degree of shift of individual ABR waves with increasing click intensity, is
another useful parameter to estimate the hearing sensitivity. This parameter may be
influenced by the type of hearing loss (conductive, mixed, sensorineural or retrocochlear)
and the audiometric configuration. In this study, the slope of latency–intensity function of
wave I ranged from 4.1 to 7.5 µs/dB while that of wave IV ranged from 7.7 to 14.0 µs/dB
(Fig. 6). Burkard and his colleagues reported that the slope of latency–intensity functions of
waves I and V were ~8 to 9 µs/dB in gerbils but were ~13 to 16 µs/dB in rats when
examined under click stimulation conditions (Burkard and Voigt, 1989;Burkard et al., 1990).
Other studies have reported that the slope of latency–intensity functions of waves I through
IV were ~14 to 16 µs/dB in cats (Fullerton et al., 1987;Huang and Buchwald, 1978). In
humans, the slope of latency–intensity function of wave V and other ABR waves was ~40
µs/dB (Burkard and Hecox, 1983;Galambos and Hecox, 1978). Compared with all these
previous studies, we conclude that the slope of latency–intensity function of mice ABR
waves is similar to that of gerbils, somewhat less than those of rats and cats, but
substantially less than that of humans.

The wave I–IV inter-peak latency represents the time required for neural impulses to
conduct through the auditory brainstem. When combined with frequency-specific threshold
data, an abnormality of this value can be used to differentiate peripheral hearing loss from
retrocochlear dysfunction. Retrocochlear lesions may slow neural conduction velocity and
increase the inter-peak latency. In contrast, when click stimuli are used, a high-frequency
hearing loss may prolong wave I more than later waves producing a decrease of the inter-
peak latency. However, inter-peak latencies are influenced by numerous technical and
subject-related factors, and the effects of cochlear damage on ABR inter-peak latencies can
vary depending on the configuration and degree of threshold loss and the nature of the lesion
(e.g. extent of inner vs. outer hair cell loss, spiral ganglion cell loss, damage to the stria
vascularis). In this study, we observed that the peak latency of wave IV decreased in a
greater degree with click intensity than wave I resulting in a decrease of wave I–IV inter-
peak latency with increasing intensity (Fig. 6 and Fig. 7). We also found that there were
strain differences of inter-peak latency, although the difference between the strain with the
longest inter-peak latency and the strain with the shortest inter-peak latency was only ~0.25
to 0.32 ms at any given click intensity. The result is consistent with a previous study which
reported significant strain differences for the inter-peak latency in C57BL/6, BDFL, and
NZB/W mice at the age of 3–4 months (Church and Shucard, 1988). It has been suggested
that the inter-peak latency is determined by a number of physiological processes including
the synaptic delay and neural conduction velocity within the brainstem pathway, as well as
anatomical factors such as head size (Arnold, 2000;Don et al., 1998). However, the
mechanism underlying the observed mouse strain difference in inter-peak latency of ABRs
remains to be studied.
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Genetic mapping and positional cloning approaches offer the promise to identify genes that
underlie the parameter differences of ABR between inbred strains. A successful example of
using strain differences in ABR to identify a gene using its mutations or allele variances is
provided by late onset hearing loss in C57BL/6J, which was used to map the ahl locus and
identify Cdh23 as the mutated gene. By ABR evaluation, Erway et al. (1993) reported late
onset hearing loss in C57BL/6J mice in 1993. Because CAST/EiJ mice have very good
hearing even at very advanced age, Johnson et al. (1997), using a linkage cross between
C57BL/6J and CAST/EiJ mice, mapped the first ahl locus on mouse chromosome 10 in
1997. Zheng and Johnson (2001) reported that the ahl/mdfw locus interacts epistatically with
the deaf waddler (dfw) mutation and that the ahl locus is a major contributor to AHL in 12
inbred strains. By fine mapping, positional cloning, and candidate gene testing approaches,
Noben-Trauth et al. (2003) reported that a hypomorphic 753A allele of Cdh23 gene causes
in-frame skipping of exon 7 in many inbred strains associated with susceptibility to AHL.
By similar approaches, for example, mapping underlying genes by a linkage cross between
C3H/HeJ and CAST/ EiJ mice may (or can be expected to) advance our understanding of the
molecular mechanisms that cause the parameter differences of ABR between these two
strains. As demonstrated in results, C3H/HeJ mice have longer wave I–IV inter-peak latency
than CAST/EiJ mice (Figs. 7C, D), which suggests a genetically determined variation that
affects the auditory pathway including auditory conduction and synaptic process. Because I–
IV inter-peak latencies for MRL/MpJ, C3HeB/FeJ, NZB/BlNJ, and C3H/HeJ strains are
longer than those of FVB/NJ, SJL/J, or CAST/EiJ, we can make linkage crosses between
them to map the underlying genes.

In summary, we compared the amplitude and latency of waves I and IV of ABRs determined
with clicks of different intensities in 10 mouse strains. We showed that the amplitude of
both waves I and IV was inversely correlated with the body weight of each strain at most
intensities tested. In general, the amplitude of wave IV was smaller than that of wave I
resulting in the IV/I amplitude ratio of <1.0. The peak latency of both waves decreased with
click intensity. However, this intensity-dependent decrease was greater for wave IV than for
wave I such that the wave I–IV inter-peak latency also decreased significantly with
increasing intensity. I–IV inter-peak latencies for MRL/MpJ, C3HeB/ FeJ, NZB/BlNJ, and
C3H/HeJ strains are longer than those of FVB/NJ, SJL/J, or CAST/EiJ. These data provide
important baseline data for hearing assessment in mice. The significant differences in ABR
parameters among different strains reported in this study may also lead to gene identification
and novel mechanism discovery.

4. Experimental procedures
4.1. Animals

A total of 149 mice from 10 different inbred strains were used in this study. The strain
names, age, and the number of mice tested in each strain are shown in Table 1. These mice
were produced within the production facilities of the Jackson Laboratory. Prior to ABR
recording, animals were anesthetized by intraperitoneal injection with Avertin
(tribromoethanol stabilized in tertiary amyl hydrate) given at a dose of 5 mg
tribromoethanol/10 g body weight. An otoscopic examination was then performed on each
animal. Only those animals with clear external and middle ears were used for ABR
recording. The care and use of the animals described in this study were approved by the
Animal Care and Use Committee of The Jackson Laboratory (Grant # DC62108). The
Jackson Laboratory is fully accredited by the Accreditation of Laboratory Animal Care.
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4.2. ABR procedure
The stimulus presentation, ABR acquisition, equipment control, and data management were
coordinated using the computerized Intelligent Hearing Systems (IHS, Miami, FL) with the
Smart-EP Windows USB 3.62 version software. A pair of high frequency transducers (Mike
Ravicz, Somerville, MA) was coupled with the IHS system to generate specific acoustic
stimuli (clicks or tone bursts of different frequencies). The output from the high frequency
transducers was channeled through 10 mm long by 3 mm diameter plastic tubes into the
animal’s ear canals. The acoustic stimuli were calibrated with a Bruel and Kjaer Nexus
conditioning amplifier, Type 2690, and 1/4 inch calibrated condenser microphone.
Calibrations were made with reference to the programmed output for 70 dB sound pressure
levels (SPL re: 20 µPa). The IHS click stimulus had substantial energy in the 2–8 kHz range
(e.g. filtering frequencies above and below this decreased the SPL by less than 5 dB).

Details of the ABR recording methods have been described previously (Zheng et al., 1999).
Briefly, the anesthetized animals were placed in a sound-attenuating chamber (Acoustic
Systems, Austin, TX). Their body temperature, monitored by a rectal probe, was maintained
at 37–38 °C by placing them on an isothermal pad (Deltaphase, model 39 dp, Braintree
Scientific Inc., Massachusetts) during testing and recovery from anesthesia. Monitoring the
body temperature in numerous mice under this condition showed that the body temperature
dropped by only 0.5–1.0 °C over a 15-min ABR testing period. Sub-dermal needles were
used as electrodes for recording (Model F-E2, Astro-Med Inc., Rhode Island). The active
electrode was inserted at the vertex, the reference electrode ventrolateral to the left ear, and
the ground electrode ventrolateral to the right ear.

Alternating click stimuli of 50 µs duration and tone bursts with 3 ms duration (1.5 ms rise–
fall time with no plateau) of 8, 16, and 32 kHz were respectively routinely presented to the
left ear of the animal. ABRs were band-pass filtered below 100 Hz and above 3000 Hz and
amplified. The amplified responses were then averaged by a computer and displayed on the
computer screen. Since a previous study demonstrated no consistent left–right ear ABR
asymmetry (Zheng et al., 1999) for the mouse strains used in this study, we recorded ABRs
from the left ear only, to increase the efficiency of data acquisition.

ABR threshold was obtained for each animal by reducing the stimulus intensity in 10 dB
steps and finally in 5 dB steps to identify the lowest intensity at which an ABR wave I was
detectable. This was done by comparing the ABR patterns with two or three suprathreshold
ABRs displayed successively on the computer screen. After the ABR threshold was
determined, a family of ABR patterns was then obtained for each stimulus at different
intensities above the threshold. The ABR waveforms were typically averages of 512 stimuli
presented at the rate of 19.1 per second for each stimulus condition. These extensive ABR
data were stored digitally on disks for later offline measurements and analysis of amplitude
and latency of ABR components.

4.3. Data analysis
The data obtained from these mouse strains under different stimulus conditions were
compared statistically using oneway or two-way analysis of variance (one-way or two-way
ANOVA) or a Student’s t test (two-tailed, paired or unpaired), with alpha level of 0.05.
Alpha was adjusted, if necessary, according to the Bonferroni procedure. Since gender
difference of ABR parameters has been previously reported in rats (Church et al., 1984),
humans (McClelland and McCrea, 1979; Michalewski et al., 1980), and recently mice
(Henry, 2004), we first processed the data obtained from male and female mice separately.
However, later statistic analysis did not reveal any significant gender difference for all of
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these data; consistent with the previous studies (Hunter and Willott, 1987; Zheng et al.,
1999). Therefore, all data were combined together for this report.

Abbreviations

ABR auditory brainstem response

AHL age-related hearing loss

SPL sound pressure level
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Fig. 1.
(A-1, B-1) ABR patterns of two mice determined with clicks of different intensities in a
fixed scale. Major wave components are labeled I through V in the 90 dB SPL examples.
The strain names are shown at the top of each plot. (A-2, B-2) ABRs of these two mice
displayed in a relative scale (e.g. individual wave was normalized to the maximal wave
within each ABR pattern). (A-3, B-3) Amplitude–intensity functions of waves I and IV. For
CBA/J mice, the amplitude of both waves increased monotonically with increasing intensity
(A-3, filled and unfilled circles). However, while the amplitude of wave IV in MRL/MpJ
mice increased monotonically with intensity (B-3, unfilled circles), that of wave I increased
with intensity to a maximum and decreased thereafter (B-3, filled circles).

Zhou et al. Page 12

Brain Res. Author manuscript; available in PMC 2010 April 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
(A) Average ABR thresholds determined with clicks for six mouse strains in which the age
difference was as large as 1–2 weeks. Note that the data for C3HeB/FeJ, CBA/CaJ, MRL/
MpJ, and NZB/BlNJ were not included since they were collected at an age that differed by
no more than 2 days within each strain. The number inside each bar indicates the age in
weeks after birth. The number of mice tested and half a standard deviation is also shown at
top each bar. (B) The combined average ARB threshold determined with clicks for each
mouse strain. (C) The average ARB threshold determined with tone bursts of different
frequencies for each mouse strain.
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Fig. 3.
Average amplitude of waves I (filled circles) and IV (unfilled circles) of ABRs determined
with clicks of different intensities in different mouse strains (refer to left ordinate). The
average wave IV/I amplitude ratio at each intensity (triangles with dotted line) is also shown
within each plot (refer to right ordinate). Each vertical bar represents the standard deviation
at each point. n, number of mice.
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Fig. 4.
Scatter plots showing the average amplitude of waves I (filled circles) and IV (unfilled
circles) of ABRs in relation to the average body weight of mouse strains. The linear
regression line (solid line for wave I and dashed line for wave IV), correlation coefficient
(r), and significant intensity (p) are shown within each plot.
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Fig. 5.
(A) ABR patterns of a CBA/CaJ mouse determined with clicks of different intensities. Note
that the peak latency of both waves I and IV decreased with increasing click intensity
(dotted lines). (B) Latency–intensity functions of waves I (a) and IV (b). The slope of
latency–intensity function was defined as the amount of change in peak latency per decibel
(see text for details).
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Fig. 6.
Average slope of latency–intensity function of waves I (unfilled bars) and IV (filled bars) of
ABRs in different mouse strains. The number of mice tested in each strain and half a
standard deviation is shown atop each bar.
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Fig. 7.
Average peak latency of waves I (filled circles) and IV (unfilled circles) of ABRs
determined with clicks of different intensities in different mouse strains (refer to left
ordinate). The average wave I–IV inter-peak latency at each intensity (triangles with dotted
line) is also shown within each plot (refer to right ordinate). Each vertical bar represents the
standard deviation at each point. n, number of mice.
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Table 1

Strain names, age, and number of mice tested in each strain

Strains Average age (weeks) Number

BALB/cJ 11.2 (11–12) 13

C3HeB/FeJ 8 10

C3H/HeJ 10.5 (10–11) 20

CAST/EiJ 9.1 (8–10) 20

CBA/CaJ 9 10

CBA/J 9.6 (9–11) 13

FVB/NJ 9.8 (9–11) 15

MRL/MpJ 9 16

NZB/BlNJ 9 18

SJL/J 8.7 (8–9) 14

Numbers in parenthesis represent the age range.
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