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Severe hearing loss in Dlx1 mutant mice
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Abstract

The Dlx homeobox gene family participates in regulating middle and inner ear development. A significant role for Dlx1, in particular,
has been demonstrated in the development of the middle ear ossicles, but the functional consequences of Dlx1 gene mutation on hearing
thresholds has not been assessed. The present study characterizes auditory brainstem responses to click and tonal stimuli in a non-lethal
variant of a Dlx1 gene knockout. We found that peripheral hearing thresholds for click and tonal stimuli were significantly elevated in
homozygous Dlx1 knockout (Dlx1�/�) compared to both heterozygous (Dlx1+/�) and wild type (Dlx1+/+) mice. Thus, abnormal mor-
phogenesis of the incus and stapes that has been documented previously with histological measures is now known to result in a severe
peripheral hearing deficit.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Dlx1, 2, 3, 4, 5 & 6 genes encode homeodomain tran-
scription factors that have essential functions in multiple
regions of prenatal and postnatal mammals. The mouse
Dlx genes are expressed in multiple tissues including the
embryonic brain, face and limbs (Depew et al., 1999;
Depew et al., 2002; Ellies et al., 1997; Ferrari and Kosher,
2002; Panganiban and Rubenstein, 2002; Qiu et al., 1997).
In addition to regulating early limb morphogenesis, Dlx

genes regulate patterning and differentiation of skeletal tis-
sues (Acampora et al., 1999; Beverdam et al., 2002; Depew
et al., 1999; Depew et al., 2002; Ferrari and Kosher, 2002;
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Harris et al., 2003; Hassan et al., 2004; Lezot et al., 2002;
Thomas et al., 1997). Within the otic vesicle, different
Dlx genes are expressed in distinct patterns that correlate
with its functional subdivisions. Dlx5 expression is detected
in the lagena macula and the cochlear and vestibular
nerves. Dlx1 and Dlx2 expression, in contrast, have not
been detected in the otic vesicle; but are found in non-neu-
ronal cells of the cochleovestibular ganglion and nerves
(Brown et al., 2005).

Although Dlx1 has been known to regulate development
of the middle ear for some time (Qiu et al., 1997), the spe-
cific consequences of Dlx1 mutations on middle ear mor-
phogenesis has only been described recently (Depew
et al., 2005). The more detailed analysis of middle ear mor-
phology in Dlx1�/� mice performed in this recent study
revealed that the caudal processus brevis and processus
longus of the incus can develop as unattached to the rest
of the incus. In approximately 50% of the cases, the stapes
is hypoplastic and lacks a foramen (through which the
stapedial artery normally traverses); in the cases when the
foramen forms, it is usually asymmetrically placed. It was
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Fig. 1. Determination of ABR thresholds. Representative ABR patterns
in a Dlx+/+ mouse (A), Dlx+/� mouse (B), and Dlx�/� mouse (C) elicited
by a 8 kHz tone stimulus presented at sound levels ranging from 0–70 dB
SPL. All traces are shown on the same fixed amplitude scale indicated by
the scale bar in (A). Open arrows indicate the time at which the sound
stimulus reaches the external auditory opening. Closed arrows indicate the
threshold response for each mouse. Inset: the threshold response is
presented on a normalized scale to illustrate the preservation of the
response pattern despite the reduction in absolute amplitude.
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also shown that the effects of Dlx1 mutation are titrated
according to the number of functional alleles. Mice in the
heterozygous state exhibited abnormalities in the basal
lamina of the ala temporalis in a similar fashion to the
homozygous mice, but the formation of the ossicles
appeared normal. The present study seeks to expand our
understanding of Dlx1 gene mutations on middle ear devel-
opment by providing a functional analysis of hearing
thresholds to compliment previous histological analyses.

2. Materials and methods

Dlx1�/� mice used in this study were initially made
using 129-strain ES cells. The mice were initially carried
on the C57BL/6J strain, and then out-crossed for at least
5 generations onto the CD1 strain to increase their viabil-
ity. PCR genotyping followed the methods described in
Qiu et al. (1997). Fifteen mice (N = 5 for Dlx1�/�,
Dlx1+/�, and Dlx1+/+groups) of the C57BL/6J;CD1
hybrid strain were used in this study. All mice were 7–8
weeks at the time of recording. Prior to electrode place-
ment, animals were anesthetized with ketamine (100 mg/
kg i.p.) and medetomidine (0.3 mg/kg i.p.). Body tempera-
ture was maintained near 37.5 �C with a rectal probe and
homeothermic blanket (Harvard Instruments). Auditory
brainstem response (ABR) measurements were performed
in a sound-attenuated chamber (Acoustic Systems). ABRs
were recorded with silver wire electrodes (0.13 mm diame-
ter, A–M systems) threaded through the skin at three loca-
tions: The positive electrode was placed directly behind the
right ear over the bulla, the negative electrode over the ver-
tex, and the ground electrode was placed over the neck
muscles. ABR signals were acquired, filtered, amplified,
and analyzed with equipment and software manufactured
by Tucker-Davis Technologies (Alachua, FL).

Click and tone pip stimuli were presented with a free-
field speaker (Vifa) positioned 22 cm from the external
auditory opening. Tone pips (1.2 ms duration, 0.2 ms
raised cosine ramps) were presented at 4, 8, 16 and
32 kHz. Acoustic calibration was performed with a micro-
phone (Bruel & Kjaer) to ensure that tone and click stimuli
were presented at the specified intensity.

Auditory thresholds were obtained for click and tonal
stimuli. Click thresholds were determined by presenting
500 click stimuli (10/s) at 50 dB SPL and reducing the sound
level in 5 dB SPL steps until the response pattern was no
longer visible. If no response was visible at 50 dB SPL,
the sound level was increased in 5 dB SPL steps up to a max-
imum of 70 dB SPL. Tone thresholds were determined in a
similar fashion with the exception that sound levels were
changed in 10 dB SPL steps rather than 5 dB SPL steps
and ABR traces were generated with 1000 stimulus presen-
tations rather than 500. The entire range of sound levels was
presented for one animal in each group to obtain a complete
set of ABR records for illustrative purposes (Fig. 1). Audi-
tory thresholds were defined for each stimulus as the lowest
sound intensity capable of eliciting a response pattern char-
acteristic of that seen at higher intensities. In some cases, a
response could not be detected at the highest intensity
tested. These cases are marked separately in Fig. 2A–E.
For the purposes of statistical comparisons, however, these
cases were scored as having a response threshold equal to
70 dB SPL. Thresholds were compared for each stimulus
type with a Mann–Whitney U statistic. All recordings and
analyses were performed blind with respect to genotype.



Fig. 2. Quantification of ABR thresholds. (A–E) Response thresholds measured with click and tonal stimuli. Each dot represents the threshold
measurement obtained from a single mouse. (F) Mean ± standard error ABR thresholds for Dlx+/+mice (open circles), Dlx+/� mice (gray triangles), and
Dlx�/� mice (black squares) for each stimulus type. Asterisks indicate significant differences (p < 0.025) between Dlx+/+and Dlx�/� groups based on the
Mann–Whitney U statistic.
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Confidence intervals were set according to the Bonferroni
adjustment for multiple comparisons.

3. Results

The ABR waveforms evoked by an 8 kHz tone pip are
shown for one representative mouse from each group in
Fig. 1. Auditory stimulus presentation evoked the charac-
teristic multi-peaked waveform that became progressively
weaker as sound level decreased. While the overall shape
of the ABR is similar between groups, the 8 kHz response
threshold was substantially elevated in Dlx1�/� mice
(Fig. 1C) compared to Dlx1+/� (Fig. 1B) and Dlx1+/+

(Fig. 1A) mice.
We also observed elevated response thresholds in

Dlx1�/� mice for other types of auditory stimuli. Response
thresholds for each stimulus type are shown in Fig. 2A–E
for each individual mouse. Click-evoked response thresh-
olds were 46 dB SPL higher in Dlx1�/� mice than
Dlx1+/+ controls (mean ± standard error = 58.0 ± 2.6 dB
SPL vs. 12.0 ± 2.0 dB; p < 0.01; Fig. 2A) yet click thresh-
olds in Dlx1+/� mice were not significantly different than
Dlx1+/+ controls (15.0 ± 2.04; p = 0.3). Note that a click-
evoked threshold could not be calculated for one Dlx1+/�

mouse because it died prematurely. Stimulus evoked-
responses to 4 kHz tones were not observed at any sound
level in any Dlx1�/� mice. Accordingly, we observed a sig-
nificant difference in 4 kHz response threshold between
Dlx1+/+ and Dlx1�/� mice (Dlx1+/+ = 40.0 ± 3.16 dB
SPL; p < 0.005; Fig. 2B) but not between Dlx1+/+ and
Dlx1+/� mice (Dlx1+/� mice = 44.0 ± 2.45 dB SPL;
p = 0.34). Response thresholds for 8 kHz tones were
48 dB SPL higher on average in Dlx1�/� mice compared
to Dlx1+/+ controls (64.0 dB SPL ± 2.45 vs.
16.0 ± 2.45 dB; p < 0.01; Fig. 2C) but were not significantly
different between Dlx1+/+ and Dlx1+/� mice
(22.0 ± 3.74 dB; p = 0.21). Similarly, 16 kHz response
thresholds in Dlx1�/� mice were 32 dB SPL higher on
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average than Dlx1+/+ controls (48.0 ± 3.74 dB SPL vs.
16.0 ± 2.45 dB; p < 0.01; Fig. 2D) but were not different
than Dlx1+/� mice (22.0 ± 3.74 dB; p = 0.21). Response
thresholds at 32 kHz, in contrast, were not significantly dif-
ferent between Dlx1+/+mice (66.0 ± 4.0 dB) and Dlx1�/�

mice (66.0 ± 2.5 dB; p = 0.7) or Dlx1+/� mice
(56.0 ± 6.0 dB; p = 0.19; Fig. 2E).

4. Discussion

In summary, we have shown that Dlx�/� mice exhibit
significantly elevated hearing thresholds for frequencies
less than 32 kHz compared to Dlx1+/+ controls. The lack
of a threshold difference at 32 kHz may be attributable
to a diminished sensitivity to high-frequency sounds that
is known to occur in C57BL/6J mice irrespective of the
Dlx1 mutation rather than a partial sparing of hearing
thresholds in Dlx�/� mice (Henry and Chole, 1980;
Willott, 1986). Although the onset of age-related hearing
loss in C57B6 mice does not typically occur until mice
are several months older than those used in this study,
we used C57B6/CD1 hybrid mice in which the exact
progression of age-related high-frequency hearing loss is
unknown. Hearing thresholds in Dlx1+/� mice, in
contrast, were statistically indistinguishable from
Dlx1+/+ controls although there was a trend for a
slightly elevated thresholds for frequencies less than
32 kHz.

Abnormal middle ear morphogenesis previously docu-
mented in homozygous Dlx1 mutants with histological
methods has been shown in the present study to result
in severe hearing loss. This hearing loss is likely to be
exclusively attributable to middle ear dysfunction as there
is no evidence for Dlx1 expression in the inner ear, nor
any evidence for abnormal cochlear development in
Dlx1 mutants (Depew et al., 2005; Qiu et al., 1997). In
addition to their established role in craniofacial develop-
ment, Dlx genes are also known to regulate various
aspects of interneuron migration and survival in the fore-
brain (Panganiban and Rubenstein, 2002). Specifically,
Dlx1�/� mice have recently been shown to exhibit a selec-
tive loss of somatostatin+ and calretinin+ interneurons in
the cerebral cortex and an associated increase in the inci-
dence of generalized electrographic seizures (Cobos et al.,
2005). The present study was motivated by an interest in
characterizing abnormalities in physiological organization
and stimulus processing in the auditory cortex of Dlx1�/�

mice. Clearly, we could not pursue these experiments
given the severe peripheral hearing deficit observed in
homozygous mice. Nevertheless, preliminary evidence
suggests that the Dlx1+/� mice may also exhibit a cortical
phenotype (JLRR, unpublished data). Given that these
mice have relatively normal hearing thresholds, Dlx1+/�

mice might prove to be a valuable model for future stud-
ies interesting in the link between Dlx1 gene expression
and the physiological organization of central auditory
nuclei.
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