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Abstract
Sensorineural hearing loss results from damage to the hair cells of the organ of Corti and is
irreversible in mammals. While hair cell regeneration may prove to be the ideal therapy after
hearing loss, prevention of initial hair cell loss could provide even more benefit at a lower cost.
Previous studies have shown that the deletion of Atoh1 results in embryonic loss of hair cells
while the absence of Barhl1, Gfi1, and Pou4f3 leads to the progressive loss of hair cells in
newborn mice. We recently reported that in the early embryonic absence of N-Myc (using Pax2-
Cre), hair cells in the organ of Corti develop and remain until at least seven days after birth, with
subsequent progressive loss. Thus, N-Myc plays a role in hair cell viability; however, it is unclear
if this is due to its early expression in hair cell precursors and throughout the growing otocyst as it
functions through proliferation or its late expression exclusively in differentiated hair cells.
Furthermore, the related family member L-Myc is mostly co-expressed in the ear, including in
differentiated hair cells, but its function has not been studied and could be partially redundant to
N-Myc. To test for a long-term function of the Mycs in differentiated hair cells, we generated nine
unique genotypes knocking out N-Myc and/or L-Myc after initial formation of hair cells using the
well-characterized Atoh1-Cre. We tested functionality of the auditory and vestibular systems at
both P21 and four months of age and under the administration of the ototoxic drug cisplatin. We
conclude that neither N-Myc nor L-Myc is likely to play important roles in long-term hair cell
maintenance. Therefore, it is likely that the late-onset loss of hair cells resulting from early
deletion of the Mycs leads to an unsustainable developmental defect.
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1. Introduction
Sensorineural hearing loss and vestibular ataxia are common symptoms of a variety of
human disorders resulting from damage to inner ear organ of Corti or vestibular hair cells.
Hair cell damage can result from developmental malformations, post-developmental insults
(Dror and Avraham, 2010), or late-onset effects of mutations (Fasquelle et al., 2011) of
either cochlear (hearing) or vestibular (balance) hair cells. Regardless of etiology, loss of
hair cells is irreversible in mammals. Current treatment for individuals with hearing loss is
cochlear implants, and while these prostheses provide substantial improvement to those with
profound hearing loss, they cannot fully restore hearing and may perform poorly in many
user environments (Bent et al., 2009; Chang and Fu, 2006; Colletti et al., 2011; Gifford and
Revit, 2010; Peterson et al., 2010). Translational research aims to find a route to restore
hearing through regeneration of new hair cells but this avenue not only requires the
knowledge of how to make a long-term viable hair cell, but also the technical ability to
replace the damaged cells while retaining the highly complex and delicate organization of
the organ of Corti with a precise mix of cell types in a specific topology (Kopecky and
Fritzsch, 2011; Pan et al., 2012b). While initial results to generate hair cells in vitro are
promising (Oshima et al., 2010), the ability to treat patients through replacement of damaged
hair cells must be considered a secondary option behind hair cell loss prevention. In short,
individuals who are at risk for hair cell loss may be given transient therapeutic intervention
through enhancing the inner ear hair cells’ natural ability to guard against insult and age to
reduce hearing loss. This requires an understanding of the molecular basis of hair cell
development and of late-onset hair cell loss.

During normal hair cell development, neurosensory cell precursors undergo proliferation to
increase the total number of cells, during which time these precursor cells are resistant to
differentiation. As levels of proto-oncogenes decrease and differentiation transcription
factors (TFs) increase, quiescent neurosensory cell precursors are capable of differentiating
into either sensory neurons, sensory hair cells, or supporting cells. This balance of initial
proliferation and subsequent differentiation consists of multiple feedback loops; including
the interactions between the basic Helix-Loop-Helix (bHLH) Myc proto-oncogene family
and the bHLH differentiation TFs NeuroD1 and Atoh1, necessary for the formation of
neurons and hair cells, respectively (Jahan et al., 2010; Jones et al., 2006; Pan et al., 2012a).
After the initiation of hair cell differentiation by Atoh1 (Bermingham et al., 1999), a cascade
of transcription factors promote long-term survival of the organ of Corti, including Barhl1,
Gfi1, and Pou4f3, with the loss of each of these resulting in progressive hair cell death
(Chellappa et al., 2008; Li et al., 2002; Pauley et al., 2008; Wallis et al., 2003). Manipulation
of these, or a subset of these, genes coupled with other yet-to-be defined genes may play a
future therapeutic role in protecting hair cells. To this end, our recent data on Pax2-Cre N-
Myc single conditional knockout (CKO) mice suggests a previously unexplored importance
of the proto-oncogene N-Myc on long-term hair cell maintenance (Dominguez-Frutos et al.,
2011; Kopecky et al., 2011; Kopecky et al., 2012a). Pax2-Cre N-Myc CKO mice have an
initial formation of both cochlear and vestibular hair cells with subsequent loss of cochlear
hair cells (Kopecky, et al., 2011) beginning around postnatal day 21 (P21) and complete loss
of cochlear hair cells by nine months of age (Kopecky et al., 2012a). However, vestibular
hair cells remained until at least nine months of age.

Myc plays many roles in the body, but its main role historically is proliferation control as it
functions as a proto-oncogene (Eisenman, 2001; Hatton et al., 2006; Knoepfler et al., 2002;
Knoepfler et al., 2006; Young et al., 2011; Zindy et al., 2006). In the ear, only N-Myc and
L-Myc, not C-Myc, are present (Dominguez-Frutos et al., 2011; Kopecky et al., 2011;
Romand et al., 1994) such that the balance of proliferation and differentiation in the inner
ear is, in part, controlled by the N-Myc and L-Myc nodes. We hypothesized that the loss of
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hair cells in the Pax2-Cre N-Myc CKO cochlea was due to either formation of inherently
abnormal, and therefore unstable, hair cells (delayed-effect) or that N-Myc was responsible
for the continued maintenance of hair cells (late-effect). To distinguish between these
alternative hypotheses, we needed to first consider the potential late-effect of the Mycs in
hair cells prior to exploration of the possibility of long-term instability of hair cell
development (delayed-effect). In this paper, we explore the potential role of the Myc family
in long-term hair cell maintenance.

In support of the ‘late-effect’ argument, we previously reported co-expression of both N-
Myc and L-Myc in hair cells at P0 in the wild-type (WT) C57BL/6J mice (Kopecky et al.,
2011), well after proliferation in the inner ear ends (Matei et al., 2005), indicating the
potential for a secondary, non-proliferative role of N-Myc and L-Myc in differentiated hair
cells, consistent with Myc’s other non-proliferative functions in the body, including roles in
cell metabolism and cell death (Conacci-Sorrell and Eisenman, 2011; Dang, 2010; Sloan and
Ayer, 2010). It is therefore possible that the secondary upregulation of N-Myc and L-Myc,
specifically in the hair cells, is needed to avoid the belated death of cochlear hair cells that
occurs when N-Myc is deleted earlier in development as in our Pax2-Cre N-Myc mice
which deleted N-Myc around embryonic day 8.5, shortly after formation of the otic placode.

Our working hypothesis is that N-Myc and L-Myc act in partial redundancy to provide long-
term maintenance to cochlear hair cells separate from their early roles in proliferation and in
the absence of the two ear expressed Mycs, specifically in differentiated hair cells, hair cells
will undergo cell death similar to that seen in the Pax2-Cre N-Myc CKO mice. To test this
hypothesis, we generated a series of single CKOs and double CKOs that deleted N-Myc, L-
Myc, or both after initial hair cell formation using Atoh1-Cre (Matei et al., 2005; Pan et al.,
2012a). We restricted our investigation to organ of Corti hair cell development, organ of
Corti organization, and cochlear hair cell functionality with auditory brainstem response
(ABR) at P21 and four months of age and tested the P21 dCKO mice using ABR three days
after the injection of cisplatin. We also assessed gravito-inertial vestibular functionality
using the Noldus Catwalk System. While we tested all genetic variants, we report the
analysis of one line, Atoh1-Cre N-Myc f/f L-Myc f/f (referred to as dCKO), since it should
have the most severe phenotype.

2. Results
2.1 Normal Appearing Hair Cells are Retained Despite Delayed Absence of N-Myc and L-
Myc

Both N-Myc and L-Myc were present in control littermates at P0 in the cochlea as revealed
with whole mount in situ hybridizations (Figure 1A and 1C). Magnification of whole
mounted cochleae showed the presence of N-Myc and L-Myc specifically in the hair cells
(Figures 1A, A′ and 1C, C′). In the dCKO, neither N-Myc nor L-Myc was seen in the
cochlea (Figure 1B and 1D) or in the cochlear hair cells (Figure 1B′ and 1D′). Despite the
absence of both Mycs at P0, a normal organ of Corti was seen at three weeks of age in both
WT and dCKO mice with one row of inner hair cells, three rows of outer hair cells,
surrounded by supporting cells, shown by epoxy resin sections of the middle turn of the
cochlea (Figure 1E and 1F). There also was no apparent difference of myosin VIIa
immunohistochemistry between WT and dCKO mice at P21, also shown at the middle turn
of the cochlea (Figure 1G and 1H).

To fully analyze whether there was any notable hair cell loss or any abnormalities with
cochlear development, we performed myosin VIIa immunohistochemistry on four P0 WT
and dCKO ears (Figure 2A and 2B), six P21 WT and dCKO ears (Figure 2C and 2D), and
six four month old WT and dCKO ears (Figure 2E and 2F), imaged the cochleae with
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confocal microscopy, and subsequently performed manual segmentation followed by three
dimensional reconstructions, as previously described (Kopecky et al., 2012b). Segmentation
of the organ of Corti allowed for three dimensional comparison and length quantification
between WT and dCKO mice at P0, P21, and four months of age. While there was
substantial lengthening of the organ of Corti from P0 to P21 for both WTs (3.36+/
−0.094mm vs. 4.71+/−0.27mm; p<0.001) and dCKOs (3.40+/−0.13mm vs. 4.79+/−0.27mm;
p<0.001), there was no significant change between P21 and four months of age for WTs
(4.71+/−0.27mm vs. 4.78+/−0.062mm; p=0.558) and dCKOs (4.79+/−0.27mm vs. 4.76+/
−0.17mm; p=0.779) (Figure 2G). These WT length measurements were consistent with
previously published data (Kopecky et al., 2011; Kopecky et al., 2012a; Pan et al., 2011).
Furthermore, equivalence testing confirmed that P0 WT and P0 dCKO mice (df=26) were
identical and P21 WT and P21 dCKO mice (df=26) as well as four month WT and four
month dCKO mice (df=26) were the same (Figure 3A). Our data suggest that the loss of
both N-Myc and L-Myc in differentiated hair cells had no effect on the length of the organ
of Corti (Figure 2) or its overall development (Figure 1); this contrasted with the
disorganization and loss of hair cells as well as the reduction in length of the organ of Corti
in the Pax2-Cre N-Myc CKO mice at P21 as previously reported (Dominguez-Frutos et al.,
2011; Kopecky et al., 2011; Kopecky et al., 2012a). Figs 2 and 3

1.12.2 Presence of Hair Cells at P21 and Four Months of Age Corresponds to
Normal Auditory Functioning in dCKO Mice—While the cochlear hair cells had no
noticeable histological (Figure 1) nor morphological (Figure 2) defects in the absence of N-
Myc and L-Myc, it could be possible that their normal functionality was nevertheless
compromised. We tested cochlear hair cell functionality using auditory brainstem response
(ABR) and vestibular hair cell functionality using the Noldus Catwalk System, using
established protocols (Kopecky et al., 2012a). We tested over 220 mice and all nine allelic
variations of our Atoh1-Cre mutants for ABR at both P21 and four months of age. Our
initial objective in generating the nine genotypes was to assess the relative contribution and
possible redundancy of the two ear expressed Mycs. However, throughout our data analysis,
there were no differences noted between the WT, single CKOs, and dCKO mice; thus, our
results and discussion present data only for the WT and dCKO mice. All of the data can be
directly viewed in the tables to assess the various CKOs.

At P21, WT littermates had a click ABR threshold response of 37.82+/−0.63dB and dCKOs
had a similar threshold response of 41.91+/−1.09dB. We also tested tone pip threshold
responses at 2 kHz, 4 kHz, 8 kHz, 12 kHz, 16 kHz, 18 kHz, 20 kHz, 24 kHz, and 28 kHz.
All mice had a standard tone response curve with 16 kHz representing the most sensitive
response (Figure 4A, Table 1). We tested P21 WT and dCKO mice at both the click
(df=1330) response as well as the 16kHz (df=1330) response for equivalence and confirmed
that both groups were identical (Figure 3Bi).

At four months of age, WT littermates had a click ABR threshold response of 44.66+/
−1.99dB and dCKOs had a similar threshold response of 47.73+/−1.87dB. We also tested
tone pip threshold responses at 2 kHz, 4 kHz, 8 kHz, 12 kHz, 16 kHz, 18 kHz, 20 kHz, 24
kHz, and 28 kHz. All mice had a standard tone response curve with 16 kHz representing the
most sensitive response (Figure 4B, Table 2). Equivalence testing confirmed that at 16 kHz
four month WT and four month dCKO mice were identical (df=1330) and at the click
response the two groups were nearly identical (df=1330) (Figure 3Bii).

There was an observed increase in threshold between P21 and four months of age for both
the WT littermates and dCKO mice across all frequencies (Figure 4C). We tested for a time
effect at click and 16kHz and found significance for WT (t(75)=4.0590, p=0.0005) and
dCKO (t(43)=2.6594, p=0.0438) mice at the click frequency, but as stated above, WT and
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dCKO mice were found to be nearly identical at the 16kHz frequency for each respective
time point (i.e. both groups hearing statistically worsened from P21 to four months, but the
hearing worsened equally between the two groups).

1.22.3 Presence of Hair Cells at P21 and Four Months of Age Corresponds to
Normal Vestibular Functioning in dCKO Mice—We next wanted to determine if
there was any functional defect in vestibular hair cells, which are also known to be positive
for both N-Myc and L-Myc (Kopecky et al., 2011) and whose function relies on proper N-
Myc and was compromised by its absence previously described in the Pax2-Cre N-Myc
CKO mice (Kopecky et al., 2012a). No defects were noted at any age in the vestibular
epithelia.

At P21, WT littermates had a gait regularity of 92.54+/−1.12% and dCKOs had a gait
regularity of 88.61+/−1.38% (Figure 5, Table 3). At four months of age, WT littermates had
a gait regularity of 92.77+/−1.29% and dCKOs had a gait regularity of 87.24+/−1.00%
(Figure 5, Table 3). Again, equivalence testing confirmed that at both P21 (df= 62.75, Figure
3Ci) and at four months of age (df=30.66, Figure 3Cii), the WT and dCKO groups showed
no difference. Furthermore, there was no time effect for either the WT (df= 50.18, Figure
3Ciii) or dCKO (df= 38.09, Figure 3Civ) mice (i.e. there was no change in performance over
time), consistent with previously published data (Kopecky et al., 2012a).

2.4 Treatment with the Ototoxic Drug Cisplatin Affects WT and dCKO Mice Equally
While the absence of N-Myc and L-Myc in hair cells did not lead to any noticeable
histological (Figure 1), morphological (Figure 2), or behavioral abnormalities (Figures 4 and
5) when deleted after hair cell formation at either P21 or four months of age, confirmed by
equivalence tests (Figure 3), it is possible that either the time lapse was not long enough or
that N-Myc and L-Myc simply act to protect against certain metabolic insults, rather than
play a role in age related cochlear hair cell defects. If N-Myc and L-Myc play a role in hair
cell maintenance, it might be possible that they are important in cell metabolism, and given
the Mycs’ nearly ubiquitous roles in cancer, alter the hair cell’s susceptibility to the anti-
neoplastic drug cisplatin. If this were the case, we would expect a difference in the threshold
shift between WT mice and dCKO mice treated with cisplatin. WT mice treated with 20 mg/
g mouse cisplatin had a click ABR threshold of 64.13+/−4.60dB (untreated 37.82+/
−0.63dB) which represented a hearing loss threshold shift of approximately 25 dBs (Figure
6). The dCKOs treated with the same dose of cisplatin had a click ABR threshold of 59.40+/
−4.49dB (untreated 41.9+/−1.09dB), which represented a similar hearing loss threshold shift
of nearly 20dB (Table 4). The same relationships held true at the various frequencies tested
(Figure 6). Both groups of mice experienced significant losses of hearing due to cisplatin
treatment, indicating that the deafening approach we took was effective; however, there was
only minimal difference between the two groups and the groups were shown to be nearly
equivalent (df=1330, Figure 3Biii).

2.5 Summary
The delayed loss of N-Myc and L-Myc only in hair cells using a delayed-onset hair cell
specific Cre line did not affect the development of the organ of Corti. In addition, the long-
term retention of hair cells in dCKO mice was essentially equivalent to WTs. The
functionality of the cochlear and vestibular hair cells in all Atoh1-Cre mutants seemed to be
uncompromised as assessed with both ABR and the Noldus Catwalk System, respectively, at
P21 and four months of age as statistical tests confirmed equivalence. Additionally,
damaging the cochlear hair cells with ototoxic doses of cisplatin resulted in nearly equally
large threshold shifts for both WT and dCKO mice. Overall, these data indicate that the
function of expression of the Myc genes in differentiated hair cells, if any, remains unclear
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and is certainly not the reason why hair cells disappear in the cochlea of postnatal Pax2-Cre
N-Myc CKO mice (Kopecky et al., 2011; Kopecky et al., 2012a), thus indicating that the
early effect of N-Myc and L-Myc is much more profound than the late-onset effects of the
Mycs.

3. Discussion
N-Myc is necessary for the normal development of the inner ear (Dominguez-Frutos et al.,
2011; Kopecky et al., 2011; Kopecky et al., 2012a), and along with its family member L-
Myc, both were candidates for hair cell loss prevention as mature cochlear hair cells are lost
after embryonic deletion of N-Myc and both genes are co-expressed selectively in these hair
cells (Kopecky et al., 2011). We further hypothesized that the Mycs regulate hair cell
maintenance through their roles in metabolic pathways (Eilers and Eisenman, 2008; Nilsson
et al., 2012), especially through LDH (Cairo et al., 2005; Omata et al., 1978). Given the high
metabolic needs of the cochlea (Dallos, 1992; Spector and Carr, 1979) and its sensitivity to
metabolic changes (Wangemann et al., 2007), the loss of metabolic homeostasis through
Myc regulation may predispose hair cells to damage upon increase in metabolic stresses,
which occurs upon the onset of hearing (correlating with the loss of hair cells in the Pax2-
Cre N-Myc CKO mice (Kopecky et al., 2011)) or after the administration of an ototoxic
drug. The Mycs regulate both LDH (which is responsible for the Warburg effect seen in
cancer) and p53, which are deregulated in cancer (Chen et al., 2010; Slack et al., 2007;
Torres et al., 2010) and are two proteins that may regulate pathways involved in cisplatin
ototoxicity of the ear (Rybak, 2007; Rybak and Ramkumar, 2007; Rybak et al., 2007). If N-
Myc and L-Myc do indeed play a metabolic role in differentiated hair cells, then the loss of
N-Myc and L-Myc would result in hair cells being more susceptible to cisplatin (D’Aguanno
et al., 2011; Michaelis et al., 2008; Paffhausen et al., 2007), providing an important link to
not only explaining the function of the late expression of the Myc’s, but also one pathway to
ameliorate cisplatin damage. Mycs also play a direct role in DNA replication, a function that
the alkylating drug cisplatin inhibits. Other ototoxic drugs such as kanamycin would not
directly test whether altered levels of the proto-oncogene Myc would alter susceptibility to
anti-neoplastic regimens.

By knocking out these genes, separately and together, specifically in hair cells, we directly
tested whether N-Myc and L-Myc play a role in hair cell survival. Our data on all the single
CKOs, single CKO with the other Myc heterozygous (i.e. Atoh1-Cre N-Myc f/f L-Myc f/+),
and dCKO mice confirmed similarity between all groups, thus suggesting that the absence of
N-Myc and/or L-Myc in the inner ear hair cells has no profound effect on long-term survival
of hair cells or hair cell resistance to ototoxic mechanisms. Despite these findings, N-Myc
and L-Myc still could play an indirect role in maintenance mechanisms as both these genes
play important roles in a number of pathways in the cell. Furthermore, assessment of other
cell maintenance genes should be performed to rule out compensatory mechanisms in the
absence of the two ear expressed Mycs. Additionally, testing hair cell loss through chemical
or noise induced deafening protocols, in Myc overexpressing systems may yield additional
insight into Myc maintenance mechanisms and should be performed prior to completely
ruling out N-Myc and L-Myc as potential preventative options.

While our data on loss-of-function of these genes in mature hair cells does not indicate a
measurable effect, these data provide clarity to the cause of the progressive hair cell loss
seen in previously published Pax2-Cre N-Myc CKO mice (Dominguez-Frutos et al., 2011;
Kopecky et al., 2011; Kopecky et al., 2012a). Assuming that we can rule out a major
function of the Myc genes in differentiated hair cells, the delayed loss of cochlear hair cells
in the Pax2-Cre N-Myc CKO must result from the early signaling of the Myc genes, likely
during the tightly regulated timing of the cell cycle exit and transition to hair cell
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differentiation resulting in “unhealthy” hair cells that apparently die when the auditory
system matures around postnatal day 16 in mice. Further assessment using tamoxifen-
inducible Cre lines must be performed to better define the stage in a hair cell’s development
during which the early effects on N-Myc and L-Myc absence elicits this late hair cell loss
(i.e. this effect must occur after Pax2 (~E8.5) expression but prior to Atoh1 (~E14.5)
expression). Defining more precisely this stage will help clarify how the Myc genes affect
cell cycle exit and the expression of cell differentiation genes, such as Atoh1 and Neurod1.

Our data demonstrates that it is the yet-to-be molecularly defined early effect of the Myc
genes that set the stage for the demise of fully differentiated hair cells three weeks later. To
our knowledge, this is the first study to show such a delayed loss of cochlear hair cells
following an early embryonic insult. Nevertheless, it is only one extreme of a continuum of
function of various genes in the differentiating hair cells that results in delayed loss after
near normal differentiation such as delayed losses of Atoh1 (Pan et al., 2012a), Barhl1
(Chellappa et al., 2008; Li et al., 2002), and Pou4f3 (Pauley et al., 2008). Combined, these
data suggest that hearing loss in the elderly could possibly be correlated with insults to the
ear dramatically earlier than their onset of demise, and much earlier than previously thought.
Essentially, our data opens up the possibility that identification of such early-onset effects
followed by much later demise of hair cells could provide a novel avenue for targeted
intervention if understood at the molecular level. How much deregulation of Myc genes
during the critical transition from proliferation to differentiation plays remains to be
determined as one possible cause for such a late-onset.

4. Experimental Procedures
4.1 Mice and genotyping

We crossed Atoh1-Cre (tgAtoh1creFri) mice (Matei et al., 2005) with N-Myc f/f mice
(Jackson Labs B6.129-N-Myctm1Psk/J) and L-Myc f/f mice (donated by Dr. Eisenman) to
generate the following mouse lines:

1. WT (absence of Cre)

2. Atoh1-Cre N-Myc f/+ (N-Myc conditional heterozygote (het))

3. Atoh1-Cre N-Myc f/f (N-Myc single conditional knockout (CKO))

4. Atoh1-Cre L-Myc f/+ (L-Myc het)

5. Atoh1-Cre L-Myc f/f (L-Myc CKO)

6. Atoh1-Cre N-Myc f/f L-Myc f/+ (N-Myc CKO with L-Myc het)

7. Atoh1-Cre N-Myc f/+ L-Myc f/f (L-Myc CKO with N-Myc het)

8. Atoh1-Cre N-Myc f/+ L-Myc f/+ (N-Myc het and L-Myc het)

9. Atoh1-Cre N-Myc f/f L-Myc f/f (N-Myc and L-Myc double CKO (dCKO))

Tail biopsies were used for genomic DNA and polymerase chain reaction for genotyping
was performed using the following primers (N-Myc: IMR6727 5′gtcgcgctagtaagagctgagatc
3′ IMR6729 5′ cacagctctggaaggtgggagaaagttgagcgtctcc 3′ Cre: 1 5′ cctgttttgcacgttcaccg 3′
2 5′ atgcttctgtccgtttgccg 3′ IMR42 5′ ctaggccacagaattgaaagatct 3′ IMR43 5′
gtaggtggaaattctagcatcatcc 3′). Animal care and usage was in accordance with the University
of Iowa Institutional Animal Care and Use Committee (IACUC) guidelines for the use of
laboratory animals in biological research and approved (ACURF #0804066 and 1103057).
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4.2 Noldus Catwalk
The Noldus Catwalk System consists of a walkway floor containing a sheet of glass encased
with a light. P21 and four month old mice were placed in a corridor 60cm long by 10cm
wide and allowed to freely move. A mounted camera captured a 40cm × 10cm field from
below the walkway. As the mouse entered the field of view, a run was initiated and stored
on a computer. If the mouse exited the field of view within 20 seconds and there was less
than a 60% variation in speed, the run was compliant. If the mouse could not exit the field of
view or the run was otherwise terminated, the run was considered non-compliant. Numerous
compliant runs were acquired for each mouse and were termed a trial. Between each trial,
the walkway barrier was removed and the glass was cleaned to remove any excrement or
smell from the preceding trial using standard glass cleaner. All mice were tested under
similar conditions. After each trial, the acquired data was classified. Classification is the
semi-automated process of entering which limb (RH=Right Hind, LH= Left Hind, RF=
Right Front, LF= Left Front) induced the recorded print.

4.3 Auditory Brainstem Response (ABR)
Mice were anesthetized with 0.025mL/g of the anesthetic Tribromoethanol (Avertin®) and
after a surgical level of anesthesia was induced, needle electrodes were inserted
subcutaneously in the vertex, slightly posterior to the pinna, and in the contralateral hind-
limb. A loud speaker was placed 10cm from the pinna of the test ear and computer-
generated clicks were given in an open field environment in a soundproofed chamber. Click
stimuli, given in decreasing 3-dB increments, were presented and electrode responses were
averaged across 512 presentations using Tucker-Davis Technologies System hardware
running BioSig® Software. Recorded signals were bandpass filtered (300Hz–5kHz) and
60Hz notch filtered. Identical setup but a tone pip program was given at 2 kHz through 28
kHz incrementally with a stepwise decrease in amplitude at each frequency.

4.4 Perfusion
After ABR, mice were injected intraperitoneally (IP) with greater than a 0.025mL/g of
anesthetic Avertin® and after ocular and pedal reflexes ceased, 4% paraformaldehyde (PFA)
was pumped continuously with a 30-gauge needle into the left ventricle. The right ventricle
was opened to facilitate clearing. After fixation, heads were hemi-dissected, placed in 4%
PFA, and covered with parafilm for long-term storage in 4°C.

4.5 Plastic Sections
Dissected ears were incubated for two hours with 2.5% glutaraldehyde and washed with 0.1
M phosphate buffer three times over a period of two hours. Ears were reacted in 1% osmium
tetroxide for approximately one hour and rinsed with 0.1 M phosphate buffer. Samples were
dehydrated with an increasing graded ethanol (EtOH) series and then incubated in a 1:1
EtOH and propylene oxide mixture. Samples were mixed with Epon 812 and propylene
oxide overnight and then oriented and embedded with Epon 812 and placed in an incubator
for two days at 60°C. Ears were sectioned at 2μm with a Leica Ultratome and sections were
retrieved from water bath and placed on heated glass slides in sequential order. They were
allowed to bake onto the glass slide and stained for one minute with Stevenel’s Blue and
imaged (Nichols et al., 2008). Stained slides were rinsed with dH20 and allowed to dry
before imaging. Sections were coverslipped using DMX mounting solution and allowed to
dry overnight. Samples were imaged with a Nikon Eclipse 800 microscope and captured
with Image-Pro.
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4.6 In Situ Hybridization
Fixed embryos were prepared to avoid RNAse activity. RNA riboprobes labeled with
digoxigenin were N-Myc and L-Myc (made by Jason Pecka, Creighton University). The
protocol was previously described (Pan et al., 2009; Pauley et al., 2006). Briefly, ears were
dissected in 0.4% PFA, washed and digested with 10μg/mL Proteinase K (Ambion, Austin,
Tex. USA). The samples were incubated with riboprobe in hybridization solution (50%
formamide, 2X saline sodium citrate, and 6% dextran sulfate) overnight at 60°C. Samples
were washed and incubated overnight with an anti-digoxigenin antibody (Roche
Diagnostics, Mannheim, Germany). Unbound antibody was washed off with phosphate
buffered saline (PBS) and samples were reacted with BM Purple substrate to cause a purple
reaction product in places of bound mRNA. Samples were dissected, mounted, and imaged.

4.7 Immunohistochemistry
Ears were dissected in 0.4% PFA and defatted overnight in 70% EtOH. They were removed
from EtOH and blocked for two hours in blocking solution (5% normal goat serum (NGS),
0.1% Triton X-100, in PBS). Myosin VIIa (Proteus Biosciences, 25-6790) was diluted in the
blocking solution at a 1: 200 ratio (primary antibody: blocking solution) and incubated for
three days at 4°C. Ears were washed with PBS and Alexa Fluor 633 anti-mouse secondary
antibodies were diluted in blocking buffer (1:500) and incubated for two days, blocked from
light, in 4°C. Ears were mounted on a slide in glycerol and images were captured with the
Leica TCS SP5 multiphoton confocal microscope, as previously described (Pan et al., 2009;
Pauley et al., 2006).

4.8 Three Dimensional Reconstruction
Tissue Preparation—Ears were decalcified in 10% ethylenediaminetetracetic acid
(EDTA) for four days with fresh EDTA changed daily. Ears were rinsed with PBS at least
three times with each wash lasting two hours. Ears were put into 70% EtOH overnight. Ears
were reacted with myosin VIIa according to the immunohistochemistry protocol above.
After removal of secondary antibody, ears were washed three times, two hours each with
PBS. Ears were placed in 70% EtOH overnight. 70% EtOH was replaced with 90% EtOH
for one hour and then two changes of 100% EtOH for two hours each. Ears that were not
processed for immunohistochemistry but rather rhodamine isothiocyanate were put in a
rhodamine EtOH mixture until tissue was very lightly stained. 100% EtOH or rhodamine
EtOH mixtures were removed and clearing solution was added to 100% EtOH to obtain a
1:1 ratio. Clearing solution was made with five parts methyl salicylate to three parts benzyl
benzoate (MSBB). The 1:1 100% EtOH to MSBB was replaced with 100% MSBB
overnight at room temperature, in dark. Ears were then put in two changes of MSBB and
imaged. Protocol adapted from previously described work (Kopecky et al., 2012b)

Confocal Imaging—Ears were placed on a glass slide and Dow Corning Grease was
applied to the coverslip to make a retainer for MSBB. Ears were placed in the MSBB bath
and spacers were added to ensure absence of compression stresses. Using a TCS SP5
confocal microscope, Z-stacks of 5μm increments were obtained.

Segmentation and Three Dimensional Renderings—Z-stacks were loaded into
Amira Version 5.4. Either the organ of Corti (rhodamine stained) or myosin VIIa positive
cells were segmented. Segmented images were resampled (2×2×1), surface generated
(unconstrained), smoothed (20 iterations), and the surface was viewed. Length
measurements were obtained through the three dimensional measurement functions within
the Amira software.
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4.9 Cisplatin Treatment
Cisplatin solution was made from Sigma cis-Diammineplatinum (II) dichloride (P4394) and
dissolved in 5% dimethyl sulfoxide (DMSO) at room temperature on a shaker until fully
dissolved. Cisplatin was made fresh each test date. We injected both WT and dCKO P18
pups with 20mg cisplatin/kg mouse IP. We injected non-treated littermates with same
volume saline. Three days later, all mice were tested for ABR. Our protocol was adapted
from that used in mice previously (Hill et al., 2008; Lee et al., 2004; Parham, 2011). Saline
treated mice had identical ABR values to untreated animals and were pooled.

4.10 Statistical Analyses
Each test of equivalence (H0: μ1 ≠ μ2 vs. HA:μ1 = μ2) was performed at the α=0.05 level
and then adjusted for multiple comparisons using the (1–2α) *100% confidence interval
(CI) for the difference between means. Any pair of means with an adjusted CI being
completely contained in the interval −Δ to +Δ was considered equivalent, where Δ is the
largest allowable difference for two means to be considered equivalent. The Δ values used
in the study for organ of Corti length, ABR, and regularity, were 0.5mm, 10dB, and 10%,
respectively. The CIs for differences in means for organ of Corti length and ABR were
constructed from a two-way ANOVA (genotype x time) and three-way ANOVA (genotype
x time x frequency) model fit, respectively. The CIs for regularity were constructed using
independent means with the Welch t distribution approximation to allow for non-constant
variance across groups. The degrees of freedom (df) associated with each equivalence test is
provided. A Bonferroni adjustment for multiple comparisons was applied within each of the
three respective analyses.

Differences in organ of Corti length between P0 and P21 and ABR between P21 and four
months for WT and dCKO were assessed within genotype using independent t tests and
adjusted for multiple comparisons using the Bonferroni adjustment. All tests were
performed at the p ≤ 0.05 level.
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Highlights

• Proto-oncogenes N-Myc and L-Myc are strongly expressed in organ of Corti
hair cells

• Late deletion of the Mycs after hair cell differentiation shows no loss of hair
cells

• Cisplatin application does not disproportionately affect mutant hair cells

• Loss of hair cells in Pax2-Cre N-Myc mice is likely due to defect in
proliferation

• N-Myc and L-Myc are unlikely to play a role in therapeutic prevention of
hearing loss
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Figure 1. The complete loss of N-Myc and L-Myc in inner ear hair cells does not affect overall
organ of Corti organization or hair cell cytoarchitecture
N-Myc (A) and L-Myc (C) are expressed in the cochlea after birth. Their expression is
prominent in cochlear hair cells (A′ and C′). Using Atoh1-Cre, N-Myc (B) and L-Myc (D)
were completely removed from inner ear hair cells, specifically noted is their absence in the
organ of Corti (B′ and D′). However, this absence had no noticeable effect on overall
architecture of the organ of Corti as three rows of outer hair cells and one row of inner hair
cells were present throughout the cochlea along with the proper arrangement of supporting
cells seen in epoxy resin sections of WT (E) and dCKO (F) mice as well as with myosin
VIIa immunohistochemistry of WT (G) and dCKOs (H), shown near the middle turn. Scale
bar = 100μm.
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Figure 2. The loss of N-Myc and L-Myc does not change the normal morphologic development of
the organ of Corti
Myosin VIIa positive hair cells and rhodamine stained organ of Corti nuclei were segmented
at P0 in WT (A) and dCKO mice (B), P21 (C and D) mice, and four months of age (E and F)
mice. Segmented hair cells were three dimensionally reconstructed to provide an accurate
measurement of the length of the organ of Corti at these three time points. From P0 to four
months of age, the organ of Corti lengthened (G); however, this increase in length was
similar between WT and dCKO mice. Scale bar = 100μm.
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Figure 3. Equivalence testing confirms equality (or near equality) between groups for all
parameters tested between WT and dCKO mice
Equivalence testing allowed for the identification of similar groups and was based on the
estimated means and the confidence interval (CI) for the difference in means. An absolute
difference of Δ was determined such that a difference less than Δ essentially coincided with
equality of means. Any pair of means with a CI that was completely contained in −Δ to +Δ
was considered equivalent. The Δ values for organ of Corti length, ABR, and regularity,
were determined to be 0.5mm, 10dB, and 10%, respectively. P0 WT and P0 dCKO, P21 WT
and P21 dCKO, and four month WT and four month dCKO organ of Corti lengths were
equivalent (A). At P21, click and 16 kHz ABR responses were equivalent between WT and
dCKO (Bi). At four months of age, click ABR responses were nearly equivalent while 16
kHz ABR responses were equivalent (Bii). After cisplatin treatment, neither click nor 16
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kHz ABR responses were equivalent at the 10dB threshold; however, were equivalent at the
15dB threshold (Biii). All regularity measurements: P21 WT vs. P21 dCKO (Ci), four
month WT vs. four month dCKO (Cii), P21 WT vs. four month WT (Ciii), and P21 dCKO
vs. four month dCKO (Civ), were equivalent.
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Figure 4. ABR threshold between WT and dCKO mice is the same at both P21 and four months
of age
Mice were tested using both click (broadband noise) and tone pip (frequency specific) ABR.
At P21 (A), WT mice (circles) and dCKO mice (triangles), there were no noticeable
differences between the two groups and both groups had their most sensitive hearing at 16
kHz. At four months of age (B), both groups performed worse than P21 mice, and both
groups were equivalent or near equivalent at both the click response and 16 kHz. When
assessing the difference between the means of P21 and four month WT and dCKO (C), there
was a significant increase in threshold for both groups at click; however, both groups had
nearly identical threshold shifts.
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Figure 5. Regularity measurements suggest that dCKO mice have normal vestibular functioning
and do not suffer from ataxic gait
The Noldus Catwalk System measured a number of gait parameters, one of which was
regularity. Regularity was used to assess overall coordination of the mouse such that as
coordination declined, so did percent regularity. We have previously shown that Pax2-Cre
N-Myc CKO mice suffer from ataxic gait, suggested by low regularity that did not improve
over time. Here, we saw that both WT and dCKO mice performed with high regularity at
both P21 and four months of age and that the regularities were equivalent. All test points
were plotted for both WT and dCKO with a line connecting the two means showing the
change in means from P21 to four months of age. Equivalence testing confirmed the
similarity of the groups at both time points and across time.
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Figure 6. Cisplatin severely decreases hearing but does not disproportionally affect dCKO mice
Ototoxic drugs, such as cisplatin are well-known to cause hearing loss, shown by large ABR
threshold shifts. Upon administration of cisplatin to WT mice, a large threshold shift was
seen compared to untreated mice (compare vertical red line to black circle). A nearly equal
threshold shift was observed when comparing treated and untreated dCKO mice (compare
green “x” with blue triangle) suggesting that while both groups of mice were negatively
affected by the cisplatin treatment, the hearing loss was comparable between the two groups.
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