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hair cell regeneration in the neonatal mouse cochlea
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ABSTRACT

Supporting cells (SCs) are known to spontaneously regenerate hair
cells (HCs) in the neonatal mouse cochlea, yet little is known about
the relative contribution of distinct SC subtypes which differ in
morphology and function. We have previously shown that HC
regeneration is linked to Notch signaling, and some SC subtypes,
but not others, lose expression of the Notch effector Hes5. Other work
has demonstrated that Lgr5-positive SCs have an increased capacity
to regenerate HCs; however, several SC subtypes express Lgr5. To
further investigate the source for spontaneous HC regeneration, we
used three CreER lines to fate-map distinct groups of SCs during
regeneration. Fate-mapping either alone or combined with a mitotic
tracer showed that pillar and Deiters’ cells contributed more
regenerated HCs overall. However, when normalized to the total
fate-mapped population, pillar, Deiters’, inner phalangeal and border
cells had equal capacity to regenerate HCs, and all SC subtypes
could divide after HC damage. Investigating the mechanisms that
allow individual SC subtypes to regenerate HCs and the postnatal
changes that occur in each group during maturation could lead to
therapies for hearing loss.

KEY WORDS: Supporting cell subtypes, Mitotic regeneration,
Fate-mapping, Pillar cells, Deiters’ cells, Inner phalangeal cells

INTRODUCTION
The spiral shaped cochlea that is located within the inner ear
contains specialized sensory cells, called hair cells (HCs), which are
necessary for hearing. Sound waves traveling through the fluid-
filled cochlea deflect the stereocilia bundles that are located on the
apical surface of HCs, which causes depolarization. This activates
afferent spiral ganglion neurons, thus relaying information to central
auditory structures. HCs are surrounded by supporting cells (SCs)
which have numerous functions such as releasing trophic factors,
taking-up ions and neurotransmitters, and phagocytosing dying
HCs (Abrashkin et al., 2006; Anttonen et al., 2014; Flores-Otero
et al., 2007; Furness et al., 2002; Goémez-Casati et al., 2010a;
Kikuchi et al., 2000; Sugawara et al., 2007; Zuccotti et al., 2012).
During embryonic development of the mammalian cochlea, HCs
and SCs develop from the same pool of progenitor cells (reviewed
by Basch et al, 2016). When HCs are killed by ototoxic
medications, noise or the consequences of aging, hearing is
impaired because the mature mammalian cochlea cannot
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regenerate auditory HCs (Bohne, 1976; Hawkins et al., 1976;
Maass et al., 2015; Oesterle et al., 2008). In contrast, the sensory
organs of birds, fish and amphibians can spontaneously regenerate
HCs throughout their lifespan (Balak et al., 1990; Corwin and
Cotanche, 1988; Jones and Corwin, 1996; Ryals and Rubel, 1988;
Shang et al., 2010; Stone and Cotanche, 2007; Warchol and Corwin,
1996). This occurs by both mitotic regeneration, in which SCs
divide before taking an HC fate, and direct transdifferentiation, in
which SCs directly change cell fate and convert into HCs in the
absence of cell division (reviewed by Rubel et al., 2013).

Recently, evidence has emerged that the neonatal mouse cochlea
has a limited period in which it is capable of spontanecously
regenerating HCs after they have been destroyed, both in vivo (Cox
et al., 2014; Hu et al., 2016; McGovern et al., 2018) and in vitro
(Bramhall et al., 2014). To demonstrate that regeneration had
occurred, broad populations of SCs were fate-mapped using either
Hes5'“Z knock-in reporter mice, Lgr5<"ER: :Rosa26'470mato mice or
Sox2CTeERT2 . :Rosa26'470ma% mice (Bramhall et al., 2014; Cox et al.,
2014). Co-expression of B-galactosidase or tdTomato with HC
markers after damage provided evidence that regenerated HCs were
derived from the SC population. In addition, a small percentage of
newly generated, fate-mapped HCs also incorporated a mitotic
tracer, which indicated that some SCs divided before converting into
an HC. Although this evidence indicates that SCs are the source of
regenerated HCs, potential differences in the regenerative plasticity
of SC subtypes is still unclear. Some have hypothesized that Lgr5-
positive SCs are the progenitor cells within the neonatal mouse
cochlea (Brambhall et al., 2014; Chai et al., 2012; McLean et al.,
2017; Shietal., 2012; Shietal., 2013; Wagqas et al., 2016); however,
the Lgr5-postive population includes different subtypes of SCs, and
the expression of Lgr5S changes dynamically during the first
postnatal week (Chai et al., 2011; Shi et al., 2012). In addition, we
have recently shown that spontaneous HC regeneration in vivo can
be prevented by increased Notch signaling (McGovern et al., 2018),
which suggests that the SC subtypes that respond to changes in
Notch signaling after HC damage contribute to spontaneous
regeneration.

SCs can be separated into at least eight distinct subtypes: cells of
the greater epithelial ridge (GER), inner phalangeal cells (IPhCs),
border cells (BCs), inner pillar cells (PCs), outer PCs, Deiters’ cells
(DCs), Hensen cells (HeCs) and Claudius cells (CCs) (Jahan et al.,
2015; Raphael and Altschuler, 2003). Previous studies have shown
differences in the plasticity of these subtypes. For example, neonatal
and juvenile PCs, DCs and IPhCs/BCs are able to convert into HCs
after ectopic Atohl expression (Liu et al., 2012a; Liu et al., 2014,
Walters et al., 2017). Furthermore, PCs and DCs proliferate after the
cell cycle regulator retinoblastoma is deleted (Yu et al., 2010). Yet
when the cell cycle inhibitor 27577 (also known as Cdkn1b) or the
transcription factor Sox2 is deleted, only inner PCs proliferate (Liu
et al., 2012b). Moreover, when IPhCs and BCs are ablated at birth,
cells of the GER are capable of regenerating them and hearing in the

1

DEVELOPMENT


mailto:bcox@siumed.edu
http://orcid.org/0000-0002-6989-161X

STEM CELLS AND REGENERATION

Development (2019) 146, dev171009. doi:10.1242/dev.171009

mature cochlea of these mice is normal (Mellado Lagarde et al.,
2014). In contrast, when PCs and DCs are ablated at birth they are
not replaced by neighboring cells, therefore subsequent HC death
and hearing loss occurs (Mellado Lagarde et al., 2013).

We recently showed that, during the spontaneous HC
regeneration process, PCs and DCs lose expression of HesS, a
Notch effector and inhibitor of HC fate (Abdolazimi et al., 2016;
Mulvaney and Dabdoub, 2012), whereas IPhCs and BCs showed no
change in Hes5 expression (McGovern et al., 2018). This may
suggest that PCs and DCs have an increased ability to regenerate
HCs compared with other SC subtypes, yet further investigation is
needed. To address this question in the present study, we fate-
mapped three different groups of SCs using CreER/loxP mouse
models after HC ablation in the neonatal mouse cochlea. We also
investigated changes in the expression of p275?! after HC damage,
as well as used fate-mapping in combination with a mitotic tracer to
determine which SC subtypes could divide before converting into
HCs. Although the majority of spontaneously regenerated HCs
detected either with or without a mitotic tracer were derived from
PCs and DCs, when the data was normalized to the total pool of
tdTomato-labeled SCs in control samples of each CreER line, PCs,
DCs, IPhCs and BCs were equally capable of regenerating HCs.
However, there was no evidence that the regenerated HCs were
derived from HeCs or cells in the GER. Further investigation of
the maturation process that occurs in these SC subtypes during
the perinatal period will inform future investigations aimed at
stimulating HC regeneration in the mature cochlea.

RESULTS

IPhCs, BCs, PCs and DCs contribute to spontaneous

HC regeneration

To determine which SC subtypes within the neonatal cochlea
spontaneously regenerate HCs after damage, we used three different
CreER lines paired with the Rosa26CAG-loxP-stop-loxP-tdTomato
(Rosa26"7matoy reporter to fate-map three groups of SC subtypes.
Prox]C’eER”::Rosa26’d7‘”"””’, Plp-CreERTz::Rosa26’dT”"’”"’ and
GLAST-CreER™::Rosa26'77°™° mice were bred with Pou4f3PTR
mice, which express the human diphtheria toxin receptor (DTR) in
HCs, and injection of diphtheria toxin (DT) results in HC ablation
(Golub et al., 2012; Tong et al., 2015). All mice were injected with
tamoxifen [3 mg/40 g, intraperitoneally (IP)] at postnatal day (P) 0
to induce tdTomato expression in SCs, followed by DT injection
[6.25 ng/g, intramuscularly (IM)] at P1 to induce HC damage and
thus spontaneous HC regeneration. Cochleae were collected at P7
and analyzed using confocal microscopy to visualize endogenous
tdTomato fluorescence, and co-labeled with antibodies against
myosin VIla (to label HCs) and Sox2 (to label all SC and immature
HC nuclei). The entire organ of Corti was imaged, measured and
divided into six equal segments, starting in the apex as previously
described (McGovern et al., 2017). The total number of cells that
expressed both tdTomato and myosin VIla throughout the entire
cochlea was quantified to determine how many regenerated HCs
originated from each group of fate-mapped SC subtypes. Of note,
we have previously shown that the number of Sox2-positive cells is
reduced during the window of regeneration as SCs convert into HCs
(McGovern et al., 2018). Similarly, we observed a qualitative
reduction in Sox2-positive cells in all three CreER lines. It is
unlikely that SCs die after HC ablation, as DT-mediated cell death is
known to occur in a cell autonomous fashion (Abrahamsen et al.,
2008; Ivanova et al., 2005) and DT-mediated HC death did not
affect SC survival when DT was injected at an older age when HC
regeneration does not occur (Tong et al., 2015).

Prox1€7¢ERT2 .- Rosqa 26"t mice that were injected with
tamoxifen at PO label the majority of PCs and DCs, but no other
cell type and no cells were labeled without tamoxifen administration
(McGovern et al., 2017). In Prox1"°#R"2::Rosa267™a% control
samples, which lacked Pou4f3°™R and therefore lacked HC damage,
7.7£1.8 tdTomato/myosin VIIa double positive cells were detected
in the most apical tip of the cochlea (n=4; data are meants.e.m.;
Fig. 1A-B”,D). However, significantly more tdTomato/myosin
VIla double positive cells were found throughout the cochlea of
Prox1<°ERT2:: Rosa26'70mat : : Poydf3PR mice (50.8+7.6; P<0.01;
Student’s #-test; n=4; Fig. 1C-D). The majority of these tdTomato-
positive HCs were detected in the first apical segment, and the
number declined in an apical to basal gradient (35.7+7.6 in the most
apical segment versus 0.0+0.0 in the most basal segment;
r?=0.5514; P=0.0001; n=4; Fig. 1D).

Plp-CreER™::Rosa26'™™@ mice that were injected with
tamoxifen at PO predominantly label IPhCs and BCs, but no cells
were labeled without tamoxifen administration (McGovern et al.,
2017).  Plp-CreER™::Rosa26'47m@  cochleae, which lacked
Pou4f3P™ and therefore HC damage, had a small number (2.0+0.9)
of tdTomato/myosin VIIa double positive cells in the apical tip of the
cochlea (n=4; Fig. 2A-B”,D). After HC damage however,
significantly more tdTomato/myosin VIla double positive cells were
detected in Plp-CreER™::Rosa26'™™:: Poudf3P™ mice (20.2
+5.5; P<0.05; Student’s #-test; n=4; Fig. 2C-D). Again, there was an
apical to basal gradient of regenerated HCs with 14.2+2.6 HCs in the
apical third of the cochlea compared with 1.0+0.7 in the basal third
(n=4; ’=0.3912; P=0.0011; Fig. 2D).

A single tdTomato-positive HC was detected at P7 in one of the
control GLAST-CreER™?::Rosa26™7°# samples that did not
receive tamoxifen (Fig. 3A-D). GLAST-CreER"?::Rosa26“70mat
mice that were injected with tamoxifen at PO label 46.9%+15.2%
of the cells in the GER, 48.8%+6.2% IPhCs/BCs, as well as 24.3%
+18.8% HeCs, whereas less than 3% of PCs and DCs were labeled
(Fig. 3B-H,I). GLAST-CreER"?::Rosa26'77°™a% cochleae that lacked
the Pou4f3°™R allele, had 4.0+1.0 tdTomato/myosin VIla double
positive cells in the most apical tip (n=4; Fig. 4A-B”,D). In GLAST-
CreER™::Rosa26'/7oma - Poy4f3P™8  mice, the number of
tdTomato/myosin VIla double positive cells after HC damage and
spontaneous HC regeneration was not significantly different from the
control (13.5+4.0; P=0.6; Student’s r-test; n=4; Fig. 4C-D) which
indicates that cells fate-mapped by GLAST-CreER™? (cells of the
GER, IPhCs, BCs, and HeCs) do not contribute to spontaneous HC
regeneration.

The majority of spontaneously regenerated HCs are
produced by PCs and DCs

To compare the number of regenerated HCs between CreER lines, we
first assessed whether the level of HC damage and regeneration was
equivalent across lines. Unfortunately, tools to accurately quantify the
total number of regenerated HCs are currently unavailable as myosin
Vlla labeling alone represents a mix of surviving HCs, regenerated
HCs and HC corpses that have not been cleared from the sensory
epithelium (S. Francis and L. Cunningham, unpublished). Therefore,
we assessed HC damage and regeneration indirectly in two ways: by
normalizing numbers of myosin VIla-positive cells left after HC loss
to undamaged controls and by comparing the number of Sox2-
positive immature HCs after regeneration was induced. Previous
studies have shown that newly differentiated HCs express Sox2 until
PO-P1 (Dabdoub et al., 2008; Hume et al., 2007; Kempfle et al., 2016;
Kiernan et al., 2005; Mak et al., 2009). In addition, during
spontaneous regeneration, Sox2-expressing SCs convert into HCs,
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Fig. 1. PCs and DCs spontaneously regenerate HCs in the neonatal
mouse cochlea. (A-C”) Representative confocal slice images from P7
Prox1CERT2::Rosa26!d7omate::poy4f3°P™R mice (C-C”) as well as littermate
controls that lacked Pou4f3P™R (A-B"). All mice were injected with tamoxifen
(Tam) at PO to induce tdTomato expression among PCs/DCs, and with
diphtheria toxin (DT) at P1 to induce HC death in the experimental samples.
Anti-myosin Vlla antibodies were used to label HCs (green); anti-Sox2
antibodies were used to label SC and immature HC nuclei (white); tdTomato
was detected using endogenous fluorescence (red). Arrows indicate
tdTomato-positive, regenerated HCs. Scale bar: 50 ym. (D) Quantification of
fate-mapped HCs in the six segments of the cochlea show that PCs/DCs
spontaneously regenerate HCs and that the majority of tdTomato-positive HCs
are present in the first apical segment of the cochlea. ***P<0.001, determined
using either a Student’s t-test (for total cochlea) or a two-way ANOVA with a
Sidak’s post-hoc test (for the six segments). Data are meants.e.m.; n=4.
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Fig. 2. IPhCs and BCs spontaneously regenerate HCs in the neonatal
mouse cochlea. (A-C”) Representative confocal slice images from P7
Plp-CreER™?::Rosa267omato::Poy4f3PTR mice (C-C”), as well as littermate
controls that lacked Pou4f3°™R (A-B"). All mice were injected with tamoxifen
(Tam) at PO to induce tdTomato expression in IPhCs/BCs and with diphtheria
toxin (DT) at P1 to induce HC death in the experimental samples. Anti-myosin
Vlla antibodies were used to label HCs (green); anti-Sox2 antibodies were
used to label SC and immature HC nuclei (white); tdTomato was detected
using endogenous fluorescence (red). Arrows indicate tdTomato-positive,
regenerated HCs. Scale bar: 50 um. (D) Quantification of fate-mapped HCs
in the six segments of the cochlea show that more tdTomato-positive HCs
were detected after HC damage compared with Pou4f3°TR-negative controls.
***P<0.001, determined using a Student’s t-test (for total cochlea); *P<0.05,
determined using a two-way ANOVA with a Sidak’s post-hoc test (for the six
segments). Data are meants.e.m.; n=4.
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Fig. 3. GLAST-CreER"? is expressed in
cells of the GER, IPhCs/BCs and HeCs in
the neonatal cochlea. (A-H) Representative
confocal maximum projection images from P7
GLAST-CreER"?::Rosa26'@™mato controls that
were not injected with tamoxifen (Tam) (A-D)
or experimental mice that were injected with
Tam at PO to induce tdTomato expression
(E-H). Anti-Sox2 antibodies were used to
detect Sox2 expression in the nuclei of SCs
(white), and anti-myosin Vlla antibodies were
used to label HCs (green). tdTomato was
detected through endogenous fluorescence
(red). D and H show optical cross-sections of
the image shown in A-C and E-G, respectively.
(I) The percentage of tdTomato/Sox2-double
positive cells was quantified for each SC
subtype. GLAST-CreER"?::Rosa26tdTomato
predominantly labels cells of the GER and

after which Sox2 expression is downregulated after several days (Cox
et al., 2014). We first quantified the number of myosin VIla-positive
HCs in two 200 um regions per cochlear turn in undamaged controls,
as well as in samples with HC damage and regeneration. Myosin VIla
cells were expressed as a percentage of remaining HCs, including
regenerated HCs, HC corpses and those that survived damage. If all
groups had the same level of HC damage and regeneration, the
number of remaining HCs across samples should remain consistent
among CreER lines. As expected, the number of myosin VIla-
positive cells after DT-induced HC damage and spontancous HC
regeneration was not significantly different across the three mouse
lines (67.9%+3.9% in ProxI“*"R"?| 69.6%+5.2% in Plp-CreER™
and 66.9%+8.2% in GLAST-CreER™?; n=3; Fig. 5A). There was also
no difference in the number of Sox2-positive regenerated HCs among
CreER lines (28.0+8.9 in Prox<"¢FR72 28 3+2 3 in Plp-CreER™ and
32.3+11.3 in GLAST-CreER™?; n=3; Fig. 5B). Therefore, we
concluded that the level of HC regeneration was consistent between
CreER lines.

To wunderstand which SC subtypes contribute regenerated
HCs, we investigated the number of tdTomato-positive SCs of
each subtype in control cochlea. Similar to previous reports,
Prox1€7ERT? Jabeled only PCs and DCs, yet fewer inner PCs were
labeled than outer PCs (30.0%+5.0% IPCs, 81.3£9.3% OPCs and
85.1%+2.5% DCs, P<0.001; n=3; Fig. 5C,D; McGovern et al.,
2017; Mellado Lagarde et al., 2014; Yu et al., 2010). Plp-CreER™
labeled 51.8%=+12.3% IPhCs/BCs and ~6-12% of PCs and DCs,
which is similar to previous studies (n=3, Fig. 5C,D; Cox et al.,
2012; Doerflinger et al., 2003; Goémez-Casati et al., 2010b;
McGovern et al., 2017; Mellado Lagarde et al., 2014). GLAST-
CreER™ labeled 38.2%+12.9% IPhCs/BCs, 17.0%+4.0% cells of
the GER, 62.0%+6.1% HeCs and ~2-5% of PCs/DCs (Fig. 5C-D;
Mellado Lagarde et al., 2014). Therefore, Prox1<"*“R? labeled
more outer PCs (~81%) and DCs (~85%) than either Plp-CreER™
(~10% outer PCs and ~6% DCs; P<0.001) or GLAST-CreER™
(~2% outer PCs and ~3% DCs; P<0.001). ProxIERT? also
labeled more inner PCs (~30%) than GLAST-CreER™ (~5%;
P<0.05), but there was no difference from Plp-CreER™ (~12%).
Both Plp-CreER™ and GLAST-CreER™ labeled more IPhCs/BCs

3 ok IPhCs/BCs, as well as HeCs. ***P<0.001,
® c 80 p— == Apex **P<0.01, determined using a two-way

""g 260 mm Middle ANOVA. Data are meanss.e.m.; n=3. Scale
E Q 40 X == Base bars: 20 pym.

g "

2% 0

° GER 1PhC/BC IPC OPC DC HeC

(~52% for Plp-CreER™ and ~38% for GLAST-CreER™) than
Prox1¢7ERT2 (0%; P<0.001 and P<0.01, respectively), although
they were not different from each other. Finally, GLAST-CreER™
labeled more HeCs (~62%) than either ProxI<*“R'? or Plp-
CreER™ (both 0%; P<0.001).

We then compared the total number of fate-mapped, regenerated
HCs from each lineage that was significantly different from control
samples to determine the relative contribution of the SC subtypes
that were fate-mapped by each CreER line. Significantly more
tdTomato/myosin VIla-double positive cells (regenerated HCs)
were derived from PCs and DCs labeled by Prox1“*#R12 (50.7+7.5;
n=4) than IPhCs and BCs labeled by Plp-CreER™ (20.2+5.5;
P=0.05; n=4; Fig. SE). Therefore, PCs and DCs contribute more
regenerated HCs than other SC subtypes within the neonatal
cochlea.

PCs, DCs, and IPhCs/BCs have a similar capacity for
spontaneous HC regeneration

We next investigated whether the increased number of regenerated
HCs that were produced by PCs and DCs are the result of their
increased capacity to convert into HCs, or whether PCs and DCs
collectively constitute a larger pool of SCs that were fate-mapped. To
investigate the capacity of each pool of SCs to spontaneously
regenerate HCs, we normalized the number of fate-mapped
regenerated HCs to the number of tdTomato-labeled SCs in
controls without HC damage for each CreER line. Prox]<"*FRT2;;
Rosa26™Tmato cochleae had a larger number of tdTomato-positive
SCs (2375+26.9) than Plp-CreER™ (1232+241.3; P=0.003; n=3;
Fig. 5F). However the SC-to-HC conversion rate of Prox]<"¢ERT2;;
Rosa26!97omato mice (2.1%+0.6%) was not significantly different
than the rate of conversion in Plp-CreER™::Rosa26'/70"4 cochleae
(1.6%=0.9%; Fig. 5G). This indicates that IPhCs, BCs, PCs, and DCs
have the same capacity to convert into HCs after HC loss at birth.

Loss of the cell cycle inhibitor p27XP? was limited to

PCs and DCs

Previous studies have shown that spontaneous HC regeneration in
the neonatal mouse cochlea occurs by two cellular mechanisms:
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Fig. 4. Cells of the GER and HeCs do not regenerate HCs after HC
damage. (A-C”) Representative confocal slice images from P7 GLAST-
CreER'?::Rosa26!d™mate::Poy4f3P™R mice (C-C”) as well as littermate
controls that lacked Pou4f3P™R (A-B"). All mice were injected with tamoxifen
(Tam) at PO to induce tdTomato expression in cells of the GER, IPhCs/BCs and
HeCs, and with diphtheria toxin (DT) at P1 to induce HC death in the
experimental samples. Anti-myosin Vlla antibodies were used to label HCs
(green); anti-Sox2 antibodies were used to label SC and immature HC nuclei
(white); tdTomato was detected using endogenous fluorescence (red). Arrows
indicate tdTomato-positive HCs. Scale bar: 50 pm. (D) Quantification shows no
increase in the number of tdTomato-positive HCs after HC damage compared
with Pou4f3P"R-negative controls, determined using a Student’s t-test. Data
are meanzs.e.m.; n=4. n.s., not significant.

direct transdifferentiation, in which SCs directly change cell fate and
convert into HCs, and mitotic regeneration, in which SCs first
divide and one or both daughter cells take an HC fate (Cox et al.,
2014; Hu et al., 2016). One study fate-mapped Lgr5-positive cells
along with a mitotic tracer and observed a small number of
mitotically regenerated HCs from both fate-mapped and non-fate-
mapped lineages (Cox et al., 2014). Therefore, some Lgr5-positive
SCs are capable of mitotic HC regeneration, and there are also other
unknown SC subtypes that are capable of this function. SC subtypes
capable of mitotically regenerating HCs are of interest because they
can replenish both the HC and SC population.

To investigate which SC subtypes are capable of mitotic HC
regeneration, we investigated changes in the expression of the cell
cycle inhibitor p27%%¥! after HC damage and during the window of
spontaneous HC regeneration. p27%%! is a cyclin-dependent kinase
inhibitor which inhibits cyclin D during the G1 phase of the cell
cycle (Toyoshima and Hunter, 1994). During embryonic cochlear
development, p27%P! is upregulated in all progenitor cells as they
exit the cell cycle between embryonic day (E) 12.5-14.5 and its
expression is maintained in all SCs throughout the life of the animal
(Chen and Segil, 1999; Lee et al., 2006; Oesterle et al., 2011).
Interestingly, SCs that are isolated from the neonatal mouse organ of
Corti and grown in culture are capable of downregulating p2 757!,
incorporating the mitotic tracer 5-bromo-2-deoxyuridine (BrdU)
and differentiating into HC-like cells (White et al., 2006). This
suggests that SCs that downregulate p275%/ in the cochlea are likely
capable of undergoing cell division.

Atoh1-CreER™: :Rosa26oxI-s1op-1oxP-DT4 mice (hereafter referred
to as Atohl-DTA) were previously used to induce HC damage and
regeneration in the neonatal mouse cochlea (Cox et al., 2014,
McGovern et al., 2018). Atohl-DTA mice and littermate controls,
which lack either the Atohl-CreER™ or Rosa26P™ allele, were
injected with tamoxifen (3 mg/40 g, IP) on PO and P1 to induce HC
damage and thus spontaneous HC regeneration. S100al is a calcium
binding protein that was previously used to segregate the PC/DC
population from IPhCs/BCs after the tissue was disorganized by HC
loss and regeneration (McGovern et al., 2018). Here, we used S100al
to label PCs/DCs in order to determine whether any groups of SCs
lose p27KiP! expression after HC loss. Using the apical turn at P2 and
P4, we quantified the number of cells that expressed Sox2 but lacked
p27%P! in both S100al-positive and S100al-negative SCs. In
undamaged control cochleae, all SCs expressed p27X"P! (Fig. 6A-A").
After HC damage was induced at birth, 7.0£1.0 Sox2-positive/
S100al-positive/p27<iPl-negative cells were detected at P2
(P<0.001 compared with P2 controls 0+0; n=4) and 2.6£1.6 cells
were detected at P4 (not significant compared with controls 0+0;
n=4; Fig. 6B-E). All Sox2-positive/p27<P!-negative cells observed
were also S100al-positive, which indicates that they were PCs and
DCs. This indicates that, during the window of spontaneous HC
regeneration, some PCs and DCs lose the cell cycle inhibitor
p27KP1 wwhich suggests that they may be the population of SCs that
are capable of mitotic HC regeneration.

A larger proportion of mitotically regenerated HCs were
derived from PCs and DCs

Loss of p27%P! is only suggestive that a cell is entering the cell
cycle. Therefore we combined a mitotic tracer with fate-mapping,
using the same CreER mouse lines from above, to investigate
the ability of the three groups of SCs to mitotically regenerate
cochlear HCs, as well as repopulate the SC population. As
before, Prox1“"*FRT2::Rosa26/470mat0 - - Poudf3P™R mice, PlpCreR7::
Rosa26@mat - poy4f3PTR mice and GLAST-CreER™::Rosa26'/1omat
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Fig. 5. All three CreER lines had consistent amounts of HC damage and the majority of spontaneously regenerated HCs are derived from PCs and DCs.
(A) There was no significant difference in the percentage of remaining HCs (surviving plus regenerated HCs) among the three CreER lines, determined using a
one-way ANOVA. (B) There was no significant difference in the number of Sox2-positive/myosin Vlla-positive cells after HC loss and regeneration were
induced, determined using a one-way ANOVA. This indicates that the level of regeneration among each CreER line was similar. (C) Prox1°®ER72 gpecifically
labels inner PCs, outer PCs and DCs; Plp-CreER™? predominantly labels IPhCs/BCs, with few inner PCs, outer PCs and DCs labeled; GLAST-CreER"? labels
predominantly cells of the GER, IPhCs/BCs and HeCs, with few PCs and DCs labeled. ***P<0.001, determined using a two-way ANOVA with a Tukey’s
post-hoc test. (D) Schematic of the expression patterns for CreER lines used for fate mapping. Glast-CreER? (teal) is expressed in cells of the GER, IPhCs/BCs
and HeCs. Prox1€ERT2 (orange) is expressed in PCs and DCs. Plp-CreER'? (magenta) is expressed in IPhCs/BCs. (E) Significantly more tdTomato-positive,
regenerated HCs were observed when Prox1°®ER72 was used for fate-mapping compared with Plp-CreER'2. *P<0.05, determined using a Student’s t-test.
(F) More SCs were labeled by tdTomato in Prox1€®ERT2 cochleae compared with Plp-CreER'? cochleae. **P<0.01, determined using Student’s t-test. (G) The
total number of fate-mapped regenerated HCs was normalized to the total number of tdTomato-labeled SCs in control samples of each CreER line. Both CreER
lines had an equal capacity to regenerate HCs, determined using a Student’s t-test. Data are meants.e.m. n.s., not significant.

Poudf3P™ mice, as well as controls that lacked the Pou4f3P™R allele, In control samples, no BrdU-positive/myosin VIla-positive cells
were injected with tamoxifen (3 mg/40 g, IP) at PO to induce were seen in any samples (Fig. 7A,C,E). The only BrdU-positive/
tdTomato expression among the specific SC populations, followed tdTomato-positive/myosin VIIA-negative cells (mitotically active
by DT injection (6.25 ng/g, IM) at P1 to induce HC damage in  SCs that remained as SCs) observed in control samples were located
Poudf3P™R positive mice. To label mitotically active cells, mice in the cells of the GER from GLAST-CreER"?::Rosa26'"°"%* mice
were also injected with BrdU (50 mg/kg, IP) twice per day from  (data not shown), which is consistent with previous reports (Oesterle
P3-P6 with ~6 h between injections. Cochleae were collected at P6- et al., 2011; Taniguchi et al., 2012). In experimental samples, there
P7 (due to unexpected high mortality rates, some samples were was no significant difference in the total number of fate-mapped,
collected on P6 at least 30 min after the last BrdU injection). For  mitotically active SCs that remained as SCs (BrdU-positive/
each of the three mouse models, we quantified the total number of  tdTomato-positive/myosin VIla-negative cells) among CreER lines
mitotically regenerated HCs in the cochlea that were fate-mapped ~ (28.0£11.2 for Prox1<*ERT2 18.4+4.7 for Plp-CreER™ and 20.3
(BrdU-positive/tdTomato-positive/myosin ~ VIla-positive cells), £9.8 for GLAST-CreER™; n=3; Fig. 7G). Although there was also
mitotically regenerated HCs that were not fate-mapped (BrdU- no significant difference in the total number of fate-mapped,
positive/tdTomato-negative/myosin VIla-positive cells) and fate- mitotically regenerated HCs (BrdU-positive/tdTomato-positive/
mapped mitotically active SCs that remained as SCs (BrdU-positive/ myosin VIla-positive cells) among the three lineages (2.6+0.33
tdTomato-positive/myosin VIla-negative cells). in Prox]“ERT2 13+0.8 in Plp-CreER™ and 0.3%0.3 in
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Fig. 6. p27¥i! js specifically downregulated among PCs/DCs during
spontaneous HC regeneration in the neonatal mouse cochlea.

(A-C") Representative confocal slice images with anti-S100a1 (red), anti-Sox2
(magenta), and anti-p27KP" (cyan) antibodies used to investigate changes in
the expression of the cell cycle inhibitor p27KP* in SCs after HC damage
(DMG). Controls (CTRL) for each time point were littermates that lacked either
the Atoh1-CreER™ or Rosa26°™ allele (A-A"). Atoh1-DTA mice were injected
with tamoxifen (Tam) at PO/P1 to induce HC death and cochleae were
collected at P2 or P4 (B-C"). All Sox2-positive/p27KiP1-negative cells observed
were also S100a1-positive, which suggests that they were PCs and DCs.
Scale bar: 25 pm. (D) Higher magnification image of the boxed region in C”
showing a Sox2-positive/p27KiP1-negative cell (white arrow). Scale bar: 5 pm.
(E) A small number of Sox2-positive/S100a1-positive/p27<P1-negative
PCs/DCs were detected at P2 and P4 after HC damage, whereas no
p27XiP1_negative cells were detected in controls at any age or outside the
S100a1 region. ***P<0.001, determined using a one-way ANOVA with a
Sidak’s post-hoc test. Data are meanzts.e.m.; n=3-5. n.s., not significant.

GLAST-CreER™; n=3; Fig. 7B-B"”,D-D” ,F-F” H), there were more
mitotically regenerated HCs in Plp-CreER™? samples that were
not fate-mapped (BrdU-positive/tdTomato-negative/myosin VIla-
positive cells; 12.6+1.4 for Plp-CreER™ compared with 2.3£1.4 for
Prox1€"ERT2 and 2.6+1.4 for GLAST-CreER™?; P<0.001; n=3; two-
way ANOVA with a Tukey’s post-hoc test; Fig. 7G). Therefore, we
normalized the number of fate-mapped, mitotically regenerated HCs
(BrdU-positive/tdTomato-positive/myosin  VIla-positive cells) to
the number of total mitotically regenerated HCs (BrdU-positive/
myosin VIla-positive cells, regardless of tdTomato expression). This
ratio showed that 65.8%+18.2% of the mitotically regenerated HCs
in ProxI<°ER12::Rosa26'oma - Pou4f3P™ cochleae were fate-
mapped, which was significantly more than the other two lineages
(6.2%+6.2% in Plp-CreER™ and 5.5%+5.5% in GLAST-CreER™;
P<0.05; n=3; two-way ANOVA with a Tukey’s post-hoc test;
Fig. 71). This suggests that, although all SC subtypes are equally
capable of cell division after HC loss, more PCs and DCs are able to
convert into and regenerate HCs after they divide. We then

normalized the number of fate-mapped, mitotically regenerated
HCs (BrdU-positive/tdTomato-positive/myosin VIla-positive cells)
to the total number of tdTomato-labeled SCs for each CreER
line and found no significant difference between Proxl<*FRT?
(0.09%20.01%), Plp-CreER™ (0.09%20.1%), or GLAST-CreER™
(0.02%+0.03%; Fig. 7J). Thus, although the majority of fate-
mapped, mitotically regenerated HCs were derived from PCs and
DCs, all SC subtypes had the same capacity to divide and remain as
SCs, as well as mitotically regenerate HCs.

DISCUSSION

This study investigated the SC subtypes from which HCs
spontaneously regenerate within the neonatal mouse cochlea
in vivo. Previously, Lgr5-positive cells (IPhCs/BCs, inner PCs
and the third row of DCs), as well as Hes5-positive cells (some cells
of the GER, IPhCs/BCs, outer PCs and DCs) and Sox2-positive
cells (cells of the GER, IPhCs/BCs, PCs, DCs and HeCs) were
found to regenerate HCs (Brambhall et al., 2014; Cox et al., 2014).
Here, we further separated these broad populations of SCs into more
discrete groups. Our fate-mapping experiments suggested that PCs,
DCs, IPhCs and BCs had the same capacity for regeneration, but
that the majority of regenerated HCs were derived from the larger
population of PCs and DCs. Furthermore, all fate-mapped SC
subtypes had the same capacity for mitotic HC regeneration,
although a larger proportion of the BrdU-positive, regenerated HCs
were fate-mapped from PCs and DCs than from any other SC
subtypes, which is consistent with the location of the p27XiP!-
negative cells we observed. These data suggest that PCs, DCs,
IPhCs and BCs retain plasticity in the neonatal cochlea, which
allows them to spontaneously convert into and regenerate HCs.
Unfortunately, none of the CreER lines used here labels 100% of
any SC subtype, and a recent paper has shown that Eyal-positive
cells in the spiral ganglion region can also act as the source of
regenerated HCs (Xu et al., 2017). Therefore fate-mapping
quantifications are likely to be an underestimate of the total
number of HCs that are regenerated from each population.
Nevertheless, the mouse models we used are the best tools
currently available for investigating the sources of regenerated HCs.

PCs, DCs, IPhCs and BCs are able to spontaneously
regenerate HCs

As the organ of Corti develops, medially located inner HCs
differentiate first and therefore they begin to inhibit their
neighboring progenitor cells before outer HC differentiation
(Driver et al., 2013; Lanford et al., 2000; Morrison et al., 1999).
Because of this, laterally located outer HCs and their surrounding
SCs may be less mature than their medial counterparts, which could
potentially make them more responsive to HC loss. Yet our results
suggest that both medial and lateral SC subtypes have equal capacity
to form regenerated HCs after damage.

Interestingly, although GLAST-CreER™? labels a similar number
of IPhCs/BCs (~50-60%) as Plp-CreER™?, there was no significant
difference in the number of regenerated HCs that were fate-mapped
by GLAST-CreER™ than in controls without HC damage. IPhCs/
BCs are named based on their location within the organ of Corti.
Therefore, it is possible that there are two distinct subtypes of
IPhCs/BCs that differ in plasticity or in response to HC loss and
are differentially fate-mapped by Plp-CreER™ versus GLAST-
CreER™. Previously, we have shown that Plp-CreER™ labels
~6-12% of PCs/DCs (McGovern et al., 2017), which was also
observed in the current study. GLAST-CreER™?, however, labels
<5% of PCs and DCs and, therefore, perhaps the increased
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Fig. 7. A larger proportion of mitotically regenerated HCs arise from PCs and DCs. (A-F”) Representative confocal slice images from P6-P7 Prox1CeERT2::
Rosa26'7omato::poy4f3°P™R (B-B"), Plp-CreER™2::Rosa26'7°mat::Pou4f3P™R (D-D”) and GLAST-CreER"?::Rosa26!97°ma::Pou4f3PTR (F-F") mice, as well as
littermate controls that lacked Pou4f3°™R (A,C,E). All mice were injected with tamoxifen (Tam) at PO to induce tdTomato expression in various SC groups, with
diphtheria toxin (DT) at P1 to induce HC death in the experimental samples, and with BrdU twice per day from P3-P6 (~6 h between injections) to detect dividing
cells. Samples were immunostained with anti-myosin Vlla antibodies to label HCs (green), anti-BrdU antibodies to label mitotic cells (white) and anti-RFP
antibodies to detect tdTomato expression (red). White arrows indicate tdTomato-positive/BrdU-positive/myosin Vlla-positive mitotically regenerated, fate-mapped
HCs. Scale bars: 25 ym. (G) No difference was observed in the number of BrdU-positive, fate-mapped SCs that remained as SCs (tdTomato-positive/BrdU-
positive/myosin Vlla-negative) among CreER lineages. (H) Significantly more mitotically regenerated HCs that were not fate-mapped (BrdU-positive/myosinVIIA-
positive/tdTomato-negative cells) were observed in Plp-CreER™2::Rosa267°mat::Pou4f3°™R mice compared with both Prox1¢*ERT2 and GLAST-CreER™
lineages. However, there was no difference in the number of fate-mapped, mitotically regenerated HCs (BrdU-positive/myosin VIIA-positive/tdTomato-positive
cells) among the three lines. (1) When normalized to the total number of BrdU-positive cells, a larger percentage of BrdU-positive/myosin Vlla-positive cells were
fate-mapped (tdTomato-positive) by the Prox1¢®ER72ine, compared with Plp-CreER™? and GLAST-CreER? lineages. (J) When the total number of fate-mapped
mitotically regenerated HCs was normalized to the total number of tdTomato-positive SCs in control cochleae for each CreER line, all groups were found to have

an equal capacity for mitotic regeneration. *P<0.05, ***P<0.001, determined using two-way ANOVA with a Tukey’s post-hoc test. Data are meants.e.m.; n=3. n.s.,
not significant.
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amount of labeled PC/DCs contributed to the increased number
of regenerated HCs that were observed from the Plp-CreER™
lineage.

We have recently shown that increased Notch signaling prevents
HC regeneration and that there was no change in Hes5 expression in
IPhCs/BCs in response to HC loss (McGovern et al., 2018). As
Hes5 is a Notch effector and an inhibitor of HC fate (Abdolazimi
et al., 2016; Mulvaney and Dabdoub, 2012) we did not predict that
regenerated HCs would derive from IPhCs/BCs. However, here we
observed a small number of spontaneously regenerated HCs that
were fate-mapped from the Plp-CreER™ lineage. It is possible that
IPhCs/BCs do not rely on HCs for control of Hes5 expression, as
they also have direct contact with inner PCs and cells of the GER
that express the Notch ligand jagged 1 (Oesterle et al., 2008;
McGovern et al., 2018) or that loss of Hes5 expression is not
necessary for IPhCs/BCs to convert into HCs. It is also possible that
the IPhC/BCs that changed cell fate and regenerated HCs are
replenished by the cells of the GER as seen previously (Mellado
Lagarde et al., 2014). This would limit our ability to detect changes
in Hes5 expression.

In addition, HeCs have been shown to respond to HC damage by
invading the damaged outer HC region to remodel and create a scar
(Taylor et al., 2012). Although fate-mapping results did not show a
significant number of regenerated HCs from HeCs, GLAST-
CreER™ only labels ~24% of HeCs throughout the cochlea, with
~60% of HeCs labeled in the apex. We therefore cannot account for
100% of HeCs, however the majority of HC regeneration occurs in
the apical third of the cochlea (Bramhall et al., 2014; Cox et al.,
2014) in which the majority of HeCs are labeled. Therefore, we
conclude that HeCs do not contribute significantly to spontaneous
HC regeneration.

Of note, ototoxic medications and noise-induced hearing loss
preferentially damage and kill outer HCs, with little damage
inflicted on inner HCs (Nakai et al., 1982; Ou et al., 2000; Williams
et al., 1987). Therefore, the finding that PCs and DCs are the source
for the majority of spontaneously regenerated HCs is serendipitous,
as they are most proximal to the outer HCs that are prone to ototoxic
insults. Moreover, studies have shown that some spontaneously
regenerated HCs are capable of taking an outer HC fate by
expressing prestin (also known as Slc26a5) (Bramhall et al., 2014;
Cox et al, 2014). It is still unclear whether spontaneously
regenerated HCs are able to adopt an inner HC fate.

Mitotically regenerated HCs predominantly arise from

PCs and DCs

Spontaneous HC regeneration is also achieved via mitotic
regeneration, in which SCs divide before one or both daughter
cells convert into HCs (Cox et al., 2014; Hu et al., 2016). SCs that
perform mitotic regeneration are of utmost importance as they have
the potential to not only regenerate the HC population, but they can
also replenish the SC population, which is necessary for proper
cochlear function (Liu et al., 2012b; Mellado Lagarde et al., 2013).
The cell cycle inhibitor p275%7! is expressed in cochlear SCs (Chen
and Segil, 1999; Lee et al., 2006) and loss of p27¥! is associated
with the ability of isolated SCs to enter the cell cycle before
differentiating into HC-like cells (White et al., 2006). In our model
of spontaneous HC regeneration, a small number of PCs and DCs
lost p27%iP! expression after HC damage. Fate-mapping studies
combined with the mitotic tracer BrdU revealed that, whereas all
groups of SCs were able to divide and remain as SCs, as well as to
mitotically regenerate HCs at the same rate, a larger proportion of
mitotically regenerated HCs were fate-mapped by Prox*#R7? and

therefore were derived from PCs/DCs. Although we investigated the
expression of p27%P! in this study, it is not the only cell cycle
regulator that is expressed in the developing mammalian cochlea.
p19™*4 and p21<! have been shown to inhibit cell cycle re-entry
of cochlear cells (Laine et al., 2007); however the role of these cell
cycle regulators in the postnatal cochlea is not well understood.
Therefore, p19"*#4 and p21°?! may regulate the ability of other SC
subtypes to divide.

Because BrdU incorporates into cells during S phase of the cell
cycle (Miller and Nowakowski, 1988) and has an estimated
bioavailability of ~15-30 min after injection in mice (Burns et al.,
2012; Mandyam et al., 2007), it is very likely that we are
underestimating the number of mitotically regenerated HCs.
However, measuring the ratio of fate-mapped, mitotically
regenerated HCs to the total number of mitotically regenerated
HCs can partially account for the different number of BrdU-positive
cells observed between samples because within the same cochlea,
all cells have access to BrdU at the same time. Additionally, while
significantly more mitotically regenerated HCs were formed in
cochleae from Plp-CreER"? mice, only a small number of these cells
were fate-mapped. This indicates that SC subtypes other than IPhCs/
BCs are mitotically regenerating HCs in the Plp-CreER™ samples
and supports our conclusion that PCs/DCs contribute a larger
proportion of mitotically regenerated HCs. Yet when the fate-
mapped, mitotically regenerated HCs were normalized to the total
number of fate-mapped cells in each CreER line, all SC subtypes
had the same capacity to produce mitotically regenerated HCs.

The source for spontaneous HC regeneration is not limited
to Lgr5-positive SCs
It has been hypothesized that Wnt-responsive Lgr5-positive cells
(IPhCs/BCs, inner PCs and the third row of DCs) within the neonatal
organ of Corti are the cochlear stem cells from which HCs are
regenerated (Bramhall et al., 2014; Chai et al., 2012; McLean et al.,
2017; Shi et al., 2012; Shi et al., 2013; Waqas et al., 2016). Wnt
signaling has been suggested as the mechanism that drives
proliferation of SCs in the developing cochlea (Chai et al., 2012;
Nietal., 2016a,b; Hu et al., 2016; Shi et al., 2013; Kuo et al., 2015).
In addition, the interaction of Wnt and Notch signaling has been
implicated in the ability of SCs to divide and then transdifferentiate
into HCs (Hu et al., 2016; Li et al., 2015; Ni et al., 2016a,b; Shi et al.,
2013; Wang et al., 2015). The majority of these studies used isolated
LgrS5-positive cells grown in culture, or undamaged cochleae treated
with Wnt agonists or prolonged expression of the Wnt effector
B-catenin to make their conclusions. While these studies nicely
demonstrate that Lgr5-positive cells are responsive to Wnt signaling
and can divide or produce new HCs when Wnt signaling is activated,
they do not address the question of which SC subtypes are the source
of regenerated HCs that form spontaneously in the neonatal cochlea.
There are two studies that directly investigate this question. The
first study that investigated the contribution of LgrS-positive cells to
spontaneous HC regeneration (Bramhall et al., 2014) had several
limitations, which cloud the interpretations that can be made from
the data. Specifically, explant cultures from the neonatal cochlea
were used to investigate spontaneous HC regeneration in response to
gentamycin ototoxicity. This system is problematic because the
majority of HC regeneration is seen in the apical third of the cochlea
(Cox etal., 2014; McGovern et al., 2018) and the apex is resistant to
gentamycin-induced damage in the neonate (Chen et al., 2009;
Korrapati et al., 2013). Therefore, less HC regeneration occurs in
explants compared with HC damage that is induced with mouse
genetics in vivo. Secondly, the conclusion that more regenerated
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HCs were derived from the Lgr5-population was made by
comparing the number of regenerated HCs fate-mapped by
Lgr5CTER versus Sox2<"*ER. Fate-mapping SCs in the neonatal
cochlea with Sox2<"¢ER is challenging to interpret because it induces
recombination in a large number of HCs as well as in SCs
(McGovern et al., 2017; Walters et al., 2015). Furthermore,
Sox2€"ER wwas recently shown to have a ~30% reduction in Sox2
expression, which generates a haploinsufficent phenotype.
Sox2¢"ER mice have increased proliferation of neonatal SCs in
samples without HC damage, increased proliferation and formation
of regenerated HCs after damage, and increased response to Wnt
signaling (Atkinson et al., 2018). Therefore, conclusions about the
source of regenerated HCs are not clear in this study.

In the second study, ~123 spontaneously regenerated HCs were
fate-mapped from the Lgr5 population in which the authors used the
same Pou4f3°™® mouse model of HC damage, the same tdTomato
reporter line, induced HC damage at P1 with the same dose of DT,
and collected the tissue at the same age of P7 (Cox et al., 2014).
However, in the present study we only detected ~50 regenerated
HCs fate-mapped from the Prox1 population. This difference may
indicate that LgrS-positive cells produce even more regenerated
HCs than PCs and DCs, or there may have been different amounts of
HC damage in the two studies, which triggered different amounts of
regeneration. In support of the latter conclusion, we also detected
~44% fewer Sox2/myosin VIla double positive HCs compared with
Cox et al. (2014) which suggests that there was less regeneration
occurring in our study. Because DT is a protein that may degrade
quickly and the dose injected is very small (6.25 ng/g), different
amounts of HC damage induced by DT injection could vary
from lab to lab. Additionally, ProxI<"*R?? only labels ~30% of
inner PCs whereas Lgr5¢*R"? Jabels ~67% of inner PCs (Cox
et al., 2014); thus, if inner PCs are a significant contributor to
regeneration, the difference in inner PC fate-mapping may account
for the increased numbers of regenerated HCs seen with
Lgr5¢eERT2 Unfortunately, there are no inner PC-specific CreER
lines available to address this issue.

Throughout late embryonic and neonatal development of the
murine cochlea, cellular changes occur rapidly to downregulate
the expression of progenitor cell genes, while upregulating the
expression of genes that drive terminal differentiation. Specifically,
during the first postnatal week, the expression of genes in the Notch
signaling pathway is decreasing, whereas the expression of genes
that determine inner and outer HC fate is increasing (Abe et al.,
2007; Belyantseva et al., 2000; Hartman et al., 2007; Legendre
et al., 2008; Maass et al., 2015; Maass et al., 2016; Murata et al.,
2006; Zheng et al., 2000). Because there are different gene
expression changes happening in different SC subtypes within the
neonatal cochlea, understanding which SC subtypes retain plasticity
when HC regeneration occurs spontaneously will narrow the scope
of investigation to identify barriers to HC regeneration in the more
mature cochlea. We have identified PCs, DCs, IPhCs and BCs as
the source for spontaneous HC regeneration, which suggests that
they remain plastic longer than other SC subtypes. Therefore,
investigating changes that occur during the first postnatal week in
these cells may lead to the discovery of therapeutic targets to treat
hearing loss.

MATERIALS AND METHODS

Animals

GLAST-CreER™ mice (stock #12586, Wang et al., 2012); Plp-CreER™ mice
(stock #5975, Doerflinger et al., 2003); Rosa26'7"#° mice, also referred to
as Ail4 (stock #7914, Madisen et al., 2010); and Rosa26'o*"-stop-loxP-DTA

mice (stock #6331, Ivanova et al., 2005) were obtained from The Jackson
Laboratory. Atohl-CreER™ mice (Chow et al., 2006) were provided by Dr
Suzy Baker (St Jude Children’s Hospital, Memphis, TN, USA), Pou4f3P™%
mice (Golub et al., 2012; Tong et al., 2015) were provided by Dr Ed Rubel
(University of Washington, Seattle, WA, USA), and ProxI“*ZR"? mice
(Srinivasan et al., 2007) were provided by Dr Guillermo Oliver (St Jude
Children’s Research Hospital, Memphis, TN, USA). Transnetyx, Inc.
performed all genotyping. Mice of both genders were used and all animal
work was performed in accordance with approved animal protocols from the
Institutional Animal Care and Use Committee at Southern Illinois University
School of Medicine.

Substances given to animals

To induce HC death in Atohl-DTA mice, tamoxifen (Sigma-Aldrich)
was dissolved in 100% corn oil and injected IP at 3 mg/40 g on PO and P1.
For fate-mapping experiments, tamoxifen (3 mg/40 g) was injected IP at PO
only to induce tdTomato expression in SC subgroups, followed by injection
of DT (6.25 ng/g, IM; List Biological Laboratories, Inc.) at P1 to induce HC
death in Pou4f3PTR mice. For investigation of mitotic cells, BrdU (Sigma-
Aldrich) was injected (50 mg/kg, IP) from P3-P6 twice a day (with ~6 h
between injections) in addition to the tamoxifen and DT injections at PO and
P1, respectively.

Immunostaining

Neonatal pups were euthanized under isoflurane anesthesia and cochleae
were collected and post-fixed in 4% paraformaldehyde (Polysciences, Inc.)
for ~2 h at room temperature. The samples were then transferred to 10 mM
PBS (Sigma-Aldrich) and stored at 4°C. Following whole-mount
dissection, the cochlea was cut into three turns of equal length and placed
into a 48-well plate for immunostaining as described previously (McGovern
etal., 2018).

The primary antibodies used in this study are listed in Table S1, along
with the additional steps to the immunostaining protocol needed for some
antibodies. A low pH antigen unmasking solution (AUM, Vector
Laboratories) was beneficial to increase antibody binding to the epitope.
For this step, samples were incubated in a hybridization oven at 95°C for
45 min with a 1:100 dilution of the AUM solution in ddH,O followed by
three 5 min washes in 10 mM PBS before blocking/permeabilization. In
addition, some antibodies produced excessive background and, therefore, to
increase the signal to noise ratio, Image-iT™ FX signal enhancer (enough
volume to cover each sample, Life Technologies) was applied at room
temperature for 30 min followed by three 5 min PBS washes prior to the
blocking/permeabilization step. If used in combination with the AUM step,
signal enhancer was added just before the blocking/permeabilization step.
To investigate mitotic activity within the cochlea, samples that had been
injected with BrdU were incubated with HCI to open the DNA and allow
anti-BrdU antibodies to penetrate. After the secondary antibody (Table S2)
step was completed for all other targets, samples were incubated with 2N
HCI (Fisher Scientific International) at 37°C for 25 min followed by three
washes with 0.1 M Tris-HCL (Fisher Scientific International) for 5 min
each, and an overnight incubation with the Alexa fluor-conjugated BrdU
primary antibody at 4°C. The HCI incubation step destroys endogenous
tdTomato fluorescence; therefore anti-RFP antibodies were used in samples
that were injected with BrdU. Mouse monoclonal p27%¥! antibodies and
RFP antibodies were used in combination with IgG-specific secondary
antibodies to increase specific binding.

Cell counts

Imaging was conducted using a Leica SP5 or a Zeiss LSM 800 confocal
microscope and images were processed with LAS-lite (Leica) or Zen Blue
lite (Zeiss) software. Because the majority of HC regeneration occurs in the
apical third of the neonatal mouse cochlea, quantification of Sox2-positive
HCs and p27%Plnegative cells was conducted only in the apex.
For quantification of Sox2-positive HCs, the whole apical turn was imaged
and counted. For quantification of p27%iP!-negative cells, images were taken
from two representative regions in the apical turn of the cochlea and a 200 pm
region per image was quantified and averaged for each sample. For fate-
mapping experiments, the entire cochlea was imaged and divided into six
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segments of equal length as previously described (McGovern et al., 2017).
The total number of tdTomato/myosin VIla double positive cells was
quantified in each segment of the cochlea. For BrdU quantification,
tdTomato-positive/myosin VIla-positive/BrdU-positive, tdTomato-negative/
myosin VIla-positive/BrdU-positive, as well as tdTomato-positive/myosin
Vlla-negative/BrdU-positive cells were counted in the entire cochlea. Similar
to McGovern et al. (2018), in order to separate the cells of the GER from
IPhC/BCs, the width of the tdTomato-positive region medial to inner HCs in
Plp-CreER™::Rosa26"/T™ cochleae was measured and used to define the
Sox2-positive IPhCs/BCs in Glast-CreER'™ samples. The Sox2-positive
cells medial to this region were considered to be the cells of the GER.

Normalization of HC damage and regeneration across

CreER lines

We first quantified the number of myosin Vlla-positive HCs in two
representative 200 um regions per cochlear turn in undamaged controls as
well as in samples with HC damage and regeneration. We then calculated a
ratio of the number of myosin VIla-positive cells in HC-damaged samples to
the number of myosin Vlla-positive cells in undamaged samples. If all
groups had the same level of HC damage and regeneration, the number of
surviving HCs plus the number of regenerated HCs across samples should
remain consistent among CreER lines.

As a second metric for the level of spontanecous HC regeneration, we
counted the number of Sox2-positive HCs at P7 in each of the CreER lines.
Although Sox2-positive HCs at P7 do not represent the total number of
regenerated HCs, the number of Sox2-positive cells should be consistent at
P7 across all CreER lines if the level of regeneration is similar. Other studies
have used this metric to quantify HC regeneration (Bramhall et al., 2014;
Cox et al., 2014; Kempfle et al., 2016; McLean et al., 2017). Because the
majority of HC regeneration occurs in the apical third of the neonatal
cochlea, quantification was limited to this region.

Normalization of SCs labeled by each CreER line to determine
regeneration capacity

To generate the total number of tdTomato-positive SCs for each CreER line,
we determined the number of Sox2-positive SCs and the percentage of
tdTomato-positive/Sox2-positive SC in a 200 pm region in each turn of the
cochlea. We then calculated the average number of Sox2-positive SCs
present in the entire cochlea by dividing the length of each cochlea by
200 um and multiplying that number by the number of Sox2-positive cells
per 200 um. This gave us the total number of Sox2-positive cells within the
cochlea. We calculated the total number of tdTomato-positive cells labeled
by each CreER line by multiplying the total Sox2-positive pool with the
percent of SCs expressing tdTomato. We then generated a percentage by
dividing the number of tdTomato/myosin VIla double positive cells in
samples with HC damage by the total number of tdTomato-positive cells
labeled by each CreER line.

Statistical analysis
All data are meants.e.m. and the n value represents the number of mice
included in the study in which one cochlea from each mouse was used for a
particular experiment. Statistical tests used for each dataset are described in
the results text and figure legends and analyses were performed using
Graphpad Prism 6.02.
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Table S1. Primary antibodies used for immunostaining and special staining

procedures.
] o Special Vendor/catalog
Protein Host Dilution
procedures number
Conjugated )
BrdU Mouse 1:20 _ Invitrogen #B35130
primary AB
. . Proteus Biosciences
Myosin Vlla Rabbit 1:200 None
#25-6790
AUM, SE, 37°C
p27Kirt Mouse 1:400 AB incubation, & Fisher #BDB610242
IgG1 secondary
SE, 37°C AB Rockland
RFP Mouse 1:200 incubation, &
IlgG2a secondary #200-301-379S
37°C AB
S100a1 Rabbit 1:100 ) ) Abcam #AB868
incubation
Sox2 Goat 1:400 None Santa Cruz #sc-17320
AB, antibody; AUM, antigen unmasking solution; SE, signal enhancer.
Table S2. Secondary antibodies used for immunostaining s
._%
Antibody Dilution Vendor/Catalog number £
S
Alexa 488 donkey anti-goat 1:1000 Invitrogen #A11055 =
5
Alexa 488 donkey anti-rabbit 1:1000 Invitrogen #A21206 S
5
Alexa 546 donkey anti-rabbit 1:1000 Invitrogen #A10040 _&
=
Alexa 568 goat anti-mouse 1gG2a 1:1000 Invitrogen #A21134 (?
+
c
Alexa 647 donkey anti-goat 1:1000 Invitrogen #A21447 g
Q
Alexa 647 goat anti-mouse 1gG1 1:1000 Invitrogen #A21240 %
>
[}
Alexa 647 donkey anti-rabbit 1:1000 Invitrogen #A31573 a]




