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SUMMARY

Over 11% of the world’s population experience hearing loss. Although there
are promising studies to restore hearing in rodent models, the size, ontogeny,
genetics, and frequency range of hearing of most rodents’ cochlea do not
match that of humans. The porcine cochlea can bridge this gap as it shares
many anatomical, physiological, and genetic similarities with its human counter-
part. Here, we provide a detailed methodology to process and image the
porcine cochlea in 3D using tissue clearing and light-sheet microscopy. The
resulting 3D images can be employed to compare cochleae across different
ages and conditions, investigate the ontogeny of cochlear cytoarchitecture,
and produce quantitative expression maps of LGRS, a marker of cochlear pro-
genitors in mice. These data reveal that hair cell organization, inner ear
morphology, cellular cartography in the organ of Corti, and spatiotemporal
expression of LGR5 are dynamic over developmental stages in a pattern not
previously documented.

INTRODUCTION

Normal adult human hearing covers a broad frequency range (20 Hz-20k Hz) that spans deep bass to high
whistling sounds (Burns et al., 1992; Purves et al., 2001). The loss of hearing at low frequency (<3,000 Hz)
affects the perception of low-pitched and deeper sounds important for sound localization, while people
who suffer from high-frequency hearing loss (3,000-8,000 Hz) are unable to hear high-pitched sounds
such as consonants (Hornsby and Ricketts, 2006). Most rodent models that are used to study hearing
loss have rather different frequency ranges from humans. An animal model that matches the human organ’s
size and frequency range could guide novel treatment plans in relation to therapeutic dosage, diffusion,
targetability, and efficiency. The similarity in size also facilitates the analysis of conductive hearing loss
where the size and structure of the middle ear is a critical factor (Kim and Koo, 2015).

The porcine model can address the above gaps. In general, the pig is an attractive translational mammalian
model owing to its similarity with humans in terms of size, physiology, developmental stages, and disease
progression (Lunney, 2007). The porcine model, in terms of genome evolution rate, can be positioned be-
tween non-human primates and rodents, a comparison that extends to the inner ear (Hosoya et al., 2016). In
addition, porcine gene-editing tools and somatic cell nuclear transfer (SCNT) are thoroughly developed
(Dai et al., 2002; Zhao et al., 2019). This is a considerable advantage as hearing loss research has benefited
tremendously from the generation of gene-edited animal models (Farooq et al., 2020; Zou et al., 2015). In
comparison with non-human primates, the pig is easier to breed and handle, and its use as an animal model
has fewer ethical concerns.

Specifically, the pig is suitable for auditory research given its morphology, size, and hearing range. The
pig, like humans and unlike most rodents, can hear at birth and has a hearing range (42 Hz-40 kHz) that
overlaps better with humans (20-20 kHz) (Heffner and Heffner, 1990). The low frequency (42 Hz) is closer
to that of humans (20 Hz) than for mice (~2000 Hz), Mongolian gerbils (100 Hz), or even chinchillas
(50 Hz) (Engel, 2008; Heffner and Heffner, 1990, 2007; Purves et al., 2001; Ryan, 1976a; Trevino et al.,
2019). Previous studies reported that the anatomy of the porcine middle ear is very similar to that of
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humans (Gurr et al., 2009). Additionally, the morphology of the cochlear hair cells, their organization and
distribution (Guo et al., 2015), and the maturity of the porcine auditory system at birth (Lovell and
Harper, 2007) are similar to humans. The porcine model could be an excellent model system both for
genetic and noise-induced hearing loss. For example, several recent reports used transgenic porcine
models to study deafness and explore the applicability of gene therapy for rare genetic diseases that
cause hearing loss—e.g., Waardenburg syndrome (Guo and Yang, 2015; Hai et al., 2017; Xu et al,,
2020). Measurements of behavior and physiological responses (i.e., auditory brainstem responses) to
sounds have been established in wild-type pigs, thus providing a crucial step for creating a noise-
induced hearing loss model (Anderson et al., 2019; Heffner and Heffner, 1990; Kristensen and Gimsing,
1988). However, there is still a significant gap to connect these in-vivo measurements and rough
anatomical and mechanical studies to molecular and cellular phenomena in the porcine cochlea. The
gap arises as the porcine cochlea (like human cochlea) is buried in a massive temporal bone, and it
is challenging to process it for histological analysis (Knoll et al., 2019; Montgomery and Cox, 2016).
The benefit of using 3D imaging such as light-sheet fluorescent microscopy (LSFM) and synchrotron ra-
diation phase-contrast imaging has been shown previously in imaging cochlea (Hutson et al., 2021; Kep-
peler et al., 2021; Kopecky et al., 2012; Li et al., 2021b). Some of these seminal studies show LSFM im-
ages of the mouse, gerbil, and marmoset, which are considerably smaller than the human and porcine
cochlea. We have introduced a methodology to image the porcine cochlea in 3D using tissue clearing
and custom light-sheet microscopy (Moatti et al., 2020). This method maintains, with high fidelity, the 3D
structure of the cochlea that is important to its proper function.

Here we also expand this methodology for 3D histology, and we investigate the ontogeny of the porcine
cochlea with respect to characteristics such as basilar membrane length and hair cell count. We have
also utilized the transgenic pig model in which histone 2B (H2B)-green fluorescent protein (GFP) ex-
presses under the control of leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5)
promotor (LGR5-H2B-GFP) (Polkoff et al., 2020). Evidence from murine studies suggests that the
LGR5" supporting cells could be progenitors of hair cells and that expansion of LGR5" cells could
trigger the regeneration of hair cells in mice (Cox et al., 2014; Lenz et al., 2019; MclLean et al., 2017;
Shi et al.,, 2012; Wang et al., 2015). However, the spontaneous regeneration capability of LGR5" cells
seems to disappear after the first postnatal week (Lenz et al., 2019; MclLean et al., 2017), which corre-
sponds to the maturation of the cochlea in mice. Here, we seek to generate a clear LGR5 expression
map in a porcine model which could be used as a guide to evaluating the regeneration potential of
LGR5" supporting cells after birth. It is important to consider that, unlike many other antibodies that
we have previously tested, commercial anti-LGR5 antibodies are not reactive with porcine stem cells
or with human stem cells (Tan et al., 2020); therefore, the utilization of the transgenic pig was paramount
to unlock the expression patterns of these important LGR5" cells.

To characterize cellular LGR5" expression and to set the foundation for a comprehensive quantitative co-
chlea reference atlas, we used the 3D histology method mentioned above to reconstruct a 3D frequency
map of the porcine cochlea. From this map, we could easily register (i.e., transforming different datasets
into one coordinate system) and compare cochleae across different ages, as well as generate a quantitative
spatiotemporal map of LGR5 in supporting cells.

Together with past porcine auditory studies, this work establishes the pig as an excellent large animal
model for understanding hearing impairment, mapping cochlea development, and exploring regenerative
medical therapies before translation into humans.

RESULTS

Clearing, imaging, and analysis of the porcine cochlea to derive quantitative expression maps
comparable across specimens

Clearing, labeling, and imaging the mature cochleae of pigs required resection from the surrounding bone
and an optimized tissue-clearing protocol. The BoneClear process was used to render the tissue trans-
parent (Wang et al.,, 2019), and the 3D volume of the specimen was imaged using a custom adaptive
light-sheet microscope, as described in our previous works (Li et al., 2021a; Moatti et al., 2020). The custom
adaptive light-sheet microscope can provide excellent optical sectioning capabilities while maintaining a
fast acquisition rate (Santi et al., 2009). The resulting 3D images were processed using the data analysis
pipeline that is depicted in Figure 1A. Figure 1B shows representative images of a postnatal day 0 (P0)
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Figure 1. Clearing, imaging, and analyses of porcine cochleae

(A) A block diagram outlining the key steps of sample preparation, imaging, and computational pipeline that uses 3D visualization and analysis. The
schematic illustration depicts the porcine cochlea and organ of Corti; tunnel of Corti: TC, organ of Corti: OC, inner hair cell: IHC, outer hair cell: OHC, inner
border cell: IBC, inner phalangeal cell: IPHC, pillar cells: PC, Deiters cell: DC, and Hensen cell: HS.

(B) A cochlea of a newborn pig before and after tissue clearing. Scale bar, 0.5 cm.

(C) Maximum intensity projection (MIP) image with radial view orientation of a transgenic porcine cochlea (P120; LGR5-H2B-GFP) before and after noise
reduction. Scale bar, 1000 pm.

(D) The zoom-in digital section where the white boxed region in (C) resides (5 pm thick). The sample was stained for MYO7a (hair cells; magenta) and GFP
(LGR5™ cells; green). Scale bar, 50 pm.

(E) An overlay 3D frequency-cellular map. Overlaying the 3D frequency map with cellular coordinates allows comparison between different samples and
ages. Inner and outer LGR5" cells relate to cells on either the inner or outer side of the tunnel of Corti, respectively.

cochlea before and after clearing, and it is evident that the sample was transparent after the clearing pro-
cess. Figure 1C shows an example of a 3D image of a mature P120 cochlea acquired with our adaptive
custom-built light-sheet microscope, and after digitally extracting the organ of Corti (OC). Radial view
and zoomed-in images are shown in Figure 1D. The digital extraction removed considerable background
noise and facilitated the quantitative analysis. In every sample that we imaged, hair cells were stained for
MYQO7a to provide a reference for the orientation and location of structures along the organ of Corti. The
autofluorescence of the tissue also revealed important structural landmarks such as the tunnel of Corti, the
tectorial membrane, and in some cases the neuronal cell bodies of the spiral ganglion. The 3D rendering of
samples facilitated the extraction of invaluable information regarding the porcine cochlea, including mea-
surements of the length of the spiral, length and count of hair cells, the 3D location of the cells with respect
to each other, the estimated 3D-location map based on the Greenwood equation (Greenwood, 1990), and
more.

The estimated 3D frequency map enabled us to register cochleae that were extracted from different ani-
mals and across different ages. In general, the frequency map correlated the position of the hair cells within
the organ of Corti to a specific auditory frequency responsivity. To extract the frequency map, we traced the
3D spiral trajectory indicated by the rows of both the inner and outer hair cells and recorded the trajectory
coordinates from the apex to the base. Then, using the Greenwood equation (Greenwood, 1990), the esti-
mated 3D frequency map of the cochlea was extracted as shown in Figure 1E. We used the experimental
auditory brainstem response to find low- and high-frequency limits (Heffner and Heffner, 1990). The esti-
mated frequency map can be used as a global coordinate system to compare cochlear cytoarchitecture
and protein expression across different ages and animals, for instance, LGRS expression in the porcine sup-
porting cells (Figure 1E).

Structural investigation of the porcine cochlea (E38 - P120) revealed that the pig cochlea is
mature at birth

Using the technology described in Figure 1 and intending to use the pig as a large animal model for
hearing research, we first established the developmental timeline of the porcine cochlea in comparison
to humans and other established animal models. For this purpose, we examined the cochlear structure at
six different time points (embryonic day 38 (E38), E53, E80, E115/Postnatal day 0 (P0), P40, and P120; Fig-
ure 2). In E38 embryos (out of 115 gestation days), the otic capsule had already formed, and the three
turns of the cochlea were clearly observed (Figure 2A). In E53, the cochlear duct had lengthened, and
the apical, middle, and basal turns were recognized (Figure 2B). The formation of the scala vestibuli
and scala tympani, however, was incomplete; these structures were visible in the basal turn, but not in
the apical or middle turn. The Reissner's membrane (RM) in the basal turn had begun to form. In the scala
media, the sensory epithelium formation was still immature (Figure S1A). This stage resembles E15.5 in
mice (Kopecky et al., 2012).

In the human fetal cochlea, the anatomical maturation of the scala tympani and scala vestibuli occurs up to
gestation week 17 (GW17) (Kim et al., 2011; Locher et al., 2013), and by GW20, the stria vascularis has devel-
oped. In EB0 embryos of the pig, like GW20 in humans, P9 in mice, and P12 in rats (Kim et al., 2011; Locher
etal., 2013; Roth and Bruns, 1992), the cochlear duct was well developed, comprising 3.5 turns (Figure 2C);
the scala vestibuli, scala tympani, and scala media were fully developed, as pointed out by arrows in Fig-
ure 2C. In the scala media, the sensory epithelium, the organ of Corti, and stria vascularis (StV) formation
appeared more mature (Figure 2C). However, we identified that the height and width of the tunnel of Corti
(TC) at E80 were significantly smaller than in older cochlea using a two-way ANOVA (Figure S1B). In the
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Figure 2. Developmental stages of the porcine cochlea

In all the images the autofluorescence revealed the overall cochlear morphology, while the specific markers provided
information about the cellular organization.

(A) A radial view of the porcine cochlea duct in a day 38 embryo (LGR5-GFP staining). At this stage, the Otic Capsule has
formed, and the 3 turns of the cochlea are identifiable. Scale bar, 500 um.

(B) On day 53 of the embryo (MYO7a staining), the cochlear duct lengthened. The formation of the scala vestibuli and
scala tympani was incomplete. Scale bar, 500 pm; in zoom-in images, 100 um. The sensory epithelium (SE) at this age is
immature (See Figure S1). The Reissner’'s membrane (RM) in the basal turn began to form.

(C) On day 80 of the embryo (MYO7a staining), the cochlear duct is well developed, with the arrows pointing towards a
developed scala vestibuli (SV), scala tympani (ST), and scala media (SM). The tunnel of Corti (TC) and Stria Vascularis (StV)
formation is relatively mature. Scale bar, 500 um; in zoom-in images, 100 pm.

(D-F) On postnatal day 0, postnatal day 60, and postnatal day 120, the cochlea (MYO7a staining) is morphologically
mature. We also observed that the height of the Tunnel of Corti increases in a basal-to-apex gradient

(MYO7a) (See Figure S1). Scale bar, 500 um; in zoom-in images, 100 pm.

(G) The equivalent gestation period of the pig in comparison to the human, marmoset, and mouse is presented (Basch
etal., 2016; Hosoya et al., 2021; Igarashi and Ishii, 1980; Kim et al., 2011; Locher et al., 2013; Cantos et al., 2000; Roccio and
Edge, 2019). The yellow arrow denotes equivalent postnatal development in mice. Scale bar, 500 pm.
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lesser epithelial ridge (LER), outer sulcus cells, Claudius cells, and HS were well-formed at this stage
(Figures 2C and S1C). However, in the greater epithelial ridge (GER) on the neural side, cells only partially
regressed and still developing into inner sulcus cells in the apex. This is in accordance with what has been
reported before with cochlea maturation from base to apex (Rubel, 1984).

At postnatal day O, the cochlear formation was completed (Figure 2D), including full regression of Kélliker's
organ and increased height and width of the TC that was not observed for E80 (Figures 2D and S1B). In a
mature cochlea (Figures 2D-2F; PO, P60, and P120, respectively), we observed the stria vascularis
comprising all three layers: marginal cells, intermediate cells, and basal cells (Figure S1D). The equivalent
gestation period of the pig in comparison to a human, a common marmoset, and a mouse is also provided
in Figure 2G (Basch et al., 2016; Hosoya et al., 2021; Igarashi and Ishii, 1980; Kim et al., 2011; Locher et al.,
2013; Cantos et al., 2000; Roccio and Edge, 2019). We did not observe any major macroscopic structural
changes between PO and P120 cochleae.

Organ of Corti cartography and changes in hair cell morphology and organization along the
basilar membrane

After establishing the cochlea developmental timeline in pigs, we examined whether the hair cells change
their morphology and organization across ages and cell location in the organ of Corti along the basilar
membrane. To compare different samples and ages, we first examined the length of the basilar membrane
as a function of age. We expected that the length would remain constant, as the pig cochlea is fully length-
ened at E80 and no significant changes were observed between E80, PO, P60, and P120. The length of
cochlear spirals was calculated for E80 (N = 4), PO (N = 15), P60 (N = 4), and P120 (N = 11) cochleae after
tracing the basilar membrane. The tracing was performed based on the locations of the inner and outer
hair cells (IHC, OHC), and the results are displayed in Figure 3A. The average length of the basilar mem-
brane is 33,000 + 500 um (mean + SD) from IHC tracing and 34,000 + 500 pm from OHC tracing. There
were no significant differences in the basilar membrane length between ages using a one-way ANOVA test.
Statistical analysis of spiral length in PO cochleae showed no significant differences between males and fe-
males, with the caveat that fewer female cochleae were available for analysis (Figure S2A). Figure 3B de-
picts the cochlear length across different species (West, 1985; Fay, 2012; Békésy et al., 1990; Greenwood,
1990; Heffner and Heffner, 1985, 1990, 1991; Heffner and Masterton, 1980; Heffner et al., 1971, 1971; Lovell
and Harper, 2007; Manoussaki et al., 2008; Ryan, 1976b). Interestingly, the cochlear length of pigs was
found to be the same as humans. We have also established the number of inner hair cells and outer hair
cells for PO (N = 12) porcine cochleae and counted them to be 3,200 + 300 and 11,500 + 1,600
(mean £ SD), respectively, as shown in Figure 3C. These numbers are strikingly similar to humans (3,500
IHC and 11,000-12,000 OHC) (Ashmore, 2008). We did not observe any significant differences in hair cell
numbers between the sexes.

Next, we investigated hair cell morphology and organization across ages and cell location in the organ of
Corti. To this end, we performed a comparison of the hair cell organization at six specific frequencies =40,
100, 700, 2,000, 10,000, and 20,000 Hz corresponding to 0, 0.03, 0.2, 0.37, 0.68, and 0.82 locations along the
spiral, respectively, if the apex is 0 and the base is 1, as shown in Figure S2B. These locations were marked
on the reconstructed 3D image of a representative cochlea depicted in Figure 3D. The comparison based
on frequencies in earlier developmental ages than E80 can be inaccurate owing to the fact that the cochlea
might be undergoing non-uniform expansion. At the apex of the E80 cochlea, the IHC and OHC rows are
very close to each other without any noticeable gap between them, suggesting a very narrow or nonexis-
tent tunnel of Corti. The tunnel of Corti was more apparent towards the middle and base of the cochlea.
Across all ages, we observed OHC disorganization in frequencies below 700 Hz, and in some cases,
OHCs deviated from the hallmark three-row structures (having one or two rows) that are observed at higher
frequencies. To provide more details regarding OHC disorganization at the apex, 6 different frequencies
below 700 Hz were selected and depicted in Figure S2C. The OHC disorganization at 40 and 100 Hz per-
sisted at older ages, e.g., P120 mature cochleae, even though older cochleae are relatively more organized
than younger cochleae. Altogether, we postulate that the organization of OHCs in the apex represents the
last step in the cochlear maturation as reported for other animal models (Rubel, 1984) and varies between
animals of the same age. Other than the disorganization of the OHC at lower frequencies, we also observed
lengthier outer hair cells in that region. As the hair cell length increases, the cells tend to tilt more, and the
incline is more apparent at lower frequencies than at higher frequencies (Videos S1, S2,and S3) which will be
discussed in the next section.
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Figure 3. The organ of Corti morphology is frequency specific

(A) The basilar membrane lengths of E80 (N = 4), PO (N = 15), P60 (N = 4), and P120 (N = 11) cochleae (mean + SD) were
measured using IMARIS for both the inner and outer hair cells (IHC, OHC) spiral trajectory.

(B) The basilar membrane length across different species is presented (West, 1985; Fay, 2012; Békésy et al., 1990;
Greenwood, 1990; Heffner and Heffner, 1985, 1990, 1991; Heffner and Masterton, 1980; Heffner et al., 1971, 1971; Lovell
and Harper, 2007; Manoussaki et al., 2008; Ryan, 1976b; Johnson et al., 2012); the pigs spiral length is the same as humans.
(C) The inner and outer hair cells numbers were counted for PO (N = 12) cochleae (mean + SD), and their numbers are very
similar to humans.

(D) A comparison of hair cell organization as a function of age and estimated auditory frequency is illustrated at (1) 40 Hz,
(2) 100 Hz, (3) 700 Hz, (4) 2 kHz, (5) 10 kHz, and (6) 20 kHz related to 0, 0.03, 0.2, 0.37, 0.68, and 0.82 location along the spiral,
respectively, if the apex is 0 and the base is 1. At low frequencies (e.g., 40 and 100 Hz) the hair cells are disorganized
compared to higher frequencies. Scale bar, 50 pm (See Figure S2 and Videos S1, S2, and S3).

Outer hair cell elongation at low frequencies correlated with drastic changes in the organ of
Corti's morphology

We measured the length of the hair cells at six specific frequencies and reported the results in Figure 4.
Figure 4A shows OHC length at three representative frequencies (100, 2,000, and 10,000 Hz) out of six fre-
quencies that were measured. The OHC length clearly changes as a function of frequency. It is reported
previously in rats that before maturation, OHCs have an almost constant size along the whole cochlear
duct, but as they mature, OHCs shorten at the base and elongate at the apex (Roth and Bruns, 1992). To
quantify these differences, we used both the traditional approach of using 2D images, as well as a novel
one using our 3D images to calculate the length of hair cells (Figures S2D and S4B, respectively). We
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Figure 4. Hair cell length measurement in 3D images

(A) Digital slices (2 um thickness) of hair cells (MYO7a staining) at 100 Hz, 2,000 Hz, and 10,000 Hz. The outer hair cells
exhibit variable lengths. The images are from PO porcine cochlea. Scale bar, 10 um.

(B) The measurement of hair cell length using 3D images. The inner and outer hair cells’ lengths are shown as mean + SD
(number of animals, N = 3, P60, and P120). Using 3D images allows us to capture the extent of the outer hair cells across
multiple slices leading to less variability. (Video S4 shows how we measured the length of each hair cell across multiple
z-planes. See Figure S2).

used 2D projection images similar to traditional 2D slides to be able to compare our measured cellular
length values with literature values for other animals and report if there is any benefit to using 3D images.
We simulated the single slide immunohistochemistry method to measure OHC length by using a single
5-micron section. In the 3D images, we took advantage of the multiple 5-micron z-slices across which
the hair cells were extended and measured the length across multiple z-planes. Video S4 shows the pro-
cedure of measuring a hair cell’s length using 3D images in IMARIS. When comparing the results of length
measurement using 2D and 3D images, it was evident that using 3D images decreased the variability in
length, especially at low frequencies by half (SD from ~8 to 4 pm). This comparison is in line with previous
2D measurements (SD > 8 um or more) (Pujol et al., 1992; Zetes et al. 2012). Using the 3D images, the OHC
length at 500 Hz was 37.5 + 4.0 um, decreasing to 15.2 + 1.8 um at 20,000 Hz—which was shorter than what
was expected (~50 um to ~25 um, respectively) from previous frequency-length reports across different
species including cat, mouse, rat, hamster, bat, mole-rat, guinea pig, and human (Pujol et al., 1992). Part
of this difference can possibly be attributed to the slight shrinkage of the soft tissue during the clearing
process (Luong et al., 2021). The IHC length remains constant at ~18 um along the cochlear duct and across
all ages. The differences in length of IHC and OHC are correlated to their different roles (Spoendlin et al.,
1970). As previously shown in other tissues (Molbay et al., 20271; Neckel et al., 2016), our measurements
highlight the benefits of using 3D imaging techniques in terms of preserving the cytoarchitecture better
than sectioning and provide insights on the importance of using animal models with lower frequency hear-
ing than rodents to mimic human anatomy.

Given the elongation of the OHC at low frequencies, we suspected that the position of the supporting cells
might change accordingly with frequency. Therefore, we mapped the relative position of the supporting
cells with respect to the inner and outer hair cells and the structural morphology at several frequencies
along the cochlea. As the organ of Corti is not heavily populated with cells (Engstrom et al., 1964), we
achieved this goal by staining the cochlea with ToPro3 (nuclear stain) and anti-MYQO7a (hair cell marker).
Figure 5A shows the staining results at different positions across the cochlea of a PO pig; a schematic of
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Figure 5. The organ of Corti cartography and the relative position of the supporting cells with respect to the inner
and outer hair cells

(A) Anti-MYO7a antibody (hair cells) and ToPro3 (nuclear stain) are used to establish the supporting cell organization in
the Organ of Corti. Three representative areas in the PO cochlea are shown at the apex (100 Hz), middle (2,000 Hz), and
base (10,000 Hz). The tunnel of Corti is used to learn the position of the pillar cells. Scale bar, 30 um.

(B) Based on multiple porcine cochleae and the representative figures presented in (A), schematic models of cell
organization in the organ of Corti are constructed for the apical, middle, and basal turns (See Figures S3-S5). The inner
border cells (IBC), inner phalangeal cells (IPHC), inner and outer pillar cells (PCs), 1%, 2" and 37 Deiters’ cells (DCs), and
Hensen cells (HS).

the cell’s position is established and shown for different frequencies in Figure 5B after investigating mul-
tiple porcine cochleae of different ages. It was evident that in low frequencies (~100 Hz), where the hair
cell length was almost double that at the base, the orientation of the hair cells (HC) and the adjacent Dei-
ters' cells (DC) gradually shifted from almost perpendicular to the basilar membrane at the base
(~10,000 Hz) to a 30-45-degree angle relative to the basilar membrane, Figure 5B. Similarly, previously
in guinea pigs, the angle between the outer pillar cells and the basilar membrane was reported to increase
toward the base of the cochlea (Zetes et al., 2012). These patterns were repeatable across all samples that
we imaged and informed our cell assignments described in the following sections. The assignments were in
accordance with the published 2D immunohistology in porcine cochleae (Rask-Andersen et al., 2010), con-
firming that the cell locations were preserved and not affected by the clearing procedure.
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Quantitative LGRS expression maps in supporting cells revealed dependency along the
basilar membrane

LGR5-encoded protein is a transmembrane receptor that is involved in the Wnt signaling pathway (Haege-
barth and Clevers, 2009). The Wnt signaling pathway participates in stem cell renewal, cell proliferation,
and cell differentiation—both in embryogenesis and in injury repair (Ring et al., 2014). During embryogen-
esis, LGR5 displays a complex and elevated expression pattern, and after birth LGRS expression in most
tissues declines (Barker et al., 2012; Kinzel et al., 2014; Seishima et al., 2019; Fernandez Vallone et al.,
2020). As such, cells that strongly express LGRS in adult tissue are of particular interest in regard to tissue
regeneration (Wang et al., 2015). In the mouse inner ear, it has been shown that LGR5" cells regenerate hair
cells in the utricle via mitosis and direct trans-differentiation (Wang et al., 2015).

Given the importance of the LGR5 gene as a marker for progenitors of hair cells, we quantified LGRS
expression along the cochlea (initially we will discuss expression at P120). First, we inferred the identity
of the LGR5" cells based on their relative position with respect to the hair cells and the tunnel of Corti (Fig-
ure 6A), building on our observations depicted in Figures 5 and S3. Using this knowledge, we assigned
LGR5" cells to one of the supporting cell groups (Figures 6A and S3) e.g., greater epithelial ridge/inner sul-
cus cells (GER/ISC), inner border cells (IBC), inner phalangeal cells (IPHC), inner and outer pillar cells (IPC,
OPC), 1°t and 2" Deiters’ cells (DC12), 3" Deiters’ cells (DC3), and Hensen's cells (HS) on surface view im-
ages as shown in Figure S3. Owing to the proximity of IBC to IPHC/ IPC and OPC to DC12 (and OHC at the
base), there are some uncertainties in their assignment and owing to the position of OPC under DC12 (and
OHC at the base) in the surface view, we do not represent OPC as a separate group.

To quantify LGRS expression in the identified subsets of supporting cells, we measured the relative intensity of
LGRS expressing cells (GFP intensity divided by background intensity) for each supporting cell subset at six
different frequencies (Figure S4). The ratio of intensities is reported in Figure 6B for P120 (n = 4). Using a nested
one-way ANOVA (Table S1), we found that the supporting cells change their LGR5 expression based on cell
location in the organ of Corti; this result is in line with our imaging results as evident in Figure 54 (surface view)
and Figure S5 (radial view). The cochleae of all ages change their LGR5 expression based on cell location in the
organ of the Corti (Table S1). Figure 6B shows that the expression at the apex was predominantly limited to
IPHC, IPC, DC3, and HS, while at the base the LGR5 expression was observed mainly in the DC12, DC3, HS,
and HC. To the best of our knowledge, LGRS expression in the HS has not been reported in murine models.
The expression of LGRS in HS is of great interest and their capacity to regenerate hair cells is well-documented
(Bramhall et al., 2014; Taylor et al., 2012; White et al., 2006).

Quantitative LGR5 expression maps of supporting cells revealed robust, unexpected LGR5
expression in populations such as Hensen cells (E80 - P120)

After establishing the frequency-dependent changes in LGRS expression within mature P120 cochleae, we
explored the changes in LGRS expression with age. We compared the analysis that was conducted in Fig-
ure 6 (P120 cochleae) to additional ages (E80, PO, and P60) and the results can be seen in Figure 7.
Figures 7A and 7B depict differences in the LGR5 expression pattern across ages in the apex, middle,
and base. The differences in expression patterns were readily visible both quantitatively and qualitatively
across ages; forinstance, the expression of LGRS in the apex and base of E80 pig was very robust compared
to that in older pigs. The mixed-effect model revealed an overall significant decrease in the LGRS intensity
with the maturation of the porcine cochlea (from E80 to P120). The mixed-effect model results are summa-
rized in Table S2. These results suggest that LGR5 expression of HS and DC3 in all ages is strong. To the
best of our knowledge, the expression of LGR5 in HS has not been previously reported. At the base (fre-
quency ~20 kHz) of the cochlea, we observed hair cells expressing LGR5 (radial view Figure Sé).

DISCUSSION

We have used 3D imaging to identify morphological and structural changes during cochlear develop-
ment in pigs. The advantage of using the porcine model is that it is more similar to humans than rodents
in terms of hearing range, size, and gene expression. We established a method for registering different
cochlea samples based on the estimated characteristic frequency at that location in the spiral; this
mapping provided a function-based approach for looking at changes in cell populations along the
cochlear spiral. Then, we identified changes in hair cell lengths with high precision at different estimated
frequency regions of the spiral organ. Given the elongation of the hair cells in the low-frequency region,
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Figure 6. LGR5 expression in supporting cells has a strong dependency on cell location in the organ of Corti
(A) Digital sections of porcine cochlea stained for MYO7a and GFP at P120 (LGR5-H2B-GFP). The supporting cells were
assigned to the following groups: GER/ISC, IBC, IPHC, IPC, 1% and 2" DC (DC12), 3 DC (DC3), and HS. Scale bar, 20 um.
(B) The quantification of LGRS expression at different frequencies and in different supporting cells (number of animals,
N = 4; P120). Each point in the graph represents the average relative intensity (LGR5/background) of ten individual cells
for each cell type per sample and the standard deviation of all four averaged points in all four samples (mean + SD) (See
Figure S3). The cells’ relative intensity expression was measured at the apex (40 Hz and 100 Hz), middle (700 Hz and 2 kHz),
andbase (10 kHz and 20kHz). The mixed-effect model has been used to find significant differences between the apical and
basal LGR5 expression for individual cell types. The stars indicate the level of significance. If a p-value is less than 0.05, it is
represented with one star (*), a p-value less than 0.01 is marked with two stars (**), and less than 0.001 with three stars (***).
If the p-value is above 0.05, it is shown as ns. Only in the base, the DC12 group might include HCs (See Figures S4-S6 and
Table. S1).
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Figure 7. LGR5 expression in supporting cells changes with age

(A) Digital sections of the porcine cochlea were stained for MYO7a (Hair cells) and GFP (LGRS) at the apex, middle, and base of
the cochlea. The images were extracted from LGR5-H2B-GFP transgenic pigs (E80, PO, P60, and P120). Scale bar, 30 um.
(B) The quantification of LGRS expression across ages at the apex (40 and 100 Hz), middle (700 and 2000 Hz), and base
(10 and 20 kHz) of the cochlea. We have reported the log of the average LGR5 intensity of each cell type across four
samples/cochleae at each age and provided the individual frequencies. For this measurement in each cochlea, ten cells
from each supporting cell subset were selected and quantified per cochlea (number of cochleae, N = 4 for each age, and a
total of 16 cochleae). Please note, that the GER population only exists at the E80 stage (See Figure S6 and Table. S2).

we documented changes in the position of the supporting cells at low frequencies. Establishing a meth-
odology to study large animal cochlea and documenting changes in the low-frequency range set the
stage for future hearing studies. For example, recent exciting reports aimed to replace conventional
cochlear implants, which rely on electrical stimulation, with optogenetic stimulation of cochlear neurons
using a light beam in gerbils (Wrobel et al., 2018). These studies attempt to deliver cell-specific light
stimulation based on cell location in the organ of Corti to improve auditory-driven behavior. Conse-
quently, dense LED arrays are implanted into the inner ear to account for the small ear size; the large
porcine cochlea will pose fewer restrictions on miniaturization and benefit translational work. The avail-
ability of pigs, that are easy to breed, together with new approaches to investigate optical implants in
tissues (Kahan et al., 2021), could potentially be significant enablers for such technology development
efforts.
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We have determined that cochlear development in pigs requires about 10-11 weeks from the time that the
cochlear ducts are formed at E38 until E115/P0 where we observed full maturation. This developmental
duration is closer to humans (GW10-GW24) (Hosoya et al., 2021; Johnson Chacko et al., 2019), contrasting
the 3 weeks duration in mice (E14.5-P14) (Kopecky et al., 2012). Thus, studying cochlear development in the
porcine model could be beneficial for the detection of transient gene expression and to examine temporal
changes in fetal cochlear development at high resolution. Our results suggest that the porcine model is
suitable for precise observations of cochlear development and may lead to new findings that would be
missed in a mouse model as the transient genes might exist for a longer time. For example, Na-K-Cl
cotransporter 1 (NKCC1) is expressed transiently in the stria vascularis during development for common
marmosets, whereas it is not reported in mice (Hosoya et al., 2021). Our results improve our understanding
of inner ear development in pigs and provide a basis for time-specific or cell type-specific transgenic
models for further regeneration studies.

Multiple rodent models have brought exciting insights into the molecular pathways that lead to normal and
impaired hearing, and provide platforms for evaluating therapeutic interventions (e.g., small molecules
and genetic perturbations using viral vectors). However, the major differences between rodents and hu-
mans have led to two main challenges: (1) in some instances, transgenic mice carrying genetic mutations
implicated in human hearing loss fail to exhibit the phenotype (e.g., GRHL2 or CX31) (Hosoya et al.,
2016). (2) The size and anatomy of the rodent’s inner ear and its protective barriers do not match those
of humans. The size mismatch creates a significant challenge for a detailed evaluation of the human inner
ear and future assessment of the translational potential of non-invasive methods to deliver small molecules
orviral vectors to the human inner ear. Here, we have shown that pigs have a cochlear size and basilar mem-
brane length similar to humans-unlike rodents, some mammals such as cats, and even non-human primate
e.g., marmosets. The similar size provides an opportunity to facilitate the translation of novel approaches
for hearing restoration and closer genome could fill the mechanistic gaps where rodent models do not
recapitulate the human phenotype.

Additionally, 3D imaging compared to traditional 2D methods provides increased accuracy in cellular
morphological measurements such as cellular length. The standard deviation in the measurement per-
formed using 3D images was half of that associated with the measurement done in 2D images. Previous
studies that used 2D immunohistology images showed large variability in the measurement specifically
for long hair cells at the apex, SD > 8 pm or more (Pujol et al., 1992; Zetes et al., 2012). This large SD in
the measurements using 2D images is in accord with our measurement values of the hair cell lengths in
2D images. The 3D method also provides other benefits such as access to all the regions of the cochlea
as it retains the whole structure. In previous studies, access to certain cells in specific areas has been re-
ported to fail owing to cells not retaining their original shape after sectioning (guinea pig data from Zetes
et al. 2012).

Despite all the benefits provided by tissue clearing and 3D imaging, there are some shortcomings
including long processing time, quenching of genetically expressed fluorescence, limitations on useable
antibodies, and tissue shrinkage (Molbay et al., 2021). If the shrinkage is not uniform in all axes, the tissue
can be deformed, and therefore morphological comparison to previous studies is always advised. Please
note that the literature on tissue clearing indicates that the shrinkage should be isotropic, but these con-
clusions were derived in the soft tissue (mainly brains) (Erttrk et al., 2012). The cochlea is different from soft
tissue, as there are many interfaces between hard and soft tissue, and we believe that maximum distortions
could occur in these interfaces.

We also acknowledge that every histological method has the potential to distort the native structure. We
are relatively confident that the macro-organization of the cells along the organ of Corti has not been dis-
torted by our clearing process. For instance, the line structure of the hair cells is maintained; therefore, we
have no reason to believe that the line structure of the supporting cells will be dramatically distorted. Qual-
itatively, we also compared our results to the literature. A 2D immunohistology of the pig cochlea (Rask-
Andersen et al., 2010) revealed cytoarchitecture which is consistent with our 3D tissue clearing results.
This confirms that the cell locations are roughly preserved and not dramatically affected by tissue clearing.
Using tissue clearing, as the organ of Corti is not extracted and dissected, the cytoarchitecture of the organ
of Corti has the potential to be more preserved in comparison with 2D immunohistology methods (Neckel
et al., 2016; Molbay et al., 2021).
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In addition to morphological studies, we quantified LGR5 expression based on cell location in the organ of
Corti and across ages (E80 to P120). Observing changes in LGR5 expression could help unlock the role of
the Wnt signaling pathway in development and repair, as well as support alternative therapeutic ap-
proaches for hair cell regeneration. The assignment of cell types for the quantification of LGR5 intensity
is based on cell location as supporting cell type-specific markers for pigs have not yet been validated.
We also recognize the uncertainty in the accuracy of cell assignment if the cytoarchitecture of the organ
of Corti is modified during tissue clearing, but there is no evidence that significant changes have occurred.
All our measurements were based on the organized row structure of the supporting cells, and the repro-
ducibility of the data from multiple cross-sections supports our conclusions.

Based on this approach overall, the following observations regarding LGR5 expression were noted: (1)
LGRS expression at the apex was mainly in the GER, DC3, and HS, while at the base the LGR5 expression
was observed in all three rows of DC, HS, ISC, and hair cells. The lower expression in GER, IBC, and IPHC at
the base in comparison to the apex and older ages coincide with increasing cochlear maturation from base
to apex (Rubel, 1984). This observation is important as it has been shown that GER, IBC, and IPHC have
regenerative capacity and can transdifferentiate into hair cells before the cochlea matures (Chai et al.,
2012; Kubota et al., 2021; Mellado Lagarde et al., 2014; Waldhaus et al., 2015). (2) The HS express LGR5
with high intensity (relative log intensity above 1.3) throughout the cochlea at all ages. HS exhibit regener-
ative capacity but has not been shown to express LGR5 in murine models (White et al., 2006). It will be inter-
esting to explore this observation in humans. (3) In the mature cochlea, we observed LGR5 expression in
hair cells, primarily in the basal turn of cochlea (responsible for detecting high-frequency sound). Distin-
guishing between the LGR5 expression of hair cells from DC12 is not feasible from surface view at the fre-
quency of ~20 kHz as they project onto the same plane. As such, some of the expressions detected in LGR5
expression quantification of DC12 at 20 kHz might be related to hair cells as marked in the base quantifi-
cation (Figure Sé6 and Figure 7). The LGR5 expression at the middle frequencies belonged only to DC12 as
our radial view images showed that hair cells do not express LGRS at these frequencies (Figure S5).
Although LGR5 expression has been reported in developing hair cells in rodents (Chai et al., 2012), the
extent of expression is not comparable to the observation in the porcine model. These observations sug-
gest differences in LGRS expression between species and might indicate the possibility of different LGRS
patterns in humans. (4) In immature cochleae (E80), the GER, IBC, and IPHC significantly lose LGR5 expres-
sion towards the base. While in mature cochleae, ISC and DC12 show a significant increase in LGR5 expres-
sion towards the base. This increasing trend has not been reported before for any model to the best of our
knowledge and requires further investigation. (5) All cell types except for IPC manifest a significant
decrease in LGR5 expression with aging. This result is in line with the literature suggesting that LGR5
expression is elevated during embryogenesis and gradually declines (Chai et al., 2011; Shi et al., 2012).
(6) From the comparison between cell types we observed: i) The HS in all frequencies are expressing
LGR5 more than other cells. ii) The DC3, after HS, express LGR5 at higher levels than other cell types in
the middle and apical turns. iii) The IPHC and IBC have higher LGRS intensities in comparison to pillar cells
in most frequencies. iv) The LGR5 expression level between DC12 and DC3 at the base becomes compa-
rable. Documentation of changes in LGR5 expression across ages and cell location in the organ of Corti
highlights the importance of the ability to register and compare cell locations across different cochlea.

We recognized that the H2B-GFP turnover might affect some of the intensity qualifications but we believe
the impact of turnover is minimal for three reasons: (1) A previous study shows that GFP protein expression
correlates with LGR5 mRNA expression in the skin of the same pig model used in this study (Polkoff et al.,
2020, 2022). (2) In the literature, the half-life for H2B-GFP is variable, and it depends on many factors such as
cell turnover and activity, ranging from 4 to 8 h for dividing cells (Liu et al., 2021; Xenopoulos et al., 2015) to
4-6 weeks into hematopoietic and epithelial stem cells (Morcos et al., 2020; SanjeevWaghmare et al., 2008).
Although supporting cells are shown to proliferate in vitro within 1-3 days (White et al., 2006), they are post-
mitotic in vivo (Ruben, 1967). From the literature, we can indicate that most supporting cells do not divide
after maturation and the turnover rate is similar for all subsets. In the apex of the DC12 supporting cell sub-
set, the intensity of LGRS drops from an average of 11.08 at E80 to 0.93 at PO within 35 days. This means the
half-life for DC12 cells is less than 35/2 ~2.5 weeks. Thus, we can estimate that the half-life in this study is
somewhere between (2-3 weeks), and therefore, the turnover time is less than the time points in this study,
which are mostly at 60-day intervals (8.5 weeks). (3) Last, we found two trends in the LGR5 expression over
time that are independent of H2B turnover: i) The increasing trend for LGR5 expression in cell types such as
ISC and DC12. ii) Constant LGR5 expression in cells such as in HS across a period of 155 days.
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After establishing that the morphology and expression of the LGR5 are changing as a function of frequency,
future work could include the quantification of the expression pattern of other important genes and tran-
scriptional factors that are important in hearing research and regeneration (e.g., Fzd9, Sox9, Shh, Sox2,
Atoh1) (Atkinson et al., 2018; Kempfle et al., 2016; Lee et al., 2020; Lu et al., 2013; Zhang et al., 2019,
2020). The 3D imaging will facilitate this effort, as it provides an accurate registration procedure for com-
parisons among specimens. Beyond the porcine model, the availability of a platform that will facilitate
frequency-specific tracking of proteins and transcription factors in the cochlea of a large animal model is
useful. This platform could provide a basis for evaluating new treatment methods and exploring their
impact on selective frequency perception.

Limitations of the study

We recognize some limitations in this study. First, in our LGRS quantifications, we assigned the cell type of
GFP positive cells based on their locations and macro-organization. A more accurate approach would have
used cell type-specific markers, but we did not use this approach as cell type-specific markers have not
been validated for pigs. Therefore, we recognize that if the cytoarchitecture of the organ of Corti is not
well preserved, some ambiguity might exist. To overcome this uncertainty, cell type-specific markers for
pigs need to be validated. Second, regardless of the advantages provided by tissue clearing and 3D imag-
ing for studying the cochlea, they inherently have several disadvantages: long tissue processing time per
sample, the quenching of endogenous fluorescence, antibody compatibility issues, and last, the require-
ment for technical expertise to analyze large datasets of images.
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Antibodies

Rabbit anti-MYO7a Abcam Ab-3481
Chicken anti-GFP Aveslabs GFP-1020
Rabbit anti-PGP9.5 Polyclonal Proteintech 14730-1-AP
Rabbit anti-SOX2 Abcam ab97959

Cy™3 AffiniPure Donkey Anti-Rabbit IgG (H + L)
Alexa Fluor® 647 AffiniPure Donkey Anti-Chicken

IgY (IgG) (H + L)

Jackson Laboratory

Jackson Laboratory

711-165-152, RRID: AB_2307443
703-605-155, RRID: AB_2340379

Chemicals, peptides, and recombinant proteins
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Triton X-100

Tween-20
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Donkey Serum

Heparin
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Hydrogen Peroxide 30%

DiBenzy|Ether

32% Paraformaldehyde (formaldehyde),
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EDTA

Sucrose

NaOH

Deoxycholate
EDTA-Na

Dichloromethane
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Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Fisher Scientific
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Sigma Aldrich

Electron microscopy sciences
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Sigma Aldrich
Sigma Aldrich
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P9416
D128-1
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H3393
A4125K-4
216763
108014

RT 15714-S

EDS
S0389
S8045
D6750
E5134
270997

Deposited data

Quantified raw data of LGR5 expression

Mendeley Data

http://doi.org/10.17632/vdw3757cxv.3

Experimental models: Organisms/strains

LGR5-H2B-GFP Transgenic Pigs
Yorkshire Pigs

Polkoff et al.,2020
NCSU educational unit farm

http://doi.org/10.1089/crispr.2020.0037
N/A

Software and algorithms

IMARIS
llastik

Terastitcher

ImageJ
Prism 9.2 graphpad

Biorender

Oxford Instruments
Berg et al.,2019
Bria and lannello, 2012.

Github
Graphpad
Web application

https://imaris.oxinst.com/packages

https://pubmed.ncbi.nlm.nih.gov/31570887/

https://bmcbioinformatics.biomedcentral.com/

articles/10.1186/1471-2105-13-316
https://github.com/imagej

https://www.graphpad.com/scientific-software/prism/

https://biorender.com/

Other

TO-PRO™-3 lodide (642/661)

ThemoFisher

T3605
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Adele Moatti (amoatti@ncsu.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability
The software that were used in this study are listed in the key resources table.

The raw LGR5 intensity measurements have been deposited at Mendeley and are publicly available as of
the date of publication. The DOl is listed in the key resources table.

Any additional information required to reanalyze the data reported in this study is available from the lead
contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Cochleae were extracted from transgenic (LGR5-H2B-GFP) (Polkoff et al., 2020) and wild-type Yorkshire
pigs, including eighteen fetuses (Day 38, Day 53, and Day 80 mixed genders), eighteen newborns (PO,
mixed gender), six 8-10 weeks old pigs (P60-mixed gender), and twelve 16-18 weeks old (P120-mixed
gender).

The 60-day interval between ages is at least twice the half-life of H2B-GFP and prevents an impact on the
data from residual GFP expression.

E38 E53 E80 PO P60 P120
Yorkshire pigs 2 2 2 13 2 2
Transgenic LGR5-H2B-GFP pigs 2 2 8 5 4 10

Institutional permissions

All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at North
Carolina State University, following the standards of the National Institute of Health and Committee on
Care and Use of Laboratory Animals.

METHOD DETAILS

BoneClear tissue clearing

The BoneClear (Wang et al., 2019) procedure was optimized for the porcine cochlea; given the size and
complexity of pig tissues, systemic perfusion of phosphate-buffered saline (PBS) and paraformaldehyde
(PFA) was not conducted. The specimen was typically obtained shortly after euthanasia (~30 min).

1. For ease of cochlea extraction, the first step is to separate the head from the body and cut a
rectangular window on top of the skull. The bone striker was used to cut through the
dense bone and razor blades were used to cut through the skin and ligaments. Using a
spatula, the brain was removed to observe the location of the inner ear. Then, the skull was
cut in half, and excess bone around each cochlea was removed using the bone striker. Overall,
the cochlea extraction can take ~20 min for a juvenile pig, and ~10 min for a newborn pig (Moatti
et al., 2020).

2. Then, the tissues were post-fixed in PBS/0.5% PFA/10% sucrose at room temperature for 2 h. The
tissues were further fixed in PBS/0.5% PFA at 4°C overnight.
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3. The tissues were washed with PBS at room temperature for 1 h, three times.

4. The tissues were decalcified in 350 mM EDTA-Na, (bring pH up to 6.5 using NaOH) at 37°C for
2-7 days depending on the age of the pigs, with a fresh buffer change every 24 h. All the incubation
steps were performed with gentle shaking. After decalcification, the cochlea can be further sepa-
rated from the bony structure via a bone cutter. For fetus cochlea, this step can be skipped since
the cochlea can be extracted even before the decalcification step.

5. The decalcified tissues were dehydrated at room temperature with the methanol gradients (diluted
in ddH»0): 20% methanol for 2 h, 40% methanol for 2 h, 60% methanol for 2 h, 80% methanol for 2 h,
and 100% methanol for 2 h twice.

6. Thetissues were decolorized at4 °C overnight with a mixture of 30% H,O, and 100% methanol (viv =
1:10).

7. The tissues were rehydrated at room temperature with the inverse methanol gradients (diluted in
ddH»0): 100% methanol for 2 h, 80% methanol for 2 h, 60% methanol for 2 h, 40% methanol for
2 h, 20% methanol for 2 h, and PBS for 2 h.

8. Thetissues were permeabilized with PBS/0.2% Triton X-100/0.1% Deoxycholate/10% DMSO/25 mM
EDTA (bring pH up to 6.5 using NaOH) at 37°C overnight.

9. The tissues were then blocked with PBS/0.2% Triton X-100/10% DMSO/5% normal donkey
serum/25 mM EDTA (bring pH up to 6.5 using NaOH) at 37°C overnight.

10. The tissues were immunolabeled with the primary antibodies diluted (1:250) in PBS/0.2% Tween
20/10 pg/mL heparin/5% normal donkey serum/25 mM EDTA (bring pH up to 6.5 using NaOH) at
37°C for 5-7 days using immersion method or 2 days using a perfusion pump (Moatti et al., 2020).

11. The tissues were washed with PBS/0.2% Tween 20/10 ng/mL heparin/25 mM EDTA (bring pH up to
6.5 using NaOH) at 37°C for 24 h, with the fresh buffer, changed every 12 h.

12. The tissues were further immunolabeled with the secondary antibodies diluted (1:250) in PBS/0.2%
Tween 20/10 pg/mL heparin/5% normal donkey serum/25 mM EDTA (bring pH up to 6.5 using
NaOH) at 37°C for 5 days using the immersion method or 2 days using a perfusion pump.

13. The tissues were washed with PBS/0.2% Tween 20/10 ng/mL heparin/25 mM EDTA (bring pH up to
6.5 using NaOH) at 37°C for 48 h with the fresh buffer, changed every 12 h.

14. The tissues were dehydrated at room temperature with the methanol gradients (diluted in ddH20):
20% methanol for 4 h, 40% methanol for 2 h, 60% methanol for 2 h, 80% methanol for 2 h, and 100%
methanol for 2 h twice.

15. The tissues were then incubated at room temperature with the mixture of dichloromethane and
methanol (viv = 2:1) for 2 h twice, followed by 100% dichloromethane for 30 min four times.

16. The tissues were cleared at room temperature with 100% dibenzyl-ether (DBE) for 12-24 h, three
times. All the incubation steps were performed with gentle shaking.

Custom-build light-sheet microscopy

A custom light-sheet microscope was utilized with three continuous-wave lasers (488 nm, 561 nm, and
640 nm; Coherent OBIS series). A detailed description of the setup is provided in our previous publications
(Lietal., 2021a; Moatti et al., 2020; Rai et al., 2022). Briefly, for imaging the cochleae, a thin sheet of light is
generated by scanning the Gaussian beam up and down across the field of view using the scanning galvo
system. We have utilized the pivot galvo system to change the yaw and pitch angles of the illumination
sheet of light to enable correction for deflections and obstructions in the passage of light through the com-
plex bony structure of the cochlea while imaging. For big samples like porcine cochlea and deep in the tis-
sue, slight variations in the index of refraction of the tissue versus the imaging media (DBE) changes the
focal distance of the detection objective and prevents it from overlapping with the illumination beam,
which leads to the blurriness of the acquired image. An additional degree of freedom that is the most
important one when imaging the cochlea and improves the image quality tremendously is the ability to
move the detection objective relative to the light-sheet position while imaging. This is adjusted when
the illumination beam does not overlap with the focal plane of the detection objective during imaging
deep into the tissue.
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The specimen was mounted using a needle and placed in a custom chamber (aluminum and glass) to be
immersed in dibenzyl ether (DBE). A silicone membrane was used to prevent damage to the detection
objective lens when immersed in 100% DBE. The 10x detection objective had a numerical aperture of
0.6 (Olympus; XLPLN10XSVMP-2) and a working distance of 8 mm. The field of view of the microscope

was ~1.7 mm?.

QUANTIFICATION AND STATISTICAL ANALYSIS

Basilar membrane tracing

The acquired data was first stitched using TeraStitcher (Bria and lannello, 2012), before being imported into
IMARIS software (Oxford Instruments), and the associated voxel dimensions were set in the edit/image
properties tab. We then used the "measurement points” tool under the “3D view” tab to assign points
manually on the spiral trajectory of both the inner hair cells and outer hair cells along the organ of Corti
from apex to base. For that purpose, two different tracings channels were used and the distance between
points was ~50 um. We then exported the 3D coordinate of points for further analysis into MATLAB. A total
of 38 cochleae were traced: 4 cochleae were taken from E80 pigs, 15 cochleae were taken from PO pigs,
6 cochleae were taken from P60 pigs, and 13 cochleae were taken from P120 pigs.

Hair cell length measurement

We extracted the cell length measurements from the 3D stitched images in IMARIS software using the
“"measurement points” tool under the “3D view" tab to assign points manually along the length of the
hair cells (MYO7a channel). The measurement employed the “slice” view, where one can move between
z-planes accurately and trace an individual hair cell that extends across multiple z-planes. The first point
was assigned on top of the hair cell and moving back-and-forth between z-planes, a succession of points
was assigned along the hair cell until the end of the hair cell was recognized (see Video S4). A line was fitted
to the points, and its length represented the hair cell length.

Denoising

Partial maximum intensity projection (MIP) images were first generated for every 10-20 Z-planes. For each
partial MIP, regions of interest were selected and segmented out in ImageJ using the brush tool. Afterward,
an overall MIP was generated based on masked partial MIPs. For more details refer to (Moatti et al., 2020).

Hair cell counting

A semi-automated pipeline was utilized to count the number of inner hair cells from the obtained cochlea
datasets. For more details please refer to our previous publication (Moatti et al., 2020). Briefly, the semi-
automatic counting of IHCs and OHCs was performed with ilastik (Berg et al., 2019), version 1.3, and the
automation was subjected to manual quality control. The outer hair cells were counted manually to remove
the error generated due to the OHC elongation and presence of MYO7a throughout the cells’ bodies. In
this paper, hair cells from a total of 15 PO cochleae were counted using the semi-automated pipeline.

Quantification of LGR5 expression

To quantify the LGR5 expression, the LGR5 intensity of 10 individual cells from each subset of supporting
cellsincluding GER, IBC, IPHC, IPC, OPC, DC12, DC3, and HS was measured via ImageJ and divided by the
background intensity at 6 different frequencies. We divided the LGRS intensity by the background to
normalize the signal strength at different depths and positions, under the assumption that the background
intensity i.e., autofluorescence should be equal in all locations in the organ of Corti for an individual sample
(Greenbaum et al.,, 2017). A total of 16 cochleae (LGR5-H2B-GFP) were subject to quantification: 4 cochleae
were taken from E80 pigs, 4 cochleae were taken from PO pigs, 4 cochleae were taken from P60 pigs, and
4 cochleae were taken from P120 pigs.

Specifically, for each cochlea, 6 regions of interest (ROls) were located based on their frequency. The sup-
porting cells’ structure followed a line drawn through aligned rows of cells in the high-resolution images of
the cochlea, Figure S3. We have classified the supporting cells based on their relative position to the hair
cells and each other as represented by separate lines in Figure S3. We have assigned cell identities starting
from the top row as shown in Figure S3 with Hensen cells (HS). The HS line is a good reference point, as the
HS express LGRS constantly and independently of age and frequency. The next line structures to follow are
Deiters cells (DC3, and DC12), pillar cells (PC), inner phalangeal cells (IPHC), inner border cells (IBC), and
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inner sulcus cells (ISC) for mature cochleae or greater epithelial ridge cells (GER) for E80 cochleae. For each
RO, a circle background region (50 pixels in diameter) without any cells was selected using the oval selec-
tion tool in ImageJ. Ten regions that contained cells (7 pixels in diameter) were randomly selected for each
assigned cell type in the region. The normalized expression of each cell was obtained by dividing the
maximum intensity of each cell region by the average intensity of the background region. Once all regions
were done, the intensity data were extracted and compiled into a GraphPad Prism file according to sample,
region, and type of cell for analyses. This process was repeated for all cochleae. There are some cases
where the relative intensity is below one. It occurs when the cell intensity is very low, and the large back-
ground patch includes some nonspecific antibody binding. Therefore, an intensity value equal to or below
1 indicates the absence of LGR5. (See Figure S3). The raw measurement data can be found at https://doi.
org/10.17632/vdw3757cxv.1.

Control

As a control, in samples that have been simultaneously stained for MYO7a, the position of the supporting
cell line structures should follow the organized structure of the hair cells. This is especially beneficial when
the LGRS expression was weak in certain supporting cell populations. Additionally, we have independently
verified these observations by looking at cross-sections (or radial view), see Figure 6A. All in all, the orga-
nized line structure of the cells provided the framework to assign their identity.

Exclusion criteria

i) If the organized line structure was not clearly present in the LGR5 channel or the hair cells channel.

ii) If we could not identify a nucleus within the cells; LGRS should be localized in the nucleus. All cells
were selected only if we could recognize their nuclear shape.

iii) An area was excluded or replaced if the intensities were oversaturated or there was a major distor-
tion such as the separation of the organ of Corti from the basilar membrane. In such situations, a
slight move to the right or left was sufficient to find an area with a well-defined line based on hair
cell organization.

vi) Given that different mounting orientations will result in variable surface view images, samples were

excluded or reimaged, if their mounting orientation was drastically different.

STATISTICAL ANALYSIS

In the Results section, Figures 3, 4, 6, 7 and S1 legend, Table S1, and Table S2, the statistical analysis was
performed using GraphPad Prism version 9.5. All the statistical details of the experiments can be found in
the figure or table captions.

We used a one-way ANOVA, to investigate the effect of frequency/spatial positions on LGR5 expression at
four ages (E80, PO, P60, and P120, N = 4, number of animals for each age). Ten measurements were made at
each frequency (out of six) for seven cell types.

A mixed-effect model with correction for Tukey multiple comparison was used in Table S2. The age and
frequency were selected as variables (N = 4, number of animals for each age). We have averaged ten mea-
surement points per frequency and per cell type (six frequencies and seven cell types in total) from each
cochlea. The four average numbers per cell type at each frequency and age were used as the input data.
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