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Dedication 

 

 

The natural world thrums with a symphony of sound, a complex tapestry woven by diverse 

species for communication, navigation, and survival. This intricate dialogue transcends visual 

and olfactory cues, relying heavily on the rich and varied soundscapes that define different 

ecosystems. Yet, within this symphony lies a dissonance – the human auditory system lacks 

the remarkable ability to regenerate damaged hair cells, a process readily observed in non-

mammalian vertebrates. This lost regenerative potential underlies a significant global health 

concern: sensorineural hearing loss (SNHL). 

This thesis delves into the captivating phenomenon of hair cell regeneration within the 

chick basilar papilla. Utilizing genetic manipulation techniques and exploring relevant 

signaling pathways, this research aims to illuminate the intricate mechanisms governing cell 

fate determination and regeneration. By studying this non-mammalian system, we hope to 

decipher the secrets that unlock this lost human ability. 

The widespread prevalence of SNHL, affecting millions worldwide, demands 

innovative solutions. This research not only seeks to understand the regenerative process but 

also aspires to pave the way for future therapies capable of restoring hearing in humans. By 

unlocking the secrets of hair cell regeneration, we aim to contribute to a future where the human 

auditory system can once again participate fully in the rich symphony of the natural world. 

Early identification and intervention are crucial in addressing sensorineural hearing loss, 

offering numerous benefits to those affected. This thesis explores the mechanisms underlying 

hair cell regeneration and seeks to contribute to the development of strategies for combating 

auditory dysfunction and enhancing the quality of life for individuals affected by hearing 

impairment. 
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Introduction  

Auditory dysfunction can result from the loss of sensory hair cells (HCs) in the organ of Corti 

due to chronic noise exposure, ototoxic substances, and aging (Coleman, 1976; McGill and 

Schuknecht, 1976). Non-mammalian vertebrates, such as birds, have HC regenerative abilities, 

a property that has been lost in mammals (Corwin and Cotanche, 1988; Cotanche, 1987; Cruz 

et al., 1987; Ryals and Rubel, 1988). In birds, HC regenerate from a second cell type found in 

the auditory epithelium, known as supporting cells (SC). In normal physiology, SC serve 

diverse functions, such as mechanical and metabolic support, as well as maintaining ionic 

homeostasis during physiological processes (Monzack and Cunningham, 2013). In birds, SC 

can regenerate HC through one of two mechanisms: direct trans-differentiation or, more rarely, 

through asymmetric mitotic division (Shang et al., 2010; Stone and Cotanche, 2007). These 

events are initiated when HC are lost, however the steps involved in SC activation, and a clear 

dissection of the pathways that are involved in HC regeneration, have remained elusive. 

Parallels with HC differentiation suggest the role of various signaling pathways. Notably, the 

interaction between the Wnt and Notch signaling pathways, extensively studied in cochlear 

development and regeneration, plays a crucial role (Jacques et al., 2014; Zak et al., 2015).  

In chick, hair cells become apparent from embryonic day (E)6, starting from a small 

circular patch at the distal end of the basilar papilla (BP) and extending proximally (Goodyear 

and Richardson, 1997). The number of differentiated HCs increases until E10, after which HC 

number stabilize and show a moderate increase until E12 (Goodyear and Richardson, 1997). 

HC themselves arise from a prosensory domain, a group of sensory precursors that express the 

transcription factor Sox2 which is necessary for HC formation (Kiernan et al., 2005b; Neves et 

al., 2007; Pan et al., 2013). Both Notch and Wnt signaling can impact the regulation of 
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expression of Sox2: Notch, through its interaction with its ligand Jag1, positively regulates 

Sox2 expression (Brooker et al., 2006; Daudet et al., 2007; Kiernan et al., 2006). The Wnt 

pathway, through its downstream effector ß-catenin, has been shown to upregulate Sox2 

expression and promote proliferation (Jacques et al., 2014; Jacques et al., 2012), however more 

recent data suggest that this regulation depends on the exact levels of Wnt activity, with low 

levels of signalling necessary for Sox2 expression and high levels being inhibitory (Zak and 

Daudet, 2021). Wnt signalling is also thought to activate the transcription factor, Atoh1, in the 

prosensory region. Atoh1 is necessary and sufficient for hair cell differentiation, and initially, 

all cells in the prosensory region express Atoh1 (Bermingham et al., 1999; Driver et al., 2013; 

Stone et al., 2003). However, HC differentiation is limited to specific cells through the action 

of Notch, this time with its ligands Dll1 and Jag2 (Kiernan et al., 2005a; Lanford et al., 1999). 

This interaction releases the Notch intracellular domain (NICD), which translocates to the 

nucleus to activate target gene transcription. In this case, NICD activates a repressor of HC 

differentiation, specifying these cells as Supporting Cells (SC) and allowing neighbouring cells 

to develop as HC, creating a mosaic of Notch-ligand expressing HC surrounded by Notch-

active SC.   

While differentiation is occurring, the BP is undergoing considerable cellular 

rearrangements as convergence and extension movements extend the epithelium and drive the 

alignment of intrinsic polarity (Goodyear and Richardson, 1997; Prakash et al., 2023). On 

average SC lose SC neighbours as they reorganize around HC. Cell rearrangements and the 

increase in the apical surface area of hair cells have been proposed to account for much of these 

changes. However, there remains the possibility that some plasticity in cell identity exists that 

allows the HC-SC mosaic to be maintained in the BP, even while cellular rearrangement 

occurs. To understand this, we used an electroporation approach to knock-down Atoh1 

mosaically, in the otocyst of the chick. We find that at E9, electroporation leads to the loss of 

HC. However, by E12 HC number is restored. Using inhibitor studies and by introducing 

reporter constructs, we find that both Wnt and Notch pathways are involved in HC restoration. 

We suggest that there is a second wave of HC differentiation, that occurs during BP cellular 

rearrangements that ensure cellular pattern is maintained.  

 

Materials and Methods 

The comprehensive description of the materials and methodologies utilized in this research can 

be found in the publication; Singh, N., Prakash, A., Chakravarthy, S.R., Kaushik, R., Ladher, 
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R.K., 2022. ‘In Ovo and Ex Ovo Methods to Study Avian Inner Ear Development. Journal of 

visualized experiments’ and in Singh, N., Kaushik, R., Prakash, A., Saini, S., Garg, S., 

Adhikary, A., Ladher, R.K., 2024. ‘Mosaic Atoh1 Deletion in the Chick Auditory Epithelium 

Reveals a Second Period of Differentiation to Restore Hair Cell Number. 

http://dx.doi.org/10.2139/ssrn.4814834’. 

 

Results 

Hair Cells are lost in Atoh1-crispant Basilar Papilla 

The right otic vesicle of an E3.5-4 embryo was electroporated with either a control-gRNA or 

Atoh1-gRNA, (Fig. 1A & 1B) with the left otic vesicle as the internal control. Embryos were 

incubated until E9-E12, at which point the BP was dissected and HC development assessed. 

Figure 1: In Ovo Electroporation of guide RNA and Tol2-eGFP plasmids at E4. (A) Schematic illustrating the 

technique of in ovo microinjection and electroporation into the chick otic vesicle at embryonic day 4 (E4). (B) The 

left inner ear serves as an internal control. The GFP expression is observed in the E10 cochlear duct of the right 

inner ear, scale bar is 1.5 inches.  

As the spatial arrangement of HCs and SCs varies along the length of BP from proximal 

to distal end as well as during development, we independently assessed the three regions 

(Figure 2A) for each embryonic stage (Goodyear and Richardson, 1997; Prakash et al., 2023). 

At E9 stage, the Atoh1-crispant BP shows a reduced number of HCs when compared to both 

control and control-gRNA BP (Fig. 2B-D). However, we find that, by E12, no difference in 

HC number was observed (Fig. 2E-G). The presence of the tracer GFP allowed us to assess the 

extent of electroporation. We noted that at E9, in the Atoh1-crispants, patches of missing HCs 

coincided with areas where GFP expression is observed (Fig. 2D). By E12, despite the presence 

of GFP, HC numbers had recovered (Fig. 2H-K). However, upon close inspection, we noticed 

that recovered HC were not GFP positive (Fig. 2G). To quantitate this, we quantified the 
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number of cells that co-expressed GFP and the hair cell marker, Myosin 7a. We found that 

when compared to control-gRNA samples, significantly fewer Myo7a/GFP double-positive 

cells in Atoh1-crispants (Fig. 2L).  
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 Figure 2: Mosaic Atoh1 deletion results in loss of hair cells at E9 & subsequent recovery by E12. (A) Schematic 

of BP divided into three regions proximal, middle and distal. Images (B-G) are obtained from the proximal region 

of the BP (Scale bar is 10µm). (B-D) are from chick embryo E9 and (E-G) are from chick embryo E12. (B) 
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Contralateral Control E9 BP showing phalloidin-stained F-Actin (gray) and Myo7a-labeled hair cells (HCs) 

(magenta). (C) Control-gRNA electroporated E9 BP showing GFP electroporated cells (green), phalloidin-stained 

F-Actin (gray) and Myo7a-labeled hair cells (HCs) (magenta). Yellow arrowheads mark GFP-positive HCs. (D) 

Atoh1-gRNA electroporated E9 BP showing GFP electroporated cells (green), phalloidin-stained F-Actin (gray) 

and reduced Myo7a-labeled hair cells (HCs) (magenta). (E) Contralateral Control E12 BP showing phalloidin-

stained F-Actin (gray) and Myo7a-labeled hair cells (HCs) (magenta). (F) Control-gRNA electroporated E12 BP 

showing GFP electroporated cells (green), phalloidin-stained F-Actin (gray) and Myo7a-labeled hair cells (HCs) 

(magenta). Yellow arrowheads mark GFP-positive HCs. (G) Atoh1-gRNA electroporated E9 BP showing GFP 

electroporated cells (green), phalloidin-stained F-Actin (gray) and restored Myo7a-labeled hair cells (HCs) 

(magenta). Red arrowheads mark new born HCs, identified based on size. (H - J) Graph showing the number of 

HC as a proportion of the total number of cells in contralateral control (green), Control-gRNA (blue) and Atoh1-

gRNA (red), at four stages (E9, E10, E11 and E12), in the proximal (H), middle (I) and distal (J) regions of the 

BP. (**** P<0.0001; *** P < 0.001; ** P < 0.01 * P < 0.05; ns = non-significant). (K) Graph showing the 

density of HC, compared to that of the contralateral control, of Control-gRNA (solid line) and Atoh1-gRNA 

(dashed line) in proximal (magenta), middle (orange) and distal (blue) at E9-12. (L) The graph showing ratio of 

GFP-positive HCs to the total number of GFP-positive cells in different regions of the BP for Control-gRNA (blue) 

and Atoh1-gRNA (red). (M) The graph shows apical surface area of HCs at proximal region of E11 BP (**** 

P<0.0001) 

To understand the time course of hair cell restoration, we examined the BP of embryos 

at E9, 10, 11 and 12. We found that the rate of hair cell restoration appears distally first 

followed by more proximal regions, mirroring the natural process of hair cell differentiation in 

the BP (Fig. 2K). At E12, Atoh1-crispants show restored hair cell and support cell arrangement 

resembling that of both the control and control-gRNA groups. In Atoh1-crispants, GFP is 

predominantly confined to supporting cells. (Fig. 2G). Moreover, the apical surface area of the 

restored hair cells is smaller compared to those in the control basilar papilla (Fig. 2M), with 

some lacking hair bundles but, nonetheless, expressing Myo7a.  

 

Neighbourhood Analysis 

HC and SC are mosaically organized in the BP. HC contact SC (HC-SC contact), but very 

rarely another HC (HC-HC contact) (Goodyear and Richardson, 1997; Prakash et al., 2023). 

SC can contact HC (SC-HC contact) and SC (SC-SC contact) (Fig. 3A). To understand whether 

HC restoration is accompanied by a restoration in the mosaic pattern of the BP, we conducted 

neighbour number analysis for both HC and SC between E9 and E12.  
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Figure 3: Neighborhood connections: HC and SC interaction analysis. (A) The type of interactions between HCs 

and SCs. The arrows symbolise four types of connections between these two cell types: SC-SC, SC-HC, HC-SC, 
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and HC-HC. (B-E) The split-histograms show the number of neighboring cells for each cell type in contralateral 

control (green), control-gRNA (blue), and Atoh1-gRNA (red) at four embryonic stages from E9 to E12. (B) 

Number of SC-SC contacts, (C) Number of HC contacted by a single SC, (D) Number of SC contacted by a single 

HC, (E) Number of contacts made between HC-HC. 

As expected, at E9 Atoh1-gRNA electroporated BP show a greater number of SC-SC 

contacts, with dramatically reduced SC-HC contacts given the reduced HC numbers in 

electroporated patches. While around 3-5% of SC are without an HC contact in control and 

control-gRNA samples, 47% of SC do not have an HC contact in Atoh1-gRNA samples (Fig. 

3C). The reduction in SC-SC contacts and the recovery of SC-HC contacts occurs by E12 such 

that, the number of both SC-SC and SC-HC contacts are similar to those seen in control-gRNA 

samples (Fig. 3B & 3C). Consistent with this, the number of SC without HC contacts falls to 

control-gRNA levels by E12. 

At E9, substantial HC-HC contacts are observed in Atoh1-gRNA samples. These are 

rarely observed in control samples (Fig. 3E). These contacts resolve by E12. Surprisingly, the 

number of HC-SC contacts showed an increase at E12 (Fig. 3D). This may be due to the smaller 

apical surface area of restored HC. 

Proliferation Status of Basilar Papilla After HC Loss 

We next asked if HC restoration was associated with changes in proliferation. Embryos 

electroporated with either control-gRNA or Atoh1-gRNA were grown to E9, E10, E11, and 

E12. At these stages the BP was explanted and cultured for one day in the presence of EdU 

(Fig. 4A). After culture, explants were fixed and processed for Sox2 (as a support cell marker) 

and Myo7a (a hair cell marker) immunostaining, as well as EdU incorporation. Sections of 

explanted BP showed a clear demarcation between hair cells (HCs) and supporting cells (SCs). 

HCs were situated closer to the luminal surface, while SC nuclei were grouped closely near the 

basilar membrane, making them easily distinguishable and countable.  
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Figure 4: Proliferation dynamics in developing BP. (A) Illustration of the experimental design for EdU pulse 

treatment. Electroporation is performed on all embryos at E4. At the specified stages of E9, E10, E11, and E12, a 

one-day EdU pulse was administered through in vitro BP explants, followed by the harvesting of the BP. (B-C) 
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Cross-sectional images of E10+1-day in vitro (DIV) BP explants, (Scale bar is 25µm). Myo7a staining HCs in 

cyan, Sox2 staining SCs in magenta, EdU labeling in yellow, and green indicating GFP expression in Control-

gRNA (B) and Atoh1-gRNA BP (C). The white arrow marks the region with missing HCs with an EdU-positive SC 

beneath it, and the red arrow marks GFP-positive HCs, referred to as "escapers". (D) Graph showing EdU-

positive SCs and (E) EdU-positive HCs from embryonic stages E9+1 DIV to E12+1 DIV from control, control-

gRNA, and Atoh1-gRNA. (F-G) are whole mount images of E10 BP from electroporated chick embryos (Scale bar 

is 10µm). Calbindin (CaB)(magenta) marks new HCs phalloidin staining F-Actin (grey), and GFP expression 

(green) of control-gRNA at E10 (F) and Atoh1-gRNA BPs (G). (H) Graph showing the total number of HCs in 

both E9+1 DIV BP explant (treated with EdU) and E10 BP with two condition groups: control-gRNA (blue) and 

Atoh1-gRNA (magenta). *P<0.05 and **P<0.01, ns - non-significant.  

In BP sections, a higher number of EdU-positive cells were observed at E10+1 DIV, 

coinciding with GFP expression in Atoh1-crispants (Fig. 4C). In contrast, the control-gRNA 

exhibited sporadic presence of EdU-positive cells (Fig. 4B). At each stage from E9+1 DIV to 

E12+1 DIV, we detected increased numbers of EdU-positive cells in Atoh1-gRNA 

electroporated regions, when compared to corresponding regions in control-gRNA or 

unelectroporated BPs. The numbers of Sox2/EdU double positive cells are enhanced in the 

Atoh1-gRNA crispants, however the numbers show a gradual decline between E9+1 DIV to 

E12+1 DIV (Fig. 4D). Myo7a/EdU positive cells show comparable levels between Atoh1-

gRNA and control BPs at E9+1 DIV, however at E10+1 DIV there is a significant elevation in 

these numbers when compared to controls (Fig. 4E). This suggests the generation of new hair 

cells between E9 and E10 in response to Atoh1-gRNA electroporation. In agreement with this, 

we could detect Myosin7a and Sox2 double-positive cells in Atoh1-gRNA crispants, 

suggesting the emergence of new hair cells. 

To confirm the presence of newly generated hair cells, we immunostained the BP with 

Calbindin (Fig. 4F & 4G), which labels newborn hair cells at E10, and compared it to the EdU 

positive hair cells data from E9+1 DIV Atoh1-gRNA electroporated explants (Chen et al., 

2021; Cox et al., 2014). We find significantly more Calbindin-positive (CaB+) new hair cells 

than EdU-positive hair cells at the same developmental stage (Fig. 4H). This suggests the 

involvement of additional mechanisms in HC restoration, such as transdifferentiation of 

supporting cells. In agreement with this, we observed a substantial population of cells within 

Atoh1-gRNA samples that exhibited co-expression of Myosin7a and Sox2, markers typically 

associated with newly generated hair cells. These cells did not show EdU incorporation. These 

findings suggest that hair cell restoration could involve both direct transdifferentiation from 

supporting cells into hair cells and mitotic division of supporting cells. Transdifferentiation 

likely initiates earlier at E9+1DIV, while mitotic division becomes more prominent later. This 

finding aligns with previous research indicating that mitotic division of supporting cells could 
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play a role in the restoration of basilar papilla tissue (Corwin and Cotanche, 1988; Ryals and 

Rubel, 1988). Although the primary mode of hair cell regeneration in chick basilar papilla is 

reported to be direct transdifferentiation of supporting cells (Shang et al., 2010; Stone and 

Cotanche, 2007).   

Molecular Regulators of HC Restoration  

To understand the molecular mechanisms that could be involved in HC restoration, we used 

our explant approach as a proof of principle to screen modulators of signalling pathways that 

might influence HC restoration. Given the correspondence, we tested small molecules that 

modulate pathways involved in HC regeneration. 

Wnt signalling has been implicated in the development of HC (Jacques et al., 2012; Shi 

et al., 2014). Activators of the Wnt/ß-catenin pathway increase the proliferation of prosensory 

cells in the organ of Corti, in the chick BP as well as in zebrafish neuromasts. Wnt activation 

has also been shown to potentiate regeneration in the zebrafish lateral line, and genes associated 

with this pathway are robustly induced upon neuromast damage (Head et al., 2013; Jiang et al., 

2014). We thus used an inhibitor and activator of canonical Wnt signalling to ask if HC 

restoration was affected. 

Control-gRNA and Atoh1-gRNA were electroporated into the E4 otocyst with a tracer 

construct. At E10 the BP was dissected. It was then either immediately fixed (E10+0) or treated 

with XAV939, a canonical Wnt antagonist, or CHIR99021, a Wnt agonist. Explants were 

cultured for 2 days (Fig. 5A), then fixed and HC and SC numbers assayed. 
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Figure 5: Wnt and Notch Pathway Modulation in Atoh1-Crispant Basilar Papilla. (A) Diagram illustrating the 

experimental setup for the treatment with pharmacological inhibitors and activators. Electroporation is 

performed on all embryos at E4. At the E10 embryonic stage, a two-day treatment with small molecules is 

administered through in vitro basilar papilla explants, followed by harvesting the basilar papilla at E10+2 DIV. 

(B-I) Images of basilar papilla explants from electroporated chick embryos showing F-Actin (gray), Myo7a-

labeled hair cells (magenta), and GFP (green). Scale Bar is 10µm.  The top panel (B, C, D, E) displays images 

from basilar papilla explants of control-gRNA electroporated otocysts. The lower panel (F, G, H, I) shows images 

from the basilar papilla explants of Atoh1-gRNA electroporated otocysts. Explants are treated with DMSO vehicle 

control (B, F); the Wnt antagonist XAV939 (C, G); the Wnt agonist CHIR99021 (D, H) and an inhibitor of Notch 

signalling, DAPT (D, H). (J) The graph illustrates the number of hair cells in a unit area in control-gRNA and 

Atoh1-gRNA basilar papilla explants. E10, serves as zero time point before treatment starts. To assess statistical 

significance in direct comparisons between the two conditions, Student’s t-tests were conducted to calculate P-

values, with **P<0.01 and ****P<0.0001 indicating statistical significance. (K) The graphs shows the number 

of HC-HC contacts in electroporated control-gRNA, and Atoh1-gRNA with E12 control basilar papilla and E10+2 

DIV (DMSO & DAPT) treated basilar papilla explant. 

Treatment with XAV-939 blocked the restoration of HC in Atoh1-gRNA electroporated 

BP explants, with numbers similar to those seen at E10 (Fig. 5G & 5J). In contrast, control-

gRNA explants treated with XAV-939 showed normal numbers of HC (Fig. 5C & 5J). In 

contrast, CHIR99021-treatment did not affect HC restoration in Atoh1-gRNA electroporated 

E10+2 DIV BP explants (Fig. 5H & 5J). Indeed, when compared to vehicle control (Fig. 5B & 

5F), there was mild elevation of HC numbers in both control-gRNA and Atoh1-gRNA 

electroporated explants after CHIR99021-treatment (Fig. 5J). Taken together, these data 

suggest that Wnt signalling may play in an aspect of HC restoration. 

We next turned to Notch signalling; the role of Notch-Delta signalling in the 

development and regeneration of HC and SC has been well-established (Chrysostomou et al., 

2012; Daudet et al., 2009; Lanford et al., 1999). We thus treated electroporated BP explants 

with DAPT, an inhibitor of gamma-secretase, important in the activation of Notch. Treatment 

with DAPT did not affect HC restoration (Fig. 5I), and the numbers of HC in control or Atoh1-

gRNA explants were higher than vehicle controls (Fig. 5J). Closer inspection revealed a greater 

number of HC-HC contacts in the DAPT-treated explants, irrespective of whether they were 

from control-gRNA or Atoh1-gRNA electroporation (Fig. 5K).  

Signalling Activity during HC Restoration 

To understand when and where signalling was active during HC restoration, we co-

electroporated reporter constructs alongside Atoh1-gRNA CRISPR/Cas9 components. We first 

looked at Notch signalling. The pT2K-Hes5::nd2mScarlet plasmid consists of the mouse Hes5 

promoter driving the expression of a destabilized and nuclear localized mScarlet fluorescent 

protein in Notch-On supporting cells (Fig. 6A)(Chrysostomou et al., 2012). mScarlet 
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expression is transient, with its presence limited to cells where Notch is active or has been 

active within the past 10 hours (Chrysostomou et al., 2012). 

We observed a significant reduction in the population of Notch-On cells, expressing 

high levels of mScarlet, within the basilar papilla of Atoh1-gRNA crispants at E10 (Fig. 6B & 

6D). However, a population of cells with lower mScarlet expression was observed at the 

luminal surface, where hair cells would normally be expected. Staining for phospho-Histone 

H3 (pH3), a marker of mitotic cells in cross sections of the basilar papilla, revealed a significant  
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Figure 6: Hes5::nd2mScarlet reporter activity in Atoh1-crispant BP. Cross-sections of BP from electroporated 

chick embryos. (A, B) E10 BP showing Myo7a (magenta), Dapi-stained nuclei (grey) and Hes5::nd2mScarlett, 

Notch-on cells (yellow) and GFP (green) in control-gRNA electroporated BP (A) and Atoh1 electroporated BP. 

(Scale Bar is 25µm). (C) BP of Atoh1-gRNA at E11, which were co-electroporated with pT2K-Hes5::nd2mScarlet 

showing the mitotic marker Phospho-Histone H3 (PH3) (magenta), nuclei (grey), Notch-on cells (yellow), GFP 

(green). (Scale Bar is 25µm). (D) The graph shows the total number of Hes5+ cells in the E10 basilar papilla for 

the two conditions: control-gRNA and Atoh1-gRNA. P-values, with *P<0.05. 

co-localization of pH3 positive cells with cells showing diminished mScarlet expression (Fig. 

6C). As Hes5 activity is found in supporting cells, the reduced mScarlet expression in these 

cells may suggest a recent transformation into new hair cells. These findings indicate that the 

downregulation of Hes5 in supporting cells promotes hair cell differentiation and suggests that 

supporting cells can be induced to re-enter the cell cycle and give rise to new hair cells. 

Figure 7: Wnt responsive cells in Atoh1-crispant BP. (A, B) Whole-mount E10 BP at E10 from electroporated 

chick embryos, showing 5TCF::nd2mScarlet Wnt-on cells (magenta), F-Actin (grey), and GFP (green) from 

control-gRNA BP (A) an Atoh1-gRNA electroporated BPs (B). (C) The graph showing the total number of Wnt-

positive cells in the E10 basilar papilla for control-gRNA (blue) and Atoh1-gRNA (magenta). P-values - *P<0.05. 

We next turned to the Wnt pathway, using co-electroporation of a Wnt reporter (pT2K-

5TCF::nd2mScarlet). This construct consists of 5 TCF/LEF binding sites driving the 

expression of a destabilised, nuclear-localized mScarlet protein. Cells in which Wnt signalling 
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is active, or has been active in the past 10 hours, will show nuclear expression of mScarlet 

indicating Wnt receiving cells. We observed a significant increase in the number of Wnt-

responsive cells within Atoh1-gRNA electroporated BP (Fig. 7B & 7C). These results are 

consistent with prior research in the field, which highlights the role of canonical Wnt signaling 

in promoting proliferation in lateral line regeneration (Jiang et al., 2014; Steiner et al., 2014).  

Concluding Remarks 

Hair cells of the inner ear of birds are replaced after damage. How the BP is able to sense the 

absence of a HC, what mechanisms are used to activate quiescent progenitors, and what are the 

steps in HC replacement remain unclear. This has been, in part, due to the inaccessibility of 

HC regeneration paradigms, requiring post-hatch stages of chicks. In this study, we identify a 

second wave of hair cell differentiation in the chick basilar papilla, that is revealed by mosaic 

deletion of Atoh1, and that may provide a model for HC regeneration. We show that even 

though HC numbers are depleted at E9 after Atoh1 CRISPR-mediate deletion, they are restored 

by E12. HC Restoration is achieved through non-transfected SC differentiating into HC. 

Anaylsis of the timing of restoration suggests that it occurs in a distal to proximal fashion 

mirroring the normal differentiation profile of BP hair cells. Newly generated HCs exhibit a 

smaller apical area at E12 stage. Some of these newly formed cells lack hair bundles but still 

express Myo7a. Additionally, we have observed disruptions in planar polarity in Atoh1-

crispants, although polarity alignment is restored in the course of BP development (data not 

shown). The parallels between restoration and regeneration suggest that some aspects of HC 

regeneration can be modelled through restoration. Moreover, the tractability of the embryonic 

system to electroporation allows the introduction of constructs into the tissue as HC are 

restored. 

Most hair cells have developed in the chick BP by E9.5 (Goodyear and Richardson, 

1997). However, during normal development, around 1000 more hair cells are added over 3 

days, such that E12 obtains the final HC number of around 12,000. Between E9 and E12, the 

BP is also undergoing cellular rearrangements, that are not only responsible for the extension 

of the BP, but also for the alignment of HC polarity (Goodyear and Richardson, 1997; Prakash 

et al., 2023). We therefore speculate that during normal development, a second wave of HC 

differentiation restores the correct number of HC neighbours to SCs that may have lost a 

neighbour during these rearrangements. At E12 SC have 2 HCs neighbours (Prakash et al., 
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2023). In our Atoh1-crispants, there are a substantial number of SC that have no HC neighbour 

at E9, however by E12 most SC contact 2 HCs. 

The mechanisms that sense an inconsistency in the numbers of neighbours is unclear. 

One obvious candidate would be the interaction between Notch1 (on supporting cells) with 

Dll1 (on hair cells). In this model, SC fate is maintained through the continued production of 

NICD after Notch interaction with its ligand (either Dll1, or Jag2) in the HC. In the absence of 

the ligand, SC differentiate into HC. Previous work suggests Notch signalling itself is not 

required for the release of quiescence during regeneration, and that DAPT treatment of the 

adult, undamaged, BP does not result in an increase in HC (Daudet et al., 2009). However it is 

likely that at embryonic stages, the some of the SC precursors are not quiescent. Consistent 

with this, we observe a down-regulation of the number of cells showing expression of mScarlet 

driven from the Hes5-ndmScarlet Notch reporter, in response to Atoh1 downregulation. 

Control explants treated with DAPT, a gamma-secretase inhibitor that inhibits Notch signaling, 

show a modest elevation of HC number compared to DMSO control. HC numbers are restored 

to this value in Atoh1-crispant BP explants. The elevation of HC number is modest, and 

restoration of HC number after Atoh1-gRNA electroporation is only to this elevated number. 

This modest elevation suggests that only a subset of SC may have progenitor activity. 

In contrast to the suppression of Notch signalling during HC restoration, a canonical 

Wnt reporter is upregulated in response to mosaic Atoh1 deletion. However, how, and if, these 

two signalling pathways intersect is unclear. Inhibiting Wnt signalling, using XAV939 

prevents the restoration of HC. This suggests that ß-catenin stabilization, as a result of Wnt 

signalling, is important for the maintenance of the progenitor fate for HC conversion in the BP, 

and in its absence these progenitor cells enter a quiescent state. In damaged neonatal mouse 

utricle, stabilized ß-catenin in Lgr5+ cells enhances mitotic activity and HC regeneration (Kuo 

et al., 2015). Arguing against this, is the effect of the Wnt agonist, CHIR99021. Rather than 

promoting quiescence, the CHIR compound leads to a modest elevation in HC numbers in both 

control-gRNA and Atoh1-gRNA electroporated samples compared to the vehicle-treated 

samples. CHIR99021 is an inhibitor of glycogen synthesis kinase 3 (GSK-3ß) which usually 

leads to a destablisation of ß-catenin. GSK-3ß can also phosphorylate NICD, protecting it from 

degradation (Foltz et al., 2002). Thus, it is possible that CHIR99021 could also lead to a 

degradation of NICD, in effect releasing the Notch-mediated maintenance of SC/progenitor 

fate. Additional work is required to determine these interactions, however combining mosaic 
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Atoh1 deletion with co-electroporation of signalling reporters and explant studies can allow 

imaging experiments and timed inhibitor studies to allow insights into the dynamic regulation 

of this process.   
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Chapter 1: Introduction 

 

1.1 Hearing Disorders 

Auditory dysfunction, a prevalent neurosensory disorder, significantly impacts global health, 

affecting 1 in every 500 newborns and over 360 million individuals worldwide. The 

complexity of this issue is exacerbated by environmental and lifestyle factors, leading to an 

increasing number of cases beyond congenital hearing loss. This challenge is notably 

pronounced among the elderly, with over one-third of individuals older than 60 years 

experiencing significant hearing loss1. Moreover, hearing loss spans age demographics, with 

over 1 billion teenagers and young adults estimated to be at risk2. 

The widespread occurrence of auditory dysfunction primarily arises from 

sensorineural hearing disorders intricately linked to the loss of sensory hair cells (HCs) 

within the organ of Corti. In contrast to conductive hearing loss, which obstructs sound waves 

from reaching the inner ear, sensorineural hearing loss (SNHL) involves challenges in 

processing sound signals by the ear. SNHL, often irreversible, results from various factors, 

including the unsafe use of audio devices, prolonged exposure to noisy environments (Noise-

induced hearing loss - NIHL), iatrogenic factors like Aminoglycoside ototoxic substances 

(Drug-induced hearing loss), the natural aging process (Age-related hearing loss - ARHL), 

and genetic disorders3,4. 

Sensorineural hearing loss (SNHL) significantly impacts an individual's ability to hear 

faint sounds, understand speech in noisy environments, and discern high-pitched tones. Early 

identification and intervention are crucial, as sensorineural hearing loss often presents 

irreversible challenges. Recognizing and addressing hearing loss in its early stages offer 

numerous benefits, enhancing the overall quality of life for those affected by auditory 

impairment. 

 

1.2 Anatomy of Inner Ear 
A true inner ear, as found in vertebrates, is not present in invertebrates. However, some 

invertebrate groups have evolved specialized organs that serve similar functions related to 

hearing and balance. In the evolutionary journey of organisms, particularly in more primitive 

life forms, the rudimentary hearing apparatus is limited to the presence of vestibular organs, 

which primarily function as balancing organs. These vestibular structures play a crucial role 
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in sensing orientation and maintaining balance, representing one of the fundamental sensory 

adaptations that organisms acquire early in their development. The significance of this 

adaptation lies in its direct response to the gravitational force, a constant and fundamental 

aspect of the environment. As organisms navigate their surroundings, the ability to perceive 

their orientation and balance becomes foundational for survival and effective interaction with 

their surroundings. This primitive yet essential sensory capacity forms the foundation upon 

which more complex auditory systems have evolved over time, showcasing the intricate 

relationship between basic physiological adaptations and the environmental challenges faced 

by organisms throughout evolutionary history. 

 

1.2.1 Avian Auditory System 

The avian ear constitutes a sophisticated sensory system with three main components: an 

external membrane also known as tympanic membrane, a middle ear, and an inner ear. 

Unlike mammals, birds lack an external structure resembling the outer ear flap, with the 

tympanic membrane serving as the outermost covering of the middle ear. This anatomical 

feature functions to gather sound, setting the stage for the intricate auditory mechanisms of 

avian species. The middle ear in birds acoustically couples air-borne sound to the fluids of the 

inner ear through impedance matching. Similar to most vertebrates, the avian inner ear 

comprises three semicircular canals to determine angular acceleration of the head and three 

otolith organs for detecting head motion relative to gravity (Figure 1.1 A, B). Notably, birds 

possess a cochlear duct housing the basilar papilla (BP), a crucial structure for hearing. 

Sensory hair cells (HCs) on the basilar papilla transduce mechanical energy into signals 

compatible with the nervous system, responding to sound stimuli with precision. 

The avian ear features up to seven distinct sensory epithelia, including three canal 

cristae (anterior, AC, posterior, PC, and lateral, LC), the utricle macula, saccule macula, 

lagena, and the basilar papilla. Situated within the tubular cochlear duct, there resides a 

basilar papilla equivalent to the organ of Corti in other vertebrates; it is a cornerstone in the 

avian auditory process. Basilar papilla has two anatomical axes: proximal-distal and neural-

abneural (Figure 1.1 C). It is harbouring sensory HCs which are surrounded by supporting 

cells (SCs) in a distinctive “salt and pepper” pattern (Figure 1.1 E, F). In a cross section of 

the BP (Figure 1.1 D), the nuclei of HCs have a larger, round shape, arranged in a single 

apical row. The nuclei of SC are located on the basal side of the epithelium, immediately 

adjacent to the basal lamina, resembling “pearls on the string”, although, unlike HC, SC 

spans the entirety of the epithelium. 
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Figure 1.1 Avian Auditory System. (A) Drawing of a chicken head indicating the position of the inner ear. (B) 

Diagram of the inner ear highlighting each of the sensory organs, the anterior cristae (AC), posterior cristae 

(PC), lateral cristae (LC) and basilar papilla (BP) are blue. The macula (utricle, saccule, and lagena) are grey. 

(C) Schematic dividing the BP into three regions: distal, middle, and proximal. (D) Confocal images of 

horizontal cross sections of cochlear duct are shown with F-actin stained with phalloidin-488 and nuclear 

staining with Dapi. The vertical dotted mark indicates the dividing line between neural and abneural regions of 

the BP. Abbreviations: TV, tegmentum vasculosum; BP, basilar papilla; HyC, hyaline cells; BM, basilar 

membrane. With 100µm scale bar. (E) Diagram showing the apical surface of the BP, where hair cells (HCs) 

and supporting cells (SCs) are arranged in a regular pattern, with each hair cell being surrounded and isolated 

by supporting cells. (F) Confocal image corresponding to the diagram with F-actin stained with phalloidin-488. 
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HCs are highly specialized mechanosensory cells, converting mechanical energy into 

electrical signals through synapses with the axons of the VIIIth cranial nerve, which encode 

and transmit the signal to and from the hindbrain nuclei. Hair cells are so-called, due to the 

hair bundle on its apical surface. This consists of actin-based protrusion known as stereocilia 

and tubulin-based cilia called kinocilium. In response to a sound stimulus, bending of the hair 

bundle triggers a cascade of events within the cells. Ultimately, this process culminates in the 

release of neurotransmitters, stimulating the auditory nerve. The basilar papilla of birds 

comprises two types of hair cells (HCs), tall hair cells (THCs) and short hair cells (SHCs). 

THCs are characterized by their tall columnar shape with an elongated hexagonal apical 

surface, primarily situated on the superior/neural side. In contrast, SHCs are shorter and 

thicker with a wider surface area, and they predominate on the inferior/abneural side. THCs 

are mainly located in the distal region of the basilar papilla, whereas SHCs dominate the 

proximal region and are present on the free basilar membrane. The proportion of SHCs to 

THCs increases towards the high-frequency proximal end of the BP, which would be 

consistent with their increased contribution at high frequencies5. This intricate arrangement 

and specialization contribute to the remarkable auditory capabilities of avian species, 

exemplified by the unique features of the basilar papilla. 

 

1.2.2 Comparative Anatomy of Inner Ear in Vertebrates  

While the vestibular part of the inner ear is comparable, a dedicated auditory sensory organ is 

an evolutionary innovation in vertebrates have undergone significant modifications along the 

phylogenetic tree6. The cochlea is absent in fish and amphibians, with its functions replaced 

by alternative auditory organs like the saccule and lagena7,8. The saccule serves a vestibular 

function in birds and mammals, while the lagena's functions in birds are still being 

understood. In placental and marsupial mammals, the lagena is absent. The positioning of the 

auditory organ within the inner ear has evolved, initially situating itself amidst vestibular 

organs like the lagena, which existed before the elongation of the auditory sensory tissue to 

form a tube. 

The auditory papilla, a vital anatomical structure found in birds, amphibians, and 

reptiles, plays a crucial role in transducing sound stimuli into neural signals. The basilar 

papilla found in birds is shorter and structurally distinct from its mammalian counterpart, 

potentially accounting for the narrower range of frequencies detected by birds compared to 

mammals9,10. Despite these variations, all organisms share similar hearing organs and similar 

hair cell types based on the fundamental principle of perceiving sound. The basilar papilla 
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consists of enclosed structures with sensory epithelia where mechanosensory cells called HCs 

respond to vibrations. Supporting cells accompany these HCs, akin to glial cells to neurons. 

While the structures housing these HCs differ in shape and size, they give rise to different 

frequency hearing and contribute to maintaining hearing sensitivity. Anatomical similarities, 

as well as distinct differences between the avian basilar papilla and the mammalian organ of 

Corti, have led to the proposition that these organs and their different hair cell types are 

analogous11. The basilar papilla contains two types of hair cells, tall (THCs) and short 

(SHCs), resembling the inner and outer hair cells in mammals9. Developmental 

considerations and comparative anatomy, however, support the notion that the basilar papilla 

and the mammalian organ of Corti arose from a common ancestral structure and represent 

homologous organs12. 

The auditory system is a specialized organ that demonstrates remarkable diversity 

across species in both structure and function, highlighting the adaptability of auditory 

mechanisms in various organisms. Delving into the intricacies of the basilar papilla unveils a 

captivating narrative of evolutionary adaptations, sensory perception, and the fascinating 

ways in which various organisms have developed unique auditory mechanisms to navigate 

and interact with their environments. 

 

1.3 Developmental Program for Inner Ear 

 

1.3.1 From Otic Placode to Bony Labyrinth 

The initial development of the inner ear is highly conserved across vertebrates. The sensory 

and supporting cells, as well as spiral ganglion neurons, originate from the embryonic otic 

placode, an ectodermal structure adjacent to the hindbrain. While cells for the spiral ligament, 

otic capsule, and modiolus come from surrounding mesenchymal cells, melanocyte-like cells 

in the stria vascularis and Schwann cells have a neural crest origin13–15. Before the otic 

placode becomes visible, the ectodermal cells that will form it (Figure 1.2 A), undergoes a 

genetic program to express pre placodal transcription factors as the Dlx family, Sox9a and 

Foxi116–19. Following this early induction, the otic placode transforms into the otic cup, 

eventually closing to form a fluid-filled sac called the otocyst (Figure 1.2 B, C). This 

transient structure plays a crucial role, containing the necessary information for 

differentiating into most adult inner ear cell types20,21.  
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The dorsal region of the otocyst gives rise to vestibular structures for balance, while 

the ventral portion forms the auditory part. Within the otocyst, signaling molecules like 

Notch, Bmp4, Jag1, and Sox2 orchestrate the development of distinct regions called 

prosensory domains22–27 (Figure 1.2 D). Notch signaling participates in the earliest induction 

stages of the prosensory domain. Members of the canonical Notch pathway Notch1, Lunatic 

fringe (Lfng), Delta-like1 (Dll1), and Hes5 are differentially expressed in the otic 

placode17,26,28–30. The non-prosensory region expresses Hes1 and the Notch ligand Jagged1 

(Jag1), but not Lfng and Dll1.  

 

 

 

Figure 1.2 Early Development of the Inner ear in Chick. (A) In chick, the otic placode (yellow) became 

morphologically visible as a thickening of the epithelium by 10 somites (HH10). (B) The otic placode begins to 

invaginate around the 16 somites (HH12) through a mechanism of apical constriction. (C) The otic cup 
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eventually pinches off from the adjacent ectoderm, forming the otic vesicle beneath the ectoderm (HH15). (D) 

Early regionalization and cell fate specification of sensory patches in the otic vesicles. 

SOX2, marking both prosensory and proneural domains, underscores the SOX 

family's role in preserving progenitor self-renewal and pluripotency31,32. BMP4 is a member 

of the TGFβ superfamily of secreted signaling molecules that has been proposed to play a key 

role in the specification of prosensory patches26,33,34. FGF signaling plays a key role during 

vertebrate inner ear development and participates in the early induction of the otocyst35,36, in 

prosensory specification21,37,38, otic neurogenesis and neuritogenesis39. The otic vesicle 

undergoes morphogenetic movements, generating the complex three-dimensional 

membranous labyrinth, while surrounding mesenchymal cells form a cartilaginous capsule 

that eventually becomes the bony labyrinth13. 

 

1.3.2 Development of Sensory Epithelium 

The vast majority of cells that reside within the membranous labyrinth originate from 

multipotent progenitor cells in the otic epithelia, giving rise to three lineages: proneural cells, 

comprising auditory and vestibular neurons; prosensory cells, including hair and supporting 

cells; and nonsensory cells. Neural specification onsets with the expression of proneural 

genes, being Neurog1 required for the specification of the neuronal fate. HCs and SCs arise 

following the specification of the prosensory domain40. In early development, there appears 

to be a default program where the first cells specified become hair cells, which then inhibit 

neighboring cells from adopting the same fate through lateral inhibition. Atoh1, a basic 

helix–loop–helix (bHLH) transcription factor, is crucial for hair cell production and 

development41–43. Studies on the loss and gain of Atoh1 function have demonstrated its 

necessity and sufficiency for inducing hair cell formation in both sensory and nonsensory 

cells41,44–47. After hair cells differentiate, the adjacent cells become supporting cells through a 

mechanism known as lateral inhibition. Hair cell and support cell differentiation are both 

impacted by the Notch pathway, which was previously involved in prosensory specification. 

Cells expressing Atoh1 start to produce the Notch ligands Jagged2 (Jag2) and Dll125,48,49. 

Notch1 is activated as a result, and Notch target genes are then expressed such as Hes and 

Hey family gene for supporting cell fate42,50–55. 

 

 

 

 



Chapter 1: Introduction 

 

8 

 

1.4 Cochlear Cell Types 

 

1.4.1 Sensory Hair Cells 

Mechanosensory cells, commonly known as hair cells, trace their origins to chordate 

ancestors and potentially other invertebrates, making them one of the oldest cell types56. 

Beyond the inner ear, these cells are also found in fish and amphibians' lateral-line organs, 

offering insights into various stimuli aspects. In the chicken basilar papilla sensory 

epithelium, the entire set of hair cells is produced during embryonic development, entering a 

quiescent state post-embryogenesis57,58. 

 

Hair Cell Architecture and Function 

The hair cell, a highly specialized sensory cell, features a unique apical structure known as 

the hair bundle, composed of stereocilia and a longer projection called the kinocilium. The 

kinocilium, acting as a specialized primary cilium made of microtubules, is crucial for the 

hair cell's development and polarization, while the basal body at its base aids in stereocilia 

orientation. The stereocilia, composed of actin, form a staircase-like arrangement and are 

linked together by fine thread-like structures known as tip links (Figure 1.3 A). Beneath 

them, a dense layer of actin filaments forms the cuticular plate beneath them, anchoring the 

stereocilia59,60. These structures are essential for mechanotransduction, where higher 

stereocilia bend under sound wave influence, mechanically opening mechanoelectrical 

transducer (MET) channels on lower stereocilia membranes. This process converts the 

mechanical impulse into an electrical impulse or action potential, facilitated by the entry of 

K+ and Ca2+ ions through MET channels. While sensory hair cells maintain a similar 

structure across vertebrates, variations exist in their specifics, suggesting differential 

responses to stimuli both among taxa and within different end organs of the ear in the same 

species. 
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Figure 1.3 Hair Cell Morphology. (A) Hair bundle mechanics, the hair bundles of cochlear hair cells contain 3–

4 rows of stereocilia organized like a staircase. Each stereocilium is filled with a dense core of actin filaments 

that tapers into the cuticular plate at the hair cell apical surface. In response to sound stimuli, the stereocilia 

deflect elastically around the rootlet. The resulting tension along connected stereocilia opens transducer 

channels located at the stereocilia tips enabling mechanical sound stimuli to be converted into electrical 

signals. (B) The chick basilar papilla contains two types of HCs, tall hair cells (THCs), and short hair cells 

(SHCs). 
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In birds, cochlear hair cells are classified into two types: tall and short (Figure 1.3 B). 

Tall hair cells are positioned on the fibro-cartilaginous plate above the auditory ganglion, 

known as the superior/neural side of the basilar papilla. Whereas, short hair cells are found in 

the epithelium above the basilar membrane, extending to the inferior fibro-cartilaginous plate, 

or the inferior/abneural side. These two types of hair cells differ in cytomorphology, the 

number of stereocilia in their hair bundles, and their innervation patterns. Tall hair cells 

receive afferent and small bouton efferent fibres, while short hair cells primarily receive 

efferent innervation characterized by distinct presynaptic cups. 

 

1.4.2 Glia of Inner ear: Support Cells 

In all inner ear sensory epithelia, hair cells and supporting cells form a crucial mosaic 

essential for the proper development of hearing. Some markers selectively expressed in 

supporting cells, such as Prox1, PLP, GLAST, GFAP, Tak1, Aquaporin4, and S100α, are also 

found in certain glial cells61–67. This underscores the shared functions of supporting cells and 

glia within their respective organs. 

 

Support Cell Structure and Function 

The development, function, and upkeep of inner ear sensory epithelia rely significantly on 

supporting cells, which reside among hair cells. Unlike hair cells, which only connect to the 

lumenal surface of the epithelium, supporting cells extend across the entire depth of the 

epithelium, from the basal lamina to the lumen. These cells are interconnected with each 

other and with hair cells through tight and adherens junctions, and they directly communicate 

with neighboring supporting cells via gap junctions. In the mammalian organ of Corti, which 

exhibits the highest level of supporting cell diversity, there are five distinct types of 

supporting cells arranged in rows along its length. These include Hensen’s cells, Deiters’ 

cells, pillar cells, inner phalangeal cells, and border cells, each with unique morphologies. 

However, all the supporting cells in the avian cochlear system are very similar 

morphologically, pseudostratified. 

Supporting cells play a multifaceted role in the sensory epithelia. They possess sturdy 

cytoskeletons that uphold the structural integrity of sensory organs during both sound 

exposure and head movements. Additionally, supporting cells contribute to the maintenance 

of an environment within the epithelium conducive to the function of hair cells. They aid in 

various tasks such as recycling K+ ions crucial for sustaining the receptor potential, 

synthesizing components of essential membranes like the tectorial membrane in the organ of 
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Corti, and managing the cupula in the cristae ampullaris. In instances of trauma or toxicity, 

supporting cells can expel damaged hair cells, engulf debris, and potentially facilitate the 

generation of new hair cells. 

 

1.5 It’s All About Atoh1 

The discovery of the atonal gene in Drosophila during early 1990s, revealed its role as a 

crucial proneural transcription factor for the development of mechanoreceptive neurons and 

photoreceptor cells68,69. During Drosophila development, a group of proneural genes known 

as the Aschaete-Scute complex (ASC), which encode basic-helix-loop-helix (bHLH) 

transcription factors, was identified as necessary for nervous system development. Atoh1, 

also known as atonal (ato) in Drosophila, was identified as a novel ASC gene due to its 

structural similarities with bHLH proteins. 

 

1.5.1 Atoh1 Gene Structure 

Atoh1 is an evolutionarily conserved pro-neural basic helix–loop–helix (bHLH) transcription 

factor. Atoh1, previously referred to as Hath1 in humans, Math1 in mice, and Cath1 in 

chickens, demonstrates significant sequence conservation between human and mouse genes, 

with 85.31% homology in the coding region. However, the sequence conservation between 

mouse and chick is lower at 57.11%. Notably, the basic helix–loop–helix (bHLH) domain of 

Atoh1 gene is highly conserved (≥80%) among species such as Homo sapiens, Mus 

musculus, Gallus gallus, Danio rerio and Xenopus laevis (Figure 1.4 B). The bHLH domain 

comprises a DNA binding basic region and a protein-binding region with two α-helices 

separated by a variable loop region, enabling heterodimeric interactions with other class I 

bHLH family members like E4770. Additionally, the 3’ region of the Atoh1 coding sequence 

near the stop codon, essential for post-translational modification, is well conserved across 

these species.  
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Figure 1.4 Conservation of the Atoh1 Gene Across Species. (A) Chicken Atoh1 gene structure. (B) A cross-

species comparison of the Atoh1 gene reveals that the bHLH domain (indicated by a pink box) is highly 

conserved among Homo sapiens, Mus musculus, Gallus gallus, Danio rerio, and Xenopus laevis. Additionally, 

the 3' coding region, which serves as a regulatory domain for post-translational modification (indicated by a 

green box), is also conserved across these five species. 

 

In mouse, the Atoh1 open reading frame consists of a 1.053-kb intronless coding 

region located on chromosome 6, yielding a 351-amino acid protein with a molecular weight 

of 37 kDa. Two enhancer sites, enhancer A and enhancer B, are located 3.4 kb downstream of 

the Atoh1 coding region. Enhancer A is characterized by an E-box motif, while enhancer B 

contains a Hairy preferred sequence along with E-box and N box motifs71,72. The interaction 

between Atoh1 and the E-box site within enhancer B establishes an autoregulatory feedback 

loop that controls Atoh1 expression72. The presence of multiple protein-binding sites within 

enhancers A and B indicates a complex regulation of Atoh1 expression. Atoh1 enhancers A 

and B exhibit high evolutionary conservation between mouse and human, with sequence 

identities of 90.73% and 88.79%, respectively. Comparative analysis of the avian and 

mammalian Atoh1 gene locus shows that the sequences of the known mammalian 3′ 

enhancers A and B are also conserved in avian species73. Aligning the human, mouse, and 

zebra finch sequences with the chicken Atoh1 3’ sequence revealed two highly conserved 

regions in these four species, corresponding to enhancers A and B. The sequence homology 

for enhancers A and B across these species was found to be 81% and 66%, respectively73. 

Atoh1 is an intrinsically disordered transcription factor, featuring partially 

unstructured regions that provide flexibility in interacting with various molecular targets. 

This versatility enables Atoh1 to bind to multiple cellular partners, offering precise control 

over binding affinity. With a high proline content (35/351 residues), it suggests a role in 

protein-binding function, while about 33% of the carboxy terminus (aa 325 – 351) comprises 

serines, indicating the importance of phosphorylation in protein function and regulation. 

Specifically, serines at sites 328 and 331 are predicted targets for protein kinase C74. Notably, 

the C terminus region harbors several conserved phosphorylation sites, and both the bHLH 

domain and the proline-rich N terminus are essential for its transcriptional activity. 

 

1.5.2 Atoh1 is Necessary & Sufficient for HCs Differentiation 

Atoh1 expression initiates the terminal differentiation of hair cells in the prosensory 

epithelium of the cochlea, starting at embryonic day 14 (E14) in mouse41,46 (Figure 1.5 A). 

Various methods, including in-situ hybridization (ISH), immunohistochemistry, reporter-gene 
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studies, and qPCR, have been employed to map the spatial and temporal expression of Atoh1 

in the mouse inner ear. Atoh1 expression is transient, peaking at the onset of hair cell 

development and declining as hair cells mature41. Inducing ectopic Atoh1 expression in the 

cochlear sensory epithelium is sufficient to drive a cell towards adopting a hair cell fate44–46 

(Figure 1.5 H-I). Conversely, the cochlea of homozygous Atoh1 mutant mice exhibits a 

deficiency in differentiated hair cells41 (Figure 1.5 B-G). Besides the inner ear's developing 

sensory epithelium, Atoh1 is expressed in the embryonic vertebrate nervous system, 

particularly in the developing spinal cord and hindbrain. 
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Figure 1.5 Atoh1 is an Essential Transcription Factor in Hair Cell Development. (A) This schematic diagram 

depicts the progressive expression of Atoh1 (purple: mRNA, blue: protein) in developing mouse cochlea cross-

sections (mid-base). At E14.5, Atoh1 mRNA spans the prosensory epithelium, while protein is restricted to a 

single row of inner hair cells (IHCs) at the base-to-mid region. By E17.5, protein expression expands to include 

IHCs and three outer hair cells (OHCs), while mRNA is now limited to hair cells (IHCs and OHCs). The solid 

line indicates the section level. The basal turn of the cochlea in wild-type (B) and Math1-deficient (C) mice is 

compared in these images. (B) shows a wild-type cochlea with three distinct regions: Kölliker's organ (KO), the 

organ of Corti (OC), and the outer sulcus (OS). Within the OC, hair cells are visible – inner hair cells 

(arrowhead) and three rows of outer hair cells (numbered 1-3). Four supporting cell types are also present: 

inner phalangeal cells (IPH, white arrows), inner pillar cells (IP), outer pillar cells (OP), and Deiter's cells 

(DC, black arrows). Math1-deficient cochlea (C) lacks the organ of Corti entirely. KO and OS appear normal, 

but directly adjacent, indicating the absence of supporting cells. Scale bar, 30 μm. (D) and (F) shows cross-

sections of the OC at P0 stained with GFAP (glial fibrillary acidic protein). In the wild-type cochlea (D), GFAP 

expression is visible in DC, IPh, and auditory nerve fibers (arrows). However, the Math1-deficient cochlea (F) 

shows no GFAP signal. (E, G) Apical view of the OC at P0, stained for p75ntr (p75 neurotrophin receptor). In 

the wild-type cochlea (E), p75ntr-positive pillar cells separate the IHC and OHC. However, the Math1-deficient 

cochlea (G) lacks p75ntr expression. Scale bar, 20 μm. (H) and (I) show the effect of overexpressing cAtoh1 in 

mouse cochlear tissue. Empty plasmid (H) doesn't induce any formation of ectopic hair cells in the greater 

epithelial ridge (GER) or lesser epithelial ridge (LER). Overexpression of cAtoh1 using pCIG.cAtoh1 (I) leads 

to robust expression of the hair cell marker Myosin7a (red), indicating the formation of ectopic hair cells. Scale 

bar, 100 μm. 

 

1.5.3 Atoh1 a Master Regulator for Mechanosensory Cell-Type 

Mechanosensory cells, known as "hair" cells, are ancient cell types found in both vertebrates 

and invertebrates, suggesting a shared evolutionary origin. While vertebrate hair cells are 

present in the inner ear and lateral-line organs, providing various sensory information, 

invertebrates also possess similar structures. However, their arrangement and composition 

may differ. For instance, vertebrate hair cells typically consist of actin-based stereocilia and a 

single tubulin-based cilium, whereas invertebrate hair cells may have different 

configurations, such as multiple true cilia or short microcilia. Despite these variations in 

structure and composition, the core principle remains the same – hair cells in both vertebrates 

and invertebrates act as specialized vibration sensors. This remarkable convergence 

highlights the selective pressure that favoured the development of these sensitive 

mechanoreceptors throughout the animal kingdom. It underscores the elegance of natural 

selection to identify a design so effective that it has been independently reinvented across 

countless evolutionary lineages. 

Atonal genes evolved with multicellular organisms75 and represent a rare instance of 

protein-coding genes exhibiting extensive structural and functional conservation. Orthologues 

of Drosophila atonal and mouse Atoh1, when interchanged, demonstrate compensatory 

functions across distant organisms76. The remarkable conservation of mechanosensory 

function is evident, with Drosophila atonal fully rescuing Atoh1 null mutant mouse and 

mouse Atoh1 (math1) partially rescuing atonal mutant flies. The existence of conservation at 
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the molecular genetic level, largely based on the observation that the basic helix-loop-helix 

(bHLH) transcription factor Atonal is needed for both the formation of chordotonal organs in 

Drosophila and the formation of hair cells in vertebrates (math1), has been the final basis for 

the argument of homology between invertebrate sensory neurons and vertebrate hair cells. 

Furthermore, vertebrate Atoh1 genes are expressed in numerous mechanosensitive progenitor 

cells and are crucial for the development of hair cells are not only in the inner ear, but also in 

the lateral-line organs of fish and amphibians77, as well as touch-sensitive Merkel cells in the 

skin78,79. 

 

1.6 Hair Cells Regeneration 

 

1.6.1 Regeneration in Sensory Receptor Cells 

Our senses, including vision, smell, taste, hearing, and balance, rely on specialized receptor 

cells housed within epithelial organs. These receptors play a crucial role in capturing 

environmental stimuli. However, their very location, often exposed to the external 

environment, makes them susceptible to damage from the very stimuli they detect. For 

example, olfactory receptor cells have a short lifespan, lasting only a few months on average. 

Similarly, continuous loud noise can damage auditory hair cells, and prolonged exposure to 

high light intensity can cause photoreceptor loss in the retina. Furthermore, sensory receptor 

cells exhibit distinct protein profiles absent in other tissues. Mutations in the genes encoding 

these proteins, though not inherently lethal due to their limited expression, can trigger 

specific types of sensory degeneration. Such mutations can have profound impacts in 

humans, as seen in Usher syndrome. This condition, characterized by mutations affecting 

both retinal photoreceptors and cochlear hair cells, culminates in profound deafness and 

blindness. 

Unlike most neurons in the vertebrate nervous system, which are generated during 

development, specific sensory organs have the ability to create new receptor cells throughout 

life. This process, known as ongoing genesis, is crucial for maintaining sensory function. 

Olfactory epithelium demonstrates this phenomenon in all vertebrates80. Here, a high rate of 

new olfactory receptor cell production balances their short lifespan of just a few months. This 

is because olfactory neurons, being the only neuronal cell type in contact with the external 

environment, are more susceptible to damage80. This ensures a stable population of functional 

receptors for optimal Odor detection. Similar ongoing genesis of mechanosensory hair cells is 
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observed in the vestibular epithelia of birds81,82. Interestingly, these newly generated cells 

often appear near cells undergoing programmed cell death. Unlike fish where hair cell 

numbers increase with growth, bird vestibular epithelia maintain a constant population, 

suggesting a replacement function for ongoing genesis in this case81,82. The retina of fish also 

exhibits ongoing genesis, but specifically for rod photoreceptor cells83,84. Unlike olfactory 

and hair cell regeneration, this process doesn't replace dying cells. Instead, it fuels retinal 

growth while maintaining a constant rod photoreceptor density relative to the animal's size. 

This ensures consistent light sensitivity throughout life85. These examples highlight the 

presence of a specialized cell population within sensory epithelia. These cells, similar to stem 

cells in other tissues, are capable of mitotic division, continuously replenishing sensory 

receptor cells and maintaining vital sensory functions. 

The ability of sensory epithelia to regenerate varies greatly across species and sensory 

organs. Some, like the olfactory epithelium, exhibit remarkable regenerative potential in all 

studied animals80. In contrast, hair cell regeneration in the auditory and vestibular systems is 

limited or absent in mammals, but readily occurs in fish, amphibians, and birds81,82. Similarly, 

retinal regeneration is robust in fish and amphibians, with some abilities persisting in birds, 

while mammals possess minimal regenerative capacity83. One intriguing observation is the 

correlation between ongoing sensory receptor replacement and robust regeneration. Epithelia 

that continuously generate new receptor cells, like the olfactory epithelium, display 

exceptional regenerative potential86. Damage appears to trigger an increased output from 

these proliferating cells, allowing for faster restoration. This suggests the preservation of an 

"embryonic niche" within these tissues, maintaining a microenvironment conducive to 

regeneration, similar to developmental processes. The increased cell proliferation and fate 

changes during regeneration likely reflect the same complex developmental signaling 

pathways governing initial cell patterning. Another interesting finding is the recapitulation of 

developmental processes during sensory epithelia regeneration. Studies on the inner ear 

reveal that the same signaling molecules (e.g., Notch) and transcription factors (e.g., Atoh1) 

used during embryonic development to generate hair and supporting cells are also employed 

during regeneration. Additionally, a mechanism known as lateral inhibition, crucial for 

establishing the correct ratio of hair and supporting cells during development, appears to 

function similarly during regeneration. 

In conclusion, sensory epithelia with limited or no regenerative capacity also lack 

ongoing genesis. Furthermore, these epithelia, like the mammalian inner ear and retina, 

exhibit minimal cellular proliferation in response to injury. This suggests that the absence of 
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a proliferative reserve pool and the inability to ramp up cell division after damage contribute 

to the limited regenerative potential in these organs. 

 

1.6.2 History and Literature from Past: Hair Cell Regeneration 

The first observations regarding hair cell regeneration were made in the 1930s when 

researchers discovered that amphibian lateral line organs regrew following tail amputation, 

forming regenerative placodes that migrated into the regenerating tail to form neuromasts 

with new hair cells87–91. Unfortunately, many early investigations on nonmammals were 

neglected or overlooked by prominent auditory researchers only to be rediscovered and 

embraced 50 years later87,88. At a 1978 meeting of the Acoustical Society of America, Robert 

Capranica presented findings showing that ototoxic aminoglycosides temporarily abolished 

neurophysiological activity in frogs' inner ears, yet their "hearing" recovered after a few 

weeks92. Subsequent research by Corwin, Cotanche, Rubel, Ryals, and others demonstrated 

hair cell regeneration in avian ears following acoustic overstimulation and ototoxicity93,94. 

These discoveries challenged the dogma of permanent hair cell loss and irreparability. 

 

1.6.3 Hair Cell Injury and Death 

Sensorineural deafness and balance dysfunctions are frequently caused by hair cell loss and 

the subsequent deterioration of afferent nerve innervation. While these conditions may arise 

congenitally due to developmental defects or specific genetic conditions, they are more 

commonly acquired postnatally. Major causes of acquired hearing impairment include aging, 

noise exposure, and exposure to ototoxic chemicals, notably aminoglycoside antibiotics and 

cis-platinum have also been implicated in hair cell death and subsequent hearing loss. 

Ototoxic drugs primarily target and damage hair cells, sparing other structures such as the 

basilar papilla or tectorial membrane, which are typically affected during acoustic trauma. 

The mechanosensory function of hair cells depends on the integrity of their hair bundle, with 

initial damage often occurring to these structures. Tip-links, which connect stereocilia and are 

crucial for mechanotransduction, can be damaged by various insults, leading to a loss of 

sensory function95–97. While there is rapid morphological and physiological recovery of tip-

links after certain types of damage, more extensive damage to the hair bundle may require 

regeneration for functional recovery97. Hair cells can rebuild damaged hair bundles, and in 

some cases, they can survive without bundles for a period before regeneration occurs98,99. 

Acoustic trauma frequently results in selective hair cell loss on the basilar papilla, 

with damage beginning at the basal end and extending apically, especially in birds. Similarly, 
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ototoxic drug treatments exhibit a comparable pattern of hair cell loss, progressing from the 

base to the apex, with pronounced hearing loss at high frequencies, aligning with anticipated 

hair cell replacement patterns100. In the mammalian cochlea, aging, ototoxic exposure, and 

noise primarily lead to outer hair cell (OHC) loss, preceding inner hair cell (IHC) loss. IHC 

absence is typically associated with entire OHC loss, followed by afferent innervation 

degeneration. Damage to cochlear hair cells, whether caused by noise, ototoxic drugs, or 

aging, follows a stereotypic pattern in both avians and mammals, progressing from base to 

apex and, in mammals, from outer hair cells (OHCs) to inner hair cells (IHCs). The 

susceptibility of outer hair cells (OHCs) to damage stems from their vulnerability to free-

radical attack, primarily by singlet oxygen, nitrogen, and hydroxyl radicals. These redox 

active molecules contain unpaired electrons and can disrupt cellular components, leading to 

cell death or apoptosis when produced excessively. Excessive noise can also induce free 

radical generation due to heightened oxidative metabolism101–103, contributing to cellular and 

tissue deterioration associated with aging104. Neuronal loss, often secondary to hair cell loss, 

may further exacerbate the damage within the auditory system. The overall pattern of 

cochlear injury is the sequential depletion of OHCs, IHCs, and afferent nerves.  

 

1.6.4 Proposed Mechanisms for Initiating Hair Cell Regeneration 

What triggers hair cells regeneration remains a subject of various hypotheses, yet none have 

been proven with sufficient data and evidence to refute or ignore the others. However, it is 

evident that the loss of hair cells serves as a significant stimulus for the regeneration of new 

ones. In the avian cochleae that remain undamaged, there is minimal or no proliferation of 

supporting cells observed58,93,94. However, laser ablation of auditory sensory epithelium, 

resulting in loss of hair cells, is adequate to stimulate regenerative proliferation in the 

surrounding area105.  

The requirement for hair cell loss and the confinement of proliferation to the damaged 

area imply that hair cells might inhibit proliferation in supporting cells106. One hypothesis 

suggests that hair cells express basolateral membrane proteins that prevent adjacent 

supporting cells from re-entering the cell cycle106. Disruption of in cell-cell contact, such as 

the loss of hair cell-supporting cell junctions, could trigger the re-initiation of proliferation. 

One of juxtacrine signaling molecules is Notch that may also contribute in maintaining 

inhibition of supporting cell proliferation. Although the proliferative response in damaged 

chick basilar papilla is localized to the vicinity of the lesion, mitotically active supporting 

cells can be observed up to 180 µm away from the ablation, in seemingly undamaged 
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regions105. This implies that hair cell loss induces proliferation, however it is uncertain if the 

absence of juxtacrine signaling, such as notch-delta interactions, is a requisite trigger for 

supporting cell proliferation.  

Another hypothesis posits that immune responses may influence sensory hair cell 

regeneration, as suggested by numerous studies. When axolotls tails are amputated, the 

recruitment of macrophages at the posterior neuromast lesion prompts the formation of 

regenerated placodes107. Macrophages aid in the migration of mantle supporting cells by 

breaking down the glycocalyx that ensheathe the outer cells of the neuromast, facilitating 

regenerative placode formation. In avians, the precise role of macrophages and other immune 

cells in repair and regeneration of damaged sensory epithelia remains uncertain. However, in 

damaged basilar papilla, macrophages are recruited to phagocytose cellular debris and 

produce cytokines108–110. Blocking macrophage cytokine production results in reduction of 

the number of proliferating supporting cells in aminoglycoside treated chick utricles with 

damaged hair cells, suggesting that macrophage chemical signaling could be crucial109.  

Numerous studies indicate that cell spreading can be a key factor in regulating the 

growth of hair cells in auditory sensory epithelia. In cultured chick utricular explants, 

peripheral cells that spread out proliferate, whereas centrally located tightly packed columnar 

cells do not111–113. In damaged basilar papilla with hair cell loss, supporting cells primarily 

respond by expanding to occupy the space vacated by the missing hair cells114–118. This 

expansion of supporting cells coincides with supporting cells re-entering the cell cycle, 

returning to normal size with newborn differentiated hair cells and supporting cells93,117. 

These findings support the hypothesis that morphological changes in supporting cells can 

induce regeneration, however more research is needed to elucidate their precise role in setting 

on proliferation. 

 

1.6.5 Proliferative Hair Cell Regeneration 

In nonmammalian auditory sensory epithelium, the production of hair cells and supporting 

cells is primarily limited to embryonic development58,119. In adult bird’s basilar papilla, there 

is minimal to no cellular proliferation, with zero addition of new hair cells93,94,120. However, 

when hair cell loss is induced, supporting cell proliferation is significantly increased, and an 

entire pool of newborn hair cells are generated93,94,121,122. The asymmetric division of 

supporting cells facilitates both HC recovery and replenishment of the SC population 

undergoing mitotic division (Figure 1.6 A). 
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There is a quantitative, spatial, and temporal correlation between supporting cell 

proliferation and hair cell demise. Mitotic activity in regenerating sensory epithelia correlates 

directly with the extent of hair cell loss. Prolonged exposure to noise durations in the chicken 

basilar papilla results in increased hair cell damage and increased support cell proliferation123. 

Similarly, in the avian vestibular epithelia, the number of supporting cells incorporating BrdU 

correlates with the number of apoptotic hair cells, indicating a clear link between hair cell 

mortality and supporting cells undergoing mitosis124–126. 

In the basilar papilla, there are two morphologies of hair cells, tall and short, which 

are confined to the superior/neural half and inferior/abneural half of the epithelium, 

respectively. In damaged basilar papilla, most newly regenerated hair cells on the 

superior/neural side of the epithelium showed EdU-positive nuclei, indicating primarily 

mitotic origin. However, on the inferior/abneural side, regeneration predominantly occurred 

through phenotypic conversion, where supporting cells transform directly into hair cells 

without prior division. Interestingly, there is a higher tendency for direct transdifferentiation 

in the inferior/abneural half of the epithelium, while mitosis plays a more significant role in 

the superior/neural half127,128.  

Ototoxic treatment of the chicken basilar papilla results in a hair cell lesion that 

gradually proceeds from the proximal to the distal region129. BrdU labelling of dividing cells 

at various intervals post-exposure reveals that mitotic activity in supporting cells advances 

towards the distal region of the basilar papilla that corresponds with the timing of hair cell 

loss. Initially, dividing cells are observed in the damaged proximal region, with some delay 

from the onset of hair cell death130. It is interesting to note that the duration of delay is similar 

in all damaging scenarios, regardless of what kind and duration of the adverse 

treatment105,110,123. The delay is likely attributed to the signaling cascades guiding supporting 

cells/progenitor cells from growth arrest to S phase following hair cell damage120. 
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Figure 1.6 Modes of Hair Cell Regeneration. (A) Schematic diagram illustrates the regenerative proliferation 

driven by SCs. Upon HC loss, the SC nucleus migrates towards the epithelial surface and undergoes mitosis 

(asymmetric cell division). The resulting daughter cells then differentiate into a new HC and SC. (B) Diagram 

depicts a proposed mechanism for non-proliferative hair cell regeneration. Following hair cell loss, a 

neighboring supporting cell, can directly convert into a new hair cell without cell division. 

 

1.6.6 Non-proliferative Regeneration of Hair Cells: Metaplasia 

There continues to be evidence that suggests not all of the hair cell recovery following 

sensory epithelial damage in non-mammals is due to mitotic division of supporting cells. For 

instance, initial hair cell regeneration in chicks is not marked by BrdU labelling, indicating a 

different mechanism at play131. Moreover, the vestibular epithelial of mammals shows 

discrepancy between the abundance of newly regenerated hair cells and the limited observed 

proliferation132–134. Additionally, despite the presence of mitotic inhibitors, differentiated hair 

bundles resurface in the basilar papilla of bullfrogs and chicks, suggesting a potential role for 

the phenotypic conversion of supporting cells into hair cells without cellular 

proliferation99,135,136. Consequently, two potential mechanisms have been proposed for this 

hair cells regeneration in the sensory epithelia; mitotic division of supporting cells, followed 

by differentiation of hair cells and direct transdifferentiation of support cells (phenotypic 

conversion) (Figure 1.6 B). 
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In avians, hair cell regeneration begins with direct phenotypic conversion of support 

cells to hair cells, followed by supporting cell mitotic division131, primarily in the abneural 

half of the sensory epithelium128. First reports for transdifferentiation were primarily 

morphological, observed in the bullfrog vestibular epithelia. Following ototoxic drug 

treatment, supporting cell nuclei migrate from the basilar membrane to the luminal surface 

adjacent to hair cell nuclei, without substitution of new nuclei in the supporting cell layer137. 

When undergoing transdifferentiation, cells exhibit transitional morphology that bridges 

between hair cells and supporting cells phenotype, marked by contact with the basal lamina 

and apical specializations resembling hair bundles135,138,139. 

 

1.6.7 Quiescent Supporting Cells 

In the embryonic chick basilar papilla, the full assembly of hair cells is completed, after 

which the cells enter a quiescent state57,58. Although supporting cells remain dormant until 

damage triggers cell cycle re-entry, continuous proliferation occurs in the avian vestibular 

system throughout life. In prenatal basilar papilla, two supporting cell subtypes have been 

identified with subtle morphological variations; one with thick processes on apex and base of 

the cell with nucleus positioned at the center and another with thin processes with nucleus 

positioned towards the lumen140. These differences may appear minor, especially while 

examining SCs in the abneural/inferior edge to SCs situated in between hair cells141. 

However, in the fish vestibular epithelium, these minor variations in nuclear shapes and 

positions define the status quo of supporting cells, indicating whether they are in S phase or 

quiescent141. Various molecular markers, vary consistently throughout the quiescent 

supporting cell (SC) population, such as cytokeratins142, receptor-like protein tyrosine 

phosphatase (RPTP)143 and tectorins144. Additionally, the homeobox transcription factor 

Prox1 exhibits variable expression between quiescent supporting cells and mitotically active 

progenitor cells, with weak expression in a subset of quiescent supporting cells145. In ototoxic 

drug treated basilar papilla, Prox1 expression is heightened in proliferating supporting cells 

and newborn hair cells, but not in dormant support cells145. These observations imply the 

existence of progenitor populations with varying cell division potentials, influenced by gene 

expression diversity across the SC population.  

In adult basilar papilla, cell proliferation is minimal, with most supporting cells 

expressing growth arrest G0 markers like statin rather than proliferating G1 markers like 

PCNA. However, short-term exposure to ototoxic drugs induces complete hair cell damage in 

the proximal region, altering the expression of these markers. Statin expression declines 
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throughout the sensory epithelium, whereas PCNA expression rises in supporting cells, even 

at unaffected distal regions signifying a change in cell cycle phase from G0 to G1146. 

Notably, cell cycle progression to S phase and later stages occurs only in regions of extensive 

hair cell loss. The widespread presence of signals prompting supporting cells to re-enter the 

cell cycle G0 to G1 after hair cell loss, coupled with the restricted localization of cues 

triggering S phase entry only in damaged areas, suggests tightly regulated and diverse 

signaling pathways controlling support cell proliferation in the sensory epithelium.  

Earlier studies in fish lateral line systems have shown that modifying cell death rates 

alters supporting cell proliferation. Caspase inhibition in neuromast suppresses apoptosis, 

reducing hair cell death and also decreases support cell proliferation125. Similar observations 

were reported establishing correlation between hair cell death rate and support cells division 

in chicken vestibular epithelia126. This suggests a feedback mechanism wherein hair cells 

directly influence support cell division. Under normal conditions in the basilar papilla, hair 

cells act as gatekeepers, suppressing the division of supporting cells. Following hair cell 

death, the absence of inhibitory signals prompts neighboring supporting cells to proliferate. 

Thereby, direct signaling between hair cells and supporting cells is likely critical for keeping 

supporting cells in a mitotically quiescent state106,121,147. 

 

1.6.8 Newborn Hair Cells 

Avian cochlear cells retain their ability to re-enter the cell cycle and generate new hair cells 

throughout life, despite typically becoming dormant after embryonic development. Following 

acoustic trauma or exposure to aminoglycosides, newly formed hair cells emerge and migrate 

towards the luminal surface of the sensory epithelium. The newly regenerated hair cells adopt 

the structural morphologies of the hair cells they replace121, indicating the potential 

transmission of positional identity, especially tonotopy. The newborn hair cells within the 

damaged region exhibit small apical surface area and small hair bundles reminiscent of 

immature hair bundles on developing hair cells. These nascent hair cells have rudimentary 

stereocilia protrusions emerging from their apical surface, morphologically newborn hair 

cells look spherical while establishing contact with the luminal edge148,149. During hair cell 

differentiation, the cell's shape and connection to the basal lamina alter significantly, but their 

association with the luminal surface remains intact. In young chicks, new hair cells typically 

emerge within 3-5 days post-treatment, fully restoring the sensory epithelium within 4 weeks. 

The highest production of new hair cells typically happens around day 2 or 3 after exposure 

to noise or drugs110,123,146,150, followed by a significant decline in mitotic activity by days 5-7, 
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with almost no proliferation by day 11. Nascent stereocilia emerge on new hair cells 

approximately 4 to 6 days after injury121,149, however hair bundle organization remains 

immature with aberrant orientation. To completely restore stereociliary bundle structure and 

orientation of newborn hair cells 90 days are required148,151. Further, newly regenerated hair 

cells exhibit afferent and efferent synapses as early as 3-4 days after acoustic trauma, 

suggesting reinnervation is underway, with synaptic contacts forming at the base of the 

cell152. 

 

1.6.9 Mammalian Hair Cell Regeneration 

Unlike non-mammalian vertebrates, the development and differentiation of hair cells in 

mammals are restricted to embryonic stages153. Compared to non-mammals, the mammalian 

organ of Corti fails to produce new auditory hair cells under normal physiology or in 

response to hair cell damage154,155. However, limited proliferation is observed in the 

vestibular sensory epithelium132,138. In contrast to the vestibular system, there is less evidence 

suggesting mitotic division of supporting cells for hair cell renewal in the mammalian 

cochlea due to their highly specialized and distinct morphologies156–160. The specialization in 

the organ of Corti may restrict the potential of supporting cells to re-enter the cell cycle, 

suggesting a higher likelihood of hair cell regeneration in mammalian vestibular epithelia, 

which share similarities with supporting cells in non-mammalian auditory epithelia. 

Furthermore, in the organ of Corti, proliferation in supporting cells is actively suppressed 

with high expression of the cyclin-dependent kinase inhibitor p27Kip1 (Kip1)161,162. 

Knocking out p27Kip1 results in postnatal proliferation and the formation of extra hair 

cells161.  

During embryonic development of the mammalian cochlea, supporting cells briefly 

exhibit plasticity to convert into hair cells following neighboring hair cell loss, but this ability 

diminishes with maturation163. Following hair cell loss in the mature organ of Corti, Deiters’ 

cells, surrounding the outer hair cells, undergo morphological changes, forming microvilli 

bundles that imitate immature hair bundles and often interact with nerve fibres164–166. 

However, these cells do not fully mature into hair cells and eventually are lost from the 

sensory epithelium165. 
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1.7 Molecular Regulation of HCs Differentiation and Regeneration 

During embryonic development and regeneration, sensory cells in the inner ear (hair cells and 

supporting cells) undergo a tightly controlled process where they receive signals from both 

their surroundings (cell extrinsic) and within the cell itself (cell intrinsic) to transform from 

unspecialized cells into specific cell types. The observation that similar cell types form in the 

sensory epithelium during both embryonic development and regeneration suggests that the 

same molecules might be employed to perform specific functions in both processes.  

Numerous studies have highlighted the role of signaling pathways like Notch, FGF, 

Wnt, and Bmp in embryonic hair cell development23,38,167,168. Wnt and Notch signaling are 

evolutionarily ancient and intricately interconnected pathways, which play vital roles in 

coordinating the crucial cellular processes involved in the development of sensory hair cells. 

Wnt and Notch signaling pathways act as master conductors throughout animal development, 

from the earliest stages of embryogenesis to adulthood. These pathways orchestrate crucial 

events like cell proliferation, differentiation, and cell fate specification, essentially directing 

which cells become what. Extensive research has shown that the Wnt and Notch signaling 

pathways function synergistically in multiple tissues to determine cell fate167,169–171. Wnt and 

Notch signaling pathways act as upstream regulators, controlling the expression of numerous 

transcription factors that guide inner ear development. Furthermore, after hair cell damage 

both signaling pathways potentially enable supporting cells to regenerate hair cells. 

 

1.7.1 Wnt Signaling in Hair Cell Development 

Wnt signaling is an evolutionary conserved pathway that controls diverse processes like cell 

fate decisions, cellular proliferation, specification, differentiation and polarity172. Notably, 

Wnt signaling also contributes to maintaining the undifferentiation state of stem cells. Wnt 

ligand binding to the cell surface triggers diverse intracellular signaling cascades. These 

include the well-characterized canonical Wnt/β-catenin pathway alongside two distinct non-

canonical pathways: the planar cell polarity (PCP) pathway and the Wnt/calcium pathway173. 

Highlighting the canonical pathway, Wnt ligands engage Frizzled receptors and LRP5/6 co-

receptors, inducing Dishevelled (Dsh) protein activation within the cell174. This activation 

disrupts the axin2/glycogen synthase kinase 3β (GSK3β)/adenomatous polyposis coli (APC) 

complex, leading to β-catenin release. The freed β-catenin accumulates in the cytoplasm and 

translocates to the nucleus174. There, it interacts with TCF/LEF transcription factors, 

regulating the expression of downstream Wnt target genes175.  
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Within the cochlea, both the canonical Wnt/β-catenin and non-canonical PCP 

pathways have been implicated in crucial processes176,177. The canonical Wnt/β-catenin 

signaling pathway plays an essential role in cochlear development, regulating hair cell 

proliferation, fate specification, and differentiation176,177. Experiments employing explant 

cultures of embryonic cochlea show that hindering Wnt/β-catenin signaling with small 

molecules inhibitor declines prosensory cell proliferation176. On the contrary, Wnt agonist 

LiCl treatment promotes the formation of the Sox2-positive prosensory domain and increases 

HC numbers176. Furthermore, conditional β-catenin knockout in mouse halts HC 

differentiation from prosensory cells, while overexpression enhances HC formation177.  

Elucidating the upstream regulators of Atoh1 is critical for understanding its role in 

hair cell specification, as its activation triggers a autoregulatory self-sustaining transcriptional 

loop178. Atoh1 knockout mice display hair cell deficiency despite retaining promoter activity, 

highlighting the existence of an independent activation mechanism during embryonic 

development154,179. β-catenin emerges as a potential upstream regulator due to its interaction 

with Tcf-Lef sites in the Atoh1 enhancer and its earlier expression pattern in the otic placode 

compared to initial Atoh1 expression93,180. These observations suggest a potential role for β-

catenin in initiating Atoh1 expression for hair cell formation during inner ear development.  

Lgr5, a member of the leucine-rich repeat G-protein-coupled receptor (Lgr) family, is 

expressed in the developing mammalian cochlea181,182. Its ligand, R-spondin, is also present 

in the sensory epithelium and plays a role in Wnt signaling. During cochlear development, 

Lgr5 exhibits a specific spatiotemporal expression pattern. Between embryonic day 18.5 and 

postnatal day 3, it is localized in the third row of Deiters' cells, inner pillar cells, inner 

phalangeal cells, and the lateral greater epithelial region181,182. Notably, activation of the 

Wnt/β-catenin pathway through Lgr5+ progenitors in the neonatal cochlea promotes cell 

proliferation and differentiation into hair cells183. These findings suggest a crucial role for 

Lgr5 in Wnt signaling and hair cell development within the cochlea. Furthermore, In the 

developing cochlea, Lgr5 is initially expressed throughout the prosensory region, becoming 

restricted to a specific subset of supporting cells (SCs) after birth181. These Lgr5+ SCs in 

newborn mice exhibit remarkable regenerative potential, functioning as hair cell (HC) 

progenitors. They can regenerate HCs through two distinct mechanisms: direct differentiation 

and mitotic division169,183–185. This implies that Lgr5 expression serves as a marker for a 

population of SCs with stem cell-like characteristics, capable of replenishing lost hair cells.  

While the canonical Wnt/β-catenin pathway is well-established in HC development, 

the non-canonical Wnt/PCP pathway also plays a significant role. This pathway is known to 
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mediate the planar polarization of hair cells, ensuring their proper orientation. However, the 

specific role of Wnt/PCP signaling in hair cell regeneration remains to be elucidated. 

 

1.7.2 Notch Signaling in Inner Ear Development 

The Notch signaling pathway, with its external receptor, stands out as a critical extrinsic 

regulator in inner ear sensory epithelium development186,187. The Notch signaling pathway is 

involved at various stages of ear development, from the emergence of the otic placode to the 

maturation of mechanosensory sensory structures (hair cells). Notch signaling is an 

evolutionary conserved pathway crucial for tissue development and homeostasis across 

diverse species, from fruit flies (Drosophila melanogaster) to humans. Notch signaling is not 

confined to embryonic development, it orchestrates vital functions in various tissues 

throughout our lives, from the intricate nervous system to the continuously renewing 

hematopoietic system188–190. Notch activity is necessary for carefully selecting the right 

starting cells (competent progenitors), guiding them towards their fate (lineage decisions), 

and ensuring a reserve of stem cells remains in a developing organ system.  

Notch signaling begins with the interaction between Notch receptors on one cell and 

Notch ligands (Delta-like ligands and Jagged ligands) on a neighboring cell, facilitating direct 

cell-cell communication191,192. Notch receptors are transmembrane proteins with extracellular, 

transmembrane, and intracellular domains. Ligands bind to the extracellular domain of Notch 

receptors. Upon ligand binding, Notch receptors undergo proteolytic cleavage by enzymes 

called ADAM metalloproteases and γ-secretase. This cleavage releases the intracellular 

domain of the Notch receptor (NICD) from the plasma membrane. The NICD translocates 

into the nucleus of the signal-receiving cell. In the nucleus, NICD interacts with a DNA-

binding protein complex called CSL (CBF1/RBPJκ in mammals, Suppressor of Hairless in 

Drosophila, and Lag-1 in Caenorhabditis elegans). This interaction transforms CSL from a 

transcriptional repressor into an activator, facilitating the transcription of repressor 

transcription factors of Myc, P21, HES (Hairy and Enhancer of Split) and HRT (Hairy related 

Transcription Factor) families193,194. The expression of HES suppresses tissue-specific 

transcriptional activators, affecting cell proliferation and differentiation193,195. 

 

Notch Pathway Influence on Otic Placode Size 

The inner ear originates from a specialized region of thickened surface ectoderm known as 

the otic placode. Wnt signaling pathways also influence the otic placode's development by 

regulating the expression of Jag1 (also known as Serrate1 in chicken), a Notch ligand. The 
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presence of Lef/Tcf binding sites upstream of the Jag1 promoter196,197, suggests a potential 

direct transcriptional activation of Jag1 by the canonical Wnt signaling pathway. Here, the 

Notch pathway is critical for establishing the boundary of the otic placode and segregating it 

from the surrounding Pax2 positive ectoderm, which develops into other epibranchial 

placodes and skin epithelia170. Conditional deletion of the canonical Wnt signaling effector, 

β-catenin, within the developing inner ear leads to diminished Jag1 (Notch ligand) 

expression. Conversely, constitutive activation of β-catenin expands Jag1 expression laterally 

beyond the neural plate, encompassing the entire Pax2 positive domain170. Co-expression of 

Jag1 ligand and Notch1 receptor within the otic placode suggests a potential positive 

feedback loop via Notch mediated lateral induction. Functional studies provide evidence that 

Jag1-Notch1 signaling acts as a potential amplifier of Wnt activity during otic placode 

induction. N1ICD expression in the Pax2 domain increases the area of otic markers and 

intensifies Wnt signaling, while Notch1 mutants phenocopy β-catenin conditional mutants, 

exhibiting a smaller otic placode170. These findings suggest a cooperative role for Notch and 

Wnt signaling to establish otic placode borders. 

 

Notch Mediated Lateral Inhibition for Determining Neurosensory Fate 

During invagination of the otic cup, the antero-ventral region, known as the neurosensory 

domain, initiates neurogenesis. This process, characterized by Neurog1, Dll1, and Lfng 

expression, concludes with the delamination and migration of neuroblasts from the 

epithelium. These delaminated neuroblasts form VIIIth cranial ganglion (cochleovestibular 

ganglion), which later segregates into auditory and vestibular components28,198–201. Within the 

neurosensory domain, Notch signaling determines cell fate decisions, dictating which cells 

will delaminate and become neural progenitors through a process called Notch mediated 

lateral inhibition. A low-level and random increase (stochastic upregulation) in the Neurog1 

transcription factor within specific cells of the neurosensory domain leads to the expression 

of the Notch ligand Dll1, marking these cells as putative neuroblasts. Cells expressing Dll1 

transmits signals to neighboring cells, through Notch activation in adjacent cells causing a 

decrease in Neurog1 expression and effectively preventing their neural precursor fate. The 

Notch mediated lateral inhibition model in inner ear neurosensory fate determination is 

supported by multiple sets of data. Firstly, Neurog1 deletion in the anterior otocyst ablates 

Dll1 expression200. Secondly, blocking Notch signaling in chick otocysts using the gamma 

secretase inhibitor DAPT triggers overabundance of neuroblast delamination, extending 

beyond the anterior domain to include the center of the otic vesicle202. 
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Notch Mediated Lateral Induction for Prosensory Domain Development 

During early otic development Notch signaling specifies the prosensory domains to define 

discrete regions of epithelium that would later develop into sensory patch, containing hair 

cells and supporting cells198. This sensory epithelium originates from the prosensory domain, 

characterized by the expression of the Sox2 and the Notch ligand Jag1. Jag1 is initially 

expressed in prosensory domains of the otocyst. Following differentiation into the distinct 

auditory and vestibular sensory organs, Jag1 expression persists specifically in the supporting 

cells of each organ28,203. Functionally, Jag1 acts as a key ligand for Notch receptors expressed 

throughout the otocyst. This ligand-receptor interaction establishes a positive feedback loop, 

promoting the prosensory fate in these domains while Notch signaling in the surrounding otic 

epithelium directs them towards a non-sensory lineage204. This Jag1-Notch mediated 

enhancement of cell fate determination is a well-established mechanism known as lateral 

induction. Conditional Jag1 deletion in early otic development disrupts vestibular organ 

formation, characterized by loss of molecular markers and structures, especially semicircular 

canals205,206. Conversely, ectopic Jag1 expression in the chick otocyst expands the prosensory 

domain via Jag1 and Sox2 upregulation in neighboring cells186,207. 

 

Notch Mediated Lateral Inhibition for Hair Cell Formation 

In birds, the sensory epithelia of the inner ear display a characteristic mosaic pattern of hair 

cells and supporting cells. Notch-mediated lateral inhibition determines the formation of this 

mosaic from bipotent progenitor cells. Upon differentiation, nascent hair cells express 

Delta1-like 1 (Dll1) and Jagged2 (Jag2) ligands, activating Notch1 receptors on neighboring 

progenitor cells. This triggers Hes1/5 expression in these progenitors, ultimately suppressing 

the pro-hair cell transcription factor Atoh1206,208. Consequently, neighboring cells are 

prevented from adopting the hair cell fate and instead differentiate into supporting cells, 

establishing the characteristic salt and pepper mosaic pattern of alternate cell type in the inner 

ear.  

While Notch juxta signaling is crucial for cell fate decisions during inner ear 

development, its role in postnatal hair cell replacement, both normal physiology and injury 

induced, remains largely unexplored. In adult chicken, the expression patterns of Notch and 

its ligands, Delta1 and Jag1 (also known as Serrate1 in chicken), suggest a potential role in 

hair cell regeneration149. In normal physiology, basilar papilla is mitotically quiescent with 

Notch1 expressed in all supporting cells while Serrate1 is present in both hair cells and 

support cells. Notably, the Delta1 expression is absent. However, the continuously 
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regenerating vestibular epithelia exhibit robust expression of Notch1, Delta1, and Serrate1. 

Interestingly, upon HC injury in the basilar papilla, Delta1 transiently appears at low levels in 

proliferating progenitors. Post-mitotic sister cells initially exhibit a similar and low level of 

Delta1 expression; within a 72-hour window, this expression becomes specifically 

upregulated in hair cell precursors and downregulated in support cell precursors. These 

findings suggest that Delta1 upregulation in nascent hair cells acts as a lateral inhibitory 

signal shortly after cell division, preventing neighboring cells from adopting the HC fate 

during regeneration and therefore maintaining a supporting cell fate. 

 

Notch Signaling in Hair Cells Regeneration 

In mature basilar papilla, hair cell injury induced by ototoxic drugs leads to the upregulation 

of Notch pathway genes in actively proliferating regions. Interestingly, while inhibiting 

Notch signaling with DAPT promotes hair cell regeneration via supporting cell proliferation 

and direct transdifferentiation, it had no direct effect on support cells proliferation209. This is 

further supported by the observation that γ-secretase inhibition in undamaged papillae doesn't 

trigger hair cell production. Conversely, in damaged sensory epithelium, the over expression 

of NICD in support cells maintain their quiescent state, hindering hair cell regeneration209. 

These findings suggest that Notch signaling is crucial for regulating cell fate choices during 

regeneration, but may not directly control cell division.  

On a mechanistic level, Notch activation suppresses hair cell fate by upregulating 

Hes1 and Hes5, members of the Hes family genes. Hes5 gene is strongly expressed in 

progenitor cells and subsequently in supporting cells42,50,51,210. Hes5, a downstream effector 

of Notch signaling, is a potent inhibitor of the pro-hair cell transcription factor Atoh1, thereby 

preventing progenitor and support cells conversion into hair cell. This is further confirmed by 

studies in auditory and vestibular sensory epithelium of mouse, where Hes5 deletion leads to 

hair cell supernumerary51. 

 

1.7.3 Wnt and Notch Crosstalk in Hair Cell Regeneration 

Converging evidence suggests that Wnt and Notch signaling pathways cooperate in 

regulating cell fate decisions across various tissues167,169–171. A key regulatory link between 

the Wnt and Notch pathways exists through the Notch ligand Jag1, an evolutionarily 

conserved target of the canonical Wnt signaling pathway. The 5' promoter region of Jag1 

contains TCF/LEF binding sites, which recruit β-catenin and promote Jagged1 expression211.  
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During otic placode development in mice, Wnt signaling acts upstream of the Notch 

pathway, effectively regulating the expression of Notch target genes like Jag1, Notch1, and 

Hes1. In contrast, Wnt inhibition reduces the size of the otic placode. In the zebrafish lateral 

line system, Notch signaling can hinder SC proliferation and differentiation into hair cells by 

suppressing Wnt activity in specific regions212. These findings collectively point towards a 

dynamic interaction between Wnt and Notch signaling pathways during development. 

Previous research in postnatal cochleae, inhibiting Notch signaling promotes proliferation 

and differentiation of Lgr5+ supporting cells into hair cells167. Interestingly, combined Wnt 

and Notch inhibition decreased HC generation through mitotic division. Hair cell 

regeneration in the neonatal cochlea after Notch inhibition, wherein hair cells are either 

generated mitotically with Wnt signaling or directly transdifferentiated from supporting cells 

into hair cells, without Wnt signaling167. However, another study suggests Notch inhibition 

alone might not be enough, as it failed to stimulate hair cell conversion in β-catenin knockout 

mice, where Wnt signaling is disrupted169. This implies Wnt signaling plays a crucial role in 

direct transdifferentiation. 

Studies on cochlear development reveal that Wnt signaling activation promotes the 

expression of Atoh1, a critical transcription factor for hair cell (HC) formation177. This 

finding suggests that β-catenin, a downstream molecule in the Wnt pathway, acts upstream to 

regulate Atoh1 and drive HC development. In contrast, Notch signaling appears to favour the 

formation of supporting cells (SCs) by suppressing Atoh1 expression51. These observations 

highlight the opposing roles of Wnt and Notch signaling in determining HC fate. However, 

the precise mechanisms by which Atoh1 interacts with these pathways during the postnatal 

period remain to be elucidated. 
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Objectives of the Thesis 

 

This thesis investigates the mechanisms underlying BP tissue homeostasis in recovering hair 

cell numbers upon mosaic Atoh1 deletion, with the following objectives. 

 

Objective 1: Development of a Non-invasive Method and Model 

System for Hair Cell Regeneration Studies 

The first step in this exploration is to develop a method for studying hair cell regeneration. 

This non-invasive approach will allow us to observe the process without physically harming 

the subject. Additionally, appropriate control groups for electroporation and CRISPR will be 

established, ideal for studying hair cell restoration in detail. 

 

Objective 2: Investigation of Hair Cell Regeneration in the 

Developing Basilar Papilla 

Studying hair cell regeneration in developing basilar papilla of embryonic chicken. The avian 

auditory organ holds the key to understanding how hair cell regeneration naturally occurs. By 

studying proliferation dynamics in embryonic BP, we hope to understand of hair cell 

restoration during early development. 

 

Objective 3: Deciphering the Signaling Mechanisms of Hair Cell 

Restoration 

What signaling mechanisms are involved in maintaining BP homeostasis, this study delves 

into the intricate cellular communication pathways that orchestrate hair cell restoration, 

aiming to unlock the potential to stimulate or enhance hair cell regeneration in adult 

organisms, offering hope for the future of hearing loss treatments. 
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Chapter 2: Material and Methods 

 

Detailed description of the materials and methods used in this study are published in ‘Singh N, 

Prakash A, Chakravarthy SR, Kaushik R, Ladher RK. In Ovo and Ex Ovo Methods to Study 

Avian Inner Ear Development. J Vis Exp. 2022 Jun 16;(184). DOI: 10.3791/64172213. 

 

Table 2.1: List of Reagents Used in the Study. 

 

# Reagents Composition Preparation 

Buffers 

1. Phosphate Buffered 

Saline (PBS) 10X 

80 g Sodium chloride (NaCl)  

2.0 g Potassium chloride (KCl)  

14.4 g Sodium phosphate dibasic 

(Na2HPO4)  

2.4 g Potassium phosphate 

monobasic (KH2PO4) 

Adjust the volume to 1 liter 

with distilled water and pH 7.4. 

Sterilize by autoclave. 

2. 0.719% Saline 7.19 g Sodium chloride (NaCl)  Add 1 liter of distilled water 

and autoclave.  

3. Ringer Solution 8.5 g Sodium chloride (NaCl)  

0.42 g Potassium chloride (KCl)  

0.25 g Calcium chloride (CaCl2) 

Add 1 liter of distilled water 

and mix well. Best if prepared 

fresh. 

4. Pannett-Compton 

Solution A 

121 g Sodium chloride (NaCl)  

15.5 g Potassium chloride (KCl)   

10.42 g Calcium chloride dihydrate 

(CaCl2.2H2O)  

12.7 g Magnesium chloride 

hexahydrate (MgCl2.6H2O) 

Add 1 liter of distilled water to 

each Solution A and Solution B 

and mix well. Both solutions A 

& B are suitable for autoclaving 

and stored at 4°C. To prepare 

the solution for use, combine 

the following components in 

the specified order: 120 ml of 

solution A, 2,700 ml of H2O, 

and 180 ml of solution B. 

5. Pannett-Compton 

Solution B 

2.365 g Sodium phosphate dibasic 

dihydrate (Na2HPO4.2H2O)   

0.188 g Sodium phosphate 

monobasic dihydrate 

(NaH2PO4.2H2O)  

  



Chapter 2: Material and Methods 

 

35 

 

6. Hank's Balanced 

Salt Solution 

(HBSS)  

8.0 g Sodium chloride (NaCl)  

0.4 g Potassium chloride (KCl)  

0.25 g Calcium chloride (CaCl2)  

0.1 g Magnesium sulfate 

heptahydrate (MgSO4.7H2O)  

0.1 g Magnesium chloride 

hexahydrate (MgCl2.6H2O)  

0.06 g Sodium phosphate dibasic 

dihydrate (Na2HPO4.2H2O)  

0.06 g Potassium dihydrogen 

phosphate (KH2PO4)  

1.0 g Glucose (C6H12O6)  

0.35 g Sodium bicarbonate 

(NaHCO3) 

Add 1 liter of distilled water 

and mix well. Sterilize and store 

at 4℃. 

7. TAE Buffer 50X  242 g Tris base (NH2C(CH2OH)3)  

57.1 ml Acetic acid (CH3COOH)  

100 ml 0.5M EDTA (pH 8.0) 

Adjust the volume to 1 liter 

with distilled water and mix 

well. Storage at room 

temperature. 

8. Stacking Buffer 

(0.5M Tris-HCl) 

6.057 g Tris base (NH2C(CH2OH)3) Adjust the volume to 100 ml 

and adjust to pH 6.8. 

9. Resolving Buffer 

(1.5M Tris-HCl) 

18.171 g Tris base (NH2C(CH2OH)3) Adjust the volume to 100 ml 

and adjust to pH 8.8. 

10. Ammonium 

Persulfate 10% 

1 g Ammonium Persulfate 

(NH4)2S2O8 

Dissolve in 10 ml, create 1 ml 

aliquots and store them at 4°C. 

11. Lysis Buffer  100 µl Triton X  

4.8 mg AEBSF  

200 µl 0.5M EDTA  

0.1755 g NaCl  

2.0 g MS-SAFE Protease and 

Phosphatase Inhibitor 

Dissolve it in 19.7 ml 1X PBS. 

Filter sterile and store at -20℃.  

12. Resuspension 

Buffer 10X  

59.58 g HEPES (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid)  

37.27 g Potassium chloride (KCl)  

43.83 g Sodium chloride (NaCl)  

1.09 g Calcium chloride (CaCl2)  

50 ml Glycerol 

Adjust the volume to 500 ml 

with distilled water and pH 7.5. 

Filter sterile and store at 4℃.  
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13. Protein Loading 

Buffer 5X 

3 ml 20% SDS  

3.75 mL 1M Tris base (pH 6.8)  

9 mg Bromophenol blue  

1.16 mg DTT (Alternatively add 

2.4ml B-mercaptoethanol) 

Add water to a final volume of 

10.5ml to make 15 ml. Mix the 

above reagents well. Add 4.5 

mL Glycerol and mix well 

again. Store at 4°C. 

14. SDS Running 

Buffer 10X  

30.28 g Tris base  

144 g Glycine  

10 g SDS 

Adjust the volume to 1 liter 

with distilled water, pH 8.3. 

Store at room temperature. 

15. MES Buffer 20X  97.3 g MES (2-(N-morpholino) 

ethanesulfonic acid)  

60.6 g Tris base (NH2C(CH2OH)3)  

10 g Sodium dodecyl sulfate (SDS)  

3 g EDTA 

Adjust the volume to 500 ml 

with distilled water and filter 

sterile. 

16. MOPS Buffer 10X  41.8 g MOPS (pH 7.0)  

20 ml 1M Sodium acetate 

(CH3COONa)  

20 ml 0.5 EDTA (pH 8.0) 

Adjust the volume to 1 liter 

with distilled water. Filter 

sterile and store at room 

temperature. 

17. Transfer Buffer 

10X 

288 g Glycine  

60.4 g Tris base (NH2C(CH2OH)3) 

Adjust the volume to 2 liters 

with distilled water. For 1X 

transfer buffer, 100 ml of 10X 

transfer buffer, 200 ml 

methanol and 700 ml of 

distilled water. 

18. Tris Buffer Saline 

(TBS) 10X  

24 g Tris base (NH2C(CH2OH)3)  

88 g Sodium chloride (NaCl) 

Adjust the volume to 1 liter and 

pH 7.4. To prepare TBST 100 

ml of 10X TBS, 1 ml Tween 20 

and 900 ml of distilled water. 

19. 5% Non-fat dry 

milk blocking 

buffer  

5 g Non-fat dry milk (NFDM)  Dissolve in 100 ml TBST (Tris 

Buffer Saline, Tween 20)  

20. 5% Bovine serum 

albumin blocking 

buffer 

5 g Bovine serum albumin (BSA)  Dissolve in 100 ml TBST (Tris 

Buffer Saline, Tween 20)  

21. Sodium Citrate 

Acid Buffer 10X  

29.4 g Trisodium citrate dihydrate 

(C6H9Na3O9)  

5 ml Tween 20   

Adjust the final volume to 1 

liter and pH 6. Store at 4°C.  
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22. 0.2M Sodium 

Cacodylate buffer 

with 0.1% CaCl2  

42.8 g Sodium cacodylate trihydrate 

(Na(CH3)2AsO3.3H2O)  

1.0 g Calcium chloride (CaCl2) 

Add chemicals to approx. 800 

ml of distilled water.  Adjust to 

pH 7.3 with 1N HCl and the 

final volume to 1 liter with 

distilled water. 

23. Inoue 

Transformation 

Buffer (ITB)  

10.88 g Manganese(II) chloride 

tetrahydrate (MnCl2.4H2O)  

2.20 g Calcium chloride dihydrate 

(CaCl2.2H2O)  

18.65 g Potassium chloride (KCl)  

20 ml 0.5M PIPES (pH 6.7) 

Adjust the final volume to 1 

liter with autoclave distilled 

water. Sterilize by filtration and 

store at 4°C. 

24. 3M Na-Acetate 408.3 g Sodium acetate trihydrate 

(CH3COONa.3H2O) 

Dissolve in distilled water with 

final volume to 1 liter and 

adjust pH 5.2 with glacial acetic 

acid. Store at room temperature. 

25. IPTG (100mM) 238 mg IPTG (Isopropyl β- d-1-

thiogalactopyranoside) 

Dissolved in 10 ml distilled 

water. Filter sterile and aliquot 

at -20°C. 

 

Dyes and Solutions 

1. Orange G DNA 

Loading Dye 

3.9 ml Glycerol  

0.5 ml 10% SDS  

0.2 ml 0.5M EDTA  

10 mg Orange G 

Bring mixture to 10 mL with 

distilled water. Aliquot 1 ml 

solution in 1.5 mL tube and 

stored at -20 °C. 

2. Fast Green Dye 0.25 g Fast Green FCF 250 ml 95% ethanol dissolved. 

Filter sterile and aliquot at -

20°C. 

3. Alizarin Red 50 mg Alizarin red  

1 L of 1% potassium hydroxide 

Final concentration is 0.005% 

(w/v) alizarin red in 1% 

potassium hydroxide. 

4. Alcian Blue 1.0 g Alcian Blue 8GX  

3.0 ml Glacial Acetic Acid 

Add 100 ml distilled water and 

adjust pH 2.5. 

 

Fixatives 

1. 4% 

Paraformaldehyde 

4.0 g Paraformaldehyde  Warm it to a temperature below 

60°C in order to dissolve it in 
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100 ml of 1X PBS, and adjust 

pH to 7.4. 

2. 2.5% 

Glutaraldehyde 

10 ml Glutaraldehyde, 25% Aqueous 

Solution 

Dissolve it in 100 ml of 0.1M 

sodium cacodylate buffer pH 

7.3 with 3mM CaCl2. Cool 

before use. 

3. 2% Aqueous 

Osmium Tetroxide 

(OsO4) 

2.0 g Osmium tetroxide OsO4 (2x1g 

ampoules) 

Dissolve in 100 ml distilled 

water. Store at 4°C. 

 

Preparations 

1. DNA agarose gel 1 g Agarose 

1X TAE buffer 

Dissolve in 100 mL of 1X TAE 

to make a 1% gel by boiling the 

mixture. 

2. Protein 

polyacrylamide gel 

- 4% Stacking gel 

Stacking buffer (Tris-HCl, pH 6.8) 

1.26 ml  

30% Acrylamide 660 µl  

10% SDS 50 µl  

10% APS 50 µl  

TEMED 5 µl  

Distilled H2O 3 ml 

Clean the casting plates with 

distilled water followed by 70% 

ethanol, and allow them to dry. 

Fix the cast in the mount. Pour 

10 ml of resolving gel into the 

cast, followed by isopropanol to 

achieve a level surface. Allow 

the resolving gel to polymerize, 

then pour the stacking gel. 

Place a well separator and leave 

the gel to polymerize. 

3. Protein 

polyacrylamide gel 

- 10% Resolving 

gel  

 

 

Resolving buffer (Tris-HCl, pH 8.8) 

2.5 ml  

30% Acrylamide 3.3 ml  

10% SDS 100 µl  

10% APS 100 µl  

TEMED 10 µl  

Distilled H2O 4 ml 

4. SOB Media 20 g Tryptone  

5 g Yeast extract   

0.5 g NaCl 

Dissolve in 1 liter of distilled 

water; adjust the pH to 7.0 with 

1 N NaOH; and autoclave. 

5. SOC Media SOB Media 

18 g of Glucose 

After the SOB medium has 

been autoclaved. Add 20 mL 

sterile 1 M solution of glucose. 

Dissolving 18 g of glucose in 

90 ml of H2O. Filter by sterile. 
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6.  LB Agar Plate 5.0 g Yeast extract  

10.0 g Peptone from casein  

10.0 g Sodium chloride  

12.0 g Agar-agar 

Dissolve in 1 liter of distilled 

water, autoclave the mixture for 

25 minutes at 120°C. Once 

cooled to 60°C, incorporate the 

desired antibiotic, and 

subsequently pour 10-20 ml 

into sterile plates. Store the 

plates at 4°C for a maximum of 

one week. 

 

Antibiotics 

1. Ampicillin Stock conc. 100 mg/ml, Working 

conc. 100 µg/ml.    

Dissolve in autoclave distilled 

water and stored at -20°C. 

2. Carbenicillin Stock conc. 100 mg/ml, Working 

conc. 100 µg/ml. 

Dissolve in autoclave distilled 

water and stored at -20°C. 

3. Kanamycin Stock conc. 50 mg/ml, Working 

conc. 50 µg/ml. 

Dissolve in autoclave distilled 

water and stored at -20°C. 

4. Chloramphenicol Stock conc. 25 mg/ml, Working 

conc. 25 µg/ml. 

Dissolve in ethanol and stored 

at -20°C. 
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Table 2.2: Primer Information. 

 

# Primer Sequence (5’-3’) 

 

Atoh1 Cloning 

1. hAtoh1-His-F ATATCATATGTCCCGCCTGCTGCATG 

2. hAtoh1-His-R TAATGGATCCTAACTTGCCTCATCCGAG 

3. mAtoh1-His-F ATATCATATGTCCCGCCTGCTGCATG 

4. mAtoh1-His-R TAATGGATCCTAACTGGCCTCATCAGAG 

5. cAtoh1-His-F ATAGGATCCATGAGCCTGCCGCGGGCCGCC 

6. cAtoh1-His-R GTCAGAATTCTAGCTGGCCTCGTCCGAGTCACTG 

7. mAtoh1-GST-F ATAGGATCCATGTCCCGCCTGCTGCAT 

8. mAtoh1-GST-R ATCATGAATTCTAACTGGCCTCATCAGAGTCACT 

9. cAtoh1-GST-F AATAGGATCCATGAGCCTGCCGCGGGC 

10. cAtoh1-GST-R TCAGGAATTCTAGCTGGCCTCGTCCGAGTC 

 

CRISPR/Cas9 chicken Atoh1 gRNA 

1. Atoh1(+)strand TTTCGTCTCCATTCGCCGAGCCATGAGCCTGCCGCGTTTAG

AGACGAAA 

2. Atoh1(-)strand TTTCGTCTCTAAACGCGGCAGGCTCATGGCTCGGCGAATG

GAGACGAAA 

3. Control(+)strand TTTCGTCTCCATTCGGCACTGCTACGATCTACACCGTTTAG

AGACGAAA 

4. Control(-)strand TTTCGTCTCCATTCGGGTGTAGATCGTAGCAGTGCGTTTAG

AGACGAAA 

5. Atoh1-gRNA-T7-F ATCTTATTCTGGGGGAGCAG 

6. Atoh1-gRNA-T7-R CGAGGGCGCTGATGTAGATT 
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Table 2.3: Antibodies. 

 

# Antibody Fixation and Blocking 

Condition 

Incubation Condition Catalogu

e No. 

 

Immunoblotting 

1. cAtoh1 Blocking with 5% Non-fat 

dried milk in TBST. 

1:100 dilution in blocking 

buffer for overnight at 4°C on 

a shaker. 

custom-

built 

2. Anti-His Blocking with 5% BSA in 

TBST. 

1:200 dilution in blocking 

buffer for overnight at 4°C on 

a shaker. 

TFS, Cat # 

MA1-135 

3. GST Blocking with 5% BSA in 

TBST. 

1:200 dilution in blocking 

buffer for overnight at 4°C on 

a shaker. 

Abcam, 

Cat # 

ab9085 

4. Secondary 

Rabbit HRP 

Blocking with 5% BSA in 

TBST. 

1:1000 dilution in blocking 

buffer for 1 hr RT. 

Sigma, Cat 

# A0545 

5. Secondary 

Mouse 

HRP 

Blocking with 5% BSA in 

TBST. 

1:1000 dilution in blocking 

buffer for 1 hr RT. 

TFS, Cat # 

31430 

 

Immunohistochemistry 

1. cAtoh1 4% PFA fixation at 4°C for 12 

hrs. Antigen retrieval with 

citrate buffer. Blocking with 

10% Goat serum, 1%BSA in 

PBST for 1 hour RT. 

1:100 dilution for overnight at 

4°C on a shaker. 

custom-

built 
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2. Hair Cell 

Antigen 

(HCA) 

4% PFA fixation at 4°C for 

12-16 hrs. Blocking with 10% 

Goat serum, 1%BSA in PBST 

for 1 hr RT. 

1:4000 dilution for overnight 

at 4°C on a shaker.  

custom-

built 

3. Myosin 7a 4% PFA fixation at 4°C for 12 

hr. Blocking with 10% Goat 

serum, 1%BSA in PBST for 1 

hr RT. 

1:400 dilution for overnight at 

4°C on a shaker. 

DSHB, 

Cat# 138-1 

4. Sox2 4% PFA fixation at 4°C for 12 

hr. Blocking with 10% Goat 

serum, 1%BSA in PBST for 1 

hr RT. 

1:400 dilution for overnight at 

4°C on a shaker. 

CST, Cat # 

2748 

5. Calbindin 

D28K 

4% PFA fixation at 4°C for 12 

hrs. Blocking with 10% Goat 

serum, 1%BSA in PBST for 1 

hr RT. 

1:100 dilution for overnight at 

4°C on a shaker. 

TFS, Cat # 

711443 

6. Phosphohist

one H3 

(PHH3) 

4% PFA fixation at 4°C for 12 

hr. Blocking with 10% Goat 

serum, 1%BSA in PBST for 1 

hr RT. 

1:200 dilution for overnight at 

4°C on a shaker. 

CST, Cat # 

9701 

7. Anti-GFP 4% PFA fixation at 4°C for 12 

hr. Blocking with 10% Goat 

serum, 1%BSA in PBST for 1 

hr RT. 

1:500 dilution for overnight at 

4°C on a shaker. 

Abcam, 

Cat # 

ab290  

8. Arl13b 4% PFA fixation at 4°C for 12 

hr. Blocking 10% Goat serum, 

1%BSA PBST for 1 hr RT. 

1:200 dilution for overnight at 

4°C on a shaker. 

Abcam, 

Cat # 

ab136648 



Chapter 2: Material and Methods 

 

43 

 

9. Alexa 

Fluor-488 

anti-rabbit 

Blocking with 10% Goat 

serum, 1%BSA in PBST. 

1:2000 dilution in blocking 

buffer for 1 hr RT.  

TFS, Cat # 

A11008 

10. Alexa 

Flour-555 

anti-rabbit 

Blocking with 10% Goat 

serum, 1%BSA in PBST. 

1:1000 dilution in blocking 

buffer for 1 hr RT. 

TFS, Cat # 

A21428 

11. Alexa 

Fluor-647 

anti-rabbit 

Blocking with 10% Goat 

serum, 1%BSA in PBST. 

1:1000 dilution in blocking 

buffer for 1 hr RT. 

TFS, Cat # 

A21245 

12. Alexa 

Fluor-647 

anti-mouse 

Blocking with 10% Goat 

serum, 1%BSA in PBST. 

1:1000 dilution in blocking 

buffer for 1 hr RT. 

TFS, Cat # 

A21235 

13. Alexa Fluor-488 Phalloidin 1:500 dilution in PBST for 1 

hr RT. 

TFS, Cat # 

A12379 

14. Alexa Fluor-647 Phalloidin 1:500 dilution in PBST for 1 

hr RT. 

TFS, Cat # 

A22287 
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Table 2.4: Chemicals, Enzymes and Consumables. 

 

# Reagents Catalogue No. 

 

Chemicals 

1. Paraformaldehyde Sigma-Aldrich , Cat # 158127 

2. Glutaraldehyde (25 %) Sigma-Aldrich, Cat # 340855 

3. Penicillin G sodium salt Sigma-Aldrich, Cat # P3032 

4. N-2 Supplement (100X) Thermo Fisher Scientific, Cat # 17502048 

5. Fluoroshield™ Sigma-Aldrich , Cat # F6182 

6. Osmium tetroxide (4%) Sigma-Aldrich , Cat # 75632 

7. Dimethyl sulfoxide (DMSO) Sigma-Aldrich , Cat # D8418 

8. Fast Green FCF Sigma-Aldrich , Cat # F7252 

9. Sucrose Sigma-Aldrich, Cat # 84097 

10. Sodium chloride HiMedia, Cat # GRM853 

11. TWEEN® 20 Sigma-Aldrich, Cat # P1379 

12. Calcium Chloride (CaCl2) Thermo Fisher Scientific, Cat # Q12135 

13. DMEM, high glucose, GlutaMAX 

Supplement, pyruvate 

Thermo Fisher Scientific, Cat # 10569010 

14. Click-iT EdU Kit Thermo Fisher Scientific, Cat # C10338 

 

Pharmaceutical Inhibitor 

1. DAPT Sigma-Aldrich , Cat # D5942 

2. CHIR99021 Sigma-Aldrich , Cat # SML1046 

3. XAV939 Sigma-Aldrich , Cat # X3004 

 

Enzymes 

1. Bovine Serum Albumin Sigma-Aldrich, Cat # A9647 

2. Goat Serum Sterile filtered HiMedia, Cat # RM10701 

3. Collagen I, rat tail Thermo Fisher Scientific, Cat # A1048301 

4. Alt-R S.p. HiFi Cas9 Nuclease V3 Integrated DNA Technologies, Cat # 1081061 

5. Phusion HF DNA Polymerase NEB, Cat # M0530S 

6. Q5 HF DNA Polymerase NEB, Cat # M0491S 

7. T4 DNA Ligase NEB, Cat # M0202S 

8. T7 Endonuclease I NEB, Cat # M0302S 
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Consumables 

1. Amicon Ultra Centrifugal Filter, 10 kDa 

MWCO 

Sigma-Aldrich , Cat # UFC901008 

2. HisTrap High Performance Cytiva, Cat # 29051021 

3. GSTrap HP Columns Cytiva, Cat # 17528101 

4. Millicell Cell Culture Insert, 30 mm, 

hydrophilic PTFE, 0.4 µm 

Sigma-Aldrich, Cat # PICM03050 

5. Dumont #55 Forceps FST, Cat # 11255-20 

6. Dumont #5 Forceps FST, Cat # 11251-10 

7. Noyes Scissors, 14cm (5.5'') World Precision Instruments, Cat #  

501237 

 

8. Standard Glass Capillaries 3 in, OD 1.0 

mm, No Filament 

World Precision Instruments, Cat #  

1B100-3 
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2.1 Plasmids 

 

2.1.1 Cloning 

 

Bacterial Expression of Epitope-Tagged Recombination Atoh1 Protein 

 

pET15b 

To express the recombinant Atoh1 protein with a His tag, restriction digestion method was 

employed for cloning into the bacterial expression vector pET15b, which features a His tag 

for Atoh1 purification. Primers were designed for mAtoh1 and cAtoh1 gene amplification, 

incorporating NdeI in the forward primer and BamHI in the reverse primer. PCR 

amplification was carried out using Pfu polymerase. Subsequently, the PCR products for 

genes were purified using the Qiagen kit and then ligated into a pET15b vector that had been 

digested with NdeI and BamHI. Confirmation of the recombinant plasmids pET15b-mAtoh1 

and pET15b-cAtoh1 was achieved through both colony PCR and Sanger sequencing. 

 

pGEX-6P-1 

To express the Atoh1 protein with a recombinant GST tag, mAtoh1 and cAtoh1 genes were 

cloned into the pGEX-6P-1 vector, incorporating the GST tag. The pGEX-6P-1 plasmid 

serves as a bacterial vector for expressing GST fusion proteins with a PreScission protease 

site. The primers were designed with BamHI and EcoRI restriction sites for gene insertion 

through restriction digestion and T4 ligation. Confirmation of the recombinant plasmids, 

pGEX-6P-1-mAtoh1 and pGEX-6P-1-cAtoh1, was achieved through both colony PCR and 

Sanger sequencing. 

 

CRISPR/Cas9 Mediated Genome Editing Guide RNA 

 

pcU6.1-sgRNA 

For optimal sgRNA expression in chicken, pcU6.1-sgRNA (Addgene # 92395) with modified 

chick U6.1 promoter that drives the expression of guide RNA. The plasmid consists of 

tracrRNA and BsmBI-flanked cloning cassette for guide sequence insertion. To clone the 

guide sequence into the sgRNA scaffold of pCU6.1-sgRNA vector, two complementary 

oligos with BsmBI restriction site at both ends were synthesized (PAM site is not included in 
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the sgRNA sequence). Dissolve the sgRNA oligonucleotides into 100μM with autoclaved 

distilled water. Annealing of the two oligos sense and antisense guides is performed using 

thermocycler with following parameters; 95°C for 3 min then 37°C for 15 min and then 

decrease to 4°C slowly. Setup restriction digestion of the annealed oligos and pcU6.1-sgRNA 

cloning vector with BsmBI enzyme overnight. Setup ligation with gel purifies linear BsmBI-

digested pcU6.1-sgRNA vector and digested sgRNA oligos. The mixture is then transformed 

into the DH5-alpha competent cell and the clones were confirmed by sanger sequencing. 

 

2.1.2 Acquired Plasmids 

 

pCAGGS-T2TP 

The pCAGGS-T2TP vector features a CAG promoter, ensuring robust and widespread 

expression of transposase enzymes. This plasmid facilitates the integration of a transgene into 

the genome when combined with Tol2 transposase. 

 

pT2K-CAGGS-eGFP 

The pT2K-CAGGS-eGFP construct contains the eGFP gene flanked by the left and right ends 

of Tol2. Co-electroporation with pCAGGS-T2TP facilitates integration of the CAGGS-eGFP 

construct into the genome, leading to sustained expression of EGFP in the transfected cells 

throughout their lifespan. 

 

pT2K-Hes5::nd2mScarlet 

The pT2K-Hes5::nd2mScarlet construct serves as a Notch reporter, comprising a mouse Hes5 

promoter driving the expression of a nuclear destabilized mScarlet protein. Upon co-

electroporation with the transposase-containing plasmid pCAGGS-T2TP, this construct 

integrates into the genome. Expression of mScarlet indicates Notch activity, as the Hes5 

promoter drives its expression in Notch-On cells. The destabilized nature of nd2mScarlet 

enables it to report on recent or active Notch signaling. In the absence of Notch activity for 

more than 10 hours, mScarlet expression ceases. 

 

pT2K-5TCF::nd2mScarlet 

pT2K-5TCF::nd2mScarlet is a transposon construct functions as a reporter for Wnt signaling, 

containing 5 TCF binding sites upstream of a minimal TK promoter that controls the 

expression of a nuclear destabilized mScarlet protein in cells responsive to Wnt signaling. 
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The nd2mScarlet exhibits a destabilized feature, allowing it to report on cells with activated 

Wnt signaling or those that have recently had Wnt activity. If the cells are not Wnt-

responsive or the Wnt activity has ceased more than 10 hours ago, there will be no expression 

of mScarlet. 

 

2.2 Bacterial Strains 

 

2.2.1 DH5alpha 

All the plasmids utilized in the study were cloned and propagated using DH5alpha bacterial 

strain due to its high transformation efficiency. DH5alpha strain carries the recA1 mutation, 

which aids in preserving plasmid stability, and the endA1 mutation, which protects the 

integrity of the plasmid by preventing DNA degradation during propagation within the 

bacteria. 

 

2.2.2 BL21(DES)pLysS 

BL21(DE3)pLysS is a genetically modified strain of E. coli bacteria specifically designed for 

high-level protein expression using the T7 promoter system. The Wild-type BL21 E. coli 

strains often have limitations for protein expression, such as the presence of proteases, 

BL21(DE3)pLysS lacks the genes for Lon and OmpT proteases, minimizing protein 

degradation. The DE3 component of this strain contains a prophage, λDE3, carrying the gene 

for T7 RNA polymerase, essential for efficient transcription under the T7 promoter. 

Additionally, the pLysS component provides two benefits, first the T7 lysozyme expression 

regulates basal T7 RNA polymerase activity, minimizing unwanted protein production before 

induction, and second is chloramphenicol resistance which aids in plasmid selection and 

maintenance. BL21(DE3)pLysS offers high-level protein expression and tight control of 

expression. The inducible nature of the T7 promoter system enables it to control protein 

production by adding a specific molecule, isopropyl β-D-1-thiogalactopyranoside (IPTG), at 

the desired time. 

 

2.2.3 Rosetta-gami B(DE3) 

Rosetta-gami B(DE3) is an engineered strain of E. coli tailored for enhanced expression of 

eukaryotic proteins. It combines features from three bacterial strains: BL21(DE3), providing 

a protease-deficient background and the T7 RNA polymerase gene; Origami, which reduces 
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thioredoxin activity to create a more oxidizing environment conducive to disulfide bond 

formation; and Rosetta, which introduces additional genes encoding rare tRNAs to facilitate 

efficient translation of eukaryotic protein codons uncommon in E. coli. This unique 

combination ensures improved expression of eukaryotic proteins in a bacterial system. 

Additionally, Rosetta-gami B(DE3) utilizes the T7 promoter system, similar to 

BL21(DE3)pLysS, enabling tight control and high-level expression of the target protein upon 

IPTG induction. 

 

2.3 Atoh1 Expression & Purification 

 

2.3.1 IPTG Induction for Atoh1 Expression 

The BL21(DE3)pLysS bacterial strains were utilized to express His-tagged Atoh1 protein 

(pET15b-hAtoh1, pET15b-mAtoh1, and pET15b-cAtoh1), while the Rosetta-gami B(DE3) 

strain was employed for expressing GST-tagged Atoh1 (pGEX-6P-1-mAtoh1 and pGEX-6P-

1-cAtoh1). Bacterial cultures containing Atoh1 expression plasmids were cultured in LB 

media at 37°C until the OD reached between 0.4 and 0.6. Upon reaching this point, IPTG 

(0.1-1 mM) was added to the media and maintained at 37°C overnight. Afterward, the 

bacterial culture was centrifuged to collect the bacterial pellet, which was then homogenized 

using a probe sonicator in the resuspension buffer, identical to the binding buffer. Following 

sonication, centrifugation was performed to separate the soluble protein fraction (supernatant) 

from the insoluble fraction (pellet). Both fractions were isolated and subjected to Western 

blot analysis for Atoh1 protein expression. The IPTG concentration and culture conditions 

were optimized based on Atoh1 protein expression and production in soluble fraction, with 

this optimized procedure scaled up to large batch cultivations (liter scale) for Atoh1 protein 

purification. 

 

2.3.2 Affinity Chromatography 

 

His-tag Purification 

The purification of the Atoh1-His tagged protein was carried out using Immobilized Metal 

Ion Affinity Chromatography (IMAC). To ensure optimal yield and purity, conditions for 

purifying all recombinant His-tagged enzymes were fine-tuned through nickel affinity 

chromatography. Our purification setup employed an ÄKTAdesign liquid chromatography 



Chapter 2: Material and Methods 

 

50 

 

system equipped with a HisTrap™ HP column, prepacked with precharged Ni Sepharose. 

The binding buffer consisted of 50 mM sodium phosphate, 300 mM NaCl, pH 6.5, and the 

elution buffer comprised 50 mM sodium phosphate, 300 mM NaCl, 500 mM imidazole, pH 

7. Prior to use, the liquid chromatography system tubing was filled with distilled water. 

Remove the stopper and connect the column to the system tubing “drop-to-drop” to avoid 

introducing air into the system. Remove the snap-off end at the column outlet. Wash the 

column with 3–5 column volumes of distilled water. Equilibrate the column with at least 5 

column volumes of binding buffer with a flow rate of 1 ml/min for the 1 ml columns. Before 

applying the lysate to the column, it was filtered through a 45 µm filter to ensure clarity. If 

the lysate was too viscous, it was diluted with binding buffer to prevent column clogging. 

Washing with the binding buffer continued until the absorbance at 280 nm reached a stable 

baseline. Elution was carried out using the elution buffer with a linear gradient of imidazole 

concentration, typically over 20 column volumes or more, to effectively separate proteins 

with similar binding strengths. The eluted fractions were subjected to SDS PAGE gel 

electrophoresis to verify purity and confirm the presence of the protein at the expected size. 

Fractions containing our protein of interest were pooled and loaded onto centrifugal 

concentrators to concentrate the purified Atoh1-His tagged protein. 

 

GST-tag Purification 

Glutathione S-transferase (GST) tagged Atoh1 proteins were expressed using pGEX-6P-1 

expression vectors. These Atoh1-GST tagged proteins can be directly purified from 

pretreated bacterial lysates. The binding buffer used was PBS, pH 7.5 (140 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4), and the elution buffer consisted of 50 mM 

Tris-HCl, 10 mM reduced glutathione, pH 8.0. A peristaltic pump was employed alongside 

GSTrap FF, a prepacked, ready-to-use column. Prior to usage, the pump tubing was cleaned 

with the binding buffer. The column was connected to the pump tubing "drop to drop" to 

prevent air introduction, and the snap-off end at the column outlet was removed. 

Equilibration of the column was carried out with 5 column volumes of binding buffer. 

Sample application onto the column was accomplished by pumping it at a flow rate of 1 

ml/min for a 1 ml column. Subsequent washing was performed with 5 to 10 column volumes 

of binding buffer or until no material was detected in the effluent. Elution was performed 

using the elution buffer with a linear gradient of reduced glutathione (10-50 mM). The eluted 

fractions underwent SDS PAGE gel analysis to identify impurities and confirm the presence 

of proteins of the correct size. Fractions containing the protein of interest were collected and 
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then loaded onto centrifugal concentrators to concentrate the purified Atoh1-GST tagged 

protein. 

 

2.3.3 Size Exclusion Chromatography 

Following affinity chromatography purification of both Atoh1-His tagged and Atoh1-GST 

tagged proteins, further purification was carried out via size-exclusion chromatography using 

a GE Superdex size exclusion column to enhance protein purity by eliminating impurities. 

Preparation entails equilibrating the GE Superdex column with the respective elution buffers 

used previously: 50 mM sodium phosphate, 300 mM NaCl, pH 7 for Atoh1-His tagged 

protein, and 50 mM Tris-HCl, 10 mM reduced glutathione, pH 8.0 for Atoh1-GST tagged 

protein, typically requiring approximately 2-3 column volumes. The concentrated purified 

Atoh1 protein is subsequently loaded onto the equilibrated GE Superdex column, often 

necessitating the use of a syringe. Elution is conducted using the same elution buffer, with the 

GE Superdex column separating proteins based on size, resulting in Atoh1 eluting at a 

specific volume relative to column calibration. Detection and collection involve monitoring 

the absorbance at 280 nm of the eluent as it exits the column, with Atoh1 exhibiting a peak at 

its elution volume, facilitating the collection of fractions around this peak for further analysis 

or storage. 

 

2.4 Custom chicken Atoh1 Antibody Design 

Due to the absence of commercially available antibodies for chicken Atoh1 protein, the 

experiment crucial for this thesis necessitated the development of a versatile antibody suitable 

for multiple applications, including immunoblotting, immunohistochemistry (IHC), 

immunoprecipitation (IP), and chromatin immunoprecipitation (ChIP). 

 

2.4.1 Peptide Selection 

Specific criteria were established for designing an efficient peptide immunogen, excluding 

regions containing the bHLH domain to prevent potential cross-reactivity. A peptide with 

antigenic epitopes at the C-terminal, characterized by surface-exposed, hydrophilic, and 

flexible regions of cAtoh1 protein, was selected. Two strategies were pursued for epitope 

selection: first, a peptide based on sequence homology to enable broader protein recognition 

across species by aligning multiple Atoh1 orthologs (Figure 2.1); second, selecting a unique 

peptide sequence specific to cAtoh1 to ensure no cross-reactivity with other chicken proteins, 
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enhancing specificity, reducing background, and improving signal detection. Striking a 

balance between immunogenicity and specificity, a unique 19-amino acid residue peptide 

(ERSKASPRSHRSDGEFSPR) was selected in chicken with conserved residues among 

Atoh1 homologs, ensuring antibody specificity to Atoh1 proteins across different species and 

avoiding cross-reactivity with other proteins within chicken. 

 

 

Figure 2.1 Antigen Peptide Selection for Atoh1 Antibody. A 19-amino acid residue peptide, conserved across 

Atoh1 homologs, was selected in the chick (indicated in pink box). 

 

2.5 Molecular Techniques 

 

2.5.1 Immunoblotting (Western Blot) 

Dissected inner ear from chicken/mouse are lysed using micro pestle in PBS containing 0.5% 

Triton X-100, 150 mM NaCl, 5 mM EDTA, 1 mM AEBSF & 1X MS-SAFE protease and 

phosphatase inhibitor. Proteins were separated by SDS-PAGE and transferred to 

polyvinylidene difluoride (PVDF) membranes. The membrane was blocked in 5% BSA in 

0.1% TBST and incubated with the primary antibodies at 4 °C overnight and then with 

peroxidase-conjugated anti-mouse or anti-rabbit IgG (GE Healthcare). Immunoreactive 

proteins were detected with Amersham ECL Prime Western blotting detection reagent (GE 

Healthcare). 

 

2.5.2 Immunoprecipitation (IP) 

Immunoprecipitation of chicken Atoh1 is performed using custom cAtoh1 peptide antibody. 

The inner ear from chicken were dissected from E10 stage and are lysed using micro pestle in 

PBS containing 0.5% Triton X-100, 150 mM NaCl, 5 mM EDTA, 1 mM AEBSF & 1X MS-

SAFE protease and phosphatase inhibitor. After incubation at 4 °C for 30 min, lysates were 

cleared by centrifugation (15,000 x g for 10 min), then further cleared with Dynabeads M-

270 Epoxy beads (Thermo Fisher Scientific). The cleared lysates were incubated with custom 

cath1 rabbit antibody coupled with Dynabeads M-270 Epoxy beads at 4 °C for 2 hrs. The 
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affinity-purified protein complex was washed three times with lysis buffer and eluted by 

boiling in SDS-PAGE sample buffer at 95°C for 10 min. The samples are loaded along with 

molecular weight markers on SDS PAGE gel. 

 

2.5.3 Immunohistochemistry (IHC) 

 

Antigen Retrieval 

Slides were initially washed with distilled water for 2 minutes. Antigen retrieval was then 

carried out by placing the slides in a staining container and subjecting them to steam in a 

pressure cooker set at high pressure (approximately 120°C). This process was conducted with 

200ml of 10mM citrate buffer, 0.05% Tween 20, at a pH of 6, for a duration of 15 minutes. 

Following antigen retrieval, the slides were allowed to cool within the pressure cooker for 10 

minutes before the pressure was released. Subsequently, the slides were moved to hot 

distilled water for an additional 2 minutes. A thorough flush with running tap water lasting 5 

minutes followed. Once these steps were completed, the staining protocol was initiated. 

 

Whole mount Immunostaining 

At the desired developmental stage, the inner ear was carefully dissected within ice-cold 

PBS, without Ca2+ and Mg2+ ions. It was then promptly fixed in 4% paraformaldehyde 

(dissolved in PBS) at room temperature for a period ranging from 1 to 4 hours on a shaker. 

Following this, the basilar papilla was meticulously micro dissected in PBS. For the 

subsequent permeabilization process, the basilar papilla was exposed to a 0.3% PBST 

(Tween-20) solution for a duration of 20 minutes at room temperature. Following this, a 

blocking buffer composed of 10% goat serum and 1% BSA within a 0.3% PBST solution was 

applied and allowed to incubate at room temperature for 2 hours. After this the basilar papilla 

was subjected to an overnight incubation in primary antibodies, appropriately diluted in the 

previously mentioned blocking buffer at 4°C, facilitated by a shaker, in a 48-well plate. The 

subsequent steps involved thorough washing of the samples using PBST, followed by another 

incubation phase of 1 hour at room temperature, this time with secondary antibodies (at a 

dilution ratio of 1:500) and Alexa Fluor-conjugated Phalloidin (at a dilution ratio of 1:600). 

Following this, secondary incubation, the samples underwent further washing. Subsequently, 

the samples were counterstained using DAPI for a span of 15 minutes, followed by an 

additional washing step utilizing PBST. Finally, the prepared samples were mounted using 

fluoroshield. For imaging, the confocal microscopy technique was employed, utilizing the 
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Olympus FV 3000 inverted microscope located at CIFF NCBS. Images were captured using 

40X and 60X oil immersion objective lenses with a numerical aperture of 1.4 and 1.42 

respectively, with a step size of 0.5μm. 

 

Cryosection Immunostaining 

The inner ear was dissected at the desired developmental stage in ice cold PBS (devoid of 

Ca2+ & Mg2+). Following this, it was fixed overnight at 4˚C using a 4% PFA solution. 

Subsequently, the cochlear duct was isolated and subjected to a gradual equilibration process 

involving successive immersion in 10%, 20%, and 30% sucrose solutions (in PBS). The 

tissue was then embedded in Leica tissue freezing medium and frozen. Cross-sections of the 

tissue, measuring 10μm in thickness, were obtained using cryostat starting from the distal 

side and progressing towards the proximal side of the cochlear duct. These sections were 

subjected to a drying process at 37˚C for 1 hour, after which they were permeabilized using 

PBST (0.5% Tween-20) for a duration of 10 minutes. To prevent nonspecific binding of the 

antibodies, the sections were incubated in a blocking solution composed of 10% goat serum 

and 1% BSA diluted in PBST for 2 hours. For the immunostaining process, the primary 

antibody (diluted in the blocking buffer) was allowed to incubate overnight at 4˚C. Following 

this step, the sections underwent thorough washing with PBST and were subsequently 

incubated with secondary antibodies (at a dilution of 1:1000) along with alexa fluor-

conjugated Phalloidin (dilution 1:1000), both diluted in PBST. After another round of 

washing, the sections were counterstained with DAPI for 15 minutes and mounted in 

fluoroshield. The imaging process was conducted using a FV3000 upright confocal 

microscope situated at CIFF NCBS. The images were captured utilizing 20X water 

immersion and 40X oil immersion objective lenses, possessing numerical apertures of 1.4 and 

1.42, respectively. The imaging procedure employed a step size of 0.5μm. 

 

2.6 Cell Culture 

To passage cells, begin by preheating the media at 37°C in a water bath for 5-10 minutes, 

while also placing the petri dish, 15ml falcon, and serological pipettes in the hood under UV 

light. Next, wipe the media bottle with alcohol before placing it in the hood. Retrieve the 

petri dish containing cells from the incubator and carefully remove the media with an 

aspirator for adherent cells, followed by washing with 5-10 ml of complete media. Add 1-

2mL of Trypsin to the cells in the petri dish and incubate them in the incubator for 2-5 



Chapter 2: Material and Methods 

 

55 

 

minutes to detach the adherent cells. Afterward, add 8-9 ml of complete media to the 

trypsinized cells, mix well, and centrifuge at 1000 rpm for 1 minute. Discard the supernatant 

media and resuspend the cells in 5ml of fresh media. Plate the cells either in a 1:5 - 1:10 ratio 

or at a density of around 2*105 cells / ml after counting, then return them to the incubator. 

 

2.7 CRISPR/Cas9 System for Gene Editing 

The CRISPR/Cas9 system stands as a versatile and robust tool for genome editing across a 

spectrum of organisms, including applications in livestock animals. However, the success of 

a genome-editing experiment hinges on thoughtful considerations of various factors such as 

the nature of the target locus, the design of the single guide RNA (sgRNA), and the selection 

of an appropriate delivery method. In our strategy, a key focus is on selecting sgRNAs that 

precisely target the Cas9 nuclease to the exons of protein-coding genes. For creating gene 

knockouts guide RNA should be designed to disrupt the exons region of the gene, preferably 

closer to the 5' end of the coding region to generate an adequate N-terminal protein 

truncation. This approach ensures a targeted and specific impact on the genomic sequence. 

Specifically, in experiments aimed at generating knockouts, our design revolves around 

disrupting exons that are shared by all transcript variants of a particular gene. This strategic 

choice enhances the efficiency and effectiveness of the knockout process. Moreover, in 

certain cases, employing multiple sgRNAs to induce substantial deletions, effectively 

eliminating entire gene loci. This approach allows for the creation of specific and extensive 

genomic modifications. Once the Cas9 nuclease induces breaks in the DNA at the targeted 

sites, the subsequent repair occurs through the error-prone non-homologous end joining 

mechanism for double-strand breaks (DSBs). This repair process introduces insertions or 

deletions (indels) at the cleavage site. The indels, particularly in the coding regions of genes, 

often lead to frame-shift mutations and the generation of premature stop codons. These 

alterations, in turn, trigger nonsense-mediated mRNA decay, resulting in the elimination of 

the mutated mRNA. 

 

2.7.1 CRISPOR Guide RNA Designing Tool 

Guide RNAs for CRISPR-Cas9 genome editing experiments are designed using the 

CRISPOR web tool214. The specificity and efficiency of cleavage primarily rely on the 

selection of the CRISPR guide sequence. The browser data is configured for Gallus gallus 

(chicken), with the protospacer adjacent motif (PAM) sequence set to 5'- NGG -3' for 
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SpCas9. Potential guide RNAs are chosen from the input sequence and ranked based on 

various scores that assess potential off-target effects in the genome of interest and predict on-

target activity. To design template-specific oligos for guide RNA production, exclude the 

PAM sequence (5′- NGG -3′) from the output of the guide RNA design tool, as it is 

unnecessary for targeting but contains the Cas9 cleavage recognition sequence. The 

remaining 20 nucleotides are then cloned into pcU6.1-sgRNA vector, in frame with scaffold 

tracrRNA to synthesize full-length sgRNA. The cloned plasmids are pcU6.1-Atoh1-gRNA 

with chicken Atoh1guide sequence CCGAGCCATGAGCCTGCCGC and pcU6.1-Control-

gRNA with control guide sequence GCACTGCTACGATCTACACC, sourced from 

literature215 (Figure 2.2). 

 

 

Figure 2.2 Atoh1-gRNA Design. The figure illustrates CRISPR/Cas9-mediated knockout targeting of Atoh1 gene 

in chick shown by a single gray box, indicating its exonic region. The Cas9 nuclease and sgRNA complex bind 

to a specific DNA sequence (highlighted in red) flanking the Atoh1 start codon. Target sequence includes a 

critical motif called the PAM sequence (marked in orange). The protospacer sequence recognized by the sgRNA 

is labelled in green. 

 

2.7.2 T7 Endonuclease1 Assay 

Selecting an effective sgRNA is crucial for enhancing the gene editing efficiency of 

CRISPR/Cas9 systems, as it plays a pivotal role in ensuring target specificity and cleavage 

efficiency. A widely used technique for evaluating the effectiveness of sgRNA cleavage is 

the T7 endonuclease 1 mismatch detection assay, which relies on the identification and 

cleavage of imperfectly paired double-stranded DNA. The T7 endonuclease assay 

methodology involves several steps. First, the DNA containing the target site where cleavage 

occurred was PCR amplified and purified (Figure 2.3 A). Next, the DNA was denatured at 
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94°C and then annealed to form heteroduplex DNA. Subsequently, T7 nuclease I treatment 

was performed for 1 hour at 37°C. Finally, the results were analysed using 2% agarose gel 

electrophoresis (Figure 2.3 B). 

To evaluate the effectiveness and assess the cleavage efficiency of Atoh1-gRNA in 

chicken cells, we transfected pcU6.1-Atoh1-gRNA to DF1 cells, which are chicken 

embryonic fibroblast cells. After 48-hour transfection period, DNA was extracted for PCR 

amplification of genomic regions surrounding the Atoh1-gRNA target sites, using the primers 

Atoh1-gRNA-T7-F: ATCTTATTCTGGGGGAGCAG and Atoh1-gRNA-T7-R: 

CGAGGGCGCTGATGTAGATT. 

 

Figure 2.3 T7 Endonuclease 1 Assay for gRNA Cleavage Validation. (A) Chick Atoh1 Locus, drawing highlights 

the Atoh1 start codon (red) and its nearby PAM sequence (orange), indicating a potential CRISPR/Cas9 

cleavage site. Half arrowheads mark the primers used for T7 endonuclease I assay, a forward primer in the 

untranslated region and a reverse primer within the Atoh1 exon. (B) visualizes the outcome of Cas9 activity 

using gel electrophoresis. Arrows indicate the sizes of two DNA fragments generated after T7 endonuclease I 

cleavage, confirming site-specific cleavage by Cas9. 
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2.8 Chicken Embryo Manipulation  

2.8.1 Egg Handling and Windowing 

Ensuring embryo viability involves several considerations. It is essential to use fresh eggs, as 

prolonged storage prior to incubation can lead to increased mortality and abnormal 

development. To begin, fresh eggs are cleaned and sanitized with 70% ethanol before being 

placed in an incubator set at 37-38°C with 45% humidity for 3.5-4 days. Before accessing the 

embryo, the egg is positioned on its side for at least 10 minutes to allow the embryo to 

reposition to the top of the yolk. Small holes are then carefully made at the blunt end and the 

top of the egg using forceps. Approximately 2 ml of albumin is extracted through the hole at 

the blunt end using a 5ml syringe and a 21G needle. The hole is then sealed with scotch tape. 

Additionally, scotch tape is applied to the top of the shell to prevent eggshell debris from 

entering during windowing. A window is cut into the eggshell to expose the embryo, and any 

extraembryonic membranes covering the embryo are removed with sharpened forceps to 

facilitate direct access. 

 

2.8.2 Otocyst Microinjection 

To optimize otocyst microinjection technique, a mixture of two plasmid solutions are needed: 

one containing pCAGGS-T2TP vector for expression of transposase, and another containing 

pT2K-CAGGS-eGFP construct expressing eGFP. These plasmid solutions are combined with 

Fast Green dye and sucrose. Microinjection needles are created by pulling glass capillaries 

using a pipette puller (Narishige PC-10), with the tip diameter adjusted to approximately 10 

µm by breaking off the capillary tip after pulling. At the embryo stage E4, embryos are 

typically positioned on their left side with the head turned to the right, allowing access to 

only the right otic vesicle for microinjection. The solution is then injected into the otic 

vesicle, and the injection volume is monitored by observing the distribution of the green dye, 

ensuring that the otic vesicle is completely filled. 

 

2.8.3 In Ovo Electroporation 

To prepare for electroporation, a few drops of Saline 0.719% are applied on top of the 

embryo to reduce electric resistance and prevent overheating. Electrodes are positioned 

parallel along the dorsal-ventral axis of the spinal cord (Figure 2.4). The electroporation 

process involves transfecting plasmids into embryo cells using a square pulse generator 

(Nepagene CUY-21), delivering five pulses of 25V each with a duration of 100ms, although 



Chapter 2: Material and Methods 

 

59 

 

these parameters may need adjustment based on individual electroporation setups. Following 

electroporation, additional saline 0.719% is added to cool the embryo, and the electrodes are 

rinsed with distilled water to remove denatured proteins. Finally, the egg is resealed with 

scotch tape and returned to an incubator set at 37-38°C until the desired stage is reached. 

 

Figure 2.4 In Ovo Electroporation Technique. Schematic depicts the technique of in ovo microinjection and 

electroporation for targeting the chick otic vesicle at embryonic day 4 (E4). 

 

2.8.4 Basilar Papilla Dissections 

Before commencing the dissection process, thorough sterilization of the surgical table, 

microscope stage, and surrounding area is carried out using 70% ethanol. Additionally, 

microdissection equipment such as spring-bow scissors, micro-curette, and forceps (including 

two each of Dumont Inox #5 and #55) are sterilized either through heat or alcohol. Dissection 

plates including a glass petri dish with a black sylgard base, a 90mm plastic petri dish, and a 

60mm petri dish are prepared for use. The dissection media, typically phosphate-buffered 

saline or Tyrode’s solution, is chilled. The egg is gently cracked open into the 90mm petri 

dish, and the embryo is decapitated with scissors, with the head transferred to the 60mm petri 

dish containing ice-cold PBS. Next, the embryo is oriented with the beak facing forward, and 

the eyes are removed using forceps. Following this, the skin over the skull is incised from 

rostral to caudal, and the brain is scooped out. After adding more ice-cold PBS, two shiny 

structures representing the otoliths of the lagena at the end of the cochlear duct are located 

close to the midline. A cut is made between the two lagena to isolate two inner ears, and 

excess tissue and the vestibule are removed. Subsequently, the cochlea is transferred to a 

sylgard plate with ice-cold PBS, and using forceps, the cochlear capsule is peeled away to 
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access the cochlear duct. Finally, the undulated layer (tegmentum) of the cochlear duct is 

located and removed using forceps to expose the basilar papilla. 

 

2.8.5 Basilar Papilla Explant 

The ex-ovo culture of basilar papilla using collagen cultures offers a valuable approach for 

conducting inhibition studies and live imaging. By culturing basilar papilla explants within a 

3D collagen matrix, tissue morphology is well preserved, enabling detailed examination of 

changes in tissue patterning, polarity, and differentiation. To initiate the culture, a collagen 

mixture comprising 400μl of 3mg/ml rat tail collagen, 50μl of 10X DMEM, 30μl of 7.5% 

NaHCO3, and 5μl HEPES is prepared in a tissue culture hood. Subsequently, three drops of 

the collagen mixture are added into each well of a 4 well plate, and dissected cochlear ducts 

are transferred to each collagen drop. The plate is then incubated for 10 minutes at 37℃ and 

5% CO2 to allow the collagen matrix to cure effectively. 

 

2.9 Pharmacological Treatment with Small Molecules 

During Basilar papilla explant culture, specific small molecule inhibitors and activators were 

added to the culture media. The compounds utilized in this study included DMSO, XAV939 

inhibitor, CHIR99021 activator, and DAPT inhibitor. After the designated incubation period, 

the samples underwent three washes with PBS followed by fixation using a 4% 

paraformaldehyde solution dissolved in PBS. This preparation aimed to facilitate subsequent 

immunostaining procedures. 

 

2.10 Proliferation EdU Assay 

The necessary components for EdU labeling and detection are included in the Click-iT EdU 

kits, obtained from the Invitrogen catalogue. EdU, a thymidine analog, is incorporated into 

DNA during the S phase and serves to assess cell proliferation. At the specified 

developmental stage, inner ears are carefully dissected using ice-cold PBS and then 

embedded in a collagen matrix culture. An EdU solution of 10μM in sterile PBS is prepared 

and added to the explant culture media. The EdU exposure lasts for one day in vitro. 

Following this exposure period, the samples are fixed using a 4% paraformaldehyde (PFA) 

solution, after which the cochlear duct explants undergo EdU staining and subsequent 

immunostaining procedures. 
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2.11 Image Processing & Analysis 

For morphological analysis of the tissue, images obtained from confocal microscopy were 

segmented using the Tissue Analyzer (TA) plugin within the FIJI software216. Manual 

corrections were applied as necessary to ensure accuracy. Subsequently, cells were 

categorized as either hair cells (HC) or supporting cells (SC) based on Myosin 7a antibody 

staining. TA generated comprehensive cell and bond datafiles for each image. Using these 

datafiles, we calculated the number of neighboring cells for each HC and SC using Excel 

macro functions. Additionally, the apical surface area of each cell was measured from the 

TA-derived database. Both manual labeling and automated cell counting techniques within 

FIJI were employed for cell counting. 

 

2.12 Statistics  

To ensure consistent and reliable results, the CRISPR-Cas9 gene manipulation experiments 

were spread out across different days, minimizing the influence of potential batch effects. 

Each experimental condition utilized three embryos (n=3).  Within each embryo, the left 

inner ear served as an internal control, while the right inner ear received the injectable 

control, which involved the electroporation of a control guide. To evaluate the statistical 

significance of any differences observed between conditions, Student's t-tests were 

performed. The results are presented using an asterisk notation (*P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001) to indicate the level of significance for each comparison. 
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Chapter 3: Atoh1 Purification and Antibody Validation 

 

Atoh1 is a master regulator of HC differentiation and development, making it a key target for 

understanding the molecular mechanisms underlying HC formation and regeneration. 

However, there are currently no commercial antibodies available for performing 

immunoprecipitation or related applications. Our objective was to perform ChIP-seq to 

identify Atoh1’s downstream targets, which required developing a specific and functional 

anti-Atoh1 antibody. To achieve this, we generated a recombinant Atoh1 protein to serve as 

an antigen for antibody production. Chapter 3 outlines the process of purifying the full-length 

recombinant Atoh1 protein and validating the resulting antibody for its specificity and 

suitability in various experimental applications. 

 

3.1 Bacterial Expression of Epitope-Tagged Atoh1 

 

3.1.1 Amplifying Atoh1 gene   

We amplified the Atoh1 gene from three species: human (hAtoh1), mouse (mAtoh1), and 

chick (cAtoh1) Atoh1 (Figure 3.1 A, B, C). hAtoh1 and mAtoh1 were PCR amplified from 

cDNA, while the cAtoh1 gene was amplified using a BAC clone. Refer to the Primer table 

for primer details. The hAtoh1 gene has a 1062 bp coding sequence (CDS) encoding a 38.1 

kDa protein, mAtoh1 has a 1053 bp CDS encoding a 37.8 kDa protein, and cAtoh1's gene, 

with an 822 bp CDS, encodes a protein of 28.4 kDa in size. 

 

3.1.2 Atoh1-His Tag Protein Expression 

The expression of hAtoh1-His tag and mAtoh1-His tag proteins was verified with Western 

blot using monoclonal Anti-His antibody (Figure 3.1 D). The uninduced IPTG controls 

exhibited bands at the expected molecular weight, indicating leaky expression from the 

pET15b plasmid. Additionally, an increase in the soluble fraction expression of both hAtoh1-

His and mAtoh1-His was observed with higher IPTG concentrations. 

cAtoh1 expression was not detected in the BL21(DE3)pLysS bacterial strain. This 

could be due to the expression of a eukaryotic protein containing rare codons, prompting us 

to switch to the Rosetta-gami bacterial strain. However, even after changing the bacterial 

strain, there was no significant improvement in cAtoh1 expression, although a very faint 

cAtoh1 expression was detected using Anti-His antibody (Figure 3.1 E). Therefore, we 



Chapter 3: Atoh1 Purification and Antibody Validation 

 

63 

 

replaced the His tag with a GST affinity tag, as GST-fused proteins have better cAtoh1 

expression and increased solubility. 

 

Figure 3.1 Atoh1 Gene Amplification and Protein Expression. Agarose gel electrophoresis of PCR amplification 

of gene (A) hAtoh1, (B) mAtoh1 and (C) cAtoh1. (D and E) shows protein expression levels. Western blot 

analysis with an anti-His antibody reveals Atoh1 protein levels in hAtoh1-His, mAtoh1-His, and cAtoh1-His 

following treatment with varying concentrations of IPTG. The black and red boxes in (D) highlight hAtoh1-His 

and mAtoh1-His protein bands, respectively. (E) shows the expression of cAtoh1-His protein. (F) SDS-PAGE 

gels stained with Coomassie blue for mAtoh1-GST and cAtoh1-GST fusion proteins produced under different 

IPTG conc. and temperature. The red arrow marks the band of interest at the right size. 
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3.1.3 Atoh1-GST Tag Protein Expression 

The pGEX-6P-1-mAtoh1 and pGEX-6P-1-cAtoh1 plasmids are introduced into the E. coli 

strain Rosetta-gami B(DE3) to boost the expression of the eukaryotic protein and facilitate 

the formation of target protein disulfide bonds in the bacterial cytoplasm. Glutathione S-

transferase (GST) has a molecular weight of 28 kDa. The mAtoh1-GST fusion proteins weigh 

approximately 65.8 kDa, while the cAtoh1-GST proteins weigh around 56.4 kDa. 

To enhance protein expression, we tested various culture conditions with different 

IPTG concentrations. We analysed mAtoh1 and cAtoh1 expression using SDS-PAGE gel 

electrophoresis on crude bacterial lysates. The control plasmid without IPTG (P0) showed no 

GST expression, whereas the IPTG-induced control plasmid (PI) exhibited a GST band of the 

expected size. mAtoh1-GST protein expression was detected at the desired molecular weight, 

with mAtoh1 expression notably increasing as IPTG concentration increased. For cAtoh1-

GST protein expression, we observed a faint band at the desired molecular weight under one 

culture condition, however IPTG concentration did not influence its expression (Figure 3.1 

F). 

 

3.2 Atoh1 Purification 

 

3.2.1 Ni – NTA affinity purification of mAtoh1 proteins 

The mAtoh1 recombinant protein features a His tag at its N-terminus, consisting of six 

consecutive histidine residues to aid in purification. The His-tagged mAtoh1 protein was 

purified using Ni-NTA affinity chromatography, following a bind-wash-elute protocol. After 

column loading, sequential washes were performed with binding buffer (50 mM sodium 

phosphate, 300 mM NaCl, pH 6.5), followed by elution of mAtoh1 protein using an elution 

buffer (50 mM sodium phosphate, 300 mM NaCl, 500 mM imidazole, pH 7) with a linear 

imidazole gradient. Starting at 150 mM imidazole, the concentration increased by 50 mM 

with each step, reaching 300 mM where an increase in absorbance at both 260 nm and 280 

nm was observed (Figure 3.2 B). All eluate fractions were collected and analysed by SDS-

PAGE gel electrophoresis to confirm protein size (Figure 3.2 A, B). Fractions containing 

mAtoh1-His were combined and further purified using a size exclusion column (Figure 3.2 C, 

D). Protein concentrations were determined using a BCA protein assay with BSA as the 

standard, resulting in a mAtoh1-His concentration of 550.6 μg/ml. 
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Figure 3.2 Recombinant mAtoh1-His Protein Purification. (A) SDS-PAGE gel showing bands of purified 

mAtoh1-His protein (arrow) in elution fraction at different conc. imidazole. (B) Chromatogram profile for 

mAtoh1-His purification. (C) SDS-PAGE gel stained with Coomassie dye to visualize elute fractions of mAtoh1-

His protein (arrow) purified with size exclusion chromatography. (D) Size exclusion chromatogram for mAtoh1-

His protein. 

 

3.2.2 GST affinity purification of mAtoh1 protein 

To purify mAtoh1-GST tagged proteins, bacterial pellets are resuspended in a binding buffer 

(140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.5) and loaded onto 

a GSTrap FF column using a peristaltic pump. For elution of mAtoh1-GST protein, an elution 

buffer (50 mM Tris-HCl, reduced glutathione, pH 8.0) with a linear gradient of reduced 

glutathione (10-50 mM) is used (Figure 3.3 A). After serial washing with binding buffer, all 

the eluted fractions are collected and run on SDS PAGE to check for impurities and confirm 

the protein of the correct size. All fractions containing the protein of interest are collected, 

and the protein is concentrated using a protein concentrator with a molecular weight cutoff of 

10kDa. This concentrated protein is then loaded onto a pre-equilibrated GE Superdex size 

exclusion column for further purification (Figure 3.3 B, C). The BCA protein estimation 

assay indicates a mAtoh1-GST protein yield of 1.9 mg. The mAtoh1-GST tagged protein 

includes a protease site. To remove the GST tag from the fused recombinant mAtoh1 protein, 

digestion is performed in a dialysis bag using cleavage buffer (50 mM Tris-HCl, 150 mM 

NaCl, 1 mM EDTA, 1 mM dithiothreitol DTT, pH 7.5) with PreScission protease enzyme 

overnight at 4°C. Subsequently, reverse phase purification is conducted using the GSTrap FF 

column, allowing the free GST protein to bind to the column while the cleaved mAtoh1 

protein passes through in the flow-through. Unfortunately, a significant amount of mAtoh1 

protein is lost after enzymatic cleavage. 
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Figure 3.3 Recombinant mAtoh1-GST Protein Purification. (A) Purified mAtoh1-GST protein bands (arrow) 

from elution fraction at increasing glutathione concentrations shown on an SDS-PAGE gel. (B) Coomassie dye-

stained SDS-PAGE gel used to show the elute fractions of mAtoh1-GST protein (arrow) that has been purified 

using size exclusion chromatography. (C) Size exclusion chromatogram profile for mAtoh1-GST protein 

purification. 
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3.3 Characterizing chicken Atoh1 Antibody 

Due to the low expression of cAtoh1 protein, achieving a good yield in its purification is 

challenging. To address this, a peptide-based antigen was designed for generating a cAtoh1 

antibody instead of using the full-length protein. A polyclonal cAtoh1 antibody was raised in 

rabbit, and the resulting immune sera were purified using peptide affinity chromatography 

and concentrated to 0.57 mg/ml. Validation of the antibody is essential to ensure its 

sensitivity and specificity, enabling accurate and reliable experimental results. 

 

3.3.1 Immunoblotting Validation 

Immunoblotting (Western blot) was conducted to verify an antibody's recognition of a 

denatured protein/antigen. For this study, cochlear lysate from chick embryonic stage E8 was 

prepared by dissecting the inner ear and lysing the tissue using a micro pestle in PBS 

containing 0.5% Triton X-100, 150 mM NaCl, 5 mM EDTA, 1 mM AEBSF, and 1X MS-

SAFE protease and phosphatase inhibitor. The custom cAtoh1 polyclonal antibody produced 

bright bands at the correct size, although there was background noise from nonspecific 

interactions (Figure 3.4 A). 

 

 

Figure 3.4: Custom cAtoh1 Antibody Immunoblot and Co-Immunoprecipitation Validation. (A) Western blot 

analysis of Atoh1 protein expression (arrow) from chick cochlear lysate using custom cAtoh1 antibody. (B) Co-
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immunoprecipitation (IP) studies with custom cAtoh1 antibody in chick cochlear extracts, pulldown detects 

Atoh1 protein (arrow) presence. 

 

3.3.2 Immunoprecipitation 

To determine if the cAtoh1 custom antibody can perform chromatin immunoprecipitation 

(ChIP), its efficiency for pull-down assays needs to be verified. This involved performing 

cAtoh1 antibody immunoprecipitation using cochlear lysate from chick embryonic stage E10. 

A direct immunoprecipitation method with Protein G Sepharose was employed, where the 

antibody was first added to the Protein G affinity media to allow binding. The immobilized 

antibody was then used to purify the cAtoh1 protein from the cochlear lysate. The presence of 

cAtoh1 protein was detected on a silver-stained gel at the desired size (Figure 3.4 B). 

Next, to characterize protein complexes interacting with cAtoh1 protein, 

immunoprecipitation from the inner ear lysate was followed by mass spectrometry analyses. 

Unfortunately, the cAtoh1 custom antibody was unable to perform pull-down successfully, as 

the mass spectrometry results were inconclusive. Therefore, ChIP cannot be performed using 

the cAtoh1 custom polyclonal antibody, but it works efficiently for detection in western 

blotting. 

 

3.3.3 Immunohistochemistry Validation 

Chick Basilar papilla IHC with cAtoh1 custom antibody 

Immunohistochemistry is used to validate an antibody's recognition of the correct native 

protein/antigen based on cellular localization, confirming specificity by observing cells that 

either express or do not express the target protein. 

Immunostaining was performed on cryosectioned inner ear samples from chick 

embryos. At embryonic stage E6, the newly differentiating hair cells in the distal region 

showed green nuclear expression of cAtoh1 and red cytoplasmic expression of Myo7a 

(Figure 3.5 A). By stage E8, cAtoh1 expression was observed throughout the basilar papilla 

from the proximal to the distal axis (Figure 3.5 B, C). The custom cAtoh1 polyclonal 

antibody demonstrated good specificity and minimal background in immunostaining. 
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Figure 3.5: Custom cAtoh1 Antibody Immunohistochemistry Validation in Chick BP. Longitudinal section of a 

chick basilar papilla, oriented from the proximal to the distal end. cAtoh1 (green) marks the nuclei of hair cells, 

while Myosin7a (red) labels hair cell cytoplasm. (A) Shows early hair cell differentiation at embryonic stage E6, 

scale bar (50 μm). (B and C) Display HC differentiation from the distal to proximal axis at E8, scale bar (100 

μm). 

 

Zebrafish lateral line IHC with cAtoh1 custom antibody 

A 19-amino acid peptide with conserved residues among vertebrate Atoh1 homologs was 

designed. The peptide's sequence homology with Atoh1 proteins from other species suggests 

that the resulting antibody should be effective across different species. To verify this, 

immunohistochemistry was performed on the lateral line system of zebrafish at 5 days post-

fertilization (dpf). The lateral line system, a sensory organ along the fish's rostro-caudal axis, 

relies on Atoh1 for hair cell development. Using the custom cAtoh1 antibody, Atoh1 protein 
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in zebrafish was successfully immunostained. The neuromasts, which contain groups of hair 

cells, showed green nuclear expression from the cAtoh1 antibody and red cytoplasmic 

expression from Myo7a, a recognized hair cell marker (Figure 3.6). However, the cAtoh1 

custom antibody also showed some nonspecific background. 

 

 

Figure 3.6: cAtoh1 Antibody Immunohistochemistry Validation in Zebrafish Neuromast. (A-D) show lower 

magnification images of the lateral line system in zebrafish larvae, scale bar 100 μm. (A’-D’) display neuromast 

cells, scale bar 10 μm. (A, A’) are merged images stained with DAPI (blue), cAtoh1 (green), and Myosin7a 

(red). 
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Chapter 4: CRISPR-Cas9 Atoh1 Gene Editing 

 

This chapter focuses on the use of CRISPR-Cas9 system to genetically ablate the Atoh1 gene 

in the auditory sensory epithelium to study the resulting phenotypic changes. Atoh1 is a 

critical transcription factor involved in hair cell differentiation and regeneration, and its 

disruption provides valuable insights into the molecular mechanisms governing auditory 

system development and function. 

 

4.1 In Ovo Electroporation of Atoh1-gRNA in Chicken Otocyst 

The experimental methodology for in ovo manipulation, involves simultaneous injection and 

electroporation, carries a potential for low embryo survival and requires both skill and several 

crucial procedures to achieve optimal transfection. It is crucial to have precise timing for 

microinjection and electroporation at E4 since otocysts are distinctly visible during this 

developmental stage, when investigating HC development and differentiation (Figure 4.1 A, 

B). Due to the typical positioning of embryos at stage E4 (left side down, head turned right), 

only the right otic vesicle is accessible for injections. This limitation restricts genetic 

modification to the right basilar papilla in these experiments. The uninjected left otic vesicle, 

which will develop into the embryo's left inner ear, serves as an internal control and is 

referred to as the control. To enhance the efficiency of DNA transfection into the sensory 

domain of the otic vesicle, it's essential to align the electrodes closely with the anterior-

ventral region of the otic vesicle near the embryo as demonstrated in (Figure 4.1 A). DNA 

transfer via electroporation techniques yield genetic alteration in mosaic outcomes. 

To prepare for Atoh1 knockout experiments, SpCas9 protein with two plasmid 

solutions are needed: one containing the Atoh1 guide plasmid pcU6.1-Atoh1-gRNA for the 

knockout procedure, and another containing a mixture of pT2K-CAGGS-eGFP and 

pCAGGS-T2TP as a tracer to monitor electroporation efficiency, extent, and mosaicity in the 

basilar papilla. GFP is integrated into the genome through the Tol2 transposon, which 

promotes long-term gene expression and assists to determine the cells that have undergone 

genetic modification. GFP signal in basilar papilla serves as a proxy for cells that experienced 

change in genetic programming at the progenitor stage, earlier during otic vesicle 

development (Figure 4.1 C-E).  
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Figure 4.1: In Ovo Microinjection and Electroporation of Chick Otic Vesicle at E4. (A) A schematic illustrating 

the technique for delivering genetic material and visualization dye (Fast green) to the chick otic vesicle at 

embryonic day 4 (E4). The injection pipette contains a mixture of guide plasmids, Tol2-eGFP expression 

plasmids (pCAGGS-T2TP & pT2K-CAGGS-eGFP). Electrodes are positioned parallel to the dorsal-ventral axis 

of the spinal cord. (B) Diagram of a chick embryo with electroporation targeting the right otic vesicle at E4, 

grown to E12, illustrating the transfected right inner ear and construct expression. (C) The left inner ear serves 

as the internal control. The red arrow indicates GFP expression in the cochlear duct of the right inner ear, 

while the red asterisk highlights GFP expression in the vestibular organs. Scale bar 2 cm. (D) Cross-section of 

the right cochlear duct shows GFP expression primarily localized to the sensory epithelium. Scale bar 10 µm. 

(E) Whole mount image of basilar papilla stained with phalloidin, labeling F-actin filaments. GFP expression is 

observed along the neural side of the BP, extending from the proximal to distal end. Scale bar 100 µm. 
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4.2 CRISPR-Mediated Atoh1 Knockout Disrupts HC Formation 

Embryos were injected with distinct plasmids for targeted experimentation. The first group 

received pcU6.1-Atoh1-gRNA, labelled as the “Atoh1-gRNA” or “Atoh1-crispant”, 

specifically designed to target the Atoh1 gene and knock it out. The second group received 

pcU6.1-Control-gRNA labelled here as “Control-gRNA”, serves as a which is an injectable 

control since this protospacer contains scrambled sequence is not present in the chicken 

genome. This control group helps account for any potential effects arising solely from the 

injection procedure itself, ensuring a more accurate assessment of the Atoh1-gRNA's impact. 

The uninjected left otic vesicle, which will develop into the embryo's left inner ear, serves as 

an additional internal control labelled as "control". This internal control allows for a direct 

comparison between the manipulated and unmanipulated inner ear within the same embryo. 

Throughout the development of the basilar papilla during embryonic stages, the 

arrangement, orientation, shape, and size of hair cells and supporting cells undergo dynamic 

changes (Figure 4.2 A-D). The apical surface of the basilar papilla was examined in both 

Atoh1-crispant and control groups from E9 to E12 stages. Observations at embryonic stage 

E9 reveal a crucial finding. The basilar papilla in the Atoh1-gRNA group exhibits a reduced 

number of hair cells compared to both the control and control-gRNA groups (Figure 4.2 A, E, 

I). This finding aligns with observations in mouse models lacking Atoh1, where hair cell 

development is entirely absent41. The presence of these HCs is confirmed through the 

expression of Myosin7a. Hair cells are eliminated in scattered patches across the sensory 

epithelium due to genetic mosaicism generated by electroporation. The CRISPR/Cas9 

modifications targeting the Atoh1 gene may only affect certain progenitor cells within BP, 

while others remain unaltered. In the Atoh1-crispants, notable patches of missing hair cells 

(HC) coincide with areas where GFP expression is observed (Figure 4.2 I-J). This correlation 

arises due to the presence of Tol2-eGFP, which is co-electroporated alongside the CRISPR 

components. GFP-positive cells in these regions indicate efficient transfection with the 

CRISPR construct, signifying genetic alterations targeting the Atoh1 gene. 
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Figure 4.2: CRISPR/Cas9-mediated Mosaic Atoh1 Deletion: From Hair Cell Loss to Recovery (E9-E12). 

Confocal Images of Chick Basilar Papilla (Scale Bar: 10 µm; FV3000 Microscope). (A-D) Control Basilar 

Papilla (E9-E12): Merged images show F-actin filaments stained with phalloidin (gray) and hair cells (HCs) 

labeled with Myo7a (magenta). The left inner ear serves as the internal control in all panels. (E-H) Injectable 

Control Basilar Papilla (E9-E12): Merged images display F-actin (gray), Myo7a-labeled HCs (magenta), and 

GFP expression (green). Electroporated with pcU6.1-Control-gRNA, Tol2-eGFP plasmids, and Cas9 protein. 

Yellow arrows indicate GFP-positive HCs. (I-L) Atoh1 Knockout Basilar Papilla (E9-E12): Merged images 

show F-actin (gray), Myo7a-labeled HCs (magenta), and GFP expression (green). Electroporated with pcU6.1-

Atoh1-gRNA, Tol2-eGFP plasmids, and Cas9 protein. A reduction in HC numbers is evident at E9 in Atoh1 

knockout (I) compared to control (A) and injectable control (E) based on Myo7a staining. By E12, HC 

restoration is observed in the Atoh1 knockout (L) with Myo7a staining. GFP expression is primarily localized in 

supporting cells (SCs) surrounding the new HCs (indicated by red arrow). 

 

The control-gRNA also exhibits GFP expression patches, with no loss in HCs 

numbers and more akin to control groups in terms of HC-SC arrangement and overall 
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organization (Figure 4.2 E-H). The control-gRNA is inert and does not influence the fate of 

progenitor cells. Therefore, there are more GFP-positive hair cells in the control-gRNA, 

unlike the Atoh1-gRNA where such instances are rare. Sometimes certain hair cells in the 

Atoh1-crispants also exhibit GFP positivity, referred to as "escapers". The presence of these 

escapers, which are GFP positive cells while retaining their hair cell fate, is attributed to the 

variable performance of the CRISPR construct within each transfected progenitor cell. Such 

variability in CRISPR efficacy can lead to instances of CRISPR failure, potentially arising 

from Cas9 cleavage deficiencies, pcU6.1-Atoh1-gRNA degradation, or single-copy deletions 

of the Atoh1 gene within the transfected cell. 

 

GFP Expression Validates Atoh1 Deletion 

The effectiveness of CRISPR/Cas9 targeting in Atoh1-gRNA embryos was evaluated by 

analyzing GFP expression. The ratio of GFP-positive hair cells to total GFP-positive cells 

within distinct regions of the basilar papilla was calculated for both Atoh1-gRNA and 

control-gRNA groups (Figure 4.3). The results revealed a significant difference: Atoh1-

gRNA embryos had considerably fewer GFP-positive hair cells compared to the control-

gRNA. This finding suggests efficient Cas9 cleavage with Atoh1-gRNA, potentially leading 

to Atoh1 gene deletion alongside GFP expression. 

 

 

Figure 4.3: GFP Expression as a Marker for Atoh1 Knockout Efficiency. The graph shows the ratio of GFP-

positive hair cells to the total number of GFP-positive cells in different regions of the basilar papilla for Atoh1-

gRNA and control-gRNA groups. A significant difference with Student’s t-test (****P < 0.0001) is observed 

between the two groups across all regions. Atoh1-gRNA embryos also exhibit a lower overall number of GFP-

positive HCs compared to controls. 

 

4.3 Hair Cell restoration in Atoh1-Crispants 

Observations with extended incubation of Atoh1-gRNA embryo to later embryonic stages 

revealed a gradual recovery of lost HCs, progressing from E9 to near-complete HCs 
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restoration by E12. At E12, Atoh1-gRNA basilar papilla exhibits a remarkable restoration of 

its overall tissue organization. This includes the arrangement of hair cells and supporting 

cells, which now closely resemble the control and control-gRNA groups. This finding 

suggests that the basilar papilla has the potential to recover from the initial hair cell loss 

observed at earlier stages. 

The continued presence of GFP expression at E12 provides validation that the GFP-

positive cell clusters in Atoh1-crispants underwent genetic program modification, 

accompanied by the deletion of the Atoh1 gene. Notably, GFP expression is predominantly 

confined to supporting cells, forming a distinct halo around the hair cells. The majority of the 

newly generated hair cells do not display GFP positivity. These newly formed hair cells 

originate from supporting cells, either through asymmetric mitotic division or direct 

phenotypic conversion into hair cells. This strongly indicates that the population of 

supporting cells within the GFP expressing patch, which did not undergo CRISPR 

modification during electroporation and retained the intact Atoh1 gene, gave rise to the hair 

cells. Notably, the apical surface area of the regenerated hair cells is smaller compared to 

those in the wild-type basilar papilla, with some lacking hair bundles but still expressing 

Myosin7a, confirming their identity as hair cells (Figure 4.4). 

 

 

Figure 4.4: Newborn Hair Cells have Smaller Apical Surface Area. The graph depicts the apical surface area of 

hair cells in the proximal region of E11 basilar papilla (BP). A Student’s t-test was used for direct comparisons 

between two conditions, resulting in P-values where ****P < 0.0001 indicates statistical significance. 

 

4.4 Quantifying Hair Cell Recovery Potential 

To assess the severity of hair cell loss and potential restoration across different regions of the 

basilar papilla (BP), we employed a quantitative approach. We calculated the ratio of total 

hair cells (HCs) to the total number of cells within each designated area - proximal, middle, 
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and distal (1/3 of the total BP length) (Figure 4.5 A). This ratio provides a metric to compare 

hair cell density across these regions and between different experimental groups. Hair cell 

distribution within the BP is not uniform. The ratio of hair cells to total cells varies across the 

proximal, middle, and distal regions, increasing along the proximal to distal axis of the 

basilar papilla. These differences in number of hair cell-support cell interactions along the BP 

influences hair cell packing density and overall tissue organization. To account for this 

inherent variation, we opted to analyse each region separately throughout the experiment, 

spanning embryonic stages E9 to E12 (Figure 4.5 B-D). This approach allows for a more 

accurate assessment of hair cell loss and recovery specifically within each region, taking into 

account the baseline differences in hair cell density. 

 

 

Figure 4.5: Analyzing Hair Cell Restoration in Developing BP from E9 to E12. (A) Drawing of the BP, divide 

into proximal, middle and distal regions. (B-D) These graphs display the total number of HCs relative to the 

total cell count within each region of the BP. They illustrate the HC loss across all regions at embryonic stage 

E9 and the subsequent restoration of lost HCs in all regions by E12. Statistical significance between two 

conditions was assessed using Student’s t-test, where *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 

indicate significance, while non-significant differences are denoted as "ns". 

 

Our findings reveal a substantial decrease in hair cell numbers in Atoh1-gRNA across 

all three regions of the basilar papilla at E9 embryonic stage. In contrast, the control-gRNA 

group exhibits a comparable ratio of the total number of HCs to the total cell count when 

compared to the control. Examination of the graphs suggests that the recovery of lost hair 

cells initiates early in the distal region at E10, progressing to the middle region by E11, and 

eventually reaching the proximal region. These findings suggest that the process of hair cell 
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restoration follows a wave pattern from distal to proximal akin to the differentiation of hair 

cells during embryonic development, indicating that hair cell regeneration recapitulates the 

natural process of hair cell development. 

 

4.5 Neighbourhood Analysis 

In the basilar papilla, hair cells (HCs) and supporting cells (SCs) are spatially arranged in an 

intricate pattern of mosaics. During the developmental process of the auditory epithelium, 

there are variations in the arrangement of HCs and SCs. HCs typically contact SC (HC-SC 

contact), but rarely contact other HCs (HC-HC contact)217,218. SCs can contact both HCs (SC-

HC contact) and other SCs (SC-SC contact) (Figure 4.6). 

 

 

Figure 4.6: Spatial Arrangement of Hair Cells and Support Cells. The diagram illustrates the various 

connections between HCs and SCs using arrows. These connections include: SC-SC, SC-HC, HC-SC, and HC-

HC interactions. 

 

The loss of hair cells in Atoh1-crispants disrupts the organization of HCs and SCs 

within the tissue. To determine whether HC restoration is accompanied by a restoration in the 

mosaic pattern of the BP, neighbour number analysis for both HCs and SCs was conducted 

between E9 and E12. 

 

4.5.1 Support Cell Contacts 

At E9, in Atoh1-gRNA electroporated BP show a greater number of SC-SC contacts (Figure 

4.7 A), with dramatically reduced SC-HC contacts given the reduced HC numbers in 

electroporated patches (Figure 4.7 B). While around 3-5% of SC are without an HC contact 

in control and control-gRNA samples, 47% of SC do not have an HC contact in Atoh1-gRNA 

samples. The reduction in SC-SC contacts and the recovery of SC-HC contacts occurs by E12 

such that, the number of both SC-SC and SC-HC contacts are similar to those seen in control-

gRNA samples. Consistent with this, the number of SC without HC contacts falls to control-

gRNA levels by E12. 
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Figure 4.7: Neighborhood Connections of Supporting Cells. (A-B) Graphs analyzing the number of neighboring 

cells for supporting cell types in control, electroporated control-gRNA, and Atoh1-gRNA at four embryonic 

stages from E9 to E12. (A) shows interactions between SC-SC, while (B) depicts contacts between SC-HC. 

 

4.5.2 Hair Cell Contacts 

The average number of HC-SC contacts, meaning the supporting cells surrounding each hair 

cell, increases from E9 to E12 embryonic stages, consistent with earlier observations217. 

Additionally, HC-SC contacts in Atoh1-gRNA samples did not show significant changes 

compared to the control groups (Figure 4.8 A). 

Throughout all developmental stages and regions of the basilar papilla, interactions 

between two hair cells (HCs) were rare, as HCs were predominantly surrounded by 

supporting cells (SCs). As expected, HC-HC contacts were rarely observed in control and 

control-gRNA embryos. However, in Atoh1-crispant basilar papilla, HC-HC contacts were 

more common, with some instances having two or three hair cells clustered together (Figure 

4.8 B). This pattern persisted up to E12, with at least one HC-HC contact still frequently 

observable. 
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Figure 4.8: Neighborhood Connections of Hair Cells. (A-B) Graphs represent an analysis of the number of 

neighboring cells for hair cell types in control, electroporated control-gRNA, and Atoh1-gRNA at four 

embryonic stages from E9 to E12. (A) illustrates interactions between HC-SC, and (B) represents contact 

between HC-HC. 

 

4.6 Proliferation Potential in Basilar Papilla After HC Loss 

Considering the evident hair cell recovery between the E9 and E12 stages, it becomes 

essential to investigate the proliferative dynamics of the basilar papilla tissue during this 

critical development window. This period marks a transition in the basilar papilla's 

development, characterized by an initial phase of exponential HCs differentiation, followed 

by a shift to a stationary phase where HCs numbers stabilize, resembling the mature basilar 

papilla. To elucidate whether this transition involves the addition of either hair or supporting 

cells between E9 and E12, we conducted a proliferation assay utilizing EdU staining on the 

basilar papilla. The electroporated Atoh1-gRNA, control-gRNA, and unelectroporated 

control embryos were incubated in ovo until they reached four distinct stages: E9, E10, E11, 

and E12. Subsequently, a one-day EdU pulse was administered at each stage through in vitro 

basilar papilla explants to identify and capture EdU-positive cells emerging over next 24 

hours (Figure 4.9 A). This approach enables us to track the proliferative activity spanning 

from E9+1 DIV to E12+1 DIV. 
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Figure 4.9: Cellular Proliferation in Response to Hair Cell Depletion. (A) Experimental design schematic for 

EdU Pulse treatment. Electroporation was conducted on all embryos at E4. At E9, E10, E11, and E12 stages, 

BP explants underwent a one-day EdU pulse in vitro, followed by BP harvesting. (B-C) Cross-sectional images 

of E10+1-day in vitro (DIV) BP explants, scale bar 25 μm. Hair cells (HCs) stained cyan for Myo7a, supporting 

cells (SCs) stained magenta for Sox2, actively proliferating cells labeled yellow for EdU, and green indicating 

GFP expression from Tol2-eGFP plasmids. (B) Control-gRNA BP image and (C) Atoh1-gRNA BP image 

depicting HC loss. The white arrow indicates a region lacking HCs with an EdU-positive SC underneath, while 

the red arrow marks GFP-positive HCs known as "escapers". 

 

In the event of hair cell loss, the process of hair cell regeneration relies on supporting 

cells, which can either undergo asymmetric division or direct transdifferentiation to restore 

hair cells, or engage in symmetric division to replenish supporting cells that had previously 

undergone direct transdifferentiation, thereby maintaining tissue homeostasis. To determine 

the quantity of newly differentiated cells resulting from mitotic division, we counted cells 

marked as EdU+/Sox2 for supporting cells and EdU/Myosin7a for hair cells within the 

developing BP from E9+1 DIV to E12+1 DIV. At E10 stage, the sections of the basilar 

papilla exhibited a clear demarcation between HCs and SCs. HCs were situated closer to the 

luminal surface, while SC nuclei were grouped closely near the basilar membrane, making 

them easily distinguishable and countable. 

Our analysis revealed key insights into cell proliferation and hair cell restoration in 

Atoh1-gRNA embryos. In these embryos, regions expressing GFP (indicating Atoh1 gene 

editing) displayed a clear absence of hair cells. Interestingly, these regions also showed a 
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higher number of EdU-positive cells at E10+1 DIV, coinciding with GFP expression in 

Atoh1-crispants (Figure 4.9 C). In contrast, control-gRNA exhibited sporadic presence of 

EdU-positive cells (Figure 4.9 B). These findings suggest an increased proliferation 

specifically at the sites where HCs are missing in Atoh1-crispants.  

 

 

Figure 4.10: Quantifying Proliferation in Developing BP. Graph represents EdU-positive in (A) basilar papilla, 

(B) SCs and (C) HCs from embryonic stages E9+1 DIV to E12+1 DIV from control, control-gRNA, and Atoh1-

gRNA. Statistical significance in direct comparisons between two conditions was assessed using Student’s t-

tests. *P<0.05 and **P<0.01 indicate statistical significance, while non-significant differences are denoted as 

"ns". 



Chapter 4: CRISPR-Cas9 Atoh1 Gene Editing 

 

84 

 

The overall trend of EdU positive cells shows a gradual decline from E9+1 DIV to 

E12+1 DIV, mirroring the relatively stable HC population after E12 (Figure 4.10 A). 

Notably, there is no significant difference in the number of EdU positive hair cells and 

supporting cells between the control and control-gRNA groups at all developmental stages. 

However, an intriguing observation emerges when comparing Atoh1-gRNA to the control 

groups. At each stage from E9+1 DIV to E12+1 DIV, Atoh1-gRNA consistently exhibit a 

higher number of EdU positive supporting cells compared to the control-gRNA and control 

groups (Figure 4.10 B). We observed that the heightened proliferation of supporting cells 

begins at E9+1 DIV in Atoh1-gRNA, primarily in the distal region, where a greater number 

of EdU-positive cells were present. Within 24 hours, by E10+1 DIV, we observed a 

substantial increase in EdU labelling throughout the entire basilar papilla, surpassing the 

levels seen in the control groups. However, the complete restoration of hair cells in the entire 

basilar papilla from distal to proximal region took a longer period, extending until E12. 

 

4.7 HC Restoration from Transdifferentiation 

It's interesting to observe that at E9+1 DIV, all three groups Atoh1-gRNA, control-gRNA, 

and control display an equal number of EdU positive hair cells (Figure 4.10 C). However, at 

E10+1 DIV, the number of EdU-positive hair cells remains at the same level as E9+1 DIV, 

which is significantly higher than both the control-gRNA and control groups at E10+1 DIV. 

This trend continues beyond E10+1 DIV, with Atoh1-crispants consistently exhibiting a 

significantly higher number of EdU positive hair cells compared to the control groups. 

Despite this increased proliferation, the number of EdU positive hair cells in Atoh1-crispants 

remains insufficient to account for the observed hair cells recovery. To confirm the presence 

of newly generated hair cells, we utilized Calbindin staining184,219 (Figure 4.11 A-B), which 

labels newborn hair cells at E10 in Atoh1-crispants, and compared it to the EdU positive hair 

cells data from E9+1 DIV Atoh1-crispant explants. Surprisingly, there were significantly 

more Calbindin-positive (CaB+) new hair cells than EdU positive hair cells at the same 

developmental stage (Figure 4.11 C).  
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Figure 4.11: Non-proliferative Hair Cell Restoration. (A-B) Whole mount images of E10 basilar papilla (BP) 

from electroporated chick embryos, with a 10μm scale bar for reference. The merged images show new hair 

cells (HCs) positive for Calbindin (CaB) in magenta, F-Actin stained with phalloidin in gray, and GFP 

expression in green. (A) Represents control-gRNA at E10, while (B) displays images of Atoh1-gRNA. (C) The 

graph depicts the total number of HCs in E9+1 day in vitro (DIV) BP explants treated with EdU, and E10 BP in 

two condition groups: control-gRNA and Atoh1-gRNA. Student's t-tests. *P<0.05 indicates significance, while 

non-significant differences are denoted as "ns". 

 

This suggests the involvement of additional mechanisms in the hair cell regeneration 

process, extending beyond mere cell proliferation, such as phenotypic conversion or direct 

transdifferentiation of supporting cells. In line with the observed HC restoration, a significant 

population of HCs within Atoh1-crispants exhibited co-expression of Myosin7a and Sox2, 

markers typically associated with newly generated hair cells. Interestingly, a majority of these 

recently formed hair cells did not exhibit EdU labelling, indicating that they likely originated 

from the transdifferentiation of supporting cells. These findings indicate that hair cell 

restoration involves a dual response from supporting cells, comprising both direct 

transdifferentiation into hair cells and mitotic division. Our data suggests that 

transdifferentiation might initiates earlier at E9+1 DIV, while mitotic division becomes more 

prominent later. These observations are consistent with earlier studies suggesting that the 

regeneration of basilar papilla tissue may be facilitated by the mitotic division of supporting 

cells93,94. While direct transdifferentiation of supporting cells is thought to be the primary 

mechanism of hair cell regeneration in chick basilar papilla220,221. 
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4.8 Molecular Mechanism of HC Restoration 

To investigate the molecular regulators potentially involved in hair cell restoration, an 

explant approach was utilized as a preliminary test to screen modulators of signaling 

pathways that might influence HC restoration. Given the correspondence, we tested small 

molecules that modulate pathways involved in HC regeneration. The electroporated Atoh1-

gRNA and control-gRNA embryos were cultured in ovo until E10 and then subjected to 

basilar papilla dissection for explant culture over a 2-day in vitro period (Figure 4.12 A). It's 

worth noting that basilar papilla from chick embryos grown in explant culture for 2 days have 

maintained a morphology akin to that of in vivo basilar papilla. Based on earlier observations, 

the period between E10 and E12 appears to be the primary timeframe for HC restoration. 

During this 48-hour window of HC restoration, we administered small molecule treatments to 

modulate the Wnt signaling and Notch signaling pathway. We employed XAV-939, a Wnt 

signaling antagonist; CHIR, a Wnt agonist and DAPT, a Notch signaling inhibitor. DMSO 

served as the vehicle for these treatments and was used as a control.  

To quantifying the effects of these pharmacological inhibitors and agonists on the two 

pathways, we compared the number of HCs, as indicated by Myosin 7a staining, in two 

groups of embryos: Atoh1-gRNA and control-gRNA. We also compared HC numbers in both 

these electroporated groups at E10, prior to the 2-day in vitro treatment. The E10 dataset 

provides an approximate estimate of hair cell numbers during the E10 stage, facilitating a 

comparison with our explant dataset. Notably, at E10, the hair cell numbers in Atoh1-gRNA 

BP are approximately half of those in the control-gRNA (p-value). However, when we 

consider the DMSO vehicle control, Atoh1-gRNA have successfully recovered hair cells 

during the 2-day in vitro explant culture and are comparable to the control-gRNA after the 

48-hour treatment period. 
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4.8.1 Impact of Wnt Signaling Modulation on HC Restoration 

 

Wnt antagonist XAV939 

XAV939 is an effective small molecule inhibitor targeting the Wnt signaling pathway. Its 

mechanism of action involves selective inhibition of Wnt/beta-catenin-mediated transcription 

by blocking tankyrase1 and 2222. This inhibition results in enhanced protein stability of the 

axin, consequently facilitating the degradation of β-catenin and thereby inhibiting Wnt 

pathway downstream actions. It should be noted that XAV-939 treatment failed to restore 

hair cells in the basilar papilla of E10+2 DIV Atoh1-crispants (Figure 4.12 B, D, G). The 

number of HCs in XAV939 treated Atoh1-crispants remained unchanged after 2 days of 

explant culture, akin to the HCs count observed in E10 Atoh1-crispants. Following Wnt 

pathway inhibition, hair cell restoration in Atoh1-crispants was hindered, resulting in a 

significantly lower number of hair cells compared to the control-gRNA (P<0.0001). 

However, the DMSO-treated E10+2 DIV Atoh1-crispants demonstrated hair cell recovery 

(Figure 4.12 B, C, F). This suggests that Wnt inhibition is impeding HC proliferation, thus 

preventing the generation of new HCs. 

 

Wnt agonist CHIR99021 

Derived from aminopyrimidine, CHIR99021 is an effective inhibitor of both GSK3β and 

GSK3α subunits of glycogen synthase kinase (GSK) 3. As a vital inhibitor of the Wnt 

signaling pathway, GSK3, a serine/threonine kinase, is effectively antagonized by 

CHIR99021, resulting in the activation of Wnt signaling. In E10+2 DIV Atoh1-gRNA treated 

with CHIR99021, we observed hair cell restoration comparable to the control-gRNA under 

the same treatment, indicating successful recovery (Figure 4.12 B, E, H). Additionally, both 

Atoh1-gRNA and control-gRNA treated with CHIR99021 showed a modest increase in hair 

cell numbers compared to those treated with the DMSO vehicle control. These findings 

suggest that the Wnt agonist CHIR99021 not only stimulates hair cell restoration but also 

augments hair cell proliferation beyond the levels observed in the DMSO control condition 

within the same 48-hour timeframe. The resulting number of hair cells surpasses even the 

natural physiological state of wildtype E12 basilar papilla, indicating a remarkable increase in 

total hair cell count, leading to a supernumerary effect. 
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Figure 4.12: Wnt Signaling Effects on Hair Cell Restoration. (A) All chick embryos undergo electroporation at 

embryonic day 4 (E4). At E10, basilar papilla explants are isolated and treated with DMSO control and Wnt 

pathway modulators for two days in vitro. Finally, the explants are harvested at E10+2 days in vitro (DIV). (B) 

The graph illustrates the number of hair cells in a unit area with different pharmacological treatments in 

control-gRNA and Atoh1-gRNA basilar papilla explants. E10, serves as time point zero before explant starts. 

Student’s t-tests were conducted to calculate P-values, with **P<0.01 and ****P<0.0001 indicating statistical 

significance. (C-H) Images of basilar papilla explants from electroporated chick embryos, with a 10μm scale 

bar. All merged images feature phalloidin stained F-Actin in gray, Myo7a-labeled hair cells in magenta, and 

green indicating GFP expression from Tol2-eGFP plasmids. The left panel (C, D, E) displays images from 

basilar papilla explants, electroporated with the control guide, Tol2-eGFP plasmids and Cas9 protein. The 

right panel (F, G, H) shows images from the basilar papilla explants, electroporated with the Atoh1 guide, 

Tol2-eGFP plasmids and Cas9 protein. (C & F) represents the DMSO vehicle control. (D & G) are images from 

XAV939 treatment, a Wnt antagonist. (E & H) show images from CHIR99021 treatment, a Wnt agonist. 

 

4.8.2 Influence of Notch Signaling on HC Restoration 

 

Notch inhibitor DAPT 

DAPT is known for its ability to down regulate Notch pathway by gamma secretase 

inhibition, a protease complex required for canonical notch activation209,223. Our study 

corroborates previous research demonstrating that inhibiting the Notch pathway results in an 

excess of hair cells in zebrafish, chicks, and mice209,224–226, highlighting the crucial role of the 

Notch pathway in hair cell regeneration. In our experiments (Figure 4.13 A), DAPT treatment 

of E10+2 DIV Atoh1-gRNA led to the recovery of hair cells to a level comparable to that of 

the control-gRNA under the same explant conditions (Figure 4.13 B, D, F). Similar to 

CHIR99021, DAPT stimulates hair cell proliferation to a greater extent than the observed hair 

cell numbers in the DMSO treated E10+2 DIV explants for both Atoh1-gRNA and control-

gRNA (Figure 4.13 B, C, E). Furthermore, DAPT significantly influences the organization of 

HCs and SCs within the basilar papilla by disrupting the Notch pathway, which is crucial for 

mediating lateral inhibition during their differentiation. This disruption led to a striking 

increase in the interactions between adjacent HCs, resulting in a higher incidence of HC-HC 

contact at the E10+2 DIV stage (Figure 4.13 G). 
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Figure 4.13: Notch Signaling Effects on Hair Cell Restoration. (A) Diagram of the experimental setup for Notch 

inhibitor treatment: Electroporation at E4, followed by a two-day small molecule treatment at E10, and 

harvesting the basilar papilla at E10+2 DIV. (B) The graph illustrates the number of hair cells in a unit area 

with different pharmacological treatments in control-gRNA and Atoh1-gRNA basilar papilla explants. E10, 

serves as time point zero before explant starts. Student’s t-tests were conducted to calculate P-values, with 

**P<0.01 and ****P<0.0001 indicating statistical significance. (C-F) Images of basilar papilla explants from 

electroporated chick embryos, with a 10μm scale bar. All merged images feature phalloidin stained F-Actin in 

gray, Myo7a-labeled hair cells in magenta, and green indicating GFP expression from Tol2-eGFP plasmids. 

The left panel (C-D) displays images from basilar papilla explants, electroporated with the control guide, Tol2-

eGFP plasmids and Cas9 protein. The right panel (E-F) shows images from the basilar papilla explants, 

electroporated with the Atoh1 guide, Tol2-eGFP plasmids and Cas9 protein. (G) The graphs illustrate HC-HC 

contact in electroporated control-gRNA and Atoh1-gRNA, comparing E12 control basilar papilla with E10+2 

DIV basilar papilla explants treated with DMSO and DAPT. 

 

4.9 Signaling Dynamics in HC Restoration 

To investigate the spatial and temporal activity of Notch and Wnt signaling during hair cell 

restoration, we co-electroporated Atoh1-gRNA CRISPR/Cas9 components with reporter 

constructs for each pathway, one at a time. 

 

4.9.1 Notch Signaling Activity During HC Recovery 

In order to understand Notch regulation in Atoh1 knockout basilar papilla, we conducted co-

electroporation experiments that combined the pT2K-Hes5::nd2mScarlet plasmid, alongside 

with CRISPR/Cas9 components featuring either a control-gRNA or Atoh1-gRNA. pT2K-

Hes5::nd2mScarlet plasmid is a transposon construct which functions as a reporter for notch 

activity. The plasmid consists of the mouse Hes5 promoter to drive the expression of a 

destabilized and nuclear localized mScarlet fluorescent protein in Notch-On cells227.  The 

mScarlet expression is transient, with its presence limited to cells where Notch is active or 

recently active. Beyond a 10-hour timeframe, mScarlet expression diminishes due to its short 

half-life following Notch inhibition, as documented in prior research227. We noted a 

significant reduction in the population of Notch-On cells within the basilar papilla of Atoh1-

gRNA at E10 (Figure 4.14 B, D), in contrast to control-gRNA (Figure 4.14 A), with these 

cells identified based on the expression of mScarlet.  
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Figure 4.14: Notch Reporter Hes5::nd2mScarlet Activity during Hair Cell Restoration. The images are cross-

sections of the basilar papilla from electroporated chick embryos, with a 25μm scale bar. (A) and (B) are 

merged images of E10 basilar papilla, highlighting Myo7a-stained hair cells in magenta, DAPI-stained nuclei 

in gray, Notch-on cells labeled in yellow with the Hes5::nd2mScarlet reporter, and GFP expression in green. 

(A) depicts control-gRNA samples electroporated with the control guide, Tol2-eGFP plasmids, pT2K-

Hes5::nd2mScarlet, and Cas9 protein. (B) shows Atoh1-gRNA samples electroporated with the Atoh1 guide, 

Tol2-eGFP plasmids, pT2K-Hes5::nd2mScarlet, and Cas9 protein. (C) presents E11 Atoh1-gRNA samples with 

Phospho-Histone H3 (PH3) antibody-stained dividing cells in magenta, DAPI-stained nuclei in gray, Notch-on 

cells in yellow, and GFP expression in green. (D) is a graph representing the total number of Hes5+ cells in the 

E10 basilar papilla for control-gRNA and Atoh1-gRNA conditions, with statistical significance assessed using 

Student’s t-tests, where *P<0.05 indicates significance. 
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Hes5 Downregulation and Cell Cycle Re-entry 

We observed that Phosphohistone H3 (PH3), utilized for immunohistochemical labeling to 

identify mitotic cells in cross sections of the basilar papilla, exhibited staining in cells with 

diminished mScarlet expression located at the luminal surface, where hair cells are should be 

present (Figure 4.14 C). This intriguing observation is particularly noteworthy because Hes5, 

which drives mScarlet expression, is exclusively found in supporting cells. The reduced 

mScarlet expression in these cells suggests their transformation into new hair cells. The 

plausible explanation for this occurrence is that these cells were Notch-On supporting cells 

during an earlier developmental stage but subsequently switched off Notch activity to 

undergo conversion into hair cells. These findings strongly indicate that the downregulation 

of Hes5 in supporting cells promotes hair cell differentiation and further demonstrates that 

supporting cells can be induced to re-enter the cell cycle and give rise to new hair cells. Hes5 

is a well-known repressor of the Atoh1 transcription factor, playing a critical role in limiting 

the conversion of supporting cells into hair cells. This repression of Atoh1 by Hes5 is pivotal 

for maintaining a reservoir of undifferentiated supporting cells in the inner ear, a reserve 

crucial for hair cell regeneration following damage. 

 

4.9.2 Wnt Signaling Activity During HC Recovery 

For examining the Wnt signaling in during HC restoration in Atoh1-crispant basilar papilla, 

we used a transposon construct pT2K-5TCF::nd2mScarlet. This construct features 5 

TCF/LEF binding sites that regulate the expression of a destabilized and nuclear localized 

mScarlet protein in cells responsive to Wnt signaling during chick inner ear development. 

The nd2mScarlet exhibits a destabilized feature, allowing it to report on cells with activated 

Wnt signaling or those that have recently had Wnt activity. If the cells are not Wnt-

responsive or the Wnt activity has ceased more than 10 hours ago, there will be no expression 

of mScarlet. pT2K-5TCF::nd2mScarlet construct is co-electroporated with the pCAGGS-

T2TP (transposase) & pT2K-CAGGS-eGFP combined with CRISPR/Cas9 components 

featuring either control-gRNA or Atoh1-gRNA. 

We observed a significant increase in the number of Wnt-responsive cells within the 

basilar papilla of Atoh1-gRNA compared to those in the control-gRNA at E10 (Figure 4.15 

A-C). Wnt-responsive cells were identified by the expression of mScarlet in electroporated 

embryos. These results are consistent with prior research in the field, which highlights the 

essential role of canonical Wnt signaling in promoting proliferation in response to hair cell 

loss226,228. 
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Figure 4.15: Wnt Reporter 5TCF::nd2mScarlet Activity during Hair Cell Restoration. All the images are of 

whole-mounted basilar papilla at E10 from electroporated chick embryos, with a 10μm scale bar. (A) and (B) 

are merged images highlighting Wnt-responsive cells in magenta using the 5TCF::nd2mScarlet reporter, F-

Actin stained by phalloidin in gray, and GFP expression from Tol2-eGFP plasmids in green. (A) shows control-

gRNA samples electroporated with the control guide, Tol2-eGFP plasmids, pT2K-5TCF::nd2mScarlet, and 

Cas9 protein. (B) displays Atoh1-gRNA samples electroporated with the Atoh1 guide (pcU6.1-Atoh1-gRNA), 

Tol2-eGFP plasmids (pCAGGS-T2TP & pT2K-CAGGS-eGFP), pT2K-5TCF::nd2mScarlet, and Cas9 protein. 

(C) presents a graph illustrating the total number of Wnt-positive cells in the E10 basilar papilla for both 

control-gRNA and Atoh1-gRNA conditions. Statistical significance for comparisons between the two conditions 

was evaluated using Student’s t-tests, with *P<0.05 indicating significance. 
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Chapter 5: Discussion 

 

This thesis investigates the regenerative potential of the chick auditory epithelium following 

the targeted deletion of Atoh1, a critical gene for hair cell differentiation. Utilizing CRISPR-

Cas9 in ovo electroporation, we observed a remarkable capacity of the chick basilar papilla to 

restore hair cell numbers despite significant disruption of Atoh1. The targeted deletion of 

Atoh1 enables precise genetic manipulation, minimizing off-target effects and providing 

robust evidence for Atoh1's essential role in hair cell differentiation. Furthermore, this study 

underscores the significance of Wnt and Notch signaling pathways in the hair cell restoration 

process.  

This finding is particularly intriguing when compared to the mammalian auditory 

system, where supporting cells (SCs) in the organ of Corti exhibit a more specialized and 

limited regenerative capacity. In contrast, the chick basilar papilla contains a more 

homogenous and regenerative SC population229. While adult mammalian cochlear SCs 

generally lack regenerative potential, some studies suggest a possibility for limited 

regeneration in the neonatal cochlea and the adult vestibular system230. Birds can replace 

damaged hair cells in the inner ear. However, the mechanisms by which the basilar papilla 

senses the absence of a hair cell, activates quiescent progenitors, and proceeds with hair cell 

replacement remain unclear. This challenge is partly due to the inaccessibility of hair cell 

regeneration paradigms, which often require post-hatch stages of chicks. This study 

highlights the potential of the embryonic chick model to contribute valuable insights into the 

mechanisms underlying hair cell regeneration.   

 

5.1 Experimental Framework & Genetic Mosaicism 

In this study, we demonstrate a non-invasive approach to investigating hair cell 

differentiation and regeneration in the basilar papilla. Instead of using pharmacological drugs, 

acoustic trauma, or physical damage to eliminate hair cells, we employed a genetic ablation 

strategy targeting the Atoh1 gene using CRISPR-Cas9. This method allows for a controlled 

and precise manipulation of hair cell populations.  

Our experimental methodology is robust and includes two control groups: one with no 

injection, serving as an internal control, and another with a control-gRNA injection to 

account for potential electroporation-induced effects. Generating transgenic chickens presents 

a significant challenge due to the intricate structure of chicken zygotes and the unique 
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organization of chick embryos, making it difficult to produce germline genetically modified 

chickens. Moreover, Atoh1's essential role in various embryonic functions, particularly in 

neurogenesis, makes its deletion from germ cells embryonically lethal. Therefore, localized 

otic vesicle in ovo electroporation emerges as the optimal approach for knocking out the 

Atoh1 gene. In ovo electroporation enables the efficient delivery of the CRISPR-Cas9 system 

to the developing chick inner ear, facilitating targeted gene editing within the basilar papilla. 

We introduced CRISPR-Cas9 components along with Atoh1-gRNA, confining the genetic 

manipulation to the inner ear and avoiding interference with the rest of the embryo. This 

approach induces an inner ear-specific phenotype and generates genetic mosaicism within the 

basilar papilla, resulting in a mix of cells with distinct genotypes.  

This mosaicism creates a spatial variation in gene transfer within the tissue, providing 

an opportunity to assess the cell autonomy of a specific genetic modification or phenotype. 

By having a mixed population of cells—some with functional Atoh1 and others lacking it—

we can make direct comparisons and gain insights into cell-autonomous versus non-

autonomous effects. To track mosaic expression, we utilized Tol2-eGFP plasmids (pCAGGS-

T2TP & pT2K-CAGGS-eGFP), which integrate into the genome, marking GFP-positive cells 

as indicators of CRISPR-Cas9 editing and genetic alteration. However, in some instances, 

cells may be GFP-marked without undergoing successful CRISPR-Cas9 editing, resulting in 

no genetic modification. This failure could occur if a subset of cells received the Tol2-GFP 

plasmid but not the pcU6.1-Atoh1-gRNA construct, despite co-electroporation of both 

constructs. Other potential reasons include inefficient Cas9 cleavage, degradation of pcU6.1-

Atoh1-gRNA, or single-copy deletions of the Atoh1 gene within the electroporated cell. 

These instances are referred to as "escapers". Despite these caveats, this methodological 

approach provides a tool for understanding the mechanisms of hair cell differentiation and 

regeneration and offers insights into the potential for cell-specific genetic interventions. 

 

5.2 Homeostatic Control of Hair Cell Differentiation 

The homeostatic mechanism for regulating hair cell (HC) numbers in the chick basilar 

papilla, as identified in this study, has not been previously explored. Following Atoh1 

deletion at embryonic day 9 (E9), the epithelium manages to recover HC numbers completely 

by E12. This recovery is spatially organized, mirroring the natural progression of HC 

differentiation. The process of HC restoration can be described as either "Delayed 

Development" or "Ongoing Genesis". Delayed development refers to the disruption of the 
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normal timing of hair cell differentiation, resulting in a shifted timeframe for HC formation. 

Alternatively, ongoing genesis reflects the recovery of HC numbers to near-normal levels by 

E12 through homeostatic renewal.  

The differentiation of HCs after mosaic deletion throughout the basilar papilla 

involves signals acting on progenitor cells in the sensory epithelium. In areas where HCs 

were deleted, surrounding supporting cells that did not receive the Atoh1-gRNA convert into 

HCs. This ongoing genesis is part of a homeostatic mechanism ensuring the proper number of 

HCs required for the physiological process of hearing. The tissue homeostatic mechanism 

maintains equilibrium in HC numbers for auditory sensory response, potentially involving the 

resurrection of HCs for tissue maintenance.  

The observed embryonic stages from E9 to E12 are critical for several reasons. First, 

these stages capture the transition from exponential growth to a stationary growth phase of 

HC differentiation within the basilar papilla. E9 represents the exponential phase with 

increased HC differentiation, while by E12, HC numbers stabilize, reaching a plateau similar 

to mature basilar papilla levels217. Second, significant changes in the arrangement of hair and 

supporting cells occur between E9 and E12, marking a crucial developmental period. At E9, 

most cells in the basilar papilla exit the cell cycle, and by E12, the apical surfaces of 

supporting cells compress, resembling the pattern seen in the mature papilla. In wild-type 

basilar papilla, hair cell differentiation reaches a stationary phase by E12. However, in 

Atoh1-crispants, this process is delayed, leading to continued exponential HC differentiation 

and an increased number of HCs even at E12. This secondary HC formation provides 

valuable insights into the restoration process, cellular proliferation, cell fate determination, 

and the establishment of polarity. The disruption caused by the absence of HCs in tissue 

organization closely resembles scenarios with reduced HC numbers compared to the 

wildtype. 

 

5.3 HC Restoration as HC Regeneration Model 

This study proposes that hair cell restoration, observed after Atoh1 depletion in the chick 

basilar papilla, can serve as a valuable model for understanding hair cell regeneration. 

Despite being distinct processes with different initiating factors, restoration and regeneration 

share significant similarities. Both rely on Wnt and Notch signaling pathways to regulate cell 

fate decisions and promote hair cell formation. Additionally, both processes can utilize 

proliferative and non-proliferative pathways, or even transdifferentiation, to generate new 
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hair cells. These shared mechanisms support the use of restoration as a model to study the 

broader phenomenon of hair cell regeneration. Further strengthening this connection is the 

observed "restoration wave" in our study. Unlike previous hair cell regeneration models 

where newly generated cells filled damaged areas, our Atoh1-depleted regions exhibited 

restoration progressing from the distal to proximal side, mimicking the natural development 

pattern of hair cells. This suggests potentially shared regulatory mechanisms between 

embryonic development and regenerative self-repair.  

Interestingly, the basilar papilla in our study maintained its overall size despite 

targeted hair cell loss through Atoh1 deletion. This suggests that the "absent" hair cells might 

exist in a progenitor state, unable to differentiate due to the genetic alterations. However, 

neighboring supporting cells demonstrate a remarkable ability to transdifferentiate into hair 

cells, compensating for the loss. The observed proliferative dynamics further support this 

notion. In the regenerating chick cochlea and utricle, there is a peak in proliferation at 48 

hours after ototoxic injury231. We observe similar dynamics in Atoh1-crispants, with direct 

transdifferentiation initiating as early as within 24 hours. The recovery of hair cells by E12 

demonstrates the remarkable ability of the basilar papilla's homeostasis to rapidly compensate 

for missing hair cells. These findings underscore the importance of studying E9 to E12 

embryonic stages for a comprehensive understanding of hair cell development and related 

research. 

 

5.4 Supporting Cells are Hair Cell Progenitors 

The restoration of hair cell numbers in regions where Atoh1-gRNA specifically restricted hair 

cell fate highlights the remarkable plasticity and dynamic nature of supporting cells within 

the sensory epithelium232. Their characteristic pseudostratified morphology, allowing for 

movement within the epithelium, could facilitate migration and restoration of hair cell-

depleted patches through mitotic division or transdifferentiation. This pseudostratified 

morphology might also contribute to preserving "stemness," the ability to self-renew and 

differentiate into other cell types. These characteristic positions supporting cells as potential 

progenitors in hair cell regeneration. However, the specific subtypes of supporting cells 

involved in regeneration remain unclear in avian models. It is suggested that only specific 

types of supporting cells that possess the competence to undergo the transformation are 

required for hair cell regeneration, although concrete evidence supporting this notion is 

currently absent.  
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In our investigation of Atoh1-crispants, we began to question the identity of the cells 

that had taken the place of the missing hair cells. These cells could potentially represent 

sensory precursors, progenitors, or are just supporting cells. Our hypothesis is that all 

supporting cells have the potential to become hair cell progenitors. Based on their 

morphology and the expression of the Hes5 repressor, it is likely that these cells are indeed 

supporting cells. The decline in Hes5 expression, as demonstrated in this study, reflects the 

shift from the quiescent state of supporting cells to re-entering the cell cycle. However, 

findings in the study from inhibitory explant using DAPT, a Notch signaling inhibitor, 

present a contrasting view. Control-gRNA explants treated with DAPT displayed a modest 

increase in HC number, similar to the level of hair cell restoration observed in Atoh1-crispant 

BP explants treated with the same DAPT treatment. This modest increase suggests that only a 

subset of supporting cells might possess progenitor potential, and HC depletion might be 

stimulating these specific progenitor-competent supporting cells to differentiate into hair 

cells.  

Furthermore, we observed that the initiation of supporting cell transdifferentiation 

precedes that of supporting cell asymmetric mitotic division. Interestingly, the restorative 

process primarily occurs via transdifferentiation, which significantly outpaces the 

contribution of asymmetric mitotic division in terms of hair cell replenishment. When hair 

cells die, they are extruded, creating voids in the sensory epithelium. These voids are filled by 

supporting asymmetric cell division, generating new hair cell and replenishing the supporting 

cell undergoing division. However, in our experimental Atoh1-crispant basilar papilla 

phenotype, hair cell death is absent. The preference for transdifferentiation can be ascribed to 

the abundant reservoir of supporting cells in the tissue. Opting for mitotic division as the 

dominant mode for hair cell generation could risk disturbing the intricate organization and 

arrangement of the sensory epithelium. 

 

5.5 Signaling Mechanism of HCs Restoration 

Our neighbour number analysis of the Atoh1-crispants BP has provided valuable insights into 

the disrupted arrangement and organization of hair cells and supporting cells. It appears that 

this disruption is sensed by supporting cells, which recognize the absence of neighbouring 

hair cells, triggering a molecular switch within the supporting cells to initiate the process of 

hair cell regeneration. We propose a two-phase model for hair regeneration involving: an 

initial "trigger" phase followed by a subsequent "switch" phase, each with distinct cellular 
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signalling. Our hypothesis suggests that the initial trigger for supporting cell conversion into 

hair cells is facilitated through juxtacrine signaling. Once the trigger is activated, Wnt/β-

catenin signaling takes over, driving hair cell regeneration. Our research highlights a 

coordinated interplay between the Notch and Wnt signaling pathways in orchestrating the 

complex process of hair cell regeneration, with Notch serving as the initiator and Wnt as the 

subsequent driver of this remarkable regenerative phenomenon. For hair cell regeneration, 

active canonical Wnt signaling promotes sensory hair cell production, especially in non-

mammalian vertebrates like avians, while its inhibition hinders hair cell proliferation and 

regeneration. Both the Notch and Wnt signaling pathways wield their influence over Atoh1, 

albeit with opposing effects: Notch acts as an antagonist, while Wnt functions as an agonist. 

In the Atoh1-crispant phenotype, supporting cells lacking neighboring hair cells 

experience disrupted Notch signaling due to the absence of Notch-Delta interactions. This 

leads to a reduction in NICD that normally suppresses Atoh1 expression via Hes5 regulation. 

Our findings corroborate this by demonstrating reduced pT2K-Hes5::nd2mScarlet reporter 

activity during hair cell restoration. It does imply that SC fate needs to be maintained by 

continuous Delta interaction and in the absence of NICD, Atoh1 expresses due to the 

subsequent loss of Hes5 inhibition, initiate a compensatory hair cell fate determination 

pathway. In contrast to the suppression of Notch signalling during HC restoration, a 

canonical Wnt reporter pT2K-5TCF::nd2mScarlet is upregulated in response to mosaic Atoh1 

deletion. Downstream Wnt molecule β-catenin regulates Atoh1 expression due to its 

interaction with Tcf-Lef sites in the Atoh1 enhancer93,180. Our observations align with 

previous studies, where Notch inhibition induces the overexpression of β-catenin and 

activation of Wnt target genes in the supporting cells of postnatal mice cochlea167. These 

findings suggest a potential role for β-catenin in initiating Atoh1 expression, facilitating hair 

cell formation during HC restoration. 

Understanding the impact of impairing both the "trigger" (Notch) and the "switch" 

(Wnt) on supporting cell-to-hair cell conversion during HC restoration, we conducted a two-

day in vitro pharmacological treatment in control-gRNA and Atoh1-gRNA basilar papilla. 

Inhibition of Wnt signaling using XAV939 prevents HC restoration, suggesting that Wnt 

signaling is essential for maintaining a progenitor pool capable of generating new hair cells. 

This implies that β-catenin stabilization is crucial for HC conversion in the BP, and in its 

absence these progenitor cells/supporting cells enter a cell cycle exit (G0 phase). The Wnt 

agonist CHIR99021, an inhibitor of GSK-3β, promotes a modest increase in hair cell 

numbers. Given that GSK-3β also regulates Notch signaling by phosphorylating NICD, the 
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observed effects of CHIR99021 could be attributed to alterations in both Wnt and Notch 

pathways233. It is possible that GSK-3β-mediated NICD degradation effectively releases the 

Notch mediated maintenance of SC/progenitor fate. The precise nature of the crosstalk 

between Wnt and Notch signaling pathways remains elusive, with the mechanisms 

underlying their potential interactions yet to be elucidated. 

 

5.6 Implication of the Studies 

Our knowledge of auditory biology has greatly progressed with the identification of particular 

genes related to inner ear function234,235. The lack of function in these genes leads to the 

degeneration of several cell types, especially HC236–239. Many cases of hereditary deafness are 

caused by mutations in genes encoding for cytoskeletal, structural, or channel proteins. This 

study demonstrates the feasibility and effectiveness of CRISPR/Cas9 gene editing in the 

chick embryo basilar papilla. Further, the ability to test small molecule pharmacological 

inhibitors and activators on genetically altered Crispant BPs can facilitate understanding 

signaling pathways involved in hair cell regeneration.  

In this study, by precisely altering specific genes within the basilar papilla, we 

genetically ablated Atoh1, the master regulator gene for hair cells, resulting in a reduced 

number of hair cells. We then observed the restoration of hair cell numbers, suggesting a 

remarkable capacity for the sensory epithelium to maintain homeostasis. The recovery of hair 

cell numbers in Atoh1-crispant basilar papilla (BP) to wild-type BP hair cell numbers 

indicates a homeostatic mechanism. This homeostatic mechanism in supporting cells involves 

Wnt and Notch signaling and their crosstalk to determine the required hair cell number for 

functional physiology. The study highlights the complex interplay between Wnt and Notch 

signaling pathways in regulating hair cell fate and regeneration.  

The implications of our study extend to the development of gene therapy approaches 

aimed at restoring hair cell function and treating hearing loss. The observed restoration of 

hair cells following Atoh1 depletion, a process potentially mimicking regeneration, suggests 

the involvement of similar molecular mechanisms. In both restoration and regeneration, the 

pseudostratified morphology of supporting cells with progenitor-like potential enables them 

to contribute to hair cell recovery through transdifferentiation or mitotic division.  

The ability to genetically ablate genes and observe the effects on hair cells within the 

basilar papilla provides a model for studying the molecular mechanisms underlying hair cell 

formation and function. Using this genome-editing model, we can examine various cell 
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signaling pathways and their phenotypes in detail, as demonstrated with key genes such as 

Vangl2218 and Actin4 (Data not shown here), which play crucial roles in hair cell orientation 

and cytoskeletal integrity, respectively. This research provides the groundwork for 

developing gene therapies to restore hearing. While the chick model offers valuable insights, 

translating these findings to humans necessitates further investigation. 

 

5.7 Limitation of the study 

While the study demonstrates remarkable hair cell (HC) number restoration in the chick 

basilar papilla (BP) following mosaic Atoh1 deletion, several key areas require further 

investigation to fully understand the phenomenon's potential for HC regeneration. One 

crucial aspect is functional recovery. Although the study reports restored HC numbers, the 

limited timeframe (observation at E12) restricts our understanding of the long-term stability 

of restored HCs. It's vital to investigate whether these cells persist over time and if there are 

any delayed effects. Long-term studies are essential to assess the if these restored HCs exhibit 

normal electrical properties and contribute to functional hearing. Another critical question 

remains unanswered: the cellular origin of the newly generated HCs. The study proposes two 

possibilities: (1) a yet-to-be-identified pool of progenitor cells within the BP, or (2) existing 

supporting cells undergoing transdifferentiation. Lineage tracing experiments and single-cell 

RNA sequencing could provide valuable insights into this process. 

The study utilizes CRISPR-Cas9 for targeted mosaic Atoh1 deletion. While aiming 

for specificity, off-target effects are a possibility, potentially influencing the results. Future 

studies could employ additional controls to mitigate this concern. The study demonstrates the 

influence of Wnt signaling modulation on HC restoration. However, a deeper understanding 

of the intricate interplay between Wnt and Notch pathways, both crucial for hair cell 

development and regeneration, is lacking. These pathways don't function in isolation but 

engage in complex crosstalk, influencing each other's activity.  Future studies should explore 

this interplay in more detail. Furthermore, the study observes that inhibiting Wnt signaling 

with XAV-939 blocks HC restoration, but the underlying molecular mechanisms remain 

unclear. Does Wnt inhibition directly affect HC differentiation gene expression, or does it 

alter the balance of Notch signaling, indirectly impacting HC regeneration? Elucidating these 

mechanisms is essential for a more comprehensive understanding. Isolating signalling 

pathway manipulation risks unintended consequences. Wnt activation for HC regeneration 
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could disrupt supporting cell fate or cochlear development if Notch signaling is not well-

regulated.  

The chick model, while valuable, has limitations in its generalizability to mammals. 

Although some hair cell regeneration mechanisms might be conserved in the mammalian 

organ of Corti, the greater heterogeneity of supporting cell types in mammals compared to 

non-mammalian organisms makes direct translation to the human hearing system 

challenging. Future research could enhance translational relevance by exploring similar in 

utero electroporation approaches in mammalian models, such as mice, targeting Atoh1 

deletion in the otocyst at embryonic stages using CRISPR. 

 

5.8 Future Directions 

Building upon the foundation established in this study, future research can delve deeper into 

the observed hair cell (HC) restoration process and address the limitations of the study. 

 

5.8.1 Live-Cell Imaging and Reporter Assays 

To elucidate the real-time dynamics of supporting cell conversion into HCs, future studies 

could employ live-cell imaging techniques. This would allow visualization of morphological 

changes in supporting cells, such as shape and size alterations, during transdifferentiation. 

Additionally, utilizing reporters for Wnt and Notch signaling pathways will enable 

researchers to capture the dynamic nature of this process. Analyzing the expression patterns 

of key components (ligands, receptors, target genes) of these pathways through live-cell 

imaging could provide valuable insights into their temporal and spatial activity during HC 

restoration. 

 

5.8.2 Dissecting Wnt/Notch Crosstalk 

While this study demonstrates the independent upregulation of Wnt signaling following HC 

deletion, it leaves unanswered questions regarding the detailed mechanisms of Wnt signaling 

and its interaction with the Notch pathway. Future investigations could explore whether 

manipulating Wnt signaling influences Notch activity during hair cell regeneration. This 

could involve using specific Wnt agonists (like CHIR99021) and antagonists (like XAV939) 

to observe their impact on Notch reporter activity. Furthermore, employing more specific 

agonists and antagonists can dissect the individual contributions of different Wnt and Notch 

signaling pathways.  Investigating the role of ß-catenin stabilization in maintaining progenitor 
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cell fate within the basilar papilla (BP) through Wnt signaling, and the potential role of GSK-

3β in facilitating NICD (Notch Intracellular Domain) phosphorylation in the inner ear, would 

provide valuable insights into the complex interplay between these pathways during cochlear 

regeneration. Unveiling these interactions could illuminate potential avenues for future 

therapeutic interventions. 

 

5.8.3 Computational Modeling and Functional Assays 

While this study focuses on experimental data, incorporating computational modeling with 

quantitative analysis of cell contact changes and simulations could offer a deeper 

understanding of the dynamic interplay between cellular rearrangements, signaling pathways, 

and HC differentiation. Additionally, expanding the scope beyond HC number restoration to 

include functional assays, such as electrophysiology or auditory brainstem response 

measurements, would provide a more comprehensive understanding of the restored hair cells' 

functional capacity. 

 

5.9 Conclusion 

This study demonstrates a model using CRISPR-Cas9 mediated targeted gene deletion in the 

somatic otocyst of embryonic chicks to investigate hair cell (HC) differentiation, 

development, and regeneration regulators. It reveals a homeostatic mechanism for regulating 

HC restoration in the chick basilar papilla. Mosaic deletion of Atoh1 depletes HC numbers at 

E9, but they are restored by E12, suggesting a homeostatic mechanism that regulates HC 

numbers. The study sheds light on how the basilar papilla might sense HC absence, activate 

quiescent progenitors, and replace HCs through a series of not yet defined signaling steps. 

Pharmacological inhibitor studies in explant culture indicate a role for Wnt/Notch crosstalk in 

HC restoration in basilar papilla. Notch signaling maintains quiescent progenitor status, while 

canonical Wnt signaling promotes activation, suggesting a potential interplay between Wnt 

and Notch signaling in HC restoration. This exploration opens new avenues for future 

research aimed at harnessing the regenerative potential of the inner ear to combat hearing 

loss. While many questions remain unanswered. 
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