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Figure S1. oc-IHCs display the same physiological properties as IHCs.  
A,B) Whole cell recordings reveal that oc-IHCs lack small Ik,n (KCNQ4-mediated) characteristic of 
OHCs and instead display the IHC-characteristic Ik,f (BK-mediated). Examples of voltage-dependent 
whole-cell currents recorded in IHCs (blue), oc-IHCs (red) and OHCs (green) are shown in (A) and 
current-voltage (I-V) relationships summarized in B.  
C,D) Immunohistochemistry confirms that oc-IHCs do not express KCNQ4 potassium channels as 
control OHCs do (C), but instead express BK potassium channels like IHCs (D).  
E) Representative recordings of cell membrane electric capacitance (Cm). The capacitance changes 
characteristic of electromotile OHCs (green) are not detected in oc-IHCs (red) or IHCs (blue). Visual 
observation confirmed that while all (n=17) recorded OHCs were electromotile, none of the oc-IHCs 
(n=6) or of the IHCs (n=10) were electromotile.  
F) FM1-43 uptake reveals that oc-IHCs mechanotransduce. FM1-43 enters hair cells through their 
mechanotransduction channel (69). Cochlear explants were incubated with FM1-43 for 20sec before 
washout and imaging. IHCs, OHCs and oc-IHCs were labelled, but other cells in the cochlea were not. 
Transformed cells (oc-IHCs) were revealed by a post-fix and immunostaining for Calb2, which 
differentially labels IHCs and oc-IHCs vs. OHCs in the Insm1 cKOs (middle right panels), and are 
indicated by a yellow outline in the bottom panels.   



 
 
Figure S2. oc-IHCs are separated from the tunnel of Corti and inner compartment.  
A top view of whole mount control and Insm1 cKO cochlea (middle turn) with alpha-tubulin labelling 
IPCs, OPCs and DCs. The lower panels have the top (more apical) sections removed to better visualize 
the IPC and OPC columnar processes (middle panels) and Calb2 labelled type I afferent fibers crossing 
into the outer compartment (lower panel, red arrows). 
  



 
 
Figure S3. Innervation of oc-IHCs is already apparent by birth, and is independent of clustering 
and only weakly correlated with distance from the IHCs.  
A) Whole mount views of P0 control and mutant cochlea (middle turns) immunostained for 
parvalbumin to label hair cells (with higher intensity staining in the IHCs and oc-IHCs relative to 
OHCs), and neurofilament 200 (NF200) to label all fibers. In control animals all fibers that cross into 
the outer compartment are determined to be type II afferents as they turn towards the base. In contrast, 
fibers are observed to cross into the outer compartment (brackets in top view and arrows in side view) 
when oc-IHCs are present (denoted by a ‡). 



B) The number of type I afferent fibers that innervate an oc-IHC is weakly correlated with the relative 
distance from the row of IHCs to the oc-IHC (R2 = 0.4, n=123).  
C,D) The average number of type I afferent fibers that reach an oc-IHC is not significantly different for 
oc-IHCs that are in isolation i.e. surrounded by wildtype OHCs (isolated, blue bar) vs. oc-IHCs 
surrounded by neighboring oc-IHCs (clustered, red bar). The graph in C) shows data for all oc-IHCs 
(n=147, p=0.3, students unpaired t-test), while D) is plotted using data only from third row oc-IHCs 
(n=17, p=0.9, students unpaired t-test). Error bars represent standard deviation. E) Whole mount top 
and side views of Insm1 cKO cochleae (from middle turns) provide additional examples of second and 
third row oc-IHCs that receive at least one Calb2 positive type I afferent fiber. The row number is given 
for each individual oc-IHC. 
  



 
Figure S4. Efferent boutons (vAChT+) terminating near oc-IHCs have the small volume 
characteristic of those terminating near IHCs.  
A) Quantification of the volumes of individual vAChT-positive efferent terminals associated with 
IHCs, OHCs and oc-IHCs. The average volumes of terminals associated with mutant IHCs and OHCs 
were indistinguishable from those observed in control animals  (N≥23, One-way ANOVA, followed by 
Tukey’s multiple comparisons test; IHCs control vs. mutant, p>0.999; OHCs control vs. mutant, 
p=0.5256). vAChT-positive efferent terminals observed close to oc-IHCs that were innervated by a type 
I afferent fiber were small in size, and indistinguishable from those observed in IHCs (Innervated oc-
IHCs vs. IHCs, p>0.999) and significantly different from OHCs (innervated oc-IHCs vs. OHCs, 
<0.0001). Error bars represent standard deviation.  
B) An additional example of a second and third row oc-IHC that each receive a type I afferent fiber 
with associated axodendritic efferent termination. Side view of an Insm1 cKO cochlea (middle turn) 
immunolabeled for Calb2 (green) and vAChT (red) to distinguish type I afferent fibers and efferent 
terminals, respectively. ‡ denotes oc-IHCs with the corresponding row number labelled above. 
  



 
Figure S5. Immunohistochemistry for CGRP and Na+/K+-ATPase alpha 3 distinguish LOC 
efferent from type I afferent fibers.  
A, A’) Whole mount view of radial fibers projecting towards and spiraling in the ISB, under the IHCs, 
of a middle turn from a control adult (Insm1F/F) cochlea. Fibers were immunostained with antibodies 
against Na+/K+-ATPase alpha 3 (labelling MOCs and type I afferents in green) and CGRP (labelling all 
efferent fibers in cyan). The dashed line indicates the region magnified in A’ (top-view). In A, arrows 
point to radial and ISB CGRP-labeled fibers that are not co-labeled with Na+/K+-ATPase alpha 3, and 
are thus LOC fibers (CGRP+/ATPase-). In A’, the CGRP+/ATPase- LOCs are indicated with an (L), 
while the asterisk (*) indicates one of the many type I afferents that are CGRP-/ATPase+.  



B) Top view of an adult Insm1 cKO cochlea with Na+/K+-ATPase alpha 3 labelling MOCs and type I 
afferents (green) and CGRP labelling all efferent fibers (white). Parvalbumin labels IHCs and oc-IHCs 
with greater intensity than OHCs. Type I fibers (*), outlined with brackets projecting to the oc-IHC (‡), 
are labelled by Na+/K+-ATPase alpha 3, and not CGRP, while a MOC fiber reaching the oc-IHC is 
labelled by both (yellow arrow, M). 
  



 
Figure S6. Peripherin labelled type II fibers cross into the outer compartment and turn towards 
the base.  
Whole mount view of cochlea from A) P7 Insm1F/F and Atoh1Cre/+; Insm1F/F or B) P10 Tg(Prph1-
EGFP); Insm1F/F and Tg(Prph1-EGFP); Atoh1Cre/+; Insm1F/F animals. Arrows depict peripherin (A) or 
peripherin-GFP (B) labelled type II fibers that cross into the outer compartment and turn correctly 
towards the base in both control and mutant cochlea, despite the presence of oc-IHCs (denoted by ‡) in 
the mutant.  
  



 
 
Figure S7. Afferent fibers innervate oc-IHCs in the absence of efferent fibers.  
Whole mount view of cochlear explants cultured at P2, prior to the arrival of efferent fibers in the outer 
compartment. Explants were fixed and stained for Calb2 after 6DIV. In explants from control mice, 
Calb2 positive fibers do not cross into the outer compartment, as expected (A). In explants from Insm1 
cKOs, Calb2 positive fibers cross into the outer compartment to innervate oc-IHCs (A’ and 3D 
construction in A’’), as they do in intact mutant animals. 
  



 

 
 
Figure S8. Type I afferents contact oc-IHCs in a manner that is primarily independent of 
tonotopic location. The number of A) Calb2-positive type I afferent fibers contacting oc-IHCs or B) 
CtBP2 positive puncta were counted per cochlear turn (where 1 is the most apical, and 4 is the most 
basal). A Kruskal-Wallis test followed by Dunn’s multiple comparisons revealed no significant 
differences (p>0.4). N= at least 4 independent cochleae counted. 
  



Feature IHCs OHCs oc-IHCs Reference 
 

Fgf8 mRNA 
 

Present Absent Present Wiwatpanit et al. (40) 

 
Bcl11b  

 
Absent Present Absent Wiwatpanit et al. (40) 

 
Rprm mRNA 

 
High  Low  High  Wiwatpanit et al. (40) 

 
Tbx2 mRNA 

 
Present Absent Present Wiwatpanit et al. (40) 

 
Id4 mRNA 

 
High  Low  High  Wiwatpanit et al. (40) 

 
Brip1 mRNA 

 
Present Absent Present Wiwatpanit et al. (40) 

 
Car13 mRNA 

 
Present Absent Present Wiwatpanit et al. (40) 

 
Pink1 mRNA 

 
Present Absent Present Wiwatpanit et al. (40) 

 
Lrrn1 mRNA 

 
Present Absent Present Wiwatpanit et al. (40) 

 
Neuroplastin at 

stereocilia 
 

Low High Low Wiwatpanit et al. (40) 

 
VGlut3  

 
Present Absent Present Wiwatpanit et al. (40) 

 
Calmodulin  

 
High Low High Wiwatpanit et al. (40) 

 
Oncomodulin  

 
Undetected Present Undetected Wiwatpanit et al. (40) 

 
Prestin  

 
Absent Present Absent Wiwatpanit et al. (40) 

 
Calb2  

 
High  Low  High  Fig. 2, this study 

 
Parvalbumin >P7 

 
High  Low  High  Fig. 6, this study 

Ribeye (CtBP2) puncta Multiple puncta 
(more than 1-2)  

1-2 puncta, 
absent from 

nucleus 

Multiple puncta 
(more than 1-2)*  

Wiwatpanit et al. (40); 
Fig. 3, this study 

 
CtBP2 in nucleus 

 
Present Undetected Present Wiwatpanit et al. (40); 

Fig. 3, this study 

 
GluR2/3 puncta 

 

Apposed to 
CtBP2 Mainly absent Apposed to 

CtBP2* Fig. 3, this study 



 
Stereocilia 

 

Straight and 
long 

V-shaped and 
short Straight and long Wiwatpanit et al. (40) 

 
Cell shape 

 
Flask shape Cylindrical Flask shape Wiwatpanit et al. (40) 

 
Nuclear size 

 
Large Small Large Wiwatpanit et al. (40) 

 
BK expression 

 
Present Undetected Present Fig. S1, this study 

 
KCNQ4 expression 

 
Undetected Present Undetected Fig. S1, this study 

 
Potassium currents 

 
Ik,f-mediated Ik,n-mediated Ik,f-mediated Fig. S1, this study 

 
Electromotility 

 
No Yes No Fig. S1, this study 

 
Table S1. Transformed cells display all known features tested of IHCs and lack all known 
features tested of OHCs. 
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