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Axodendritic versus axosomatic cochlear efferent 
termination is determined by afferent type 
in a hierarchical logic of circuit formation
Jemma L. Webber1, John C. Clancy1, Yingjie Zhou1, Natalia Yraola1,  
Kazuaki Homma2,3, Jaime García-Añoveros1,3,4*

Hearing involves a stereotyped neural network communicating cochlea and brain. How this sensorineural 
circuit assembles is largely unknown. The cochlea houses two types of mechanosensory hair cells differing in 
function (sound transmission versus amplification) and location (inner versus outer compartments). Inner 
(IHCs) and outer hair cells (OHCs) are each innervated by a distinct pair of afferent and efferent neurons: IHCs 
are contacted by type I afferents receiving axodendritic efferent contacts; OHCs are contacted by type II affer-
ents and axosomatically terminating efferents. Using an Insm1 mouse mutant with IHCs in the position of 
OHCs, we discover a hierarchical sequence of instructions in which first IHCs attract, and OHCs repel, type I 
afferents; second, type II afferents innervate hair cells not contacted by type I afferents; and last, afferent fiber 
type determines if and how efferents innervate, whether axodendritically on the afferent, axosomatically on 
the hair cell, or not at all.

INTRODUCTION
The mammalian cochlear sensory epithelium, the organ of Corti, has 
two types of mechanosensory hair cells, each innervated by a distinct 
type of afferent and efferent neuron (1). Together, these sensorineu-
ral components form a circuit that subserves the sense of hearing. 
Inner hair cells (IHCs) are arranged in a single row extending along 
the length of the cochlea and situated in the medial (also termed 
neural) portion of the organ of Corti, which we refer to as the inner 
compartment. Outer hair cells (OHCs) are arranged in three rows 
situated in the lateral (or abneural) region of the organ of Corti, 
which we refer to as the outer compartment. IHCs and OHCs differ 
in both morphology and function, with IHCs transmitting the bulk 
of sensory input to the brain and OHCs fine-tuning and amplifying 
the incoming auditory signals (2–5). This dichotomy is also evidenced 
by the distinct environments that surround the IHCs and OHCs, 
with unique types of supporting cells [inner border cells (IBCs), in-
ner phalangeal cells (IPhCs), and inner pillar cells (IPCs) versus 
outer pillar cells (OPCs), Deiters’ cells (DCs), and Hensen’s cells) 
housed within the inner or outer compartment (Fig. 1A) (6–8), as 
well as by the differential afferent and efferent innervation.

Afferent innervation relays information from the cochlea to the 
central auditory system, via two types of neurons that reside in the 
cochlear spiral ganglion. Type I afferents, which comprise most of 
the spiral ganglion neurons (SGNs), send out processes that each di-
rectly synapse onto a single IHC (9). Each IHC, in turn, is contacted 
by 10 to 20 type I afferents, each of which form specialized ribbon 
synapses, in which a presynaptic ribbon, surrounded by glutamate- 
filled vesicles in an IHC, apposes a postsynaptic type I afferent nerve 

ending endowed with glutamate receptors (GluR2/3) (10). Type II 
afferents, which comprise ~5% of the SGNs, send processes that do 
not form synapses with the IHCs and instead bypass them to enter 
the outer compartment (11). Once in the outer compartment, type 
II fibers turn toward the base of the cochlea and extend under the 
OHCs, with which they contact by projecting short, thin collaterals, 
so that each type II afferent innervates multiple OHCs (Fig. 1B).

Two types of efferent fibers provide descending information from 
the central auditory system to modulate hair cell and afferent neu-
ronal activity. These efferent neurons originate in the lateral versus 
medial superior olive (LSO or MSO, respectively) of the brainstem 
and project into the cochlear organ of Corti (12). The lateral olivo-
cochlear (LOC) efferents innervate the inner compartment but do 
not synapse onto the IHCs. Instead, LOC terminals form axoden-
dritic synapses with the numerous type I afferent fibers innervating 
the IHCs (Fig. 1B) (13). In the mature cochlea, medial olivocochlear 
(MOC) efferents project into the outer compartment and form di-
rect axosomatic synapses with the OHCs, in close association with 
the boutons of the type II afferents (Fig. 1B) (14). This intricate cir-
cuit is reiterated along the length of the organ or Corti. Functionally, 
the IHC to type I afferent synapses transmit the bulk of the auditory 
information to the brain, while the OHCs primary role is amplifi-
cation, with the efferents providing feedback and modulating the 
response to noise (15, 16). We know little, however, about how this 
sensorineural circuit is developmentally assembled.

In mouse, cochlear hair cell progenitors exit the cell cycle around 
E12.5 (embryonic day 12.5) to E14.5 in an apical to basal gradient 
along the length of the cochlea (17, 18), and nascent hair cells begin 
to differentiate, in the reverse direction, starting at the base ~E14.5 
(19). SGNs extend projections toward the developing cochlear epi-
thelium before hair cell differentiation (~E12.5), but they halt at the 
edge of the spiral lamina and only begin to contact IHCs as they 
differentiate (20, 21). Thus, in the base of the cochlea, type I afferents 
contact the IHCs in the inner compartment around E14.5, while 
type II afferents are first unambiguously detected in the outer com-
partment ~E18.5 (20, 22–24). By birth, the differential innervation 
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of IHCs by radial type I afferents and of the outer compartment 
by “spiraling” type II afferents beneath the OHCs has been estab-
lished (23, 25). However, the type II collateral extensions that 
contact the OHCs are not apparent until around postnatal day 8 
(P8) (26–28).

At least two antagonistic signaling cues operate in the outer com-
partment early in development to prevent its innervation by type I 
afferents: (i) OHCs express the membrane-bound repulsive ligand 
ephrin-A5, whose receptor, Eph4, is expressed by type I afferents 
(29); and (ii) OHCs and other cells in the outer compartment also 
express the secreted chemorepellent Semaphorin 3F, which acts 
through the neuropilin 2 receptor on the neurons to prevent type I 
afferent neurite extension (23). In contrast, little is currently known 
about what guides type II afferents. Supporting cells ensure that 
type II fibers turn correctly toward the base upon entering the outer 
compartment (30–33). However, it is unclear why type II afferents 
pass by IHCs but fail to innervate them. It has been hypothesized 
that type I fibers innervating the IHCs outcompete type II afferents 
arriving subsequently and thus prevent their innervation of IHCs 
(29, 34). To date, however, an experimental model to test whether 
type II afferents could innervate IHCs in the absence of type I affer-
ent innervation has not been available.

Efferent fibers arrive to the organ of Corti a few days after the 
afferents. In mice, choline acetyltransferase or the vesicular acetyl-
choline transporter (vAChT) labeled MOC fibers/terminals, appear 
underneath the IHCs by ~P3, and begin to extend into the outer 
compartment by ~P6 (13, 24, 35). Consistently, ultrastructural stud-
ies show the first axosomatic contacts between MOC fibers and IHCs 
or OHCs at ~P3 and ~P9, respectively (13, 36). However, the MOC fiber 
contact with the IHCs is transient and eliminated by P12 (13, 37). 
LOC fibers arrive at the inner compartment after the MOC fibers but do 
not innervate the IHCs. Instead, LOC fibers establish axodendritic 
contacts with the type I afferents that innervate the IHCs (13, 15, 38). 
Some evidence indicates that afferents guide efferents into the co-
chlea, because in the absence of afferents, the efferents fail to reach it 
(13, 39). However, we remain ignorant of what guides efferent navi-
gation once in the cochlea. Furthermore, it is entirely unknown why 
LOC efferent fibers innervating the inner compartment terminate 

axodendritically on the afferents, whereas MOC fibers innervating 
the outer compartment synapse axosomatically onto the hair cells.

In Insm1 mutant mice, IHCs are found in the outer compart-
ment, amidst OHCs (40). INSM1 is a zinc finger transcription factor 
that is transiently expressed in nascent OHCs (~E15.5 at the base to 
P2 at the apex) (41). In the absence of INSM1, either in complete or 
conditional knockouts, immature OHCs are generated in the outer 
compartment and initially express the earliest markers that charac-
terize them. However, within 1 or 2 days, around half of the nascent 
OHCs switch fate, transdifferentiating into IHCs. This is evident by 
the loss of early OHC markers such as BCL11B and the expression of 
early IHC markers such as fgf8 mRNA (40). As development pro-
ceeds, transformed cells maintain an IHC fate, displaying all known 
mature IHC features including the following: stereocilia size and ar-
rangement, cell shape, nuclear size, expression of numerous protein 
and mRNA markers, and lack of electromotility (table S1). We con-
clude that these cells, which we term outer compartment IHCs (oc-
IHCs), are mature IHCs in the position of OHCs.

Transdifferentiation of nascent OHCs into IHCs is completed 
several days before innervation of the outer compartment, i.e., syn-
aptic contact of type II fibers with the OHCs and arrival of efferent 
fibers both occur after birth. Thus, Insm1 mutants represent an ex-
perimental model with which to determine whether the differential 
afferent and efferent innervation of IHCs and OHCs is due to the 
hair cell properties or location within the inner or outer com-
partment. Here, we find that type I afferents cross into the outer 
compartment to innervate oc-IHCs, except when encountering an 
interposed OHC; that type II afferents in the outer compartment in-
nervate oc-IHCs only if they are not innervated by type I afferents; 
and that the type of afferent fiber that a cell receives then determines 
if and how efferent fibers will terminate, whether axodendritically on 
type I afferent fibers, axosomatically on the hair cells, or not at all. 
Together, our findings reveal a hierarchical logic for development of 
cochlear innervation: (i) IHCs attract, and OHCs repel, innervation 
by type I afferents; (ii) type II afferents innervate the remaining HCs, 
which in normal conditions are OHCs; and (iii) efferent termination 
is then determined not by the type of hair cell or by its location but 
by the type of innervating afferent a hair cell receives.

OHCs

IHC

IBC IPhC IPC OPC DCs

HeCs

A B OHCs

IHC

Type II AFMOC

Type I AF

LOC

Tunnel of Corti
Inner 

compartment
Outer

compartment

Fig. 1. Structural organization of the organ of Corti. (A) The organ of Corti has a row of IHCs and three rows of OHCs surrounded by distinct types of supporting cells. 
IBCs and IPhCs surround IHCs in the inner compartment. Three rows of DCs underlie OHCs in the outer compartment. Compartments are separated by a single row of IPCs 
and OPCs that, in the mature cochlea, form a tunnel of Corti. Hensen’s cells (HeCs) flank the outer compartment. (B) The mature organ of Corti is innervated by two types 
of afferents (type I and type II) and two types of efferents (MOCs and LOCs). Type I afferents (green) make single connections with IHCs, while type II afferents (purple) 
cross into the outer compartment, turn basally, and send collateral projections to multiple OHCs. MOCs and LOCs also terminate differentially, with LOCs (orange) making 
axodendritic contact with type I afferents underneath the IHCs and MOCs (red) forming axosomatic contact with OHCs, in close contact with type II afferents.
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RESULTS
Transdifferentiated oc-IHCs are surrounded by supporting 
cell types of the outer, and not the inner, compartment
We conditionally ablated Insm1 using Atoh1-Cre (17), which is ex-
pressed around E13.5 in cochlear and supporting cells, before the 
onset of Insm1 expression. As previously reported (40), we observe 
a transformation of around half of all OHCs into IHCs. These oc-
IHCs appear to be, but for their ectopic location, otherwise normal 
IHCs, displaying multiple IHC characteristics [including nuclear 
size, stereocilia shape, and numerous protein and mRNA markers 
described previously (40) and here (table S1 and fig. S1)]. Physio-
logically, oc-IHCs display the IHC-characteristic Ik,f (BK-mediated) 
instead of the KCNQ4-mediated currents characteristic of OHCs, 
are not electromotile (a feature of OHCs but not IHCs), yet do 
mechanotransduce (evidenced from their uptake of FM1-43), as ex-
pected for a functional IHC (fig. S1).

The environment of these transdifferentiated IHCs in the outer 
compartment, however, was not that of normal IHCs, but com-
posed of the specialized supporting cells characteristic of the outer 
compartment. In the inner compartment, IHCs are surrounded by 
three specialized types of supporting cells: IBCs, IPhCs, and IPCs. 
By contrast, in the outer compartment, the cells providing support 
to the OHCs are the OPCs and DCs (Fig. 2A). Immunostaining for  
the Glutamate-Aspartate Transporter GLAST in Insm1 conditional 
knockouts (cKOs), which in controls labels IBCs and IPhCs, labeled 
these types of support cells around the IHCs of the inner compartment, 
but not around the transdifferentiated IHCs in the outer compartment 
(Fig. 2B). Immunostaining for PROX1, which labels five rows of sup-
port cell nuclei (those of the DCs, OPCs, and IPCs) in controls, labeled 
the same five rows of supporting cells in Insm1 cKOs (Fig. 2D). Of 
those, only the most medial row (corresponding to the IPCs) expressed 
the IPC marker p75 (Fig. 2C). Hence, the support cells in the outer 
compartment of Insm1 cKOs were not IBCs, IPhCs, or IPCs, but OPCs 
and DCs. The oc-IHCs, given their larger and different shape from 
OHCs, distort the regular alignment of the outer compartment. How-
ever, immunolabeling for -tubulin, which fills the cytoplasm of pillar 
cells and DCs, reveals that the oc-IHCs remain within the support cell 
boundaries of the outer compartment, separated from the tunnel of 
Corti and the inner compartment (Fig. 2E and fig. S2). We conclude 
that in Insm1 cKOs, the oc-IHCs do not induce formation of inner 
supporting cells (IBCs, IPhCs, and IPCs) around them but are instead 
surrounded by the supporting cells that normally reside with the OHCs 
in the outer compartment, namely, the OPCs and DCs. Thus, we have 
an appropriate model in which to test whether the type of hair cell (IHC 
versus OHC), or the environment within which it resides (inner versus 
outer compartment), determines afferent and efferent innervation.

Type I SGNs innervate IHCs situated in the outer 
compartment
We first asked whether these oc-IHCs receive innervation appro-
priate to their IHC type (i.e., from type I afferents) or whether this 
would perhaps be prevented on the basis of their location in the 
outer compartment, in positions normally occupied by OHCs. We 
immunostained cochlear whole mounts after hearing onset (P21 
to P25) for detection of Calb2, which labels most type I fibers (al-
though in a graded fashion, with higher expression in fibers inner-
vating the pillar side of an IHC) (42–44). In control animals (either 
Atoh1Cre/+; Insm1F/+ or Insm1F/F), and consistent with previous 
findings, Calb2 labeled both IHCs and type I SGN projections that 

innervate the IHCs (Fig. 3, A to C). No Calb2-positive fibers were 
observed in the outer compartment at these mature stages. In the 
absence of INSM1, Calb2-positive type I afferent fibers entered into 
the organ of Corti as in control (Fig. 3A). However, in contrast to 
the control, in the cKOs, fibers crossed into the outer compartment 
and innervated oc-IHCs (Fig. 3, A′ and B, brackets and arrows). 
Analysis of neonatal organ of Corti revealed that innervation of 
oc-IHCs was already established by birth (fig. S3).

Not all oc-IHCs were innervated by Calb2-positive, type I afferent 
fibers. Quantification of oc-IHCs that received Calb2-positive fibers 
revealed a trend toward cells in the rows closest to the row of IHCs 
(medial row, no. 1) versus those further away (lateral rows, nos. 2 and 3), 
being more likely to be innervated by a type I afferent fiber (Fig. 3C). 
Since this trend only weakly correlated with distance (with an R2 of 
0.4, as measured from the IHC to the oc-IHC; fig. S3B), we postulat-
ed that clustered oc-IHCs, which are more common in medial 
row 1, might emit a greater concentration of neurotrophic or chemo-
attractant signal to projecting type I afferent fibers. However, the num-
ber of fibers received by clustered versus isolated oc-IHCs was not 
significantly different (fig. S3, C and D). Because OHCs are known 
to repel type I afferent fibers, an alternative possibility is that, for 
any given radial position along the organ of Corti, OHCs in row 1 
or 2 may prevent type I afferents from reaching oc-IHCs in row 2 or 
3. By surface rendering, we examined multiple lateral (third row) 
oc-IHCs and for each one determined whether it was innervated by 
Calb2-positive type I afferents and whether an OHC was present in 
row 1 or 2 (Fig. 3, D and E, with additional examples in fig. S3E). 
We found that Calb2-positive type I afferents innervated nearly all 
oc-IHCs for which no OHC stood in the innervation path. In con-
trast, those afferents that did not innervate the oc-IHCs (with only one 
exception) faced an interposing OHC (Fig. 3, D and E). These results 
support the idea that interposing OHCs block type I afferent inner-
vation, which is consistent with the known repulsive cues that are 
emitted by OHCs, such as ephrin-A5 (29) and Semaphorin 3F (23).

Together, these findings indicate that type I SGNs are capable 
of crossing into the outer compartment to innervate oc-IHCs in 
the absence of an interposing OHC, suggesting that hair cell type, 
rather than location in the inner versus outer compartment, deter-
mines whether type I afferents innervate a cochlear hair cell. IHCs 
attract type I afferent innervation regardless of location, whereas 
OHCs repel it.

Ribbon synapses form between oc-IHCs and contacting  
type I afferents
Concomitant with the arrival of SGN fibers to the IHCs during 
normal development is the apposition of synaptic ribbons (45), elec-
tron dense structures that are often surrounded by multiple synaptic 
vesicles. During the early stages of development, IHCs and OHCs 
have many ribbon synapses, presumably reflecting the large number 
of transient afferent fiber connections (46). IHCs maintain most of 
their ribbon bodies, while almost all the ribbons observed in imma-
ture OHCs are lost by hearing onset (~P12). Thus, by weaning, IHCs 
contain 15 to 20 ribbons apposed to AMPA-type glutamate receptors 
[GluR2/3; (47)]. In contrast, OHCs contain one to two larger ribbons 
that do not localize next to a postsynaptic GluR2/3 afferent terminal 
(although some of them are apposed to type II collateral terminals) 
(48). As we have shown that oc-IHCs are able to receive type I affer-
ent innervation, we speculated that, unlike their OHC counterparts, 
they would display an increased number of ribbons and that these 
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would have established synapses with type I afferent terminals ex-
pressing GluR2/3 receptors.

We immunostained cochlear whole mounts for pre- and post-
synaptic markers at weaning (P21 to 25). In control animals, IHCs 

have multiple CtBP2 (C-terminal binding protein 2)–positive puncta 
(red, representing presynaptic ribbons) apposed to GluR2/3-positive 
puncta (green, representing postsynaptic receptor plaques) (Fig. 4A). 
In control OHCs, there are significantly less CtBP2-positive puncta, 

‡ ‡

‡
‡

‡ ‡

‡

Prox1, Parvalbumin

Insm1
F/F

Atoh1
Cre/+

; Insm1
F/F

p75, Parvalbumin

‡
‡

‡
‡ ‡

‡
‡

‡
‡

‡

‡
‡
‡

‡

Insm1
F/F

Atoh1
Cre/+

; Insm1
F/F

C D

E
-tubulin, DAPICalb2, 

‡
‡

‡

‡ ‡

‡
‡

‡

Insm1
F/F

Insm1
F/F

Atoh1
Cre/+

; Insm1
F/F

Atoh1
Cre/+

; Insm1
F/F

Atoh1
Cre/+

; Insm1
F/F

Atoh1
Cre/+

; Insm1
F/F

‡
‡

‡

‡

B
GLAST, Parvalbumin

IBC IPhC IPC OPC DCs

GLAST
p75
α-Tubulin

Prox1

A

IHC

OHCs

IPC OPC IPC OPC

‡

‡
‡

‡

IHC

O

IPC OPC IPC OPC

‡ ‡
‡

IPC OPC

IPC OPC

Insm1
F/F

Atoh1
Cre/+

; Insm1
F/F

10 μm

10 μm 10 μm

10 μm 10 μm

10 μm

10 μm

10 μm

‡
‡
‡

10 μm

10 μm

Fig. 2. oc-IHCs are surrounded by outer-compartment, and not inner-compartment, supporting cells. (A) Supporting cells in the organ of Corti are identified by 
their expression of distinct markers, including GLAST (IBCs and IPhCs), p75 (IPCs), Prox1 (in the nuclei of IPCs, OPCs, and DCs), and -tubulin (IPCs, OPCs, and DCs). (B to D) 
Top view of middle turns from P0 control and Insm1 cKO cochlea, with GLAST labeling IBCs and IPhCs in (B), p75 labeling IPCs in (C), and Prox1 labeling the nuclei of IPCs, 
OPCs, and the three rows of DCs in (D). Parvalbumin labels IHCs, oc-IHCs, and OHCs (with brighter expression in IHCs and oc-IHCs, where ‡ denotes oc-IHC). (E) Side views 
of middle turns from control and cKO adult cochlea, with -tubulin labeling the IPCs, OPCs, and DCs. IPCs and OPCs separate cells in the inner compartment from those 
in the outer compartment in both control and mutant cochlea. The lower panel has the top sections removed to better visualize the IPC and OPC columnar processes. 
Calb2 labels IHCs and oc-IHCs (denoted with ‡). DAPI, 4′,6-diamidino-2-phenylindole.
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which are never apposed to GluR2/3. In mutants, in addition to colocal-
ized CtBP2 and GluR2/3 in the IHCs, we also observed a clear apposition 
in the oc-IHCs (Fig. 4, A and A′). Quantification of control and mutant 
organs of Corti revealed that oc-IHCs have more ribbons than OHCs, 
but a reduced number compared to the normal IHCs (Fig. 4B). In 
addition, oc-IHCs in the lateral (second and third) rows have fewer 
ribbons than oc-IHCs in the medial (first) row (2.8 and 2.4 versus 
5.3 ribbons per cell, respectively), as well as a reduction in the num-
ber of CtBP2-positive puncta that colocalize with GluR2/3 (around 
56% in row 1 versus 27% in row 3; Fig. 4C). We next asked whether 
the lower number of ribbons in lateral-row versus medial-row oc-
IHCs was a direct consequence of their reduced type I afferent 
innervation (as shown in Fig. 3C). We found significantly more rib-
bons in lateral-row oc-IHCs that receive type I afferent fibers than 
in those with no detectable type I afferent connection (Fig.  4, D 
and E). Furthermore, this latter group of oc-IHCs was statistically 

indistinguishable from that of the OHCs (with around 6 ribbons per 
cell in innervated oc-IHCs versus 1.5 in oc-IHCs that did not receive 
innervation and 1.4 ribbons per cell in OHCs). We conclude that 
oc-IHCs form synapses with type I afferents if contacted by them.

In nearly all features examined, oc-IHCs are indistinguishable 
from IHCs of the inner compartment (table S1 and fig. S1). Hence, 
we wondered why innervated oc-IHCs, while establishing ribbon 
synapses with type I afferents, did not have nearly as many synapses 
as the normal IHCs of the inner compartment. It is well established 
that each type I afferent contacts only one IHC and forms 1 to 2 ribbon 
synapses, so that each IHC has, depending on its apical-basal posi-
tion, between 10 and 20 ribbons (9, 47, 49–51). Given that there is a 
fixed number of type I afferent SGNs, we would expect that if some of 
them contact oc-IHCs, then fewer would contact the normal IHCs 
at the same radial positions. Accordingly, quantification of the num-
ber of ribbon synapses reveals that IHCs of Insm1 cKOs have fewer 
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Fig. 3. Type I afferents innervate IHCs situated in the outer compartment (oc-IHCs) as long as they do not encounter an interposed OHC. (A and A′) Top views of 
Calb2-labeled IHCs, oc-IHCs, and type I SGNs from a middle turn of control or Insm1 cKO adult cochlea. Calb2-labeled fibers are not in the outer compartment of controls 
(A and A′). In cKOs, Calb2-labeled fibers extend toward and innervate the oc-IHCs (brackets or arrows). (B) Type I SGNs (green) form a single connection with IHCs, while 
type IIs (purple) cross into the outer compartment and send multiple collateral projections that each connect with an OHC. In mutants, type I afferents cross into the 
outer compartment to form connections with oc-IHCs. (C) Calb2-labeled fibers are more likely to innervate oc-IHCs closest to the IHC row, with fewer cells receiving type I 
innervation in the row furthest from the IHCs (****P < 0.0001, **P < 0.005, and ns, P > 0.99; Kruskal-Wallis test with Dunn’s multiple comparisons; n ≥ 30 cells from ≥4 co-
chleae, error bars = SD). (D and D′) Three-dimensional (3D) reconstructions of Calb2-labeled fibers and IHCs from cKOs (middle turns). oc-IHCs in rows 2 and 3, furthest 
from the IHCs, do not receive type I afferent innervation when OHCs (asterisks) are in the way. In contrast, in the absence of interposed OHCs, oc-IHCs in rows 2 and 3 re-
ceive type I afferent innervation (arrowheads, D′). (E) oc-IHCs in row 3 are often (8 of 9) innervated in the absence, but rarely (1 of 25) in the presence, of an interposed OHC 
(P < 0.0001, Mann-Whitney test, error bars = SD).
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than those of controls, but that the total number of ribbon synapses 
remains the same between control IHCs and mutant IHCs plus in-
nervated oc-IHCs (Fig. 4F). It appears that oc-IHCs compete with 
inner compartment IHCs for innervation and ribbon synapse for-
mation by the limited number of type I afferents.

Efferents approaching IHCs in the outer compartment 
terminate axodendritically on type I afferents
We next sought to analyze the olivocochlear efferent innervation of 
oc-IHCs, making use of an antibody against vesicular acetylcholine  
transporter (vAChT, present in all cholinergic neurons) that labels 
most efferent terminals in the cochlea. In control animals, vAChT- 
positive efferent terminals appear as multiple dispersed small puncta 
(each averaging around 3 m3; fig. S4), indicative of their axoden-

dritic termination on type I afferent fibers under the IHCs. In the 
OHCs, vAChT puncta are large (with an average volume of 21 m3; 
fig. S4) and localize immediately adjacent to the basal end of the 
OHCs (Fig. 5A), indicative of the axosomatic termination of efferents 
directly on the hair cells. In mutants, IHCs and OHCs have efferent 
terminal patterns (both distribution and size) comparable to that of 
control animals. However, oc-IHCs were rarely adjacent to the large 
vAChT signal indicative of axosomatic efferent termination. In-
stead, under most oc-IHCs, we observed the vAChT pattern that is 
indicative of axodendritic efferent terminals: small dispersed puncta 
in close contact with the type I afferent fibers projecting to the oc-
IHCs (Fig. 5A, bottom, between brackets). These puncta are, on av-
erage, around 3 m3 (fig. S4), indistinguishable from the volume of 
puncta under control IHCs.
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Fig. 4. Ribbon synapses form between oc-IHCs and innervating type I afferents. (A) Top view of control and Insm1 adult cKOs (middle turns) with Calb2-labeled IHCs 
and oc-IHCs (‡ in A′) and CtBP2- and GluR2/3-juxtaposed puncta distinguishing ribbon synapses. oc-IHCs have juxtaposed CtBP2 and GluR2/3 puncta like IHCs (A, right, 
magnified in A′), while OHCs have one to two ribbons but these are not apposed to GluR2/3. (B) oc-IHCs in row 1 have more ribbons than oc-IHCs in rows 2 and 3 
(****P < 0.0001, **P = 0.002, and ns, P > 0.6; one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test; n ≥ 110 cells per condition; from >6 animals; 
error bars = SD). (C) oc-IHCs have fewer juxtaposed CtBP2-positive and GluR2/3-positive puncta compared to IHCs, but significantly more than OHCs (n ≥ 18 cells per 
condition; from four cochlea, ****P < 0.0001, **P < 0.005, and ns, P > 0.1; error bars = SD). (D) oc-IHCs that receive type I innervation have more CtBP2-labeled ribbons than 
oc-IHCs that are not innervated (****P < 0.0001 and ns, P > 0.99; Kruskal-Wallis test with Dunn’s multiple comparison test; n > 85 cells; from >6 cochlea; error bars = SD). 
(E) Top and side views of a basal turn from an Insm1 cKO with CtBP2-labeled ribbons and Calb2-labeled IHCs, oc-IHCs (‡) and type I SGN fibers/terminals (arrowheads). The 
number of presynaptic ribbons (red) in each oc-IHC correlates with the number of postsynaptic terminals (cyan). The two oc-IHCs in the row furthest from the IHCs do not 
receive a type I SGN terminal and have an OHC-like number of ribbons. (F) The number of ribbons in IHCs was lower in mutants than in controls, but comparable when 
adjacent oc-IHCs from the same radial segment were taken into account (*P = 0.0298 and ns, P > 0.99; Kruskal-Wallis test with Dunn’s multiple comparison test; n = 5 
segments per condition; from five cochlea; error bars = SD).
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Quantification revealed that oc-IHCs in medial row 1 were more 
likely to receive the axodendritic termination pattern than oc-IHCs 
in lateral rows 2 and 3 (Fig. 5B). This efferent distribution mimics 
that of type I afferents on oc-IHCs. Consistently, the few oc-IHCs in 
lateral row 3 observed to have axodendritic efferent termination 
corresponded to those that also received type I afferent innervation 
(Fig. 5C, with an additional example shown in fig. S4B). To test for 
a correlation, we assessed efferent termination type in cells that ei-
ther received Calb2-positive (type I) afferent fibers or not. Almost 
all the cells innervated by type I afferents were associated with small 
and dispersed vAChT puncta (77 of 83 cells; 93%), consistent with 
the characteristic axodendritic efferent termination (Fig.  5D). In 

contrast, among the oc-IHCs that were not innervated by Calb2- 
positive type I afferents, only 1 of 28 cells was associated with multiple, 
small vAChT puncta under the hair cells (Fig. 5D). This one excep-
tion could either reflect an oc-IHC innervated by a Calb2-negative 
type I afferent or a stray efferent fiber passing under a noninnervat-
ed cell. Curiously, most of the oc-IHCs that were not innervated by 
Calb2+ type I afferents received either no efferent termination (21 of 
28 cells; 75%) or the axosomatic termination characteristic of OHCs 
(6 of 28 cells; 21%) (Fig. 5D).

As Atoh1 is expressed in the hindbrain (17), a concern was that 
the effects that we observe may be due to a direct effect on the ef-
ferents themselves. However, since efferent connection to control 
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test; n ≥ 28; from six adult animals). (E) Top and side views of middle turns from Gfi1Cre/+;Insm1F/F adult cochlea. oc-IHCs without type I afferent innervation receive axosomatic 
efferent termination (arrowhead), while oc-IHCs that receive a type I fiber have axodendritic efferent termination (brackets and arrows).
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IHCs (in the inner compartment by LOCs) and OHCs (by MOCs) 
is normal (Fig. 5A), this possibility seems unlikely. Nonetheless, for 
definitive proof, we targeted Insm1(Flox) ablation with the knock-
in line Gfi1-Cre, which is not expressed in the brainstem (52). In 
Gfi1Cre/+; Insm1F/F cKOs, oc-IHCs also had axodendritic efferent 
termination when contacted by a type I afferent fiber (Fig. 5E, top-
view brackets and side-view arrows), and either axosomatic efferent 
termination (Fig. 5E, top-view arrowhead) or no efferent termi-
nation (not shown) in the absence of a type I afferent fiber. We 
conclude that when oc-IHCs are innervated by type I afferents, the 
incoming efferents terminate axodendritically on the nerve fibers 
instead of axosomatically on the hair cells. What remains to be eluci-
dated is what determines, in the absence of type I afferent innerva-
tion, whether an oc-IHC receives axosomatic efferent innervation or 
no efferent innervation at all.

Axodendritically terminating efferents in the outer 
compartments are MOCs, not LOCs
In normal ears, the only efferents terminating axodendritically are 
LOC efferents at the inner compartment, whereas the only efferents 
innervating the outer compartment are MOC efferents ending axoso-
matically. We reasoned that the contacts under the oc-IHCs could 
either be LOC fibers crossing into the outer compartment to inner-
vate afferents under the oc-IHCs, or MOC fibers that terminate ax-
odendritically on any type I afferent fibers that they encounter in 
the outer compartment. We first assessed this using a known marker of 
LOC efferents, tyrosine hydroxylase (TH). TH-positive fibers represent 
a subgroup of LOC efferents (around 10 to 20% of all efferent fibers 
projecting to the mature inner compartment) that, under normal 
physiological conditions, do not express vAChT. While vAChT la-
beling is continuous throughout the cochlea, TH innervation is spotty 
and discontinuous (53). For example, regions in the cochlea that 
have TH-labeled fibers reaching (and spiraling underneath) the 
row of IHCs (the inner spiral bundle, or ISB), are often flanked by 
stretches in which TH-labeled fibers approach but do not reach the 
ISB. To account for this variability, we restricted our analysis to re-
gions of the cochlea in which the TH-labeled fibers reached the ISB 
(Fig. 6, A and B). In control mice, we did not observe any TH-positive 
fibers crossing into the outer compartment (Fig. 6A). Likewise, in 
mutants, the vast majority of fibers did not project toward the oc-
IHCs (104 of 107 oc-IHCs counted from six independent cochle-
ae). Only on one occasion (in the third turn of a single cochlea) did 
we observe a TH-positive fiber crossing into the outer compartment 
and passing underneath three oc-IHCs in row 1 (Fig. 6B).

The above reveals that the efferent fibers terminating axodendrit-
ically on type I afferents under the oc-IHCs are not (in >97% of cells 
examined) LOC efferents of the TH-positive subtype. We next won-
dered whether they are another type of LOC efferent or, alternatively, 
MOC efferents (which are the only efferents that normally innervate the 
outer compartment). To discern between these two possibilities, we per-
formed double immunohistochemistry with an antibody to Na+- K+- 
adenosine triphosphatase 3 (Na+/K+-ATPase 3) [which labels MOC 
fibers and type I afferents, but not LOC fibers; (28, 54)], in conjunction 
with an antibody to calcitonin-gene-related peptide (CGRP) [which 
labels both LOCs and MOCs (55)]. In control animals, we observed 
robust colabeling of Na+/K+-ATPase 3 and CGRP in tunnel crossing 
efferent fibers (all of which are known to be MOCs) and terminals in the 
outer compartment (Fig. 6C, top). By contrast, in the inner compartment 
of control animals, traveling radially toward the IHCs and spiraling 

under them, presumed LOC fibers were labeled with CGRP and not 
Na+/K+-ATPase 3 (fig. S5A, arrows and #). Conversely, many radial 
Na+/K+-ATPase 3–labeled fibers were CGRP negative, as expected 
for type I afferents (fig. S5A, *). In the cochleae of Insm1 cKOs, all tunnel 
crossing efferent (CGRP-positive) fibers and terminals were immuno-
labeled with the MOC marker Na+/K+-ATPase 3 (type I fibers pro-
jecting to the oc-IHCs were also identifiable as Na+/K+-ATPase 
3-positive and CGRP-negative, fig. S5B). Importantly, all CGRP- 
positive fibers projecting toward oc-IHCs were colabeled with Na+/K+- 
ATPase 3 (Fig. 6C, bottom). Together, our data suggest that LOC fibers 
do not cross into the outer compartment in the presence of oc-IHCs. 
Rather, MOC fibers innervating the outer compartment terminate axo-
dendritically if they encounter a type I afferent innervating an oc-IHC.

Type II afferents can innervate IHCs in the outer 
compartment
Our data so far reveal that type I afferents innervate IHCs in the 
outer compartment as long as there is not an OHC in the way. To 
visualize type II afferents, we performed immunohistochemistry to 
detect peripherin, an intermediate filament that marks the primary 
fibers of type II afferents robustly up to around P7 (after which ex-
pression begins to diminish in the type II processes, although it is 
retained in the soma). In Insm1 cKOs, as in controls, type II afferent 
fibers cross into the outer compartment, turn toward the base, and 
extend their processes underneath the OHCs but also under the in-
tercalating oc-IHCs (fig. S6, A and B; white arrows denote turning 
toward the base). However, compared with the three parallel bun-
dles of spiraling type II afferents in controls, the mutants displayed 
a reduction of bundling and a disorganization of the spiraling type 
II fibers. These results are to be expected, given that the presence of 
bulky oc-IHCs disrupts the alignment of outer compartment rows 
of HCs and surrounding supporting cells (Fig. 2 and fig. S2). How-
ever, the presence of oc-IHCs in the position of OHCs did not act as a 
barricade for type II afferents, which bypassed the oc-IHCs to proj-
ect radially and turn spirally as in the controls.

At maturity in wild-type mice, type IIs are the sole afferents pro-
jecting into the outer compartment to innervate OHCs. We thus 
wondered whether type II fibers would innervate oc-IHCs. Since 
the antibody to peripherin does not label the collateral projections 
that extend from type II primary fibers to innervate the OHCs, we 
labeled immunohistochemically for parvalbumin. Parvalbumin marks 
both type I and II processes (including type II collaterals), but these 
are clearly distinguished on the basis of anatomical features: Type I 
afferent fibers approach hair cells radially, whereas type II afferent 
fibers run spirally under the hair cells and send collateral projec-
tions upward to innervate the OHCs (43) (Fig. 7A, top). By immu-
nolabeling for Calb2 (type I afferents) and parvalbumin (all afferents), 
we found that none of the oc-IHCs innervated by type I afferents 
received type II afferent innervation (n = 44 oc-IHCs). It has been 
hypothesized that type II afferents, which bypass IHCs on their way 
toward the outer compartment, do not innervate them because of 
competition from type I afferents (29). Hence, we wondered wheth-
er the 28% (63 of 228) of oc-IHCs that are not innervated by type I 
afferents could receive type II innervation. In Insm1 mutants, spi-
raling type II afferents sent collaterals to contact OHCs. Notably, 
collaterals also extended to and contacted some oc-IHCs (Fig. 7, 
A′ and C, top). In young animals (P10, the earliest stage at which we 
have been able to visualize type II collaterals with anti-parvalbumin), 
all the examined oc-IHCs that were not innervated by type I afferents 
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were contacted by a type II afferent fiber collateral (Fig. 7, A′ and B). 
By P15, we observed a reduction in the number of oc-IHCs contact-
ed by type II afferents to around 63%, while in mature cochleae, 
only 35% of the third-row oc-IHCs received type II afferent con-
tacts (Fig. 7B). The remaining 65% were not contacted by collateral 
projections. These oc-IHCs were not innervated by afferents of any 
type (Fig. 7, A″ and C, bottom), although some were observed 
to have remnants or fragments of collaterals close by (Fig. 7A″, bot-
tom, white arrows). This suggests that when type II fibers pass 
under IHCs in the outer compartment, they send collaterals and 
establish contact with oc-IHCs. However some of these contacts are 
lost as maturation proceeds. We conclude that type II afferents 
can innervate IHCs (even if in some cases this is transient) when 
these are in the outer compartment and are not innervated by type 
I afferents.

The type of afferent neuron determines whether efferents 
innervate and how they terminate
Thus far, we have found that oc-IHCs that are innervated by type I 
afferents are subject to axodendritic efferent innervation. Of the 
remaining oc-IHCs, some were innervated axosomatically by effer-
ents, whereas others had no efferent innervation. We wondered 
whether either of these were the same oc-IHCs that received type II 
afferent collateral innervation (i.e., whether there was a correlation 
between type II afferent and axosomatic efferent innervation). We 
focused our analysis on outer-row oc-IHCs that did not receive type I 
afferent innervation (since they are more prevalent in this outer 
row). Using Imaris, we rendered surfaces of parvalbumin-labeled 
type II fibers from control or mutant organs of Corti. In mature 
cochleae, we observe clear examples of oc-IHCs that either do or do 
not receive a parvalbumin-labeled collateral (Fig. 7C). The oc-IHCs 
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with TH-labeled fibers. All counting was performed in regions of a given cochlea where TH-positive fibers reached the ISB (running under the IHC row). (C) Top view of adult 
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are distinguished by their cytoplasmic parvalbumin staining, which 
is much stronger than in neighboring OHCs. Parallel rendering of 
surfaces for the costained efferent marker vAChT revealed that oc-
IHCs innervated by a type II afferent collateral were also contacted 
by a large, vAChT-labeled efferent terminal. In contrast, in oc-IHCs 
lacking a type II afferent contact, vAChT-labeled terminals were ei-
ther missing or of negligible size (<3 m3; Fig. 7, D and E). Thus, 
innervation of oc-IHCs by type II afferent correlates with axosomatic 
innervation by efferents.

We have shown that oc-IHCs innervated by type I afferents are 
subject to axodendritic efferent innervation, oc-IHCs innervated by 

type II afferents receive axosomatic efferent innervation, and oc-IHCs 
not innervated by afferents also lack efferent innervation. Given 
that afferent innervation of hair cells predates the arrival of efferent 
fibers (20, 23–25, 34, 56, 57), it seems that afferent innervation de-
termines whether and how efferents will innervate. For additional 
proof, we examined the afferent innervation pattern in organotypic 
cultures of the cochlea, in which the efferents are absent. We 
explanted cochleae at P2, before the arrival of efferents [P3 to the 
inner and P6 to the outer compartments; (24)], cultured 6 days in 
vitro (to the equivalent of P6 to P8), and then examined the afferent 
innervation of hair cells. Using Calb2 to label type I afferent fibers, 
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HCs at age P10 (A′, from basal turns) or P35 (A and A″, from middle turns). Parvalbumin labels HCs (oc-IHCs stronger than OHCs) and type II collaterals. At P10, OHCs 
and oc-IHCs (‡) receive at least one collateral projection (A′, arrows). At P35, OHCs receive type II afferent innervation, but the oc-IHC shown (‡) in the top panel does not 
(A″). In the lower panels, the oc-IHCs (‡) have only fragments of former collaterals (arrows). (B) oc-IHCs (not contacted by a type I afferent) are innervated by type II collat-
erals early in development (P10), but by maturity (P30 to P42), many oc-IHCs lack them (****P < 0.0001, binomial test; n ≥ 15; from three to five animals; error bars = SD). 
(C and D) 3D reconstructions of parvalbumin-positive type II fibers and collaterals showing examples of mature (P30 to P42) oc-IHCs (‡) that maintain collaterals (+collat-
erals) or have lost them (−collaterals). (D) Colabeling for vAChT reveals an oc-IHC innervated by both a type II afferent collateral and an efferent (terminating axosomatically; 
left), as well as an oc-IHC receiving neither type II afferent nor efferent innervation (right). (E) Cells receiving type II collateral projections receive large vAChT efferent 
terminals, whereas cells without type II collaterals lack efferent terminals [****P < 0.0001, Mann-Whitney test; n ≥ 11 from four to five animals (P18 to P35); error bars = SD].
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we observed projections to the IHCs in control explants, with no 
crossing into the outer compartment, as expected. In contrast, in 
mutant explants, we observed crossing events, with type I afferent 
fibers projecting to the oc-IHCs (fig. S7). Hence, type I afferent in-
nervation of the oc-IHCs can occur in the absence of efferent inner-
vation in explant culture. Because type II afferent collaterals are not 
observable in our hands until P10 (the earliest we can label them with 
anti-parvalbumin), and we cannot culture cochlea this late in devel-
opment, we are unable to similarly confirm whether type II afferent 
innervation can occur in the absence of efferents. However, given that 
animals without efferents formed and maintained type II afferent 
innervation (58) (see Discussion below), it follows that these neu-
rons must also be able to innervate the oc-IHCs in the absence of 
efferents.

In summary, by examining the innervation of Insm1 conditional 
mutants, in which there are IHCs in the place of OHCs, we find that 
(i) type I afferents will cross into the outer compartment and estab-
lish synaptic contacts with IHCs, (ii) intervening OHCs prevent this 
innervation, (iii) type II afferents can innervate IHCs if they are not 
innervated by type I afferents, (iv) efferents innervating the outer 
compartment are MOC efferents, not LOC efferents, but (v) the type 
of afferent innervating the IHC predicts how the efferent innerva-
tion terminates: Type I afferent innervation results in axodendritic 
efferent ending, type II afferent innervation results in axosomatic 
ending, and no (or loss of) afferent innervation results in no (or loss 
of) efferent ending (Fig. 8, A to C).

DISCUSSION
Together, our results suggest a hierarchical logic for the development 
of the organ of Corti’s innervation circuitry (Fig. 8D). First, hair 
cell type instructs afferent innervation as follows: IHCs attract, and 
OHCs repel, type I afferents. Type II afferents can innervate both 
OHCs and IHCs, but the preferred innervation of IHCs by type I 
afferents supersedes innervation by type II afferents. Second, the type 
of afferent innervating a given hair cell does not determine what type 
of efferent will innervate (LOC fibers innervate HCs within the inner 
compartment and MOC fibers innervate HCs within the outer com-
partment) but does determine the way it will terminate: Type I afferents 
induce axodendritic efferent termination on themselves, while type II 
afferents induce axosomatic efferent endings on the hair cells. Last, 
afferents seem to be required for efferent innervation, because when 
they are lost from HCs, the efferent connections also disappear.

Hair cell type determines afferent innervation
In Insm1 mutants, the supporting cells around the oc-IHCs are 
those of the outer compartment (OPCs and DCs) and not those that 
normally surround IHCs in the inner compartment (IBCs, IPhCs, 
and IPCs). Hence, the finding that type I afferents innervate IHCs 
even if located in the outer compartment implies that an inherent 
property of these hair cells, rather than their environment (i.e., the 
inner compartment), prompts their innervation by type I afferents. 
IHCs attract type I afferents, or at least they are more permissive to 
their innervation than other cells in the organ of Corti (OHCs and 
the various types of supporting cells), regardless of location (i.e., the 
inner or outer compartment). It remains to be elucidated what the 
IHC chemoattractant might be. Conversely, our observation that 
any OHC located between an approaching type I afferent fiber and 
an oc-IHC prevents the latter from receiving type I afferent inner-

vation is in keeping with the reported chemorepulsion that OHCs 
effect on these neurons. For example, OHCs produce at least two 
ligands (ephrin-A5 and Semaphorin 3F) that repel type I afferent 
neurites (23, 29). Hence, the selective innervation of IHCs by type I 
afferents likely results from a combination of attractive cues from 
IHCs and repulsive ones from OHCs.

We find that type II afferents still innervate the outer compart-
ment of Insm1 mutants, despite the fact that half of the hair cells are 
IHCs. These fibers turn normally toward the base of the cochlea and 
even send out collateral projections that innervate the misplaced 
oc-IHCs. This finding reveals that the compartment in which the 
hair cells reside, rather than the type of hair cell (outer versus inner), 
determines the innervation pattern of type II afferents. This is con-
sistent with reports that type II afferent innervation is guided by sig-
nals from supporting cells (33, 59–62) and contrary to what we have 
found for type I afferents.

In the absence of Eph/ephrin signaling, type I fibers overshoot 
into the outer compartment and result in a withdrawal of type II 
afferent projections from the OHCs (29). From this, it has been pro-
posed that type II afferents may be capable of innervating IHCs but 
that they fail to do so because of competition from type I afferents. 
Testing this prediction has been awaiting a model lacking IHCs 
innervated by type I afferents. The Insm1 cKOs offer such a model, 
with some IHCs in the outer compartment not innervated by type I 
afferents. The innervation of these IHCs by type II afferents provides 
definitive evidence that synapses between them are indeed possible.

The lack of IHCs with dual innervation by both type I and II af-
ferents, and the fact that what prevents type I afferent innervation of 
oc-IHCs is OHC chemorepulsion, supports the idea that innerva-
tion of IHCs by type I afferents impedes innervation by type II affer-
ents. We can rule out inhibition of type II innervation by the local 
environment or by an inherent chemorepulsion from the oc-IHCs 
since oc-IHCs did not cause a change in the local environment (out-
er supporting cells did not change into inner supporting cells) and 
since type II fibers were able to make contact with some oc-IHCs 
(those not innervated by type I afferents). Speculatively, we suggest 
that type I fibers may emit (or induce the IHCs that they innervate 
to emit) chemorepulsive cues that prevent type II fibers from making 
connections with IHCs. Alternatively, type 1:IHC connections may 
be more favorable and/or stable than type II:IHC connections, thus 
outcompeting them.

Afferent innervation determines efferent termination
The innervation of IHCs in the outer compartment of Insm1 cKOs 
by MOC fibers and not LOC fibers reveals that the innervation of the 
outer versus inner compartment by efferent fibers is not determined 
by the type of hair cell residing there, but by either the type of efferent 
(defined on the basis of the location of its soma in LSO or MSO) 
and/or by the compartment (inner versus outer) of the organ of 
Corti being innervated. However, a series of results indicate that 
how the MOC efferents terminate is not an inherent property of this 
type of neuron and is not dependent on the type of hair cell that 
they innervate (OHC versus IHC) nor on the compartment where 
the target hair cell resides (inner versus outer). Instead, whether and 
how MOCs terminate can be predicted by the type of afferent neu-
ron innervating the hair cell.

First, we find that MOC efferents approaching oc-IHCs that are 
innervated by type I afferents terminate axodendritically on these 
afferents instead of axosomatically on the hair cells (as is characteristic 



Webber et al., Sci. Adv. 2021; 7 : eabd8637     20 January 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 16

of MOC efferent innervation in the wild type) (Fig. 8, B and C). 
Second, when an oc-IHC is innervated by a type II (instead of type I) 
afferent, then the MOC efferent terminates axosomatically on the 
IHC (Fig. 8B). Third, although all oc-IHCs that are not innervated 
by type I afferents are initially (at P10) innervated by type II affer-
ents, about two-thirds of these collateral innervations are lost with 
time, and this loss is accompanied by the loss of axosomatic efferent 
innervation (Fig. 8C). Hence, type I afferent innervation implies ax-
odendritic MOC termination, type II afferent innervation implies 
axosomatic MOC termination, and lack of afferent innervation im-
plies no MOC termination at all.

Efferent and afferent innervation co-occur
We observed a correlation between whether an oc-IHC was inner-
vated by an afferent fiber and whether it also received efferent 
innervation. We propose that afferent innervation determines effer-
ent fiber termination and that loss of afferent innervation may lead 
to the loss of efferent termination at an oc-IHC. In principle, this 
could also be explained the other way around, with loss of efferent 
innervation leading to a withdrawal of afferent fibers from oc-IHCs. 
However, we can rule this out because (i) type I afferents still inner-

vate oc-IHCs in explant cochlear cultures established before the ar-
rival of the efferents (in other words, type I afferent innervation of 
oc-IHCs is independent of efferents (fig. S7); (ii) it has been shown 
that in explant cultures set up at P0, despite lacking efferent inner-
vation, OHCs display normal ribbon synapses with presumed type 
II fibers (45, 46); and (iii) surgical de-efferentiation in neonatal cats, 
at a time when most efferents have not yet entered the outer com-
partment, does not alter the innervation of OHCs by type II affer-
ents, even 6 to 11 months after surgery (58). This implies that the 
establishment, and certainly the maintenance, of type I and type II 
contacts is not dependent on efferent contacts. We therefore conclude 
that the type of afferent innervation (I, II, or none) received by an 
oc-IHC determines whether and how the MOC efferents will termi-
nate (axodendritically, axosomatically, or not at all, respectively).

We have found that innervation of oc-IHCs by type I afferents is 
dependent on the presence or absence of an interposed OHC and 
that when type I afferents innervate, efferents terminate axoden-
dritically, whereas when type I afferents do not innervate and type II 
afferents do, efferents terminate axosomatically. Intriguingly, mice 
that lack the Cav1.3 channel have reduced afferent innervation of IHCs. 
In this mouse model, afferent contacts are normally established but 
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Fig. 8. Schematic illustration and hierarchical model of organ of Corti innervation. (A) In mature control cochleae, LOC efferents (orange) make axodendritic connec-
tions to type I afferent fibers (green) projecting to IHCs (green). Type II afferents (purple) cross into the outer compartment, turn basally, and send collateral projections 
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I afferents projecting to these oc-IHCs. oc-IHCs not innervated by type I afferents instead receive collateral projections from type II afferents. These cells also maintain 
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are subsequently lost over time (with a loss of type I afferent den-
drites and soma). This is accompanied by a reduction of axoden-
dritic LOC contacts and a retention for a longer period of time of 
MOC axosomatic termination on IHCs (63). Our data are consist-
ent with this in that we also find a correlation between type I affer-
ent to IHC contact and axodendritic afferent termination, and of 
lack of it with axosomatic efferent termination. Although we have 
shown that oc-IHCs are physiologically equivalent to IHCs with re-
spect to K-currents and lack of electromotility, how differential in-
nervation might contribute to other hair cell biophysical properties 
(or vice versa) remains to be determined.

MATERIALS AND METHODS
Animals
All animal care and procedures were in strict accordance with the 
Guide for the Care and Use of Laboratory Animals published by the 
National Institutes of Health and were approved by Northwestern 
University’s Institutional Animal Care and Use Committee (Animal 
Study Protocol IS00006235). The floxed Insm1 mouse allele [gener-
ated as described in (40)] was bred in the C57BL/6 J background. 
The Atoh1-Cre knock-in mouse line (17) was bred from a mixed 
background of CD1 and C57BL/6. The Gfi1-Cre knock-in mouse 
line (52) was bred from a C57BL/6 background. The Peripherin- 
EGFP mouse line (64) was provided by E. Yamoah. Similar numbers 
of male and female animals were used for all analyses. Tests were 
performed with randomly selected littermate control mice (either 
Insm1F/F or Atoh1Cre/+; Insm1F/+, which behaved comparably in all 
experiments described here).

Immunohistochemistry
Animals from P0, P7, and P10 were deeply anesthetized with isoflu-
rane and decapitated. Older animals (from P15 to P30) were deeply 
anesthetized with ketamine and intracardially perfused with 4% Paraform-
aldehyde (PFA) in phosphate-buffered saline (PBS). Cochlea were then 
removed and postfixed in 4% PFA for 2 hours at room temperature 
(P0, P7, P10, and P15) or overnight at 4°C (P21 to P30). Tissues were 
washed with PBS and incubated with 10% EDTA (pH 7.4) for 24 to 
72 hours depending on age to decalcify the temporal bones. After 
rinsing with PBS, cochleae were dissected into four turns (an apical 
turn, two medial turns, and a basal turn) for whole-mount processing. 
For all staining, unless otherwise noted, equivalent middle (second 
and third) turns were selected from control and mutant cochlea. 
The cochlea turns were incubated with 30% sucrose for 20 min, per-
meabilized by freeze-thaw (−80°C for 7 min followed by a thaw at 
room temperature for 10 min), and then washed with 1× PBS for 
20 min. The turns were incubated with blocking solution [10% nor-
mal donkey serum in PBS/T (PBS with 1% TX-100)] for 1 hour at 
room temperature. Primary antibodies were added to the cochlea 
turns in blocking solution, and samples were incubated overnight at 
37°C [modified from (28); see below for antibodies used in this 
study]. Tissue was then washed three times in 1× PBS and incubat-
ed with Alexa- or DyLight-conjugated secondary antibodies for 2 to 
3 hours at 37°C. Cochlea turns were washed with 1× PBS and nuclei 
counterstained with 4′,6-diamidino-2-phenylindole in 1× PBS for 
15 min before a final wash and mounting in Prolong Gold antifade 
mounting medium. For GLAST immunolabeling, tissues were post-
fixed in 4% PFA in PBS for 30 min and incubated in 10 mM sodium 
citrate and 0.25% TX-100 (pH 6) for 20 min at 92°C. Tissues were 

then cooled to room temperature and washed in 1× PBS before in-
cubation in blocking solution for 1 hour at room temperature, fol-
lowed by primary and secondary antibody incubation as above.

Antibodies used in this study were as follows: Rabbit anti-EAAT1 
(GLAST) at 1:100 (catalog no. ab416, Abcam) to label IBCs and IP-
hCs; rabbit anti-p75 at 1:100 (catalog no. AB1554, Millipore) to la-
bel IPCs; rabbit anti-Prox1 at 1:500 (catalog no. AB5475, Millipore) 
to label nuclei of IPCs, OPCs, and DCs; anti–-tubulin 1:400 (cata-
log no. T6199, Sigma-Aldrich) to label IPCs, OPCs, and DCs; rabbit 
anti-calretinin (Calb2) at 1:100 (catalog no. 7697, Swant) to label 
type I afferent fibers and type I afferents; mouse anti-CtBP2 at 1:100 
(catalog no. 612044, BD Transduction) and mouse anti-GluR2/3 at 
1:2000 (catalog no. MAB397, MilliporeSigma) to label presynaptic 
ribbons and postsynaptic receptors, respectively; goat anti-vAChT 
at 1:250 (catalog no. ABN100, MilliporeSigma) to label efferent ter-
minals; rabbit anti-TH at 1:500 (catalog no. 657012, MilliporeSigma) 
to label a subset of LOCs; rabbit anti–Na+/K+-ATPase 3 at 1:100 
(catalog no. 06-172-1, MilliporeSigma) to label MOCs; mouse anti- 
CGRP at 1:100 (catalog no. 200-301-D15, Rockland) to label all 
efferent fibers and terminals; goat anti-parvalbumin at 1:2000 (catalog 
no. PVG213, Swant); mouse anti-parvalbumin at 1:250 (catalog no. 
MAB1572, MilliporeSigma) to label type II fibers and their collater-
al projections; rabbit anti-KCNQ4 at 1:500 [a gift from B. Kachar (65)] 
to label the KCNQ4 potassium channel expressed in OHCs; rabbit 
anti-BK at 1:500 (catalog no. AOC-021, Alomone Labs) to label the 
BK potassium channel expressed in IHCs; mouse anti-neurofilament 
200-kDa clone RT97 at 1:100 (catalog no. MAB5262, Millipore), 
rabbit anti-peripherin at 1:200 (catalog no. AB1530), and chicken 
anti-GFP at 1:500 (catalog no. ab13970, Abcam) to label type II af-
ferent fibers.

Image acquisition and analysis
Images were acquired using either a Yokogawa CSU-W1 spinning 
disk on a Nikon Ti2 microscope with a Hamamatsu Flash 4 V3 
camera operated by NIS-Elements or a Nikon A1 confocal micro-
scope. For the spinning disk, an Apo TIRF 100× Oil DIC objective 
was used with a numerical aperture of 1.49 using a step size of 
0.2 m, image size of 2048 × 2044, and pixel size of 0.06 m per 
pixel. For imaging cultures, a Plan Apo  60× Oil objective with a 
numerical aperture of 1.4 was used with a step size of 0.3 m, image 
size of 1024 × 1024, and pixel size of 0.09 m per pixel. Exposure 
times were set to ensure high signal to noise and no saturation in the 
image. For the A1, a Plan Apo  100× Oil objective was used with a 
numerical aperture of 1.45 using a step size of 0.3 m, image size of 
1024 × 1024, and pixel size of 0.09 m per pixel. Gain and offset 
adjusting were performed to ensure that no saturated or undersatu-
rated pixels were present.

Images were processed and three-dimensional (3D) renderings 
generated using NIS-Elements and Imaris, and analysis performed 
with either Imaris or ImageJ (as described below). We did not see a 
difference in the number of fibers innervating oc-IHCs (fig. S8A) 
nor in the number of Ctbp2-positive puncta present in oc-IHCs de-
pending on location along the cochlea (from the apex to the base) 
(fig. S8B). However, unless otherwise noted, our analysis was per-
formed with middle (second and third) cochlear turns.
Counting fibers
Imaris was used to create a detailed surface rendering of Calb2- and 
parvalbumin-labeled afferent fibers. Z-stacks generated from confocal 
microscopy were transferred to Imaris where they were displayed as 
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3D volume rendering for all channels. We used the create surface 
tool to make a solid surface that best matched the structure of the 
neuronal fiber (so as to include as much of the neuron as possible 
while excluding any background) as has been previously described 
in (66). The markers that we use to label type I and type II fibers 
(e.g., Calb2 and parvalbumin) also label both IHCs and oc-IHCs 
(with the hair cells labeling more intensely than the fibers), result-
ing in a huge intensity range within our images. The automatic 
thresholding judgment made by Imaris fails to capture some of the 
dimmer fibers. Therefore, the threshold was manually reduced to 
ensure that all fibers were selected for analysis. Any artifacts (such 
as staining outside of the region where neurons track in the organ of 
Corti) were filtered out on the basis of size, sphericity, and position 
in the z-stack. For parvalbumin-labeled fibers, as we were only in-
terested in the labeled fibers associated with the most lateral row 
(row 3), we filtered out any staining outside of this boundary.
Counting ribbons
The ImageJ plugin, Cell Counter, was used to count ribbons and 
GluR2/3-positive puncta from 3D-rendered images converted into 
a single stack (maximum projected intensity). Ribbons or GluR2/3- 
positive puncta were counted for around 10 cells per image, and 
then the average number of ribbons was averaged per cell. Numbers 
generated using this method were comparable to counts achieved 
when counting ribbons using a wide-field microscope.
Counting vAChT boutons
vAChT staining was assessed in two different ways. For images pre-
sented in Fig. 5, counting was performed using a wide-field micro-
scope, and cells were scored as to whether they received a large 
vAChT-positive efferent terminal or, alternatively, many, dispersed 
vAChT-positive efferent terminals. In Fig. 7 and fig. S4, Imaris was 
used to generate a detailed surface rendering of vAChT-positive ef-
ferent terminals (as described above, with the exception that the 
automatic thresholding judgment calculated by Imaris was not man-
ually adjusted). The volume of each vAChT-positive terminal asso-
ciated with an individual cell was then measured using the Imaris 
Volume Statistics Toolbar.
Determining distance of oc-IHCs from IHCs
Imaris surface rendering of Calb2-labeled fibers and hair cells was 
performed as described above. Imaris was then used to calculate the 
distance between the IHC row and oc-IHCs. Using the measure-
ment tool in Imaris, measurement points were placed centrally on 
an oc-IHC nucleus and centrally on the nucleus of the nearest IHC 
in the volume-rendered image.

Whole-cell patch-clamp recording
OHCs and oc-IHCs were obtained by gentle pipetting of excised 
apical turns from adult control or Insm1 cKO cochleae in the pres-
ence of collagenase (1 mg/ml). This procedure left cells in HC/
supporting cell clusters, which were further disrupted by centrifugation 
at 1000g for 3 s. After centrifugation, all IHCs were isolated, while 
OHCs and oc-IHCs remained attached to adjacent OHCs/supporting 
cells, thus facilitating identification of morphologically similar 
IHCs and oc-IHCs. IHCs for recording were collected in separate 
experiments with harsh pipetting without subsequent centrifuga-
tion. Recording pipettes were pulled from borosilicate glass to 
achieve initial bath resistances averaging 3 to 4 megaohms. Recording 
pipettes were filled with an intracellular solution containing 140 mM 
KCl, 2 mM MgCl2, 10 mM EGTA, and 10 mM Hepes (pH 7.3). 
Cells were bathed in Hanks’ balanced salt solution (HBSS) (14025, 

Thermo Fisher Scientific). Pipette offset current was zeroed imme-
diately before the pipette tip contacted the cell membrane. After 
establishing the whole-cell configuration, the membrane potential 
was held at −80 mV and the intracellular pressure kept at 0 mmHg 
(relative to the atmospheric pressure). Command voltages (Vc) were 
constant step functions of 150-ms duration (from −140 to +80 mV, 
10-mV step). Current data were collected by jClamp (SciSoft Com-
pany). For cell membrane electric capacitance (Cm) measurement, 
the electric current response to a sinusoidal Vc (2.5 Hz, 120- to 
150-mV amplitude), superimposed with two higher-frequency stimuli 
(390.6 and 781.2 Hz, 10-mV amplitude), was recorded. Cm was de-
termined by a fast Fourier transform–based admittance analysis 
(67). Since a large membrane electric conductance interferes with 
Cm measurement, we determined Cm only in low-voltage ranges 
where the membrane conductance was kept low. All whole-cell re-
cordings were conducted at room temperature using the Axopatch 
200B amplifier (Molecular Devices) with a 10-kHz low-pass filter. 
The Vc values were corrected for the voltage drop due to the series 
resistance but not for liquid junction potential that was estimated to 
be ~4 mV.

Explant cultures
For explant cultures, cochleae were isolated from Atoh1Cre/+; Insm1F/F 
mice shortly after birth (P2). For each sample, the cochlea roof 
and any excess connective tissue was removed to expose the sensory 
epithelium [described in (68)], which was then transferred to a plas-
tic culture dish containing fresh culture medium [Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal bovine serum, 
and ampicillin (50 g/ml)]. The explants were cultured for 6 days at 
37°C with 5% CO2, with fresh culture medium added after 72 hours 
(to ensure that the explants had adhered well to the culture dish). 
Following the culture period, the explants were fixed in 4% PFA in 
PBS for 30 min at room temperature and then processed for immuno-
staining and confocal microscopy as described above.

FM1-43 uptake
Cochleae were isolated from Atoh1Cre/+; Insm1F/F at P5 and explants 
set up as described above. After 6 days in vitro, explants were washed 
in HBSS (14025076, Thermo Fisher Scientific). Once in wash, a 
10 M FM1-43 (T3163, Thermo Fisher Scientific) working solution 
was prepared in HBSS. The HBSS wash was removed, and the FM1-
43/HBSS solution was added and allowed to sit for 20 s. Cultures 
were then washed three times in HBSS and immediately examined 
for fluorescence with a Nikon E600 upright fluorescence micro-
scope [first with a Plan Apo 10× lens (with a numerical aperture of 
0.45) to locate the tissue and then with a Fluor 40× immersion lens 
(with a numerical aperture of 0.8 W)]. Images were captured using 
a Nikon DS-Ri2 Color complementary metal-oxide semiconductor 
camera. Cultures were then fixed in 4% PFA in PBS for 30 min at 
room temperature and processed for immunostaining and confocal 
microscopy, as described above, to label the oc-IHCs.

Statistical analysis
Analyses were performed with Prism 9. A D’Agostino-Pearson nor-
mality test was first performed on data. If data passed this test, then 
a t test or analysis of variance (ANOVA) was performed where ap-
propriate (paired versus multiple datasets, respectively). Welch’s cor-
rection was reported for tests carried out on multiple datasets. 
Alternatively, if the data were determined to be non-Gaussian by the 
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D’Agostino-Pearson test, then a Mann-Whitney test was used on 
paired data. For multiple comparisons, Dunn’s multiple compari-
son test was performed following a Kruskal-Wallis test. The  level 
for all tests was 0.05. The minimum number of samples needed to 
have sufficient statistical power to detect differences in innervation 
of oc-IHCs versus OHCs was determined to be 4, using an  of 0.05, 
 of 0.2, and power of 0.8. Power calculations were not explicitly per-
formed before each experiment; however sample sizes were selected 
according to those routinely used in the field. For transparency, 
n values used throughout the study are given in each figure legend.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/4/eabd8637/DC1

View/request a protocol for this paper from Bio-protocol.
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