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Molecular Characterization of the Olivocochlear Efferent System 

 

Abstract 

Our sense of hearing relies on connections between diverse cell types to process acoustic 

information and guide behaviors. Incoming sounds are transduced by hair cells in the cochlea 

and transmitted into the brain by spiral ganglion neurons (SGNs). In turn, feedback circuits 

modulate this auditory information at every level of sensory processing, including the sensory 

periphery. In particular, the olivocochlear neurons (OCNs) send projections from the auditory 

brainstem into the ear, synapsing onto both hair cells and SGNs. These enigmatic cells have been 

implicated in numerous aspects of auditory processing, including attentional modulation, 

separating speech sounds from background noise, and protecting the cochlea from damage. 

Mammalian OCNs are typically classified into medial (MOC) and lateral (LOC) components, with 

MOCs projecting to hair cells and LOCs targeting SGNs. However, a robust understanding of the 

development and function of these cells has long been hampered by a lack of genetic access and 

poorly understood heterogeneity among OCNs.  

We used high-throughput, single-nucleus sequencing to profile the transcriptomes of 

individual brainstem neurons from neonatal and mature animals. There are two main clusters of 

OCNs at each timepoint, corresponding to MOC and LOC neurons. OCN subtypes differ in their 

expression of guidance and adhesion molecules, ion channels, and neurotransmitters, providing 

insights into the distinct ways that MOCs and LOCs are integrated into auditory circuitry. Although 

many of these differences are present neonatally and persist into adulthood, other OCN attributes 

emerge during the course of postnatal development, as the expression of ion channels, receptors, 

and neurotransmitters all vary between neonatal and mature cells. In addition, I identified a subset 

of LOCs that express the neuropeptides Npy, CGRP-II, and Ucn. Peptidergic and non-peptidergic 



 iv 

LOCs also differ in their expression of the cell adhesion factor Tenm3, suggesting that they may 

have distinct targets. In order to investigate OCNs in even greater detail, I generated Gata3-FlpO 

and Ucn-Cre mouse lines, which together provide an intersectional strategy for manipulating LOC 

neurons without affecting MOCs. Collectively, this work addresses longstanding questions about 

how coordinated networks of feedforward and feedback cells develop and interact to influence 

sensory processing. 
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The auditory system connects animals to their external environments in myriad ways: it allows 

them to locate and identify sounds, to communicate with other organisms, and to do all of this 

even amidst a jumble of background noises. To perform these complex tasks, animals rely on 

precisely wired and tuned auditory circuitry. As in other sensory systems, sound is detected by 

highly specialized receptor neurons in the peripheral nervous system (PNS) and then encoded in 

the activity of primary sensory neurons that project into the central nervous system (CNS). 

However, whereas visual signals are processed extensively in the retina before being transmitted 

to the thalamus, the bulk of early auditory processing occurs instead in the brainstem. Moreover, 

within the auditory brainstem is housed a small but crucial population of neurons that project back 

to the cochlea, establishing a route for efferent feedback that both protects sensory cells from 

damage and directly tunes afferent activity. The formation of these reciprocal connections 

between the CNS and the PNS presents some unusual developmental challenges, including 

specification and generation of diverse types of efferent neurons, navigation of efferent axons 

through and out of the brainstem, and alignment with the afferent connections forming in the 

cochlea. The function of these feedback projections offers a separate puzzle, as direct efferent 

modulation at the level of sensory receptors or primary sensory neurons is virtually unheard of in 

other sensory systems. Work over the past several decades has offered crucial insights into many 

of these problems, although research has long been hampered by a limited knowledge of 

differences between efferent cell types and a lack of genetic tools to label or manipulate these 

neuronal populations. 
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OVERVIEW OF AFFERENT AND EFFERENT ORGANIZATION 

 

Figure 1.1. Organization of the mammalian olivocochlear efferent system. Auditory 

information transduced by inner (IHCs) and outer hair cells (OHCs) is conveyed to the auditory 

brainstem via Type I and Type II spiral ganglion neurons (SGNs), respectively. SGNs project into 

the brain via the VIIIth nerve and synapse onto neurons in the cochlear nuclear complex (CNC). 

The superior olivary complex (SOC, dashed circle) contains multiple nuclei involved in sound 

localization, including the medial superior olive (MSO), lateral superior olive (LSO), ventral 

nucleus of the trapezoid body (VNTB), lateral nucleus of the trapezoid body (LNTB), medial 

nucleus of the trapezoid body (MNTB), and the superior periolivary nucleus (SPN). Medial (MOCs) 

and lateral (LOCs) olivocochlear neurons reside primarily in VNTB and LSO, respectively, and 

project back to the sensory epithelium via the VIIIth nerve. Other types of neurons are also housed 

in VNTB and LSO, including neurons that mediate afferent responses, but only MOCs and LOCs 

are indicated for simplicity. Within the cochlea, LOCs form synapses with Type I SGNs, whereas 

MOCs terminate on OHCs. 

 

In mammals, incoming sounds are transduced by hair cells in the cochlea and transmitted to the 

brainstem via spiral ganglion neurons (SGNs) (Figure 1.1). SGNs are divided into two primary 

groups: Type I SGNs, which receive synaptic signals from inner hair cells (IHCs), and Type II 

SGNs, which connect with outer hair cells (OHCs). The IHCs and Type I SGNs are almost 
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certainly the primary carriers of perceptual auditory information, while the OHCs control cochlear 

gain. Although their precise function remains unclear, Type II SGNs are proposed to convey 

information about damage and pain1,2. Hair cells and SGNs are organized tonotopically along the 

axis of the cochlea, from high characteristic frequencies in the base to low characteristic 

frequencies in the apex. All SGNs maintain this tonotopic organization as they extend their central 

axons into the VIIIth cranial nerve3–5. 

The central projections of auditory nerve fibers terminate within the cochlear nucleus 

complex (CNC), a collection of nuclei on the dorsal surface of the brainstem, tucked beneath the 

cerebellum (Figure 1.1). The CNC contains a number of distinct cell types that differ in their 

morphology, responses to sound, projections, and functions6. Globular bushy cells provide a 

major source of output from the CNC, crossing the midline and terminating within the contralateral 

medial nucleus of the trapezoid body (MNTB). Spherical bushy cells, on the other hand, innervate 

the lateral and medial superior olives (LSO, MSO), which contain principal neurons that integrate 

information from both ears, enabling sound localization in the horizontal plane6–8. These nuclei 

reside in the superior olivary complex (SOC), a large collection of nuclei devoted to auditory 

processing that sits just dorsal to the trapezoid body in the pons. Additionally, some neurons of 

the CNC project directly to the inferior colliculus (IC), where their information is integrated with 

ascending projections from the SOC6. At each level, nuclei are tonotopically organized3. 

In addition to this feedforward, afferent pathway, normal hearing also relies on feedback circuits 

present at every level of auditory processing. At the most peripheral level, a small population of 

efferent neurons project from the auditory brainstem back into the cochlea to modulate both hair 

cells and SGNs9. The cell bodies of these olivocochlear neurons (OCNs) reside in the SOC, 

amidst circuitry required for early auditory processing and sound localization10,11. Collectively, the 

OCNs help to protect the ear against acoustic trauma12–16, separate speech sounds from 

background noise17,18, and may balance inter-aural differences19–23.  
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Like the hair cells and SGNs, mammalian OCNs are divided into two main subtypes, a 

medial and a lateral component, based on the positions of their somata in the SOC24,25. Medial 

olivocochlear neurons (MOCs) send both ipsilateral and contralateral projections to OHCs, while 

lateral olivocochlear neurons (LOCs) project predominantly ipsilaterally to innervate Type I SGN 

terminals near the base of IHCs24. This general architecture is widely preserved across the 

mammalian class, although the precise location of efferent somata, the overall number of 

efferents, and the ratio of MOC to LOC neurons vary across species26,27. In mice, MOC cell bodies 

reside mainly in the ventral nucleus of the trapezoid body (VNTB), whereas LOC neurons are 

found in and around the lateral superior olive (LSO). Both MOC and LOC neurons are intermingled 

with neurons that mediate afferent responses27. Like the other auditory brainstem nuclei, LOCs 

are tonotopically organized in the LSO, with high frequencies represented medially and low 

frequencies more laterally28–31. 

MOC neurons represent a relatively uniform population of neurons that act primarily to 

dampen cochlear activity via inhibitory, cholinergic synapses onto OHCs. OHCs receive this 

cholinergic input through nicotinic acetylcholine receptors (nAChRs) comprised of α9 and α10 

subunits32–34. In mature hair cells, efferents terminate opposite a postsynaptic cistern containing 

calcium stores that is closely apposed by calcium-gated SK2 channels. The α9/α10 nAChR is 

permeable to divalent cations, and calcium entry through this channel is amplified by calcium-

induced calcium release from the nearby postsynaptic cistern. In turn, localized release of calcium 

triggers potassium efflux through local SK2 channels, thus resulting in OHC hyperpolarization in 

response to acetylcholine released from MOC fibers22,34. In some OHCs, BK channels are also 

present at this synapse and appear to contribute to hair cell hyperpolarization35,36. Like other 

cholinergic neurons, at least some MOCs also express GABA and CGRP, although a definitive 

role for those neurotransmitters at the OHC synapse has yet to be established37,38. It has been 

proposed that Type II SGNs provide input to the MOC circuit, but strong evidence for this 

hypothesis is lacking39,40. 
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In contrast to the relatively uniform MOC population, LOC neurons exhibit a puzzling array 

of differences in their morphological and signaling properties. These neurons express a diverse 

range of neurotransmitters and neuropeptides, including acetylcholine, CGRP, GABA, urocortin, 

and dopamine, and there is mixed evidence indicating the presence of additional signaling 

molecules41,42. Immunohistochemical studies suggest that many of these signaling molecules are 

found only transiently during development or in a subset of LOC neurons, in some cases along a 

tonotopic gradient43–45. Like several other neuronal populations, LOCs can also dynamically 

regulate their expression of dopamine46–48. In LOCs, this neurotransmitter switching can be 

provoked by acoustic trauma; it remains unknown whether signaling molecules other than TH can 

be modulated by sound exposure and whether other stimuli can evoke changes in 

neurotransmitter expression. LOC neurons also show obvious differences in the morphology and 

extent of their cochlear projections, but it is unknown how these anatomical differences correlate 

with variability in neurotransmitter expression or other aspects of LOC function49. Several 

researchers have noted, however, that LOC shell neurons found adjacent to the LSO vary from 

LOC neurons housed within the LSO itself with respect to their morphologies, projection patterns, 

and neurotransmitter expression27,44,49,50. At a functional level, stimulation studies indicate that 

LOC neurons can provide both excitatory and inhibitory signals to auditory nerve fibers51. Thus, 

although all LOC neurons appear to target auditory nerve fibers, the structure of LOC-SGN 

synapses remains mysterious, and there is poorly understood heterogeneity at the level of both 

anatomy and function that could influence exactly how LOC activity alters the encoding of sound 

information in the cochlea. 

In addition to the cochlear efferent pathway, similar efferent projections target hair cells of 

the vestibular and lateral line systems. Indeed, efferent neurons have been identified in virtually 

every species with a hair cell sensory system—including cephalopods26. In non-mammalian 

species, efferent neurons to the vestibular, auditory, and lateral line (if present) systems all reside 

in the same brainstem nucleus26. Even in mammals, where the vestibular and auditory efferents 
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reside in distinct brain regions, the two efferent populations develop together52,53. Although birds 

and mammals are separated by 300 million years in evolution, efferent innervation of the sensory 

epithelium in birds (the basilar papilla) is analogous to what is observed in mammals, with 

differential innervation of tall (IHC-like) and short (OHC-like) hair cells54,55. Likewise, the 

developing inner ear efferents share a common developmental history in chickens and mice, with 

some differences53,56,57. The ubiquity of these feedback systems across widely divergent species, 

along with their common developmental origins, suggest that the efferent neurons of these various 

sensory modalities may share a common evolutionary origin, and may even have co-evolved with 

hair cells themselves58.  

Across species, these inner-ear efferents (IEEs) also share many properties of branchial 

cranial motor neurons, both functionally and developmentally. Like the pre-ganglionic motor 

neurons of the autonomic nervous system, IEEs represent a subset of motor neurons, despite the 

fact that they do not form connections with muscles. IEEs originate in a motor neuron progenitor 

zone, express many markers of motor neuron identity—including Chat, Tbx20, and Isl1—and 

develop alongside the facial branchial motor neurons (FBMNs)58,59. FBMNs provide the motor 

division of the VIIth nerve, which innervates the face and is closely affiliated with the VIIIth nerve 

as they project together in the internal auditory meatus. Indeed, in all vertebrates, IEE and FBMN 

axons project together for at least some distance26,58. Given the many similarities between these 

two neuronal populations, it is hypothesized that IEEs are evolutionarily derived from FBMNs58.  

 

Origin, specification, and migration of OCNs within the brainstem 

During development, OCNs are progressively specified, starting with the induction of generic IEE 

precursors and ending with the formation of functionally distinct populations of LOC and MOC 

neurons that form anatomically distinct connections with SGNs and OHCs, respectively. As in 

other regions of the nervous system, this gradual diversification of cell fates depends on 
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combinatorially acting transcription factors, including factors that coordinate the migration of each 

efferent subtype to its proper location in the SOC. 

 

 

Figure 1.2. Cell body movements of inner ear efferents (IEEs) and facial branchial motor 

neurons (FBMNs) during mouse embryogenesis. (A) As shown in a sagittal view, FBMNs and 

IEEs both derive from a common pool of visceral motor neuron (MNv) progenitors in rhombomere 

4 (r4). During embryogenesis, FBMNs move caudally. IEEs gradually separate into distinct 

subtypes and migrate to their final positions in r4 and r5. Rostral is left and dorsal is up. LOC, 

lateral olivocochlear neuron; MOC, medial olivocochlear neuron; VEN, vestibular efferent neuron. 

(B) Starting around E9, IEEs and FBMNs begin to differentiate from a shared pool of cells in the 

progenitor domain of visceral motor neurons (pMNv), directly adjacent to the floor plate (FP), 

illustrated in a transverse view of r4. As they develop, immature neurons exit the cell cycle and 

migrate from the ventricular zone (VZ) to the mantle zone (MZ). By E10.5, IEEs and FBMNs have 

begun to separate: FBMN cell bodies migrate caudally (see A), while IEEs begin to send 

projections (or translocate) across the floor plate. Both FBMNs and IEEs also begin extending 

projections to the periphery via the VIIth and VIIIth nerves. By E13.5, FBMNs and IEEs have fully  
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Figure 1.2 (Continued) 

separated, and olivocochlear neurons (OCNs) have separated from VENs. OCNs migrate towards 

the pial surface whereas VENs migrate dorsally. 

	

The earliest stages of IEE specification depend on the overall patterning of the axes of the 

hindbrain, with IEEs developing from neural progenitors with a specific rostral-caudal and dorsal-

ventral address (Figure 1.2) (reviewed in ref. 59). During development, the brainstem is divided 

into discrete segments along the rostral-caudal axis called rhombomeres60–65. Each rhombomere 

is defined by combinations of transcriptional regulators that control the patterning of neuronal 

populations developing within that segment, with homeobox (Hox) transcription factors playing a 

leading role66. Distinct neural progenitor domains also exist along the dorsal-ventral axis of each 

rhombomere. In the ventral neural tube, the formation of these domains is guided by a gradient 

of the morphogen Sonic hedgehog (SHH) and by suites of homeodomain proteins induced by 

varying levels of SHH64,67,68. Thus, the identity of developing hindbrain neurons, including the IEEs, 

is determined by a combination of their extracellular milieu and the particular slate of transcription 

factors expressed within individual cells. 

Within the brainstem, OCNs develop in parallel with many other related neurons essential 

for auditory processing. Indeed, the majority of the auditory brainstem is derived from 

rhombomeres 2-559,69, with most neurons exiting the cell cycle between E9 and E14 in mouse69–

71. Within this region, some neurons, including the OCNs, develop from progenitors in the 

ventricular zone, whereas others arise from the rhombic lip, a highly migratory pool of progenitors 

lining the roof of the fourth ventricle (Figure 1.2). Moreover, many nuclei are comprised of neurons 

from multiple sources. For instance, neurons of the cochlear nucleus complex (CNC) arise in r2-

5, primarily from Wnt1-expressing cells in the rhombic lip, but also from Wnt1-negative precursors 

ventral to the rhombic lip, which instead are marked by expression of Ptf1a and go on to produce 
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GABAergic neurons in the CNC59,69,72,73. Distinct CNC cell types originate in different 

rhombomeres and in different progenitor domains along the dorsal-ventral axis59,73.  

More ventrally, the various nuclei of the SOC, where OCNs eventually reside, develop 

primarily in r559,74–77. Like the CNC, the neurons that will eventually populate the SOC derive from 

multiple sources, including Atoh1- and Wnt1-positive precursors in the rhombic lip and En1-

expressing precursors of the ventricular zone59,77–79. For instance, the LSO contains glycinergic 

neurons derived from the ventricular zone and glutamatergic neurons derived from the rhombic 

lip59. All IEEs, however, originate from a distinct pool of progenitors in the ventricular zone of 

r452,53,57,76. Notably, the CNC interneurons that innervate MOCs are also r4-derived, suggesting 

that the rhombomeric origins of auditory brainstem neurons may inform their later circuit 

connectivity and functions76. 

The various nodes for auditory processing in the brainstem become interconnected early 

in embryogenesis. Beginning around E9.5 in mouse, SGNs start to delaminate from the otic 

placode, which forms from epithelium adjacent to r5-680–82. Around E11.5, SGNs begin sending 

projections into the region where the CNC will develop, while both types of neurons are still being 

born82–85. By E15, those early projections have begun to form functional synaptic contacts with 

target neurons in the ventral cochlear nucleus, and by E17, electrical stimulations in the nascent 

cochlea can elicit responses from neurons in the SOC, indicating the formation of functional 

contacts both between SGNs and CNC neurons, and between CNC neurons and their targets in 

the SOC86. Thus, neurons throughout the auditory brainstem—including OCNs and their 

precursors—navigate through a complex and changing environment that is physically connected 

to the cochlea from very early stages.  

 

Olivocochlear efferents develop together with typical motor neurons 

The earliest stages of IEE development are intertwined with those of FBMNs. In all vertebrate 

species examined thus far—including mice, chickens, and zebrafish—IEEs and FBMNs originate 
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together in the progenitor domain of visceral motor neurons (pMNv) in the ventricular zone, just 

medial to the floor plate of r452,53,56,57,76,87. This NKX2-2+ domain, analogous to p3 in the spinal 

cord, produces branchial and visceral motor neurons, while somatic motor neurons are generated 

from a more dorsal PAX6+ progenitor domain88,89. The overall identity of r4 is determined by the 

homeobox transcription factor HOXB1,whose expression is restricted to r4 by E8.5 in 

mice62,64,66,90–93. Loss of Hoxb1 has major consequences for r4, including loss of both IEEs and 

the facial motor nucleus, where FBMN cell bodies reside94–96. However, ISL1-positive motor 

neurons are still present, suggesting that Hoxb1 is not necessary for motor neuron development 

per se, but instead directs a subset of motor neuron precursors to assume “r4” identities76,94.  

IEEs, like FBMNs and other branchial motor neurons, also express a collection of transcription 

factors that together assign a motor neuron identity. These genes include Isl197,98, Phox2a and 

Phox2b99–101, Nkx genes (most critically Nkx2-2, Nkx2-9, Nkx6-1, and Nkx6-2)64,67,102–105, and 

Tbx20106–108. Expression of these transcription factors is restricted to motor neuron progenitors as 

part of the broader SHH signaling network, with pMNv forming just ventral to the somatic pMN 

domain68,88.  

Motor neuron progenitors are subsequently diversified to produce subtypes of motor 

neurons by integrating patterning information from the anterior-posterior and dorsal-ventral axes. 

For IEEs and FBMNs, this means assuming a branchiovisceral fate within r4. The 

branchiovisceral fate is controlled by the combined action of NKX2-2 and NKX2-9 in progenitors 

within the pMNv domain105. A key effector is the homeodomain protein PHOX2B, which promotes 

expression of Ascl1 (formerly referred to as Mash1) and production of branchial and visceral 

motor neurons while inhibiting an alternative serotonergic fate100,101,109–112. Thus, Phox2b knock-

out animals lack all branchial and visceral cranial motor nuclei109. In these animals, NKX2-2+ 

progenitors are specified normally but progress atypically to the next stage of development109. 

This general PHOX2B-driven MNv program is customized in r4 through the combined action of 

HOXB1 and NKX family members. HOXB1 is required for Phox2b expression95 and can directly 
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bind to regulatory sequences in the Phox2b locus that are necessary and sufficient for expression 

in ventral r4, where the IEEs and FBMNs develop113. Moreover, NKX2-2 synergizes with HOXB1 

and other co-factors, such that expression of Phox2b is a direct readout of the intersection 

between the A/P (i.e. HOXB1) and D/V (i.e. NKX2) patterning systems. NKX6 proteins reinforce 

this system by maintaining expression of Hoxb1 in r4100. Hence, in the absence of NKX6 protein 

activity, Hoxb1 expression decreases prematurely and very few IEEs are produced100. As a result 

of this complex spatiotemporal network, MNv progenitors in r4 produce only branchial and visceral 

MNs, including both IEEs and FBMNs. 

IEEs also depend on unique genetic programs to differentiate them from the FBMNs 

developing simultaneously in pMNv. In chicks and mammals—but not zebrafish114,115—IEEs are 

distinguished from FBMNs early on by the expression of zinc-finger transcription factors GATA2 

and GATA3116–119. Although both GATA2 and GATA3 are expressed in the pMNv progenitor 

domain, analysis of Gata3 mutants indicates that GATA3 is not expressed by postmitotic 

FBMNs101,116,117. In mice lacking either GATA2 or GATA3, efferent neurons project aberrantly and 

fail to cross the floorplate, with axons instead joining the VIIth nerve116,117,119. In r4, Gata3 

expression is downstream of Gata2116,119. Thus, a GATA2/3 network may drive a binary IEE 

versus FBMN fate decision, similar to the role of GATA factors in the immune system120. This 

network, in turn, is downstream of both Hoxb1 and Phox2b. Thus, misexpression of Hoxb1 in r2 

induces ectopic expression of both Gata2 and Gata3, as well as aberrant midline crossings, 

suggesting an induction of IEEs91,116. PHOX2B may serve as an intermediary for this effect, as 

HOXB1 can induce Phox2b113, and PHOX2B in turn drives expression of Gata3 in the ventral 

region of r4101. Indeed, IEEs in Phox2b knock-out mice fail to differentiate normally, exhibit 

reduced levels of GATA3, and occasionally mis-specify as serotonin progenitors101. Phox2a, on 

the other hand, is not required for IEE development101. Thus, IEE differentiation depends on a 

general HOXB1/PHOX2B network, with further specificity arising through the action of GATA 

factors.  
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The segregation of IEEs and FBMNs is reflected in their migration to distinct nuclei 

Shortly after undergoing their final mitotic division, both FBMN and IEE cell bodies begin to 

migrate away from their shared point of origin (Figure 1.2). In mice, these movements are initiated 

at about E10 and conclude around E15.553,94,121–124. During this time, IEEs and FBMNs separate 

from each other, as FBMNs travel caudally into their final position in r5 and r6125. The IEEs 

populate r4-5, and are subsequently subdivided into the vestibular efferent neurons (VENs), which 

migrate dorsally, and the OCNs, which migrate ventrally and eventually give rise to MOCs 

(residing mainly in VNTB) and LOCs (located in and around LSO)53,101. Importantly, FBMNs and 

IEEs extend axons together from their common origin and into the periphery as early as E10.5, 

so the trajectory of axons within and out of the brainstem reflects their migratory history52.  

Whereas FBMNs project ipsilaterally to innervate muscles on the same side of the body, 

many IEEs project to the contralateral cochlea. In particular, MOCs tend to project contralaterally 

and LOCs tend to project ipsilaterally, although the proportions of ipsilateral and contralateral 

projections vary across species27. In the mouse, about 66% of MOCs (but only 1% of LOCs), 

project contralaterally, with some neurons even projecting to both ears27,126,127. The contralateral 

projections, which form the olivocochlear bundle (OCB), appear as early as E10116,117, and the 

OCB is fully formed by E13.553, thereby overlapping substantially with the period of IEE migration. 

Indeed, in chickens, contralateral projections are achieved by a translocation of IEE cell bodies 

across the floor plate, thereby leaving a crossed projection in their wake56,57. In mice, the means 

of midline crossing are less clear, as extensive cell body translocations have not been 

detected52,53,128. However, neurons positive for the IEE marker GATA3 have been observed in the 

midline of E10.5 mice, suggesting that at least some IEE soma may move from one side to the 

other101,117. In mammals, the formation of a contralateral projection may involve the axon guidance 

receptor EPHB2. In mice, EPHB2 is expressed by IEEs, FBMNs, and the floor plate129. In the 

absence of EphB2, IEE axons meander aberrantly across the midline before achieving 

anatomically normal projections, albeit several days later than wild-type controls129.  
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The mechanisms that entice IEEs across the midline —and prevent FBMNs from 

following— may also involve the Slit-Robo pathway. In Slit1, Slit2 double knock-out mice, the total 

number of fibers crossing the midline in r4 is decreased by about half compared to wild-type 

controls, with some axons turning and running longitudinally along the floor-plate rather than 

crossing directly130. In contrast, Robo2 knock-out animals show a marked increase in the number 

of projections crossing the floor plate, as well as aberrant migration of ISL1-positive cell bodies 

onto the floor plate130,131. These findings suggest that ROBO2 may ordinarily provide a repulsive 

cue that keeps FBMNs away from the midline. One can speculate that a similar mechanism might 

be at play in guiding the ipsilateral projections of IEEs.  

 

Figure 1.3. Transcription factors driving the production of FBMNs and IEEs. FBMNs and 

IEEs arise in the fourth rhombomere (r4), which is specified by an autoregulatory Hoxb1/b2 

network. Within the pMNv domain of r4, SHH induces expression of a suite of transcription factors 

(grey box), including Nkx2-2, Nkx2-9, Nkx6-1, and Nkx6-2, that direct a branchiovisceral MN fate. 

The presence of Hoxb1 and Nkx factors collectively induce Phox2b, which is subsequently 

maintained in branchiovisceral precursors, including those that become IEEs or FBMNs. Within 

r4, Nkx6 factors are required for the maintenance (but not the onset) of Hoxb1 expression (grey  
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Figure 1.3 (Continued) 

arrow). In branchiovisceral precursors, Phox2b drives expression of early markers of visceral and 

branchial MN identity, including Phox2a, Isl1, and Chat. In addition, Nkx6-1 and Ascl1 expression 

persists after the MNv progenitors exit the cell cycle and become branchiovisceral precursors. 

Within this pool of precursors, those that will become IEEs likely deviate from an FBMN fate due 

to the expression of Gata2/3. Together, Phox2b and Hoxb1 drive expression of Gata2, which in 

turn drives expression of Gata3. Ascl1 remains active in postimitotic IEEs (but not FBMNs) until 

about E12.5 and influences the level of Gata3 expression. Many of these transcription factors 

impinge on each other and on common cassettes of gene expression, with some acting at multiple 

stages and in multiple ways. For simplicity, only the key transcriptional interactions that drive the 

specification and differentiation of IEEs are shown. See Table 1.1 for additional details regarding 

the specific contributions of each factor. 

 

 

Some IEE migratory decisions appear to depend on transcriptional networks active in all motor 

neurons (Figure 1.3). For instance, both IEEs and FMBNs require the pan-motor neuron marker 

ISL1 for proper differentiation. For FBMNs, ISL1 is crucial for their caudal migration, as reflected 

by an accumulation of FBMNs in r4-5 rather than r6 in mice with reduced ISL1 levels132. Although 

no major IEE migratory phenotypes were described, the IEEs developed truncated and 

disorganized projections out of the brainstem, with the few remaining axons barely reaching the 

ear by E11.5. Both types of defects may be due to altered expression of Slit2, as Slit2 levels are 

decreased in Isl1-deficient motor neurons132. 

Like ISL1, TBX20 is expressed by both IEEs and FBMNs, but has distinct effects on the 

migration of each population106. Caudal migration of FBMNs is controlled by the planar cell polarity 

(PCP) pathway115,133–145, and Tbx20 mutant mice exhibit defects in caudal FBMN migration as well 



 16 

as a downregulation of PCP genes in FBMN somata106. Tbx20 expression is also required for 

midline crossing of IEEs, but it is unclear whether this phenotype is also due to changes in PCP 

gene expression106. Nevertheless, IEEs exhibit aberrant midline crossing in mice lacking the PCP 

component PRICKLE1, with reduced contralateral projections and some axons turning to wander 

along the floorplate longitudinally137. In zebrafish, the caudal migration of octavolateralis efferents 

is also stalled in animals lacking the PCP proteins Scrib or Celsr2134,145. More work is needed to 

understand what role—if any—the PCP pathway plays in the migration of mammalian IEEs. Thus, 

despite a common reliance on TBX20 and possibly PCP genes, there appear to be significant 

differences in how these genes act in IEEs and FBMNs.  

Shortly before the IEEs and FBMNs have fully separated, IEEs begin to further diversify 

and separate from each other, with VENs migrating dorsally, MOC neurons moving ventrally, and 

LOC neurons settling in a more ventrolateral position53. In mice, this migration happens between 

E12.5 and E14.5, with VENs and OCNs separating first, followed by a separation of MOC and 

LOC neurons53. This process requires the transcription factor ASCL1, as the VEN nucleus does 

not form in Ascl1 mutants101. ASCL1 is also expressed in OCNs and FBMNs101,109,146. However, 

although Ascl1 deletion delays the caudal migration of FBMNs, it has no effect on the movement 

of OCNs101,146. Unfortunately, the identity of additional cell-type specific transcription factors that 

might direct subsets of OCNs to their final destinations remains unclear. 

The final separation of VENs from OCNs relies in part on a ventral migration of OCNs, 

with both OCNs and FBMNs undergoing similar migrations away from the ventricular zone to 

arrive close to the ventral pial surface of the hindbrain122,124 (Figure 1.2). This process of radial 

migration depends on the Reln gene in both OCNs and FBMNs, although LOC neurons only 

appeared to be partially affected in Reln mutant mice, suggesting that additional mechanisms 

may be at work122. In FBMNs, Reln interacts with Dab1 and Cdk5. It is unknown whether similar 

mechanisms mediate its effects in OCNs122,147 (see Table 1.1 for a summary of genes involved in 

OCN specification, migration, and guidance). 
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Table 1.1. Genetic factors influencing IEE identity and migration.  

Gene Protein type Effect on IEE Development References 

Hoxb1 
Homeodomain 
transcription 
factor 

Critical for establishing an r4 
identity. No IEEs or FBMNs in 
Hoxb1 mutant mice; 
branchiovisceral MNs are mis-
specified. Mutants fail to maintain 
Phox2b expression in progenitors 
and exhibit no Gata3 expression in 
r4. Ectopic expression outside of r4 
induces aberrant midline crossings 
and Gata3 expression. 

76,91,94–96,100,116 

Nkx2-2, 
Nkx2-9 

Homeodomain 
transcription 
factors 

Both genes are key for interpreting 
graded SHH signals and assigning 
a dorsal-ventral identity. In Nkx2-2, 
Nkx2-9 double knock-out mice, 
hindbrain branchiovisceral MNs 
lose Phox2b expression and mis-
specify as somatic MNs. In the 
presence of Hoxb1, ectopic 
expression of Nkx2-2 induces 
Phox2b expression and a 
branchiovisceral MN identity.  

67,89,100,102,105,113 

Nkx6-1, 
Nkx6-2 

Homeodomain 
transcription 
factors 

Both genes are key for establishing 
dorsal-ventral patterning and hence 
motor neuron development. 
Somatic MN identity is mis-
specified in Nkx6-1 mouse mutants. 
FBMN migration—but not initial 
specification—is also altered, likely 
through altered expression of cell 
surface receptors like RET and 
UNC5C. Effects on IEE migration 
are unknown. In Nkx6-1, Nkx6-2 
double knock-outs, some visceral 
MNs differentiate as serotonin 
neurons. After E10.5 in double 
knockouts, Hoxb1 expression 
decreases in ventral r4. 

67,100,103,104 
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Table 1.1 (Continued) 
 

  

Phox2b 
Homeodomain 
transcription 
factor 

Key regulator of branchiovisceral 
MN specification. Phox2b mutants 
lack all branchial cranial motor 
neuron nuclei, with no IEEs and no 
FBMNs. Visceral motor neurons are 
mis-specified. Sufficient to induce 
itself, Isl1, Phox2a, and Chat in 
branchiovisceral MN precursors. 
Can cooperate with Nkx2-2 to 
induce Ascl1 and generic neuronal 
differentiation. Upstream of Gata2/3 
in IEEs. 

101,109–112 

Ascl1 
bHLH 
transcription 
factor 

Promotes motor neuron 
development widely with specific 
effects branchiovisceral MN 
development. Can induce Gata3 
expression in chicks, and mouse 
mutants exhibit a reduced number 
of GATA3-positive progenitors in 
ventral r4. FBMN migration is 
delayed and the vestibular efferent 
nucleus fails to form.  

101,146,148 

Isl1 
Homeodomain 
transcription 
factor 

Promotes motor neuron 
development widely with specific 
effects on FBMN and IEE 
differentiation. In mouse mutants, 
spinal motor neurons fail to 
develop. In hypomorphs, IEE axons 
are disorganized and short, barely 
reaching the periphery. FBMN 
migration stalls in r5. 

132,149 

Tbx20 
T-box 
transcription 
factor 

Important for FBMN and IEE 
differentiation. In nervous-system-
wide conditional knock-out mice, 
FBMNs do not migrate caudally and 
IEEs do not form contralateral 
projections. Gata2 expression is 
diminished. In FBMNs, Tbx20 
recruits PCP machinery. 

106 
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Table 1.1 (Continued) 
 

Gata2 
Zinc-finger 
transcription 
factor 

Important for IEE differentiation. 
Gata2 mutants show no expression 
of Gata3. Mutants also show fewer 
fibers crossing the floor plate, with 
fewer cells in r4 and fewer FBMNs. 

116,119 

Gata3 
Zinc-finger 
transcription 
factor 

Important for IEE differentiation. 
IEE migration and targeting is 
aberrant in Gata3 mutants: 
embryos have no contralateral IEE 
projections and IEE axons exit with 
the facial nerve instead of the VIIIth, 
failing to reach the inner ear. SGN 
wiring is also disrupted. 
Autonomous function of Gata3 in 
IEEs remains to be defined. 

116,117,150–152 

Reln Extracellular 
matrix protein 

Influences FBMN and IEE 
migration. Both FBMNs and OCNs 
fail to reach the pial surface of the 
hindbrain in Reln mouse mutants. 
VENs develop in a normal location. 

122 

Prickle1 Planar cell 
polarity protein 

Influences FBMN and IEE 
migration. In Prickle1 mutant mice, 
some IEE projections fail to cross 
the midline and appear to run the 
length of the floor plate instead of 
crossing it. Aberrant caudal and 
radial migration of FBMNs. 

137 

celsr2 Cadherin 

Influences branchiovisceral MN 
migration. In mutant zebrafish, 
octavolateralis efferents do not 
migrate caudally with FBMNs. 

145 

scrib Planar cell 
polarity protein 

Influences branchiovisceral MN 
migration. In mutant zebrafish, 
octavolateralis efferents do not 
migrate caudally with FBMNs. 

134 

EphB2 Eph receptor Mouse mutants exhibit aberrant, 
delayed targeting of IEE axons. 129 
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Table 1.1 (Continued) 
 

  

Robo2 Transmembrane 
receptor 

Robo2 mouse mutants show 
increased and aberrant projections 
across the floor plate in r4, 
potentially from FBMN axons. 
Aberrant migration of ISL1+ cell 
bodies onto the midline. 

130,131 

Slit1, Slit2 Glycoprotein 
Slit1, Slit2 double knock-out mice 
have reduced midline crossing in 
r4. 

130 

 

 

 

 

AFFERENT-EFFERENT INTERACTIONS IN THE COCHLEA 

Efferents grow along existing nerves to find their synaptic targets 

As they are migrating and settling into their final locations, OCNs begin to extend axons out of the 

brainstem and into the cochlea, ultimately terminating with post-synaptic targets in the organ of 

Corti (Figure 1.4). These initial guidance events occur after the VIIIth nerve has begun to form, 

with SGN axons reaching the brainstem by E11.584, days before the IEEs have scattered to their 

distinct locations across the brainstem. The formation of efferent projections coincides with the 

formation of connections within the auditory brainstem, with bushy cell neurons in the CNC 

beginning to extend axons towards the midline around E13 and reaching the contralateral SOC 

by E17153. 
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Figure 1.4. Organization and growth of OCN and SGN projections in the cochlea. (A) 

Organization of the mature cochlea. MOC axons project along the intraganglionic spiral bundle 

(IGSB) before turning to branch among the OHC layers. LOCs also travel within the IGSB before 

turning to the IHC layer. LOCs either turn unilaterally or branch to spiral on either side of IHCs in 

the inner spiral bundle (ISB) and tunnel spiral bundle (TSB). MOC and LOC neuron traces inspired 

by Brown 2011 (ref. 27). (B) E17.5 mouse cochlea showing OCNs (red) and SGNs (white). OCNs 

appear to grow along SGN axons, as indicated by the close association between OCNs and SGNs 

and the way incoming OCN projections lag behind extending SGN peripheral axons. Image 

provided by N. Druckenbrod. 

 

 

Consistent with the close relationship with the FBMNs, OCN axons initially follow along the facial 

genu in the brainstem but bypass the VIIth nerve and instead exit to join the nascent VIIIth nerve53. 

Almost nothing is known about the mechanisms that direct OCN axons to grow into the VIIIth nerve, 

rather than continuing to follow the VIIth. One possibility is that the inner ear provides an attractive 

signal that could attract any motor neuron axons, but that OCN axons are in the best location to 
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respond to the signal, an idea that has been supported by the behavior of motor neuron axons 

presented with an ectopic otic vesicle154,155. However, the inner ear is not necessary for growth 

into the periphery, as OCN axons mis-route into the VIIth nerve if the VIIIth nerve is absent156. IEEs 

also join the VIIth nerve inappropriately in Gata3 mutant mice, but more work is needed to 

understand whether this effect reflects a role for GATA3 in IEEs specifically, since GATA3 is also 

expressed in the developing cochlea and SGNs117,150. 

Upon reaching the VIIIth nerve exit point, OCN axons are thought to grow along a scaffold 

of SGN processes into the sensory epithelium of the inner ear157,158. In support of this hypothesis, 

a wide array of mutations affecting SGN development and targeting also affect efferent 

innervation of the cochlea, with the phenotype of efferent neurons often matching the aberrant 

projections of SGNs150,151,156,159–161. Lateral line efferents in zebrafish appear to rely on a similar 

mechanism to reach their targets162. However, no molecular cues mediating fasciculation between 

afferents and efferents have been identified to date. In other peripheral nerves with both afferent 

and efferent components, this process depends on axon-axon interactions mediated by Eph 

signaling163,164, but analogous roles for Eph receptors in the auditory system have not yet been 

described165. Even more mysterious is the subsequent targeting of OHCs by MOC axons and of 

SGN terminals by LOC axons. However, it is thought that MOC outgrowth toward the OHCs may 

not rely on SGN scaffolding, as MOCs and Type II SGNs follow different trajectories between the 

IHC and OHC regions (schematized in Figure 1.1), and MOCs still reach the OHCs in BDNF 

mutant mice that lack afferent innervation of OHCs166,167.  

 

Efferents reach the mammalian sensory epithelium during a period of circuit refinement 

Efferents sit in a key node for auditory processing, both receiving sound information through the 

afferent pathway in the brainstem and transmitting signals back to the afferents through synaptic 

contacts in the cochlea. It is therefore not surprising that this final pattern of connectivity depends 

on activity-dependent mechanisms that operate after the basic axon tracts have formed and 
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synaptogenesis has begun, which occurs right around birth in mice168. Indeed, the first two weeks 

of postnatal development in mice are a transformative epoch for the inner ear. Both SGNs and 

auditory brainstem neurons undergo extensive remodeling during this period to adopt distinct 

functional properties and converge on their final targets3,169. As in other developing neural circuits, 

spontaneous activity plays a major role in the maturation and refinement of auditory circuitry170. 

Before the onset of hearing (~P10 in mice171), IHCs produce spontaneous calcium spikes, which 

propagate throughout the auditory system172–180. In parallel, neurons in the auditory brainstem 

segregate into ever-more refined tonotopic arrangements, a process that is thought to depend on 

spontaneous activity from the inner ear181. 

During development, MOC axons are poised to influence the pattern of activity emanating 

from the cochlea, though the precise functions of this early cholinergic signaling remain unclear. 

In mice, tracing studies reveal that MOC neurons are the first to arrive in the sensory epithelium, 

appearing in the IHC region as early as E16.5 and in the OHC region around E18.553. Experiments 

in rats, hamsters, and gerbils identified a similar pattern, with dye-labeled MOCs first appearing 

near IHCs by P0, and extending to OHCs between P2 and P5, depending on the species182–185. 

This time course also aligns with the appearance of choline acetyltransferase (ChAT) and 

acetylcholinesterase (AChE)-positive terminals in the cochlea. Both enzymes, which regulate 

acetylcholine synthesis and degradation, have been identified in the inner ear at birth or shortly 

thereafter in mice, rats, and hamsters186–188. Consistent with dye-labeling studies, ChAT staining 

is first visible in the region of IHCs and can be seen around OHCs several days later188. Like other 

aspects of cochlear development, OCNs arrive first in the base, and development progresses 

toward the apex182. 

Collectively, these findings suggest the existence of a “developmental waiting period,” in 

which MOC neurons transiently innervate the IHC region before synapsing onto their final targets, 

the OHCs157,184. During this waiting period, OCNs also send projections to Kölliker’s organ53,183, a 

transient structure believed to induce spontaneous activity in IHCs before the onset of hearing172. 
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It is not known whether OCNs form synapses with cells in this structure; however, subunits of 

acetylcholine receptors are expressed in Kölliker’s organ, raising the possibility of functional 

contacts189,190. While the purpose of these temporary connections is unknown, transient 

innervations do influence the maturation of other developing circuits, such as thalamocortical 

neurons, which form short-lived connections in the subplate that prepare them for subsequent 

formation of synapses in layer four of the cortex191–193. 

 

MOC neurons affect prehearing synaptic activity 

During this early postnatal waiting period, MOC terminals form synaptic contacts with IHCs, which 

transiently express SK2 channels and AChR subunits that mediate post-synaptic responses 

(Figure 1.5)194,195. Although little is known about how the MOC-to-IHC synapse forms, this 

transient connection does appear to be functional. Electrophysiological recordings from IHCs of 

rats during this time identified the presence of iPSCs that disappeared with the application of the 

AChR antagonists strychnine and alpha-bungarotoxin, indicating that MOC neurons (the only 

cholinergic cells presynaptic to IHCs) inhibit IHCs194,195. Similarly, both efferent stimulation and 

exogenous application of acetylcholine in cochlear explants reduce IHC firing rates, whereas 

blockade of cholinergic signaling with strychnine increases IHC firing rates195–198. In rodents, 

MOCs innervate virtually all IHCs within the first few postnatal days, and this MOC-to-IHC synapse 

is gradually strengthened over the first postnatal week before disappearing shortly after the onset 

of hearing199–202. In rats, IHCs cease to respond to acetylcholine sometime between P13 and 

P21199,200. IHCs in mice remain responsive to acetylcholine slightly longer than those in rats, but 

the proportion of IHCs responding OCN stimulation decreases dramatically by P16201. Across 

species, IHCs of adult animals respond to neither acetylcholine nor OCN stimulation201,203.  
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Figure 1.5. Development and refinement of cochlear wiring in the mouse. (A) By P0, MOCs 

have arrived in the vicinity of IHCs. Both Type I and Type II SGNs have projected to IHCs and 

OHCs, respectively. Between P0 and P4, both MOC neurons and Type I SGNs form synapses 

with IHCs, while Type II SGNs form connections with OHCs. The MOC axons then grow on 

towards the OHC region. At least some of these axons appear to be branches from MOC axons 

in the IHC region. Over the next two weeks, both SGNs and MOCs prune excess synapses. By 

adulthood, MOCs project exclusively to OHCs. (B) Development of IHC synapses. At P0, both 

Type I SGN and MOC projections are present at the IHC surface. Although synaptic machinery 

is present in IHCs, many components are not yet localized to the cell membrane. Synaptogenesis 

proceeds over the next several days, and by P4, all IHCs respond to MOC stimulation. The arrival 

of MOC terminals coincides with the expression of SK2 calcium-gated potassium channels and 

α9/α10 nicotinic acetylcholine receptors in IHCs. Ribbon synapses (purple) presynaptic to Type I 

SGNs also mature over this time period. By adulthood, both MOC terminals and their postsynaptic 

receptors in IHCs have been eliminated. LOCs also innervate the cochlea during this period (not 

shown). 
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Given the evidence that spontaneous activity originating in the cochlea ultimately propagates 

along the entire developing auditory neuraxis, it is tantalizing to suppose that efferent inhibition of 

IHCs during early postnatal stages might also shape auditory circuits in the CNS. Several studies 

have attempted to address this question by investigating auditory development in mice lacking 

the nAChR subunits α9 or α10, which are required for OCNs to form functional cholinergic 

synapses on hair cells204,205. Indeed, tonotopic refinement of brainstem circuitry is disrupted in 

nAChRα9 knockout mice, and these knockout mice exhibit behavioral deficits in frequency 

discrimiation181,206. Knock-in mice expressing the enhanced α9 receptor allele Chrna9L9’T also 

have altered tonotopic profiles in the brainstem, indicating that MOC input onto cochlear circuitry 

needs to be tailored precisely to generate fully functional frequency maps207,208. IHCs of α9 

knockout mice also appear to have defects in vesicle fusion at ribbon synapses, indicating a 

possible role for early efferent signaling on hair cell maturation209, although other properties of 

IHCs seem to be normal in mice lacking cholinergic OCN innervation209,210.  

Following this period of temporary MOC-IHC contacts, MOC axons gradually transition 

into the OHC region, concomitant with the arrival of LOC neurons in the sensory epithelium during 

the first postnatal week, although distinguishing LOCs from MOCs by morphology at this stage 

remains a challenge. In rats, OHCs begin responding to acetylcholine at P6, shortly after the onset 

of SK2 expression211,212. In the cat and rat, MOCs first form transient, axo-dendritic synapses on 

Type II SGNs before synapsing directly onto OHCs168,213,214. At least some of the early contacts 

onto OHCs appear to be branched projections from MOCs innervating the IHC region185,215 

(Figure 1.5). The transition from IHCs to OHCs may involve BDNF, as MOC innervation of the 

OHC region is delayed in BDNF mutant mice167. However, the factors that ultimately guide MOCs 

toward the OHC region have yet to be identified. 

The arrival of MOC neurons in the OHC region also coincides with a loss of Type II afferent 

synapses in several species and the onset of OHC electromotility (the physical contraction of 

OHCs in response to sound)214,216,217. These findings led early researchers to speculate that the 
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arrival of MOC neurons influences the final maturation of OHCs, including the formation of 

synapses with Type II SGNs218,219. In support of this idea, in Hoxb1 mutant mice, MOC neurons 

fail to develop and their absence is accompanied by a gradual degeneration of OHCs, and hence 

progressive hearing loss76. However, other essential auditory nuclei are also disrupted in these 

mutants, and the loss of OHCs is limited to the apical turn, leaving the specific contributions of 

MOCs unclear. Additionally, OHCs still become electromotile in the absence of functional MOC 

inputs220,221. Other research suggests that MOCs are not required for normal synaptic connectivity 

between Type II SGNs and OHCs: in cats that have had all efferent connections to the cochlea 

severed neonatally—before MOC neurons typically reach the OHCs—SGN synapses are still 

pruned to a number similar to that seen in wild-type animals222. Whether the removal of MOC 

contacts with IHCs makes room for the newly arrived LOC axons remains unknown. 

 

Does the arrival of LOC neurons affect SGN subtype determination? 

During this period of efferent rearrangement, SGNs acquire their own unique traits, raising the 

possibility that these two aspects of circuit maturation are causally linked. Type I SGNs are 

generally classified into three subtypes, based on their spontaneous firing rates and thresholds223. 

In rats, diversification of firing rates occurs primarily between the second and third postnatal 

weeks, around the time OCNs are finalizing their own connections224. Moreover, LOCs 

preferentially innervate the subclass of SGNs with the lowest spontaneous firing rate and highest 

firing threshold, raising the possibility that SGN subtype differentiation may involve cues from LOC 

neurons225,226. 

This hypothesis was tested directly in kittens by severing the OCB shortly after birth and 

measuring the firing rates of single auditory nerve fibers. Although firing rates overall were 

decreased in these animals, all three SGN subtypes remained present, as assessed by recording 

from fibers in the VIIIth nerve227. LOC neurons do, however, seem to play a role in both establishing 

and maintaining morphological properties of the SGN-IHC synapse228,229. Detailed anatomical 
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studies suggest that low spontaneous firing rate (low-SR) SGNs form synapses on the modiolar 

side of the IHC (i.e., closer to the ganglion) whereas high spontaneous firing rate (high-SR) SGNs 

synapse instead on the opposite side (i.e., the pillar side). SGN axon segregation is accompanied 

by differences in synaptic morphology: low-SR SGNs receive signals through small post-synaptic 

boutons apposed to large pre-synaptic ribbons, whereas high-SR SGNs develop larger boutons 

opposite small ribbons230. This distribution of synapses emerges gradually over the first month of 

life, with the mature pattern apparent right around the time that OCN axons exhibit fully mature 

electrophysiological properties. When the OCB was severed in adult mice, the gradient of synaptic 

morphology was disrupted228, raising the possibility that LOC axons influence SGN firing rates 

and hence synaptic morphology. Unfortunately, since no genetic tools are available to manipulate 

LOC or MOC neurons prior to birth, the full extent of OCN influence on auditory maturation 

remains unclear. 

 

Implications for human health 

As in other species, human OCNs influence auditory function. Human OCNs appear to be 

especially important for protecting the cochlea against acoustic trauma and in separating speech 

sounds from background noise17,23,231. Furthermore, studies in rodents suggest that animals 

raised in loud environments occasionally fail to develop normal temporal acuity, an effect that is 

exacerbated in animals lacking functional efferent synapses232,233. OCNs may play a similar 

protective role in human development. 

The OC efferent system has also been implicated in a number of human neurological 

disorders that involve altered auditory processing, including autism spectrum disorder (ASD), 

schizophrenia, and tinnitus. For patients with ASD, abnormalities in auditory processing are 

associated with a diminished SOC234,235 and diminished or asymmetrical MOC activity236,237, 

suggesting that OCNs may play a role in the altered processing of auditory stimuli. Altered MOC 

symmetry has also been identified in patients with schizophrenia238,239. However, differences 
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between patients and normal-hearing controls tend to be small, and seem to vary both across 

patients and with experimental methods240,241. More work is also needed to determine whether 

effects seen in these various disorders are specific to efferents, or reflect broader changes in 

brain structure and connectivity242. 

Efferent synapses are also altered in aging animals, and thus may contribute to age-

related defects in auditory processing shown in human studies. In particular, older mice lose MOC 

synapses onto OHCs243. OCNs also begin to re-form synapses onto IHCs later in life244,245. The 

effects of this re-emergent IHC contact are not understood, nor are the mechanisms that cause 

these alterations in OCN projections. This change may, however, contribute to defects in auditory 

processing, especially in discriminating speech sounds. Animal models also suggest that the 

presence of OCNs can delay age-related hearing loss, as acutely de-efferented animals exhibit 

an accelerated decline in auditory thresholds with age246. Ultimately, developing successful 

therapies to treat any of these conditions will likely hinge on a robust understanding of both the 

development and function of OCN circuitry. 

Despite their important position at the intersection of the central and peripheral auditory 

systems, efferent neurons remain poorly understood at many levels. Unresolved issues include 

the range of diversity among OCNs in general and among LOC neurons especially, as well as the 

nature of cues that direct each subtype to its proper location in the developing brainstem. A related 

question is how each of these populations navigates to distinct synaptic targets in the cochlea, as 

well as subsequent effects of LOCs on the number, size, and positions of contacts between IHCs 

and SGNs. The role LOCs play in both sound detection and cochlear protection also remain 

mysterious. Controversy persists around even basic questions about LOC function, such as which 

neurotransmitters they use to communicate with SGNs.  

Efforts to tackle these questions have been hindered by the lack of markers for subtypes 

of OCNs, as well as the lack of genetic tools to selectively access OCNs or OCN subtypes. My 

thesis overcomes several of these bottlenecks by profiling the transcriptional identity of OCN 
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subtypes across post-natal development using single-cell RNA sequencing (Chapter 2). This 

sequencing data identifies genetic patterns that distinguish OCNs from FBMNs and 

transcriptionally defines subtypes of OCNs, including a novel population of peptidergic LOCs. In 

order to gain a deeper understanding of LOC anatomy and function, I leveraged our 

understanding of OCN genetics to generate and characterized two novel transgenic mouse lines 

that intersectionally target LOC neurons (Chapter 3). Collectively, this work provides a window 

into key differences between OCN subsets, offering clues about their function and development 

as well as new tools for investigating their role in the development and function of the auditory 

system. 



 

 

 

 
 
 

 

 

CHAPTER TWO 

Molecular evaluation of olivocochlear neuron subtypes 

 

 

 

 

 

 

 

 

 

 

 

Michelle M. Frank and Lisa V. Goodrich designed all experiments. Austen A. Sitko and MMF 

generated the single-cell sequencing data. MMF analyzed the data and performed all subsequent 

experiments.
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INTRODUCTION 

For decades, researchers have classified olivocochlear neurons based on the location of their cell 

bodies and their targets in the cochlea: LOCs reside in and around the LSO and project to type I 

SGNs, whereas MOCs reside in the VNTB and project to OHCs. Although these anatomical 

distinctions have proven fruitful for unraveling the biology of these cells, many fundamental 

questions remain about how these cell types differ from one another. In particular, we still lack 

markers to distinguish these cell types reliably, which has proved particularly limiting in 

circumstances when OCNs aren’t making contacts with their usual synaptic partners, as during 

development or aging244,245. We also know very little about the developmental cues that cause 

MOCs and LOCs to segregate from one another and from the neighboring FBMNs. Previous work 

suggests that Gata3 is likely a key factor in driving an IEE fate, but additional differences between 

OCNs and FBMNs remain a mystery, as do developmental cues that govern the separation of 

OCN subtype58,116,117.  

 Many aspects of OCN function also remain ambiguous. Although LOCs are 

heterogeneous with respect to both their morphology49 and their neurotransmitter profiles43,44, the 

functional consequences of these differences are unclear. Work is also needed to clarify whether 

subsets of LOCs vary in their inputs or downstream effects in the cochlea. Developing a better 

understanding of the sources of variation across OCNs—and how OCN subtypes associate with 

both upstream and downstream neurons—could go a long way in resolving longstanding 

questions about olivocochlear circuitry. To address these crucial gaps in our knowledge, we 

performed single-nucleus sequencing of neonatal and mature brainstem neurons. Our analysis 

identified numerous factors that distinguish each of these cell types, suggesting differences in the 

developmental trajectories and functional consequences of each group of neurons. 
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RESULTS AND DISCUSSION 

In order to capture sufficient OCNs to generate reliable single-cell libraries of MOC and LOC 

neurons, we adopted a single-nucleus sequencing strategy. The SOC and surrounding area are 

heavily myelinated; dissociating whole cells from this brain region therefore generates large 

amounts of debris that can interfere with single-cell suspensions. Sequencing single nuclei has 

become an increasingly popular approach in recent years because isolated nuclei are more robust 

to perturbations like fluorescence-activated cell sorting (FACS) and can be filtered out from 

cellular debris to generate purer samples of a cell population of interest247. In addition, because 

OCNs represent a relatively rare population of cells—in mice, there are about 1,000 OCNs per 

brain27—we used a genetic label to enrich for our cells of interest. Because essentially all OCNs 

are cholinergic42, we crossed Chat-Cre mice to animals with the nuclear-localized GFP allele 

Sun1-GFP248. After dissecting out a region of the brainstem including both the SOC and the 

FBMNs, we isolated cholinergic brainstem neurons by FAC sorting dissociated nuclei from ChatCre; 

Rosa26Sun1-GFP animals. We then encapsulated the nuclei and generated barcoded single-cell 

libraries using the 10x Genomics platform (Figure 2.1A). We performed these experiments at P1 

(n = 13 animals), P5 (n = 16 animals), and P26-P28 (n = 32 animals) in order to examine how 

OCNs mature during postnatal development and to identify functionally relevant differences and 

candidate markers in mature animals.  

 After filtering out low-quality cells and infrequently expressed genes, our final dataset 

includes 45,828 nuclei: 16,753 cells from P1 animals; 15,542 from P5 animals; and 13,533 cells 

from P26-P28 animals. Unsupervised, graph-based clustering analysis identified 56 clusters 

(Figure 2.1B). These clusters primarily consist of neurons, as indicated by the expression of 

neuronal markers like Snap25 (Figure 2.1E). This dataset also includes a cluster of 

oligodendrocytes, identified by expression of myelin oligodendrocyte glycoprotein, Mog (Figure 

2.1F), and populations of astrocytes and oligodendrocyte precursors. Each of the neuronal 

clusters includes cells from all three time points (Figure 2.1C). Non-neuronal cells primarily 
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originate from the adult dataset, likely because there is less myelination in the neonatal mouse 

brain. Although cell types vary somewhat in the number of genes and UMI detected—

oligodendrocytes, in particular, tend to express fewer genes than neurons—the structure of our 

data is not primarily driven by these technical variables (Figure 2.1D, S1). 

Several motor neuron clusters are identifiable based on their co-expression of known 

motor neuron markers like Isl1, Tbx20, and Phox2b (Figure 2.1G). Two of these motor neuron 

clusters also express the transcription factor Gata3, which is expressed in OCNs but not in other 

motor neuron populations (Figure 2.1H)117. In addition, we identified a cluster of FBMNs based 

on co-expression of known markers including Etv1 and Epha7 (Figure 2.1I, J)249. Because there 

are several known sub-populations of FBMNs249, it is possible that additional clusters in our 

dataset may also include FBMNs. Given the dearth of published markers for mature subtypes of 

cranial motor neurons, however, we were unable to conclusively identify any of the other motor 

neuron clusters in our dataset. We expect that large-scale differences between OCNs and FBMNs 

will be identifiable regardless of which subset of FBMNs is being examined, and therefore chose 

to focus our analysis on comparisons with the single cluster FBMN cluster that we were able to 

identify with confidence.  
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Figure 2.1. Single-nucleus sequencing of brainstem neurons reveals two subtypes of 

OCNs. (A) Schematic of single-nucleus collection protocol. The ventral brainstem of P1, P5, or 

P26-P28 ChatCre; Rosa26Sun1-GFP mice was dissected out, including the entire superior olivary 

complex (SOC) and the facial motor nucleus (VII). Several other cholinergic populations were 

also included in our dissection boundaries, including the trigeminal motor nucleus (V). Individual 

nuclei were dissociated and FAC-sorted to isolate GFP+ cholinergic nuclei. We then used the 10x 

Genomics platform to encapsulate individual nuclei and generate barcoded single-cell libraries.  
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Figure 2.1 (Continued) 

(B) UMAP plot summarizing sequencing data of 45,828 single nuclei from 61 animals across all 

three timepoints. The data includes 56 clusters, including clusters of MOCs, LOCs, and several 

different motor neuron types, as well as a few non-neuronal populations. (C) UMAP plot showing 

contributions from each timepoint. Each neuronal cluster includes cells from all three timepoints, 

indicating that the clusters are not being driven by variability across timepoints or batches. (D-J) 

Feature plots denoting the normalized expression levels of various genetic markers. For 

visualization purposes, high expression on the color scale is capped at the 95th percentile of gene 

expression. (D) Feature plot detailing the number of genes detected in each cell. Although some 

cell types vary in their gene expression levels, the architecture of the data overall is not driven 

primarily by differences in gene expression or read depth. (E) The main non-neuronal population 

in our dataset is labeled by Mog, an oligodendrocyte marker. (F) Snap25 expression labels 

neuronal clusters, which constitute the majority of the dataset. (G) Isl1 is a key regulatory gene 

for motor neuron fate; its expression identifies motor neuron clusters. (H) Among brainstem motor 

neurons, the transcription factor Gata3 is confined to the OCNs. (I) Etv1 is a transcription factor 

selectively expressed in a subset of FBMNs. It is primarily expressed in only one motor neuron 

cluster. (J) Epha7 was previously identified as a marker for a subset of FBMNs. Among the motor 

neurons in our dataset, it is expressed at high levels in the same cluster as Etv1, implying that 

cells in that cluster correspond to FBMNs. 

 

 

Genetic differences between OCNs and FBMNs 

OCNs develop in close proximity to the FBMNs and share many similarities with this group of 

motor neurons. Indeed, in Gata3 mutant animals, OCNs deviate from their usual trajectory, 

following the VIIth nerve out of the brain with FBMN axons rather than joining the VIIIth nerve to 
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target the ear117. This close relationship between OCNs and FBMNs has led to the hypothesis 

that OCNs are evolutionarily derived from FBMNs58. Much remains to be discovered about which 

genetic factors cause OCNs to deviate from a typical motor neuron fate to play such an 

unorthodox role in peripheral sensory modulation.  

 Our sequencing dataset revealed many transcriptional differences between OCNs and 

FBMNs (Figure 2.2A). One prominent OCN-specific marker was the calcium-dependent secretion 

activator Cadps2 (Figure 2.2B). We verified the differential expression of this gene with 

fluorescent in situ hybridization in P27-P28 mice and found that Cadps2 is expressed broadly in 

both MOCs and LOCs but is not detectable in FBMNs (Figure 2.2C, D; n = 3 animals). 

 Differential expression of adhesion molecules and cell-surface receptors define patterns 

of neuronal migration, targeting, and synaptic specificity. As expected given their divergent 

anatomy and function, FBMNs and OCNs express varying combinations of adhesion molecules. 

These differences are particularly prominent at P1 and P5, while OCN axons are still arriving in 

their final targets in the inner ear and before many developmentally salient molecules become 

downregulated (Figures 2.2E, S2). Several of these differentially expressed genes, including 

Cdh8 and Cdh20 have previously been reported play an important role in the formation of the 

facial motor nucleus121,250. Far fewer genes for guidance and adhesion molecules were 

significantly enriched in OCNs compared to the cohort of genetic factors enriched in FBMNs. This 

may be because OCNs have already diverged into multiple subtypes by P1; the heterogeneity of 

gene expression across OCN subtypes may play a larger role in driving expression of adhesion 

or guidance molecules than differences between FBMNs and OCNs as a whole. 

Divergent expression of transcription factors is also crucial for the diversification of cell 

types. In addition to Gata2 and Gata3, several transcription factors are uniquely expressed in 

either FBMNs or OCNs (Figures 2.2F, S3). In particular, Pbx3 is expressed only in FBMNs and 

Sall3 is expressed only in OCNs. Pbx homeoproteins serve as cofactors with Hox genes to 

regulate the diversification of motor neuron subtypes64,251–253. In zebrafish, pbx4 is required for 
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proper migration of FBMNs; in mammals, Pbx3 may play an equivalent role. While its interactors 

are less clear, Sall3 is also expressed in several populations of cranial motor neurons, and is 

required for proper development of the glossopharyngeal nerve254. Although our sequencing data 

suggests that Sall3 is absent from FBMNs, it is expressed in the embryonic cochlea254. This 

observation raises the intriguing possibility that Sall3, like Gata3, may act across cell types in the 

auditory system to regulate expression of shared genetic pathways. Future work might examine 

whether Sall3 expression is absent in Gata3 mutants or Chat-Cre conditional knock-outs and 

whether OCN projections into the ear are mis-targeted in Sall3 mutant animals; if, for example, 

Sall3 indeed coordinates shared expression of adhesion molecules across auditory neurons, 

Sall3-mutant OCNs may recapitulate the Gata3 knock-out phenotype, aberrantly leaving the brain 

with the facial nerve rather than the vestibulocochlear nerve. 

Ultimately, OCNs and FBMNs are integrated into distinct functional circuits and contribute 

different signals to their downstream targets. In keeping with these varying functional roles, our 

sequencing data indicates that these cell types differ in the expression of molecules relevant to 

mature circuit function (Figures 2.2G-I, S4). In particular, although both MOCs and LOCs express 

Gad2, FBMNs express neither Gad1 nor Gad2 (Figures 2.2G-I). This finding suggests that 

OCNs—but not FBMNs—may use GABA to signal to their downstream targets. FBMNs also 

express high levels of the Htr2c serotonin receptor, suggesting that FBMNs may be uniquely 

positioned to respond to serotonin (Figure 2.2G). We did, however, detect some expression of 

the serotonin receptors Htra1, Htr1d, Htr1f, and Htr2c in a subset of mature MOCs and LOCs 

(6.1%-26.8% of cells in either population), in keeping with previous data which suggests that 

OCNs can be modulated by serotoninergic inputs255,256. The low expression of these receptors 

may indicate that only subsets of OCNs are positioned to respond to serotonin. 
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Figure 2.2. OCNs and FBMNs are transcriptionally distinct and vary in their expression of 

transcription factors, adhesion, and signaling molecules. (A) Heatmap denoting the 

expression of 434 genes with significant differences in expression level between OCNs and 

FBMNs at both neonatal and mature timepoints (p < 0.05, Wilcoxon rank sum test, Bonferroni 

post-hoc correction). Plot includes all genes expressed in at least 10% of either OCNs or FBMNs 

with an average log fold change greater than 0.25. For visualization, scaled expression levels 

were capped at -2.5 and 2.5. (B-D) Cadps2 is expressed in both MOCs and LOCs but not FBMNs.  
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Figure 2.2 (Continued) 

(B) Violin plot displaying expression levels of Cadps2 in P26-P28 nuclei in our single-nucleus 

sequencing dataset. (C) HCR in-situ hybridiziation of Cadps2 in the SOC of P28 ChatCre; Igs7GFP 

mice. Cadps2 is expressed in both LOC and MOC neurons in the lateral superior olive (LSO) and 

the ventral nucleus of the trapezoid body (VNTB), respectively (n = 3 mice). Scale bar, 50 µm. (D) 

HCR in-situ hybridiziation of Cadps2 in the facial motor nucleus (VII). No Cadps2 expression was 

detected in facial motor neurons (n = 3 mice). Scale bar, 50 µm. (E) Volcano plot denoting 

differential expression of transcription factors, guidance, and adhesion molecules between OCNs 

and FBMNs at P1-P5. Red, genes with an average log fold change >0.75 and p < 10-10 (Wilcoxon 

rank sum test, Bonferroni post-hoc correction). Blue, genes with an average log fold change < 

0.75 and p < 10-10. (F) Selected differentially expressed transcription factors between OCNs and 

FBMNs. (G) OCNs and FBMNs differ in the expression of functionally relevant genes, including 

genes required for synthesizing GABA and the serotonin receptor Htr2c. (H, I) In situ hybridization 

on a coronal section of a P56 mouse brain verifies that Gad2 is expressed in the LSO and VNTB 

(H) but not the facial motor nucleus (I). Both images are from the Allen Mouse Brain Atlas257. 

Scale bars, 420 µm. 

 

 

Olivocochlear neuron subtypes are transcriptionally distinct 

Although OCNs share several properties that broadly distinguish them from FBMNs, OCNs are 

themselves heterogeneous, with different subtypes playing distinct roles in auditory circuitry. As 

such, MOCs and LOCs comprise transcriptionally distinct cell types, with differential expression 

of genes in several key families, including transcription factors, adhesion molecules, and 

neurotransmitter receptors (Figures 2.3, S6-10). Our sequencing data includes two main clusters 

of OCNs, which we identified as MOCs and LOCs based on expression of known markers for 
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each subtype (Figure 2.3B-E). The Na,K-ATPase ATP1A3 was previously reported to be 

selectively expressed in MOCs in mature rats258. We found that Atp1a3 is expressed in both 

MOCs and LOCs developmentally, but becomes enriched in MOCs in adulthood (Figure 2.3B, 

C). Conversely, Ucn is a peptide known to be expressed in only LOCs43,259. At the transcriptional 

level, Ucn expression is restricted to LOCs throughout postnatal development (Figure 2.3D, E). 

However, Ucn is only expressed in a subset of LOCs, and is largely absent at neonatal timepoints. 

These findings highlight the importance of identifying novel markers for OCN subtypes that 

selectively label the entirety of each population across developmental stages. 

To that end, we identified several genes that were enriched in either the MOC or LOC 

cluster across all three timepoints and verified their expression in mature animals using in situ 

hybridization (Figures 2.3F-M, S5). Bmp3 and Col4a4 are expressed in virtually all LOCs in P26-

P28 animals, whereas Zfp804a and Kcnip4 are expressed in virtually all MOCs, as well as many 

FBMNs (Figure S5). These findings serve as further validation of the identity of MOC and LOC 

clusters in our sequencing data, as well as offering potential markers that may be useful for 

anatomically distinguishing MOC and LOC neurons.  

 In mature animals, OCN subtypes are integrated into distinct circuits, varying in both their 

inputs and downstream targets27. Retrograde tracing experiments using pseudorabies virus 

indicate that OCNs receive projections from numerous brain regions, including auditory cortex, 

the pontine dorsal raphe, and inferior colliculus, as well as inputs from within the auditory 

brainstem255,260. MOC neurons have also been shown to respond to numerous neurotransmitters 

and modulatory substances, including enkephalin, serotonin, glutamate, GABA, and glycine256,261. 

Less is known about the inputs that may drive or modulate LOC activity. 

  



 42 

 

 

 

Figure 2.3. MOCs and LOCs exhibit distinct gene-expression profiles. (A) Heatmap 

summarizing expression of 368 genes that are differentially expressed between MOCs and LOCs 

both neonatally and in adults (p < 0.05, Wilcoxon rank sum test, Bonferroni post-hoc correction). 

Plot includes all genes expressed in at least 10% of either OCNs or FBMNs with an average log 

fold change greater than 0.25. For visualization purposes, scaled expression levels were capped 

at -2.5 and 2.5. (B) Feature plot denoting normalized expression of the published MOC marker 

Atp1a3. Across timepoints, Atp1a3 is expressed quite broadly, including in LOCs. For 

visualization purposes, normalized expression levels were capped at the 95th percentile. (C) Violin 

plot summarizing expression of Atp1a3 in MOCs and LOCs neonatally and in mature animals. 

Atp1a3 expression becomes enriched in MOCs only after the first postnatal week. (D, E) The 

LOC-specific gene Ucn was detected in a subset of LOC neurons and is not expressed in MOCs. 

(D) Feature plot denoting the expression of Ucn in the combined dataset. (E) Violin plot showing 

the expression of Ucn in MOCs and LOCs at neonatal and adult stages. Ucn expression in LOCs 

is minimal at both P1 and P5 and is upregulated by P26-P28. (F-I) HCR in-situ hybridization on 

P27 ChatCre; Igs7GFP animals validates novel OCN markers. In keeping with the expression 

patterns detected in our mature OCN sequencing data, LOC-enriched genes Bmp3 (F) and 

Col4a4 (G) are largely restricted to the LSO, whereas MOC markers Zfp804a (H) and Kcnip4 (I) 

are expressed in cholinergic cells of the VNTB but not the LSO. Arrowheads, co-localization of 

Chat-Cre-driven GFP expression and HCR puncta in the LSO. Hollow arrowheads, co-localization 

in the VNTB. Scale bars, 50 µm. 
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Figure 2.3 (Continued) 
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Our sequencing data indicates that MOC and LOC neurons are both positioned to respond to an 

array of neurotransmitters, including GABA, glycine, acetylcholine, and glutamate (Figures 2.4A-

D, S6). Although many genes for receptors and receptor subunits are shared between MOCs and 

LOCs, other genes are differentially expressed between OCN subtypes, indicating that OCNs 

may respond differently to similar kinds of inputs (Figures 2.4B-D, S7). For example, although 

both MOCs and LOCs express the Gi/o-coupled muscarinic acetylcholine receptor Chrm2, MOCs 

also express the Gq-coupled receptor Chrm3 (Figure 2.4C). This indicates that cholinergic inputs 

may affect OCNs differently, causing inhibition in LOCs and more variable effects in MOCs. 

Similarly, although both MOCs and LOCs express several different glutamate receptors, NMDA 

receptors are enriched in MOCs (Figure 2.4D). This divergent expression implies that MOCs and 

LOCs may exhibit differences in synaptic plasticity. Because both types of neurons can be driven 

by auditory inputs, variations in synaptic plasticity may affect how each of these neuronal types 

responds to extended sounds.  

In other cases, differences in receptor expression between OCN subtypes suggests that 

MOCs and LOCs may receive distinct types of inputs entirely. In mature animals, MOCs 

preferentially express the opioid receptor Oprm1, which reflects previous work showing that 

MOCs can be modulated by enkephalins (Figure 2.4E)256. Conversely, only LOCs express the 

orexin receptor Hcrtr2 (Figure 2.4F). It is possible that these divergent inputs mirror differences 

in the function of OCN cell types. For example, LOCs can exert long-lasting, modulatory effects 

on SGNs. Perhaps orexin, which also acts on long timescales to promote arousal, plays a role in 

these slow-acting LOC effects. Future work should verify whether LOCs indeed respond to the 

application of Hcrtr2 receptor agonist262 or to the stimulation of orexinergic fibers263 in vitro. 

Questions also persist about how OCNs affect their downstream circuitry. Previous work has 

postulated that LOCs, in particular, express a cornucopia of signaling molecules, including 

enkephalins, dynorphins, dopamine, serotonin, and various neuropeptides41,42. We detected 

expression of Gad2 and Chat in both MOC and LOC clusters (Figures 2.2G, 2.4G), consistent 
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with previous reports indicating that most OCNs are both cholinergic and GABAergic264. However, 

we did not detect notable expression of Th, Penk, or Pdyn, genes involved in the production of 

dopamine, enkephalines, and dynorphins, respectively (Figure 2.4G). Because single-nucleus 

sequencing experiments can fail to detect transcripts, especially for genes expressed at relatively 

low levels, we also performed in situ hybridization for Th, Penk, and Pdyn (Figure 2.4H, I). 

Although we detected all three of these transcripts nearby the LSO, we did not detect expression 

of Penk or Pdyn in the LSO and observed Th expression in cholinergic LOC neurons in only a 

small handful of cases (n = 3 animals). Previous work has shown that Th expression in LOCs is 

upregulated after sound exposure48. In that light, the absence of Th expression in unexposed 

animals is unsurprising. Dopaminergic cells may also comprise a distinct and rare set of non-

cholinergic LOCs44. If that is indeed the case, our sequencing data would exclude this cohort of 

OCNs, since we only collected cells expressing Chat-Cre. Future studies could address this 

question directly by injecting dye into the ear and collecting labeled OCNs via patch-seq265 or 

laser capture microdissection. 
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Figure 2.4. Functionally relevant differences in OCN subtypes. (A-F) Violin plots denoting 

normalized expression levels of genes for neurotransmitter receptor subunits. Both MOCs and 

LOCs have the ability to respond to numerous neurotransmitters, including GABA (A), Glycine 

(B), acetylcholine (C), and glutamate (D). In several cases, however, MOCs and LOCs express 

different receptor subunits or different classes of receptors (B-D). MOCs and LOCs also differ in 

their expression of more specialized receptors, including the mu opioid receptor Oprm1 (E) and  
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Figure 2.4 (Continued) 

the orexin receptor Hcrtr2 (F). (G) Both MOCs and LOCs express Chat, but our scRNAseq 

database did not detect expression of genes that would indicate expression of dopamine (Th) or 

opoid peptides (Penk, Pdyn), both of which have been suggested as neurotransmitters in LOCs. 

(H-I) HCR in situ hybridization for neurotransmitter-related genes in coronal sections of P28 

ChatCreΔNeo; Igs7GFP animals. Scale bars, 50 µm. (H) Although Th (magenta) was detected in the 

vicinity of the LSO, it was not widely co-expressed in LOCs (green; n = 3 mice). (I) Neurons 

expressing Pdyn (green) and Penk (magenta) can be found dorsal to the LSO. No expression of 

Pdyn or Penk was detected in LOCs (blue; n = 3 mice). 

 

 

Subsets of lateral olivocochlear neurons vary in neurotransmitter expression 

Several previous studies have suggested that LOCs may themselves be divided into multiple 

subtypes. Anatomical studies have identified LOC fibers with distinct morphologies in the cochlea, 

with some fibers forming synapses over a relatively narrow domain while others stretch through 

long stretches of the cochlea49,50. These morphological differences were largely traced back to 

distinctions between LOCs with cell bodies inside or outside the LSO, but other work indicates 

that heterogeneity might also exist within LSO-intrinsic LOCs. In particular, the peptide Ucn was 

shown to localize to LOCs in only the lateral region of the LSO in gerbils43. Functional work has 

also suggested that LOCs may exert various effects on SGNs: indirectly stimulating LOC fibers 

by injecting current into the inferior colliculus can cause either excitation or inhibition of auditory 

nerve fibers51. Together with previous work suggesting that Ucn and TH are confined to only 

subsets of LOCs43,44, it is reasonable to suspect that LOCs might contain multiple functional 

subtypes. 
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 To address this question, we sub-clustered our OCN data, focusing on differences among 

LOCs. Because OCN properties emerge over postnatal development (Figure 2.6), we looked 

specifically at differences in mature OCNs. We extracted the OCNs from our adult dataset and 

re-clustered them to identify any subtypes of MOC and LOC neurons. The resulting data includes 

five clusters (Figure 2.5). Based on expression of our previously validated MOC and LOC markers, 

we identified a large cluster of MOCs (230 cells) and two main clusters of LOCs (242 cells, 75 

cells). We also identified two smaller groups containing only 21 cells each. One localizes close to 

LOC neurons on the UMAP but does not express LOC markers Col4a4 or Bmp3. The other 

localizes closer to MOCs and expresses several MOC markers. However, only 65 genes were 

differentially expressed between this small offshoot cluster and the main cluster of MOCs; none 

of these genes could conclusively specify the identity of these cells. This smaller cluster may 

represent a unique, sparser subtype of MOCs. Alternatively, they may contain a different cell type, 

like vestibular efferent neurons, or a series of doublets that include MOC neurons. 

Among the two clusters of LOC neurons, we found that one population includes an 

upregulation of genes for the neuropeptides CGRP, CGRP-II, NPY, and Ucn (Figure 2.5). The 

fraction of mitochondrial genes detected does not vary between OCN subtypes, nor does the 

number of genes or UMI detected (Figure 2.5H-J). This suggests that these cell types correspond 

to genuine differences between LOC neurons and not mere technical artifacts. The transcription 

factor Meis1 is also differentially expressed across OCN cell types, with high expression in MOCs 

and peptidergic LOCs, but low expression in other LOCs (Figure 2.5O). Meis1 is a Hox cofactor 

that interacts with other genes in the Hox regulatory network to direct aspects of spinal motor 

neuron identity253. Its variable expression across OCN subtypes may indicate that similar gene 

regulatory networks are in play to establish properties of different OCN populations. 

LOC subtypes also differ in their expression of several guidance and adhesion molecules, 

suggesting that peptidergic and non-peptidergic LOCs may have distinct targets in the cochlea. 

Tenm3, Unc5c, and Epha6 are all enriched in the main LOC cluster, whereas Tenm2 is expressed 



 49 

at higher levels in peptide-enriched LOCs (Figure 2.5P-S). Differential expression of these cell-

surface receptors and adhesion molecules may guide subsets of LOCs to synapse onto different 

SGN subtypes or to preferentially innervate different regions of the cochlea. Indeed, previous 

work found Ucn signal in the base and middle turns of the cochlea, but not in the apical turn43. 

More generally, LOC neurons are organized along a tonotopic gradient, with cells in the lateral 

wing of the LSO preferentially targeting low-frequency regions of the cochlea and cells in the 

medial wing targeting high-frequency regions29,31. Peptidergic LOCs are confined to the medial 

segment of the LSO (Figure 2.5T, U), suggesting that they likely do have tonotopic bias in their 

innervation of the cochlea. Disentangling the signals that guide this defined subset of LOCs to 

their appropriate targets in the ear is therefore likely to shed light on the broader question of how 

OCNs coordinate their positions along the tonotopic axis in both the cochlea and the brainstem. 
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Figure 2.5. LOC neurons include a peptide-enriched subset. (A-F) UMAP summarizing sub-

clustering results of 590 OCNs from 32 ChatCre; Rosa26Sun1-GFP animals (P26-P28). (A) OCNs 

sub-cluster into five different groups. (B) Each detected OCN cluster includes data from all four 

independent collection rounds (Dataset 1-4), indicating that these clusters do not only reflect 

technical variability between batches. (C-F) Feature plots denoting normalized expression levels 

of various genes. For visualization, the upper level of expression was capped at the 95th 

percentile. (C, D) Clusters can be divided into major subtypes of OCNs based on their expression 

of the MOC marker Zfp804a (C) and the LOC marker Col4a4 (D). (E, F) The two LOC clusters 

differ in their expression of the neuropeptide genes Calca (E) and Ucn (F), suggesting functional 

differences. (G) Volcano plot summarizing differences in gene expression between peptidergic 

and non-peptideric LOCs. Red, genes with p < 10-10 and average log fold change > 0.5 (Wilcoxon 

rank sum test, Bonferroni post-hoc correction). Blue, genes with p < 10-10 and average log fold 

change < 0.5. Green, genes with average log fold change > 0.5 and p > 10-10. (H-S) Violin plots 

showing expression of various genes between MOCs, LOCs, and peptidergic LOCs. Only the 

main MOC cluster is included for comparison. (H-J) Peptidergic and non-peptidergic LOCs do not 

have major differences in the percent of mitochondrial genes (H), number of UMI (I), or number 

of genes detected (J), indicating that differences between LOC clusters are not reducible to 

technical variability. (K-N) Expression of several neuropeptides is enriched in the peptidergic sub-

cluster of LOCs, including Calca (K), Calcb (L), Npy (M), and Ucn (N). (O-S) LOC subtypes also 

vary in their expression of the transcription factor Meis1 (O) and the guidance and adhesion 

molecules Tenm2 (P), Tenm3 (Q), Unc5c (R), and Epha6 (S), suggesting that they may have 

distinct downstream targets. (T) In-situ hybridization for Ucn in a P32, ChatCre; Rosa26tdTomato 

animal. Ucn expression is localized to the medial wing of the LSO in adult animals. Scale bar, 100 

µm. L, lateral; M, medial. (U) HCR in-situ hybridization for Calca in a P27 ChatCreΔNeo; 

Rosa26tdTomato animal. Although Calca is expressed in LOCs throughout the LSO—and in MOCs—

its expression level is highest in cells in the medial LSO. Scale bar, 100 µm. 
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Figure 2.5 (Continued) 
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Mature OCN properties emerge over postnatal development 

Auditory circuitry is gradually refined over the first four postnatal weeks: tonotopic fields are 

narrowed3; SGNs acquire their mature firing properties224; MOCs alter their projections, leaving 

their transient connection with IHCs and forming synapses with OHCs266; LOCs arrive at the 

sensory epithelium and synapse onto type I SGNs266. Commensurate with these many structural 

changes, OCNs alter their gene expression profiles during postnatal development, 

downregulating genes associated with neuronal development while also changing the expression 

of transcripts involved in neuronal signaling (Figure 2.6). For example, both MOCs and LOCs 

decrease the expression of cell-surface receptors and cell adhesion molecules like Ncam2 and 

Robo1 (Figure 2.6C). Both MOCs and LOCs also showed an increase in glial genes like Plp1 

and Mbp at the mature timepoint, likely reflecting increased contamination from the larger 

population of oligodendrocytes present by P26 (Figure 2.6A, B). 

 Changes in other gene categories may mirror developmental shifts in maturing auditory 

circuits. Alterations in expression of neurotransmitter receptors, for instance, may indicate 

changes in the types of inputs OCNs receive across developmental stages. Previous work has 

documented a decrease in expression of the GABA A receptor β2/3 subunit and an altered 

response to GABA in the LSO of gerbils between P4 and P14267,268. This observation may indicate 

that responses to GABAergic signals change throughout postnatal development, possibly 

because GABA is playing a role in the refinement of these circuits.  

In keeping with these results, we detected lower expression of the GABA A receptor β2 

subunit, Gabrb2, in LOCs at P26-P28 compared to P1-P5. Both MOCs and LOCs also 

downregulated several other receptors, including the GABA receptor subunits Gabra1 and 

Gabra2 and the glutamate receptors Grid1 and Grin2b. Other changes are subtype-specific: 

LOCs transiently express genes for nicotinic acetylcholine receptor subunits Chrna7 and Chrna3, 

downregulating both genes by P26-P28 (Figure 2.6E). Conversely, both populations of OCNs 

increase expression of the glycine receptor subunit Glra1, a finding consistent with previous work 
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showing an increase in responses to glycine and an elevated expression of gephyrin, a glycine 

receptor anchoring protein, during postnatal development of the LSO267,268. 

Both OCN subtypes also change their expression of various ion channels, indicating that 

aspects of neuronal excitability are likely altered during the first few postnatal weeks. For example, 

both MOCs and LOCs show a decrease in the expression of the voltage-gated potassium 

channels Kcnq5 and Kcnq3, while MOCs upregulate expression of the inward-rectifying 

potassium channel Kcnj3 (Figure 2.6D). A variety of chloride channels and transporters are also 

preferentially expressed developmentally, including Clcn5 and Slc12a5. Changes in chloride 

channel and transporter expression correlate with known changes in the synaptic properties of 

LSO neurons in rats: during the first few postnatal days, GABA and glycine exert a depolarizing 

effect, which transitions to a hyperpolarizing effect more typical of adult neurons by the end of the 

first postnatal week269–271. This shift in GABA responsivity is mediated by a change in intracellular 

chloride concentration. Mature LSO neurons integrate excitatory inputs from the ipsilateral ear 

with inhibitory inputs from the contralateral ear to mediate sound localization. Early excitatory 

responses to GABA may therefore serve as inputs to a coincidence detector, allowing LSO 

neurons to generate a precise tonotopic map by matching frequency-specific inputs across ears. 

Prior work has shown that LOCs are arranged tonotopically with respect to their 

projections into the cochlea28,31. However, almost nothing is known about the tonotopic specificity 

of LOC inputs, and even less is known about the tonotopic arrangement of MOC inputs and 

outputs. Our data reveals many similarities between postnatal development of olivocochlear 

neurons and the maturation of other neurons within the LSO, suggesting that MOC and LOC 

neurons may participate in a period of synaptic refinement similar to that of nearby afferent 

neurons in the auditory brainstem. Conversely, several of the changes we identified have not 

been previously reported in other cell types of the auditory brainstem and merit further 

investigation. For example, the function of the transiently expressed nicotinic acetylcholine 

receptor subunits Chrna7 and Chrna3 remain unclear. Changes in these subunits may reflect 
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developmental changes that are specific to LOC neurons, or they may be a part of a broader 

pattern of developmental change throughout the LSO that was previously unappreciated. 

Throughout this period, OCNs also alter their neurotransmitter expression, turning on 

expression of the gene Calca (Figure 2.6E). Previous studies have also identified changes in 

expression of neurotransmitter-related molecules in the LSO of hamsters and gerbils, suggesting 

that the postnatal onset of various neurotransmitters is a conserved aspect of OCN 

maturation43,272. In gerbils, an earlier study identified a switch from Gad2 (Gad65) in LOCs of 

neonatal animals to expression of Gad1 (Gad67) in mature animals272. In contrast, we identified 

higher levels of Gad2 than Gad1 at both neonatal and adult timepoints, perhaps due to species-

specific differences in OCN circuitry (Figure 2.2G). 

 Variations in gene expression across development are likely coordinated by shifting 

cohorts of transcription factors. We identified several transcription factors whose expression 

changes across postnatal development, many of which are shared between MOCs and LOCs 

(Figure 2.6F). Joint changes in transcription factor expression might indicate that some shared 

regulatory pathways govern the postnatal maturation of both subtypes of OCNs. Indeed, we 

identified no transcription factor genes that were significantly upregulated in only MOCs or LOCs 

with a log fold change greater than 0.5. This finding might indicate that transcription factors 

contributing to the specific identity of MOC or LOC neurons are already present by P1 and simply 

interact with new classes of transcription factors that turn on later in development to guide 

subtype-specific patterns of gene expression during postnatal maturation. Alternatively, 

expression of subtype-specific transcription factors may be restricted to subsets of MOCs or LOCs, 

and therefore cannot be detected when all MOCs or LOCs are analyzed as a group. 

 The time course of these changes in gene expression merits also further study; in the 

absence of intermediate timepoints between P5 and P26, it is unclear when exactly specific 

attributes are changing. One hypothesis is that gene expression profiles are largely stabilized 

around the onset of hearing. Changes in expression of GABA receptor subunits in gerbil happen 
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around P12-P13, roughly corresponding with the onset of hearing267,268,273,274. However, other 

changes—particularly in expression of chloride channels and exchangers—seem to happen 

earlier, during the first postnatal week269–271. Clarifying the timing of specific alterations in synaptic 

properties may also shed light on longstanding questions about the establishment and tonotopic 

refinement of auditory brainstem circuitry more generally.  
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Figure 2.6. MOC and LOC neurons alter their gene expression across postnatal 

development. (A, B) Volcano plots denoting changes in gene expression between P1-P5 and 

P26-P28 animals in LOCs (A) and MOCs (B). All labeled genes have an average log fold-change 

>1 and p < 10-10 (Wilcoxon rank sum test, Bonferroni post-hoc correction). Blue, genes passing 

threshold for log fold change but not significance. An increase in glial genes was also detected in 

both MOCs and LOCs, likely reflecting increased contamination from the myelination present in 

the mature brainstem (dark grey). (C-F) Both types of OCNs regulate the expression of many 

gene categories over development, including adhesion molecules (C), ion channels (D), 

neurotransmitters and neurotransmitter receptors (E), and transcription factors (F). Error bars, 

mean ± SEM. 
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Figure 2.6 (Continued) 
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METHODS 

Single-nucleus sequencing 

For P26-P28 datasets, animals were ChatCre; Rosa26Sun1-GFP. For P1 and P5 collections, animals 

were ChatCreΔneo; Rosa26Sun1-GFP. Each individual collection contained pooled tissue from 5-11 

animals of both sexes. In total, collections included the following: P1, 8 males and 5 females; P5, 

7 males and 9 females; P26-P28, 20 males and 12 females. All animals were on a mixed 

background of C57BL/J;129S6. First, we dissected out tissue from the ventral brainstem. In adults, 

we collected roughly the ventral half of the brainstem, in a fragment of the hindbrain that included 

the entire SOC as well as the FBMNs (Fig. 2.1A). In P1 and P5 animals, we used a brain matrix 

(Zivic Instruments BSMNS001-1) to align the brains, then removed a segment of approximately 

2 mm along the rostral-caudal axis, beginning at the front of the brainstem and extending caudally 

to include the FBMNs. When it was possible to do so without damaging the tissue, we also 

removed the dorsal portion of the brain. 

Tissue was dissected into an ice-cold buffer solution containing 0.25 M sucrose, 25 mM 

KCl, 5 mM MgCl2, 1M Tricine-KOH, 1 µM tetrodotoxin (TTX), 50 µM APV, and 20 µM DNQX. After 

all tissue was dissected, brains were pooled together and placed into a dounce homogenizer 

containing 25 mM KCl, 5 mM MgCl2, 1M Tricine-KOH, 1 mM DTT (Sigma D0632), 150 uM 

spermine tetrahydrochloride (Sigma S1141), 500 uM spermidine trihydrochloride (Sigma S2501), 

80 u/mL RNAsin Plus RNase Inhibitor (Promega N2615), and one tablet of protease inhibitor 

cocktail (Roche 11836170001). Midway through homogenization, we added IGEPAL CA-630 

(Sigma I8896) to a final concentration of 0.32%. Tissue was homogenized until no visible chunks 

of tissue remained, at which point we filtered the homogenate through a 40 µm cell strainer. Next, 

we added 5 mL of 50% iodixanol (OptiPrep Density Medium, Sigma D1556) with 7.5 mM KCl, 1.5 

mM MgCl2, 6 mM Tricine-KOH, pH 7.8, and 80 u/mL RNAsin. Next, about 9 mL of homogenate 

was added to a density gradient of 30% and 40% iodixanol. The entire density gradient was spun 

down for 25 minutes at 10,000 g at 4°C. After removing the majority of the top layer, we extracted 
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400 µL of solution from the interface of the 30% and 40% iodixanol layers. Next, we added 600 

µL 1% BSA in PBS and 10 µL of Draq7 to stain the dissociated nuclei. Finally, cells were filtered 

through a 40 um Flowmi cell strainer (Sigma BAH136800040).  

To isolate Sun1-GFP-positive, cholinergic nuclei, cells were sorted on a BD FACSAria II 

(BD Biosciences). After FAC-sorting, nuclei were spun down at 4ºC for 5 min at 750 rpm and re-

suspended in roughly 40 µL of 1% BSA in PBS. Cell concentration was then estimated by counting 

DAPI-labeled nuclei on a hemocytometer. Next, we loaded the cells into a single-cell 3’ chip from 

10x Genomics, following the manufacturer’s directions. If the estimated cell concentration was 

greater than 300 nuclei/µL, we divided the sample in half and spread it across two lanes of the 

10x Genomics microfluidics chip in order to reduce the proportion of multiplets. Otherwise, we 

loaded the maximum volume of our sample onto the chip. Mature datasets from P26-P28 animals 

were processed with the Chromium single-cell 3’ library & gel bead kit v2 (10x Genomics, PN-

120267); developmental datasets from P1 and P5 animals were processed with the Chromium 

single cell 3’ GEM, library, & gel bead kit v3 (10x Genomics, PN-1000092). cDNA libraries were 

generated according to the manufacturer’s directions. The final libraries were sequenced on an 

Illumina NextSeq 500 (75 cycle kit).  

 

RNAseq Analysis 

Alignment 

Raw reads were converted to fastq files using the cellranger pipeline from 10x Genomics, v. 2.1.0-

3.0.1. All datasets were aligned to a modified version of the mm10-3.0.0 reference transcriptome 

using cellranger v. 3.0.2. Because nuclei contain large amounts of unprocessed RNA, the 

standard mm10 reference transcriptome was altered so that reads were aligned to all annotated 

transcripts, rather than aligning exclusively to exons.  

 

 



 60 

Filtering and exclusion criteria 

Following alignment, data imported into R (v. 3.5.3) and analyzed with the Seurat package (v. 

3.1.4)275. Initially, each individual library from independent 10x lanes was processed separately 

to remove low-quality cells and genes that were detected infrequently. Each library was filtered to 

remove genes that were not detected in at least 3 cells and cells that contained fewer than 500 

unique genes. Each library was further filtered to discard any cell in which more than 1% of 

detected genes were from mitochondria. We chose a relatively strict cutoff for mitochondrial genes 

because the average mitochondrial content of our libraries was quite low (<0.45% in each dataset); 

moreover, because we sequenced individual nuclei rather than single cells, the presence of 

notable amounts of mitochondrial genes likely indicates contamination of RNA from outside the 

nucleus.  

Because libraries from our P1 and P5 collections were prepared with the v3 kit, they had 

far higher nUMI and nGenes than the mature datasets, which were collected with the 10x v2 kit 

(median nUMI for developmental datasets was 6,157-10,171; for adult datasets, 1,935-3,978; 

Figure S1). We therefore established different filtering criteria for the developmental and adult 

data: we kept developmental cells that had more than 1,000 detected UMI and more than 750 

genes and adult cells that expressed more than 750 UMI and more than 500 genes. In addition, 

we excluded some potential multiplets by removing all cells for which the nUMI or nGenes 

detected was more than two standard deviations away from the mean. We chose a standard 

deviation-based cutoff rather than a specific upper limit for nUMI or nGenes because the 

distribution of detected genes and UMI varied between datasets based on variability in 

sequencing depth. 

 

Normalization and batch correction 

After filtering low-quality cells, all libraries generated from parallel collections were merged prior 

to normalization (that is, all libraries that were collected simultaneously but distributed over 
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multiple lanes of the 10x microfluidics chip). Data was normalized by fitting the gene counts to a 

regularized binomial regression function, implemented in the scTransform package for Seurat, as 

previously described276. Next, we accounted for batch effects and variability between 

developmental and adult data using a CCA-based integration methods implemented in Seurat v. 

3, as previously described275. We used 3,000 variable genes and 30 dimensions in CCA space 

for the integration, consistent with previous applications of this method.  

After integrating the data, we normalized the counts for each cell by dividing the counts 

for each gene by the total counts for each cell. These values were then multiplied by 10,000 and 

natural-log transformed. For visualizing counts on heatmaps, data for each gene was centered 

around its mean value and scaled by dividing by the gene’s standard deviation. 

 

Clustering 

To cluster the data, we performed principal component analysis (PCA) on the integration vectors 

produced in the previous steps. We used the top 21 PCs as input to the clustering algorithm based 

on the relative amount of variance explained by each PC, as visualized on an elbow plot. Finally, 

we clustered the data using a graph-based clustering algorithm implemented with the 

FindNeighbors and FindClusters algorithms in Seurat275,277, using a resolution of 0.8. The number 

and proportion of MOCs and LOCs was stable across a range of input parameters, varying by 

only +/- 2 cells from a resolution of 0.4-1.6 and input dimensions of 16-30 PCs. 

 

Differential expression analysis 

Differential expression analysis was performed using a non-parametric Wicoxon rank-sum test on 

log-normalized counts data, implemented with the FindMarkers function in Seurat. Post-hoc 

adjustments were performed with a Bonferonni correction based on all genes in the dataset.  
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Sub-clustering of adult OCNs 

To analyze subsets of adult OCNs, data was filtered and normalized as described above. 

However, in order to focus specifically on subtypes found in mature OCNs, batch correction and 

integration was applied only to the datasets from P26-P28 animals. After clustering the adult cell 

types as described above, we identified OCN clusters based on their co-expression of Gata3 and 

motor neuron markers like Isl1 and Tbx20. We then subset the data to include only cells in those 

two OCN clusters and repeated the clustering analysis. The counts data was then log-normalized 

and scaled prior to differential expression analysis and visualization.  

 

Geneset analysis 

Geneset enrichment analysis to identify specific categories of genes expressed in various cell 

populations was based on previously curated gene lists278,279 and annotations from the HUGO 

Gene Nomenclature Committee (HGNC, genenames.org). In total, these genesets included 280 

guidance and adhesion molecules, 215 ion channels, 215 neurotransmitter receptors, 1,634 

transcription factors, and 120 genes involved in neuronal signaling or neurotransmitter or 

neuropeptide synthesis. 

 

In-situ hybridization 

Colorimetric 

Mice were perfused with ice-cold, RNAse-free 4% PFA in 1x Sorenson’s buffer. Brains were post-

fixed overnight in 4% PFA at 4°C and cryopreserved in sucrose prior to embedding in NEG-50 

(Richard-Allen Scientific; ca. no. 6502). Brains were then cryosectioned at 25 µm. All animals 

were ChatCre; Rosa26tdTomato on a mixed background of C57BL6;129S6;CD1. The in-situ 

hybridization protocol was performed as previously described; a detailed protocol is available at 

http://goodrich.med.harvard.edu/uploads/3/7/7/1/37718659/in_situ.pdf. The Ucn probe sequence 
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was derived from the Allen Brain Atlas (mouse.brain-map.org). Slides were imaged on a VS120 

slide scanner (Olympus). 

 

HCR fluorescent in-situ hybridization 

As above, mice were perfused with ice-cold, RNAse-free 4% PFA in 1x Sorenson’s buffer. All 

animals were P27-P28 and maintained on a C57BL6 background. Brains were post-fixed 

overnight in 4% PFA at 4°C and cryopreserved in sucrose prior to embedding in NEG-50. Prior to 

staining, slides were brought to room temperature and incubated at 50-55°C for 15 minutes. Next, 

sections were fixed in 4% PFA in PBS for 10 minutes on ice, then rinsed twice in PBS with 0.1% 

TritonX-100 (Sigma T9284; PBST). Slides were then treated with 1 µg/mL Proteinase K (Sigma 

P-6556) for 10 minutes at room temperature, rinsed twice with PBST, and fixed again in 4% PFA 

in PBS on ice. After rinsing twice with PBST, slides were run through an ethanol dehydration 

gradient of 50%, 70%, and 100% ethanol. After drying, the HCR in-situ protocol was followed as 

previous described280. The following probes were synthesized by Molecular Instruments, Inc. and 

were used in the indicated concentrations: Bmp3, 1 pM; Cadps2, 2 pM; Calca, 1 pM; Col4a4, 2 

pM; Kcnip4, 2 pM; Zfp804a, 2 pM. Additional probes were synthesized by IDT and used in the 

following concentrations: Penk, 2 pM; Pdyn, 1 pM; Th, 1 pM. All stains were imaged on a Leica 

SP8 confocal microscope. 

 

Animal Models 

Rosa26tdTomato (Ai14; Jax strain 007914)281; Igs7GFP (Ai140D; Jax strain 030220)282; Rosa26Sun1-

GFP (Jax strain 021039)248; ChatCre (Jax strain 006410 and 028861) and ChatCreΔneo (Jax strain 

031661)283 are all previously described. Rosa26tdTomato, Igs7GFP, and ChatCreΔneo animals were 

maintained on a C57BL/6 background. ChatCre and Rosa26Sun1-GFP used for single-cell sequencing 

experiments were maintained on a mixed background of C57BL/6;129S6. All animal work was 
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conducted in compliance with protocols approved by the Institutional Animal Care and Use 

Committee at Harvard Medical School.  



 

 

 

 

 

 

CHAPTER THREE 

Generation of transgenic models to characterize olivocochlear neuron function 
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INTRODUCTION 

Researchers have made many advances in understanding the olivocochlear efferent system 

since it was first described in the 1940s284. By taking advantage of differences in the anatomy and 

function of MOCs and LOCs, it has been possible to isolate contributions that each cell type 

makes to the development and function of the auditory system. This approach has been 

particularly fruitful for understanding the MOC system: because nearly all of the contralateral OCN 

projections arise from the MOCs, it is possible to manipulate the majority of MOCs by stimulating 

or severing those crossed projections27. MOCs also signal to hair cells through an unusual 

synaptic complex involving the α9/ α10 acetylcholine receptor subunits, which are not expressed 

in SGNs or elsewhere in the brain32,33,204,205,279. The selective expression of this receptor complex 

has made the α9 and α10 subunits useful tools for examining MOC function, and previous work 

has made use of both gain- and loss-of-function mutations in these genes to investigate how 

MOCs influence auditory development and function204,205,207.  

LOCs, however, have proven much more difficult to study. Previous efforts have largely 

focused on ablating LOCs by lesioning the LSO or on stimulating or severing a combination of 

MOCs and LOCs and attempting to isolate which effects derive from which cell type after the fact. 

For example, any effects involving OHC function can safely be ascribed to MOCs51. Although 

these approaches have been valuable in triangulating LOC contributions to auditory function, 

many questions still remain about LOC development and function still remain. In the absence of 

reliable markers to distinguish MOC and LOC neurons, many questions also persist about the 

anatomy of these cell types and how their projections change over the course of development 

and aging244. 

A more robust understanding of the olivocochlear efferent system—and the LOCs, in 

particular—therefore hinges on developing genetic tools that offer more precise control over these 

cell types. In recent years, Chat-Cre283 has proved to be a useful tool for understanding OCN 

function, especially as a means of labeling these cells for anatomy and physiology. However, 
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Chat-Cre is expressed in both MOCs and LOCs, as well as other motor neuron populations, 

thereby limiting its utility for manipulating OCNs. Instead, a more promising avenue into LOC 

targeting is the peptide Urocortin (Ucn), which has been shown to be expressed selectively in 

LOCs—but not MOCs—in both mice and gerbils43,259. In addition, an intersectional genetic 

strategy would allow us to target LOC neurons with even greater specificity, or to use Chat-Cre 

to manipulate all OCNs without perturbing other motor neurons. This intersectional approach is 

particularly crucial for studying functional consequences of OCNs in adult animals, as ablating or 

silencing all cholinergic neurons will result in widespread paralysis, or even death. To that end, 

Gata3 is a promising candidate: it is expressed in the OCNs, but mutant analyses indicate that it 

is never expressed in mammalian FBMNs101,116,117. Thus, in order to target both MOCs and LOCs 

with greater specificity than was previously possible, we generated both Ucn-Cre and Gata3-FlpO 

mouse lines.  

 

RESULTS AND DISCUSSION 

In order to gain specific genetic access to LOC neurons, we used CRISPR/Cas9 to generate a 

knock-in Ucn-Cre allele, inserting sequences for both a T2A peptide and a nuclear-localized Cre 

recombinase immediately downstream of the Ucn coding domain (Figure 3.1A). I confirmed that 

the construct was inserted into the correct genetic locus by PCR-amplifying and sequencing the 

entire construct, including several hundred base pairs up- and down-stream of the insertion. The 

sequencing results verified that the Ucn-Cre construct was inserted into the correct locus. 

Sequencing also revealed one point mutation within the Ucn coding sequence and two point 

mutations in the Cre recombinase sequence, likely caused by errors in the ssDNA synthesis 

process used to generate the homology repair template. However, tdTomato fluorescence is still 

detectable in mice expressing the Ai14 tdTomato allele281 under the control of Ucn-Cre, indicating 

that the Cre recombinase is still functional. Mice heterozygous for Ucn-Cre also have normal 

auditory brainstem response (ABR) thresholds (n=5; data not shown). Because homozygous Ucn 
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mutants have elevated ABR thresholds, this finding suggests that the point mutation within the 

Ucn coding sequence of the Ucn-Cre allele has few, if any, functional consequences, at least in 

heterozygous animals.  

We also verified that Ucn-Cre expression in OCNs is restricted to LOC neurons by 

examining both the brains and cochleae of mice expressing tdTomato under the control of Ucn-

Cre. In these UcnCre/WT; Rosa26tdTomato/WT animals, tdTomato-expressing fibers within the cochlea 

project extensively beneath the IHCs and do not extend to the OHC region, consistent with an 

LOC identity (Figure 3.1B, C). We did not observe tdTomato expression in any other cell types 

in the cochlea. Within the SOC, Ucn-Cre activity is confined to the cholinergic cells of the LSO, 

with no expression among the cholinergic MOCs in the VNTB (Figure 3.1D, n = 1). Although Ucn 

mRNA expression in adult mice is restricted to the medial wing of the LSO (Figure 2.5T), we 

observed Ucn-Cre expression throughout the LSO, labeling upwards of 90% of cholinergic LOCs 

(Figure 3.1D, n = 1). The broad activity of Ucn-Cre across the LSO suggests that Ucn is 

expressed more widely across LOCs developmentally than it is in adulthood. This interpretation 

is consistent with previous work in gerbil, which found that Ucn immunolabeling could be 

transiently identified in LOCs throughout the extent of the LSO before becoming restricted to the 

medial wing in adulthood43. 
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Figure 3.1. Ucn-Cre labels LOCs but not MOCs. (A) Schematic of Ucn-Cre allele. 

CRISPR/Cas9 was used to insert a T2A peptide and nuclear-localized Cre sequence immediately 

after the Ucn coding sequence, prior to the Ucn stop codon. (B-D) Fluorescent images from P27 

UcnCre/WT; Rosa26tdTomato/WT animals. Anti-Chat immunostain (green) labels both MOCs and LOCs. 

(B, C) Standard-deviation projections of confocal z-stacks showing Ucn-Cre-driven tdTomato 

expression in the middle turn of the cochlea. TdTomato fluorescence (magenta) is visible in the 

inner hair cell (IHC) region, but not the outer hair cell (OHC) region. (B) Scale bar, 150 µm.  
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Figure 3.1 (Continued) 

(C) Ucn-Cre-expressing fibers course beneath the IHCs (labeled with Calb2, blue; curved 

brackets) and do not extend out to the OHC region (square brackets). Scale bar, 15 µm. 

TdTomato signal co-localizes with anti-Chat immunolabel, supporting the interpretation that fibers 

labeled by Ucn-Cre are LOCs. (D) Coronal section of the superior olivary complex (SOC). Within 

the SOC, Ucn-Cre-driven tdTomato expression (magenta) is restricted to the cholinergic cells of 

the LSO. Scale bar, 150 µm.  

 

 

Although Ucn mRNA expression throughout the adult brain is extremely limited, Ucn-Cre activity 

is detectable in several other brain regions outside of the LSO, again suggesting that this peptide 

may be transiently expressed in several other nuclei throughout the brain (Figure 3.2). As 

expected, we identified Ucn-Cre-driven tdTomato fluorescence in the peptidergic Edinger-

Westphal nucleus, which is known to express Ucn259,285,286 (Figure 3.2A, C). TdTomato 

expression was also detectable in cortical neurons (Figure 3.2A, D), the small cell cap of the 

cochlear nucleus (Figure 3.2B, E), and both the trigeminal and facial branchial motor neurons 

(Figure 3.3B, F and G).  
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Figure 3.2. Ucn-Cre activity in the brain. (A-G) Coronal sections through a P27 UcnCre/WT; 

Rosa26tdTomato/WT animal. (A, B) Overview of Ucn-Cre activity in the cortex and midbrain (A) or 

brainstem (B). Scale bars, 500 µm. (C) Ucn-Cre-driven tdTomato expression (magenta) is visible 

in the peptidergic Edinger-Westphal nucleus (EW), a group of cells known to express Ucn. (D) 

Ucn-Cre activity is detectable in several regions of cortex. (E) Ucn-Cre labels cells in the cochlear 

nucleus (CNC). TdTomato expression appears to be confined to the small cell cap region.  
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Figure 3.2 (Continued) 

(F) Ucn-Cre also labels a subset of facial branchial motor neurons (VII), as visualized with anti-

Chat immunolabeling (green). (G) Ucn-Cre labeling is visible in motor neurons in the trigeminal 

nucleus (V), as identified with anti-Chat immunolabeling (green). (C-G) Scale bars, 250 µm. 

 

 

The surprisingly broad expression of Ucn-Cre outside the LSO presents a confound for 

interpreting results of manipulation or ablation experiments driven by Ucn-Cre alone. The 

expression in the facial motor neurons represents a particular concern, as some facial motor 

neurons project to the middle ear muscle, triggering a reflex in response to loud sounds287. These 

projections present multiple challenges: any attempt to localize manipulations to LOCs by 

injecting a Cre-dependent virus into the ear is likely to drive expression in the FBMNs, as well. 

Moreover, any manipulation that influences both LOCs and FBMNs will be challenging to interpret, 

as both FBMNs and LOCs can influence hearing. Ablating or silencing a large population of facial 

motor neurons can also cause more general problems, including facial paralysis, which would 

preclude using those animals for any kind of behavioral experiment. Therefore, an intersectional 

strategy that further restricts the cell-type specificity of labeled neurons would be valuable for 

examining the function of LOC neurons. 

To that end, we generated a Gata3-FlpO line. GATA3 is known to play a key role in the 

development of the auditory system and is expressed in many auditory cell types, including 

OCNs117,152. Moreover, mutant analysis indicates that Gata3 is never expressed in the FBMNs, 

making this gene a useful candidate for intersectionally targeting OCNs101,116,117. As with Ucn-Cre, 

we used CRISPR/Cas9 to target the insertion of sequences for a T2A peptide and FlpO 

recombinase into the Gata3 locus, immediately before the Gata3 stop codon (Figure 3.3A). As 

with Ucn-Cre, we verified the insertion of the Gata3-FlpO construct by sequencing the entire 
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insertion construct, as well as several hundred base pairs up- and down-stream of the insertion. 

Our sequencing results identified two point mutations within the FlpO sequence, as well as an 

additional point mutation within the 3’ UTR of Gata3. However, Gata3-FlpO successfully drives 

expression of effector alleles, including tdTomato (Fig. 3.3), indicating that the FlpO recombinase 

is still functional. Gata3-FlpO animals are also homozygous viable. Homozygous mutations for 

Gata3 are embryonic lethal, indicating that the point mutations in the 3’ UTR of Gata3-FlpO do 

not prevent the production of functional GATA3 proteins.  

We investigated the expression pattern of this allele by crossing Gata3-FlpO mice to 

animals carrying the Ai65F Flp-dependent tdTomato allele288. As expected, Gata3-FlpO is active 

quite broadly throughout the auditory system, and we detected tdTomato fluorescence in many 

cell types of the cochlea, including SGNs, hair cells, and supporting cells (Figure 3.3B, C). In the 

brain, Gata3-FlpO is expressed throughout the superior olive and inferior colliculus, along with 

many different cells in the midbrain (Figure 3.4D-F). However, we identified very little expression 

in cortical structures, and no signal in the trigeminal or facial motor neurons (Figure 3.4D-G). 
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Figure 3.3. Expression pattern of Gata3-FlpO. (A) Schematic of Gata3-FlpO allele. 

CRISPR/Cas9 was used to insert a T2A peptide and nuclear-localized FlpO sequence 

immediately downstream of the final exon of Gata3. (B, C) Standard-deviation projections of 

confocal z-stacks from P28 Gata3FlpO/WT; Rosa26tdTomato/WT cochlea. Gata3-FlpO-driven tdTomato 

expression (magenta) is detectable in numerous cell types of the cochlea, including Calb2-

expressing spiral ganglion neurons and inner hair cells (green). (B) Scale bar, 100 µm. Box 

denotes region of higher magnification shown in (C). (C) Curved brackets denote inner hair cells 

(IHCs). Square brackets denote outer hair cell (OHC) region. Scale bar, 25 µm. (D-F) Coronal  
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Figure 3.3 (Continued) 

sections through a P28 Gata3FlpO/WT; Rosa26tdTomato/WT brain. Scale bar, 500 µm. (D) Gata3-FlpO 

is expressed in the cochlear nucleus (CNC) and inferior colliculus (IC), but not in the facial motor 

nucleus (VII) or trigeminal motor nucleus (V). (E) Gata3-FlpO-driven tdTomato expression is 

present throughout the superior olivary complex (SOC). (F) Gata3-FlpO activity is detected quite 

broadly throughout the midbrain, but not in the cortex. (G) No tdTomato fluorescence was 

detected in the cholinergic facial branchial motor neurons (green). Scale bar, 150 µm. 

 

 

Together, Gata3-FlpO and Ucn-Cre should offer a way to selectively manipulate LOC neurons 

without affecting MOCs or many other cell types throughout the brain. We verified the specificity 

of this approach by examining the intersectional expression of Ucn-Cre and Gata3-FlpO in mice 

expressing the dual recombinase reporter RC::FLTG, in which only cells that express both Flp 

and Cre recombinases express GFP289 (Fig. 3.4). As expected, these animals have high 

expression of GFP throughout the LSO (Fig. 3.4C, D). Although we did detect GFP expression 

sporadically in other brain structures, the total number of cells labeled is much lower than that of 

either Ucn-Cre or Gata3-FlpO alone. We identified no expression in either the facial motor 

neurons or the cochlear nucleus, and only limited expression in cortical structures (Fig. 3.4A, B, 

E, F; n = 3).  
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Figure 3.4. Intersectional expression of Gata3-FlpO and Ucn-Cre. (A-F) Coronal sections 

through the brains of eight-week-old Gata3FlpO/WT; UcnCre/WT; Rosa26FLTG/WT mice. Blue, DAPI. 

Green, intersectional expression of Gata3-FlpO and Ucn-Cre. (A, B) Gata3-FlpO, Ucn-Cre co-

expression is extremely sparse throughout the brainstem, and no expression was detected in 

either the facial motor nucleus (VII) or the cochlear nucleus complex (CNC). (A) Scale bar, 500 

µm. Boxed area denotes higher-magnification region shown in (B). (B) Scale bar, 150 µm. (C, D) 

Within the superior olivary complex, co-expression of Gata3-FlpO and Ucn-Cre was confined to 

the LSO. (C) Scale bar, 500 µm. Boxed area denotes higher-magnification region shown in (D). 

(D) Scale bar, 150 µm. (E, F) Sparse GFP expression was detected throughout the midbrain, but 

in very few cells in cortex. Scale bar, 500 µm. Boxed region in (E) denotes higher-magnification 

area shown in (F). 
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This combination of alleles therefore offers a powerful strategy for examining both the anatomy 

and function of LOCs. In the absence of specific genetic access or anatomical markers, many 

previous studies have struggled to ascribe LOC contributions to auditory function. Now, however, 

we have the ability to assign a conclusive LOC identity to any neurons expressing Ucn-Cre and 

to manipulate LOCs without also perturbing nearby motor neurons or auditory cell types. In the 

future, these tools should offer new insights into the way that top-down inputs can expand the 

processing repertoire of the sensory periphery. 

 

 

METHODS 

Generation of transgenic mouse lines 

Both Gata3-FlpO and Ucn-Cre mouse lines were generated by homologous recombination via 

CRISPR/Cas9 targeting, using methods similar to those described previously290,291. FlpO292 and 

Cre293 sequences were directed to the endogenous locus of Gata3 and Ucn, respectively, and 

inserted directly before the stop codon of each gene (Fig. 3.1A, 3.3A). Single-stranded homology 

repair templates (Genewiz) included sequences for a T2A peptide288 and SV40 nuclear 

localization sequence upstream of the FlpO or Cre recombinase sequence, as well as 400 bp 

homology arms on each side of the insertion construct. Each homology repair construct also 

induced a mutation at the targeted PAM site to prevent cutting of the repaired strand. In the Ucn-

Cre construct, we made a synonymous change in the coding sequence that did not alter the amino 

acid sequence of the peptide. For Gata3-FlpO, we induced a C-to-G mutation within the gene’s 

3’ UTR. 

Potential guide RNA sequences were selected based on their proximity to the construct 

insertion site and their bioinformatically predicted off-target effects294. Guide RNAs were then 

screened in vitro to determine their efficacy at cutting a PCR-amplified fragment of target DNA. 

The final guides for targeting both Ucn (ccgcaucauauucgauucgg) and Gata3 
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(uuggagacuccucacgcaug) were synthesized as a combined CRISPR/tracr RNA molecule 

(Synthego). Finally, the guide RNA and homology repair templates were injected into zygotes of 

C57BL/6 mice along with Cas9 protein (IDT, Alt-R® S.p. Cas9 Nuclease V3; ca. 1081058) at 

Harvard’s Genome Modification Facility. 

 

Screening transgenic mouse lines 

DNA was extracted from a tail clipping of each of the injected animals. We verified that each 

insertion was correctly targeted to the desired locus by PCR-amplifying specific fragments of the 

construct and surrounding DNA. Next, we amplified and sequenced the entire inserted construct 

along with several hundred base pairs on either side of the insertion to verify that the homology 

repair construct was integrated into the locus as expected. Although the full constructs were 

inserted correctly in both Gata3-FlpO and Ucn-Cre mouse lines, we identified a few unexpected 

point mutations, likely caused by errors in the ssDNA synthesis process. In Ucn-Cre, a G-to-T 

mutation transformed glutamine 104 of the Ucn coding sequence into a histidine; a G-to-T 

mutation in valine 126 of the Cre recombinase sequence turned that amino acid into a 

phenylalanine; and a synonymous G-to-T mutation in glycine 343 of the Cre sequence had no 

effect on its amino acid sequence. In Gata3-FlpO, a C-to-A mutation in the FlpO sequence 

transformed glutamine 12 into a lysine and a synonymous G-to-A mutation in valine 129 of the 

FlpO construct had no effect on the amino acid sequence. We also identified a G-to-T mutation 

in nucleotide 43 of the Gata3 3’ UTR. 

Upon verifying the insertion of Gata3-FlpO, we genotyped subsequent generations with 

the following primer sequences: GAAGGCATCCAGACCCGAAA; 

CACGTCACCGCATGTTAGAAGA; AACGCAAGTAGAAGGGGTCG. Wild-type animals display a 

band at 336 bp. Animals homozygous for the Gata3-FlpO allele yield a band at 291 bp. 

Heterozygous animals yield both the wild-type and mutant bands. We used the following primer 

sequences to genotype Ucn-Cre animals: GGATCCGAATCTGCGATGGA; 
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GCATCGACCGGTAATGCAGG; GGAGGCGAAATAGTCCCTCG. Animals homozygous for 

Ucn-Cre display a band at 393 bp, whereas wild-type animals yield a band at 686 bp; 

heterozygotes show both the wild-type and mutant bands. 

 

Animal models 

LSL-tdTomato (Ai14; Jax strain 007914)281, FSF-tdTomato (Ai65F; Jax strain 032864)288, and 

RC::FLTG (Jax strain 026932)289 are all previously described. All animals were maintained on a 

C57BL/6 background. All animal work was conducted in compliance with protocols approved by 

the Institutional Animal Care and Use Committee at Harvard Medical School.  

 

Immunohistochemistry: cochlear wholemounts 

Animals were fixed via intracardial perfusion with ice-cold 4% PFA in PBS. Cochleae were 

removed and post-fixed overnight at 4°C. Cochleae were then decalcified in 120 mM EDTA for 

roughly 48 hours at 4°C. After dissecting out the three cochlear turns, tissue was permeabilized 

with protease for 30 min. at 37°C (ACD RNAscope Protease III; ca. no. 322340), then incubated 

in 30% sucrose in PBS for at least 20 min at room temperature and flash-frozen on dry ice. Tissue 

was then blocked for 1-2 hours at room temperature in 5% normal donkey serum (Jackson 

ImmunoResearch, 017-000-121) and 0.3% Triton-X (Sigma, T9284) in PBS. Primary and 

secondary antibodies were incubated overnight at 37°C in a solution of 1% normal donkey serum 

and 0.3% Triton-X in PBS. After mounting, cochleae were imaged in a Leica SP8 confocal 

microscope. Primary antibodies used were Goat anti-Chat (1:500; Millipore AB144P), Ms anti-

Calb2 (1:1,000; Swant 6B3), and Rabbit anti-dsRed (1:1,000; Takara 632496). Secondary 

antibodies used were Donkey anti-Goat 488 (1:1,000; Jackson Immunoresearch 705-545-147), 

Donkey anti-Rabbit 568 (1:1,000; Abcam ab175470 or ThermoFisher A31573), and Donkey anti-

mouse 647 (1:1,000; ThermoFisher A31571) 
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Immunohistochemistry: brain sections 

Brain tissue was fixed via intracardial perfusion with ice-cold 4% PFA in PBS and post-fixed 

overnight at 4°C. Brains were either sectioned on a vibratome at 60 µm or cryoprotected in 

sucrose, embedded in NEG-50 (Richard-Allen Scientific, 6502), and cryosectioned at 20 µm. After 

sectioning, slices were blocked for 1-2 hours at room temperature with 5-10% normal donkey 

serum and 0.5% Triton-X in PBS. Primaries were incubated overnight at either room temperature 

or 4°C in 5% normal donkey serum and 0.5% Triton-X. Secondaries were incubated for 1.5-3 

hours at room temperature in 5% normal donkey serum and 0.5% Triton-X, followed by a 10-

minute incubation in DAPI. Primaries used were Goat anti-Chat (1:200; Millipore AB144P), Rabbit 

anti-dsRed (1:1,000-1:2,000; Takara 632496), and Chicken anti-GFP (1:2,000; Aves GFP-1020). 

Secondary antibodies were Donkey anti-Goat 488 (1:800; Jackson Immunoresearch 705-545-

147), Donkey anti-Rabbit 568 (1:800-1:1,000; Abcam ab175470 or ThermoFisher A31573), and 

Donkey anti-Chicken 488 (1:800; Jackson ImmunoResearch 703-545-155). After mounting, all 

slides were imaged on a VS120 slide scanner (Olympus). 



 

 

 

 

 

 
 
 

 

CHAPTER FOUR 

Concluding Remarks



 82 

All sensory systems rely on interconnected feedforward and feedback networks to modulate 

sensory representations based on animals’ prior experiences and current needs. The coordination 

of these networks constitutes a major developmental challenge, as parallel circuits must be 

aligned to one another with incredible specificity. Cells in the olivocochlear efferent system occupy 

a unique niche in the realm of sensory circuits, as they project into the farthest reaches of the 

sensory periphery. Although their positioning is unusual, the OCNs provide an intimate connection 

between the central and peripheral auditory systems in both developing and mature animals. Thus, 

these cells are poised to align the development of the central and peripheral auditory systems 

and to convey information about internal states like stress, attention, or arousal to the inner ear. I 

have identified many new molecules that may guide the development of these cells and direct 

their interactions with other cell types in the auditory system. Although many questions about 

OCNs remain unanswered, the tools presented here should open the doors for many more 

discoveries to come.  

 

CLARIFYING THE FUNCTIONAL CONSEQUENCES OF OLIVOCOCHLEAR PROJECTIONS 

Some variant of the olivocochlear efferent system exists for all hair cell sensory systems: groups 

of feedback cells project to auditory, vestibular, and lateral line neurons in all classes of 

vertebrates, and even some invertebrates26. The wide conservation of this circuitry across 

evolutionary time suggests that these cells play a crucial role in the function of these sensory 

systems. Even so, we still know relatively little about how different types of efferent neurons 

contribute to the function of various sensory systems. Many potential roles have been ascribed to 

the auditory efferent system: separating speech sounds from background noises17,18; balancing 

inter-aural differences19,20,295; protecting the ear from damage15,16; and promoting selective 

attention296,297.  

 Top-down modulation can play an important role in determining which aspects of their 

surroundings animals attend to, especially in cases of competing sensory modalities298. Although 
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work in this area has primarily focused on modulation at the level of cortex or thalamus, evidence 

suggests that OCNs might also contribute to selective attention: chinchillas exhibit a decrease in 

cochlear sensitivity while performing a visual attention task, an effect presumably mediated by 

the olivocochlear system296. More direct evidence for OCN involvement in attentional modulation 

comes from work on Chrna9 knock-out animals, which lack functional MOC inputs onto hair cells. 

Compared to controls, Chrna9 knock-out mice perform worse on a selective visual attention task 

in the presence of an auditory distractor, suggesting that MOCs may play a role in filtering auditory 

stimuli297. Attempts to identify MOC effects on attention in humans, however, have generally led 

to mixed results299. Even so, MOC innervation appears to be sparser in humans than in other 

mammals300, suggesting that attentional modulation may be an ethologically relevant component 

of MOC function in other species even if it is not in humans. 

 Essentially nothing is known about connections between LOCs and attentional modulation. 

Whereas MOCs act on fast timescales and project to a relatively narrow region of the cochlea, 

LOCs can have longer-lasting effects on auditory nerve fibers and typically project across a much 

wider range of frequencies27,51. The wide range of LOC axons—which sometimes project across 

more than 50% of the cochlea49—presents a particular puzzle: any feedback signal that 

simultaneously affects such a high proportion of afferents cannot be targeted to any specific 

stimulus features. Instead, LOCs are more likely to provide a broad, modulatory effect, perhaps 

altering the sensitivity of SGNs based on attributes of an animal’s internal state. 

 We found that LOCs, but not MOCs, express the orexin receptor Hcrtr2, indicating that 

LOCs may respond to cues about arousal or attention (Figure 2.4F). Orexin-A and Orexin-B are 

wake-promoting peptides that have been implicated in various behavioral states, including 

sustained attention and feeding behaviors301,302. One hypothesis is that LOCs might convey 

signals about behavioral demands to the cochlea, perhaps increasing the sensitivity of SGNs in 

times of high arousal. Indeed, there is evidence that cues about arousal play this type of role in 
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the vestibular efferent system of fish, possibly to increase the sensitivity of vestibular afferent 

neurons prior to a rapid movement303,304. 

 Research on the relationship between arousal signals and LOC function could begin by 

verifying whether and how orexins modulate LOC activity. Previous studies identified only sparse 

projections from orexinergic neurons in the vicinity of the LSO, indicating that more work is needed 

to determine whether orexin-expressing cells indeed target LOCs305,306. In addition, Hcrtr2 can be 

coupled to either Gq or Gi/o pathways, making it difficult to predict what kind of effect orexin signals 

might have on LOC activity307. Resolving these ambiguities will require careful physiology studies. 

Back-labeling studies tracing LOC inputs would also shed light on whether LOCs indeed receive 

innervation from orexinergic neurons.  

 

Organization of LOC circuitry 

Developing a thorough model of LOC function will require expanded knowledge about the 

architecture of LOC circuits, including a more robust understanding of the inputs that drive or 

modulate LOC activity and the downstream interactions between LOCs and SGNs. Longstanding 

questions exist about the expression and distribution of various neurotransmitters and 

neuromodulators within LOC neurons; although many signaling molecules have previously been 

reported in LOC neurons41,42, it is unclear how many of those molecules actually contribute to 

LOC function. Single-cell sequencing studies of SGNs offer some hints to these questions279,308,309, 

but further work is needed to verify which of the various receptor transcripts detected in SGNs 

mediate interactions with LOCs. 

 Previous work has also struggled to address how homogeneous LOCs are with respect to 

their signaling molecules. LOCs can have varying effects on SGNs, with efferent stimulation 

sometimes causing an excitation of auditory nerve fibers and other times causing inhibition51. 

These varied effects suggest that LOCs may contain discrete subsets of cells with different 

properties and different effects on SGNs. Although virtually all LOCs express Chat, GABA, and 
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CGRP, previous work has also suggested that discrete subsets of LOCs may express additional 

or alternative neurotransmitters, including Ucn43 and dopamine44. However, nothing is known 

about how these potential subgroups correlate with variability in LOC effects on SGNs or with 

variability in LOC morphology. 

 We identified a distinct subgroup of LOCs with an enrichment for various neuropeptides, 

including Ucn, Calca, Calcb, and Npy (Figure 2.5). Although we identified many receptors whose 

expression varies between MOCs and LOCs (Figures 2.4, S6, S7), we detected almost no 

differences in receptor expression between peptide-enriched and peptide-low LOCs (Figure 2.5). 

However, peptide-enriched LOCs do show elevated levels of the phosphodiesterase gene 

Pde10a. This variation could influence the way these two types of LOCs respond to signals 

mediated by certain metabatropic receptors, as cells with greater expression of 

phosphodiesterases may clear intracellular cAMP more quickly. 

Given that LOC subtypes appear to have fairly homogeneous inputs (at least in terms of 

their receptor expression), it’s possible that various LOC subtypes integrate similar information, 

but pass those signals down to discrete subsets of SGNs. This hypothesis is supported by the 

variation in adhesion molecules between the two LOC cell types, which suggests that each 

population of LOC may have distinct targets within the cochlea (Figure 2.5P-S). Future studies 

should investigate the distribution of peptide-high and peptide-low LOC fibers within the cochlea 

as well as identifying any variation in the inputs between these two groups of LOCs. One useful 

tool for these investigations is Ucn-Cre: although many LOCs have a developmental history of 

Ucn-Cre activity (Figure 3.1), Ucn mRNA expression is confined to the medial wing of the LSO 

by the fourth postnatal week (Figure 2.5T). It should therefore be feasible to use this line to target 

the peptide-enriched subset of LOCs by injecting a Cre-dependent virus into either the LSO or 

the ear in adult animals. 
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Protective effects of LOC innervation 

Various insults can cause damage to cells in the cochlea, including aging, sound exposure, and 

several types of drugs. Depending on the source and severity of the trauma, IHCs, OHCs, and 

SGN fibers are all susceptible to injury310,311. Several previous lines of research have suggested 

that the olivocochlear efferent system may play a role in mitigating the effects of various types of 

trauma. However, it has been pointed out that high-intensity sounds are rare in natural 

environments, suggesting that feedback systems may not have evolved to play a protective role312. 

Yet, exposure to even moderate sound levels can cause cochlear damage14. Support cells in the 

cochlea also express molecules known to be important for sensing and responding to various 

kinds of cellular stress, suggesting that cochlear circuits may have evolved sophisticated 

strategies for combatting sources of damage, even if that damage is not a result of high-decibel 

sound exposure313. 

Regardless of the evolutionary pressures that initially established the olivocochlear 

efferent system, there is ample evidence that both MOCs and LOCs can play a protective role in 

the cochlea15. In MOCs, this protective role is mediated by their interactions with OHCs207,314; it is 

less clear how LOCs are able to mitigate the effects of acoustic overexposure.  

One possibility is that LOCs are able to prepare the cochlea for the possibility of injury by 

conveying signals about stress or prior sound exposure to the ear. Various kinds of stressors can 

have a protective effect on acoustic trauma, including a prior exposure to moderate sound, sham 

surgeries, and restraint12,315. Protective effects from these stressors appear to be mediated by the 

olivocochlear efferent system, as stress does not seem to play a protective role in de-efferented 

mice12. However, stress does still serve a protective function in animals lacking crossed MOC 

inputs to the cochlea; because crossed fibers constitute the majority of MOC inputs to the ear, 

this finding might indicate that LOCs are primarily responsible for mediating these protective 

effects. Alternatively, it may be the case that the remaining ipsilateral MOC fibers in these animals 

were sufficient to convey stress-induced protective effects to the cochlea. 
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Sound exposure also appears to have direct effects on LOCs. In particular, it is known 

that LOCs can turn on Th expression after sound exposure, likely altering their signals onto 

SGNs46,48. Future work could also examine whether other neurotransmitters are affected by sound 

exposure or whether other forms of stress—like restraint or sham surgeries—can also induce Th 

expression in LOCs. If so, that finding would suggest that the onset of dopamine expression in 

LOCs may be responsible for the protective effects of various kinds of stressors. 

Future studies could also clarify the protective effects of LOC inputs by genetically 

manipulating LOC neurons before, during, or after sound exposure. The intersectional 

combination of Ucn-Cre and Gata3-FlpO will facilitate these experiments in ways that were 

previously unachievable. By crossing these animals to mice carrying Cre- and Flp- dependent 

alleles for a diphtheria toxin receptor or inhibitory DREADD, we can clarify how recovery from 

acoustic trauma is affected when LOCs are ablated or silenced. These experiments will be 

particularly useful in comparison to work with Chrna9 knock-out mice, which lack functional MOC 

synapses in the cochlea.  

 Although prior work suggesting that LOCs may have functionally distinct subtypes, it is 

also unclear whether all LOCs contribute identical responses to acoustic overexposure. We 

identified a distinct subset of LOCs that is enriched for a variety of neuropeptides (Figure 2.5). In 

both mice and gerbils, this peptide-enriched subset is localized to the high-frequency region of 

the LSO (Figure 2.5T, U)43. The auditory system of mice and gerbils are specialized for very 

different frequency ranges, with mice tending to hear in higher frequencies and gerbils more 

specialized for lower frequencies. The observation that peptidergic LOCs are enriched in the high 

frequency region of both species therefore suggests that peptide-enriched LOCs may not be 

organized around frequency regions of particular behavioral relevance. Instead, peptidergic LOCs 

may be positioned to serve a special protected role, as high-frequency regions of the cochlea 

appear to be particularly vulnerable to damage across species311. 
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The means by which these various peptides contribute to normal hearing or protection 

from injury remain mysterious. Expression of neuropeptide receptors in SGNs appears to be 

extremely sparse: a previous sequencing study did not identify any canonical receptors for CGRP 

or CGRP-II, and receptors for Ucn and NPY are only found in a small subset of high-frequency 

SGNs in the base of the cochlea279. Given that peptide-enriched LOCs seem to be localized to 

high-frequency regions of the LSO, it may be the case that these peptides exclusively modulate 

high-frequency SGNs. It is also possible that these peptides may signal to cells in the cochlea 

other than SGNs: CRHR1, which binds Ucn, is expressed in border cells nearby the LOC-SGN 

synapse313. It has been hypothesized that border cells—along with other support cells in the 

cochlea—may play a protective role by recognizing and responding to cellular damage. This 

response likely involves the CRF signaling system, which includes Ucn313. Ucn release from LOC 

terminals might contribute to this protective response, perhaps conveying signals from the brain 

or feedforward auditory pathways about stress or acoustic overexposure. 

 

EMERGENCE OF OLIVOCOCHLEAR CIRCUITRY 

Divergence of OCNs and FBMNs 

Across vertebrates, olivocochlear efferent neurons develop alongside the facial branchial motor 

neurons. OCNs and FBMNs both originate in the progenitor domain of visceral motor neurons 

(pMNv) and their axons travel together in the brain before OCN fibers branch off to join the VIIIth 

nerve. Although the transcription factor Gata3 appears to play a crucial role in distinguishing 

mammalian OCNs from FBMNs116,117, we know little else about how these cell types diverge either 

developmentally or evolutionarily. Our sequencing data confirmed the selective expression of 

Gata2 and Gata3, both of which are expressed only in OCNs and not in FBMNs (Figure 2.2F). 

Even more tellingly, we did not detect activity of Gata3-FlpO in FBMNs, indicating that FBMNs 

have no developmental history of Gata3 expression (Figure 3.3G). 
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 OCNs and FBMNs also differ in the expression of several transcription factors known to 

play a role in motor neuron diversification and cranial nerve development, pointing to additional 

mechanisms that might guide the bifurcation of these cell types. FBMNs, MOCs, and LOCs 

express varying levels of the Hox cofactor genes Meis1, Meis2, Pbx1, and Pbx3 (Figures 2.2F, 

S3, S9). Pbx3 expression is confined to the FBMNs; although LOCs and MOCs both express 

Pbx1, it is expressed at higher levels in FBMNs. Meis1 and Meis2 are expressed in MOCs, LOCs, 

and FBMNs, although expression of Meis2 is highest in MOCs. Variations in expression of these 

genes are known to regulate motor neuron diversity64,251–253; a similar regulatory network is likely 

at play in promoting the diversification of FBMNs and OCNs.  

In contrast, Sall3 expression is upregulated in both MOCs and LOCs, with almost no 

expression in FBMNs (Figure 2.2E, F). Sall3 is also known to be important for cranial nerve 

development and is expressed in the developing cochlea as well as subsets of cranial motor 

neurons254. The shared expression of this transcription factor across MOCs, LOCs, and regions 

of the auditory periphery suggests that it may play a role in the emergence of shared aspects of 

auditory circuitry. One longstanding question in OCN development concerns the cues that cause 

OCN fibers to transition from their association with the facial nerve to join the olivocochlear nerve 

and project out to the ear. This transition might be guided by shared expression of homophilic 

adhesion molecules in OCNs and other fibers in the vestibulocochlear nerve. Coordinated 

expression of homophilic adhesion molecules might be driven by shared transcription factors 

throughout the auditory system—factors like Gata3 or Sall3. Future work could test this 

hypothesis directly by looking for changes in OCN innervation in Sall3 knock-out mice. 

 Additional research is also needed to understand how OCNs and FBMNs coalesce into 

their final arrangements in the brainstem and which molecules guide the co-fasciculation of FBMN 

and OCN axons. The many cell-adhesion molecules we identified in each of these cell populations 

should serve as a fruitful starting point for future investigations (Figures 2.2E, S2). Focusing on 
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variations in cadherin expression might be of particular value, as cadherin proteins have been 

shown to play a role in the formation of distinct brainstem motor nuclei121,250. 

 

Segregation of OCN subtypes 

The developmental bifurcation between MOCs and LOCs is perhaps even more mysterious than 

the divergence of OCNs and FBMNs: although Gata3 has long been postulated as a key in driving 

the separation of OCNs and FBMNs, no similar transcription factors have been identified that 

might lead to the diversification of OCN subtypes. We identified several transcription factors that 

are differentially expressed between MOCs and LOCs—or between LOC subtypes—that may 

play a role in the establishment of distinct OCN identities (Figures 2.5O, S9). 

Throughout much of their development, MOC and LOC axons follow a similar trajectory: 

they both travel with the facial nerve to exit the brain, and it is likely that they both follow a scaffold 

of SGN processes to reach the sensory epithelium266. Other decisions are unique to each 

population of OCN: MOC and LOC cell bodies migrate to distinct locations in the brainstem and 

their axons target different cells in the cochlea. OCNs likely rely on different sets of guidance and 

adhesion molecules to navigate each of these stages of development. 

 We detected expression of many different adhesion and guidance molecules in both 

MOCs and LOCs. Many of these genes are shared across OCN subtypes, suggesting that they 

may be involved in shared aspects of OCN development; others are enriched in only a subset. 

For example, the neuronal cell adhesion molecule Nrcam is expressed in MOCs, LOCs, and 

FBMNs, as well as cells in the cochlea316. This gene might therefore promote non-specific 

fasciculation between OCNs and their various substrates in both the brain and the cochlea. In 

contrast, differential expression of genes like Epha6, Epha5, and Ephb1—which are enriched in 

LOCs—and Ntng1, Dcc, and Unc5d—which are enriched in MOCs—point to mechanisms that 

selectively guide MOCs and LOCs along their distinct developmental trajectories (Figure S8). 

Although our dataset cannot pinpoint the subcellular localization of any of these proteins, it may 
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be possible to develop hypotheses about where each of these molecules is acting by querying 

previously published sequencing datasets. For example, the identification of ligand/receptor pairs 

between MOCs and hair cells or LOCs and SGNs might indicate that these molecules contribute 

to efferent target selection within the cochlea279,308,309,317. 

 

One intriguing candidate for mediating the selective adhesion of LOCs to SGNs is collagen IV. 

Throughout postnatal development, LOCs express high levels of the genes Col4a3 and Col4a4 

(Figure 2.3H, I). Collagen IV is best known for its role in the structure of the basement membrane; 

in fact, it is commonly believed that collagen IV is exclusively produced by cells that comprise 

basement membranes318. Fundamentally, however, collagens are cell-adhesion proteins that 

mediate intercellular interactions, so it is possible that these proteins serve to promote cell 

adhesion between LOCs and other cell types, perhaps guiding their interactions with SGNs319. In 

other cell types, collagen IV can interact with combinations of integrins and the receptor tyrosine 

kinase Ddr1318,319. Both Ddr1 and several integrin subunits are expressed in SGNs at high levels, 

indicating that SGNs possess the needed molecular components to interact with collagen chains 

on LOCs279. 

In basement membranes throughout the body—including the kidney, eyes, testes, lungs, 

and cochlea—cells expressing collagen IV undergo a developmental switch: Col4a1 and Col4a2 

are expressed early in development, transitioning to expression of Col4a3, Col4a4, and 

Col4a5318,320. In keeping with this pattern, LOCs express Col4a1 and Col4a2 at P1 and P5, but 

downregulate these genes in mature cells, maintaining expression of only Col4a3 and Col4a4. 

However, LOCs do not appear to express Col4a5: Col4a5 was only detected in 2% of LOCs at 

P1 and P5, whereas Col4a3 and Col4a4 were each detected in 83% of LOCs. Although collagen 

IV typically forms heterotrimers of Col4a3, Col4a4, and Col4a5 in basement membranes318,320, it 

is possible that Col4a3 and Col4a4 alone might also form a heteromer in the absence of Col4a5; 
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because collagen IV expression has not been previously described in neurons, it may be that 

neuronal collagen IV uses a different variant of this protein assembly. 

If Col4a3 and Col4a4 are indeed playing a cell adhesion role in the LOCs, the absence of 

these genes may cause disruptions in LOC innervation. Given the role that LOCs seem to play in 

protecting the cochlea from sound damage, it is plausible that an alteration of LOC innervation 

might contribute to progressive hearing loss. Indeed, human patients with mutations in either 

Col4a3 or Col4a4 suffer from Alport’s syndrome, a condition characterized largely by kidney 

disorder and progressive sensorineural hearing loss, particularly in high-frequency regions320,321. 

The mechanisms that lead to hearing loss in Alport’s syndrome patients are not fully understood. 

Col4a3 and Col4a4 are expressed in the basilar membrane and the stria vascularis of the 

cochlea322 and defects in the stria vascularis have been reported in patients with Alport’s 

syndrome323,324. In severe cases, the entire Organ of Corti can become detached from the 

underlying basement membrane324. In other cases, damage is much milder. To date, no 

investigation has systematically examined efferent innervation in human patients with Alport’s 

syndrome or in Col4a3 or Col4a4 knock-out mice. A promising first step would be to examine LOC 

innervation in ears that lack either Col4a3 or Col4a4. 

 

TALKING FORWARD WHILE TALKING BACK: EFFERENT EFFECTS ON AFFERENT 

CIRCUITRY 

Building functional sensory circuits requires close alignment of ascending and descending 

networks, including contributions from both the CNS and PNS. Due to their projections into the 

sensory periphery, OCNs are uniquely positioned to coordinate the development of auditory 

circuitry across central and peripheral boundaries. Several previous studies have implicated 

OCNs in various aspects of auditory development, but much remains unknown about how OCNs 

influence the maturation of the auditory system or how inputs onto OCNs are themselves refined 

during postnatal development. 
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Postnatal refinement of auditory brainstem circuits 

During postnatal development, neurons in the sound-localization circuits of the LSO undergo a 

transition from receiving GABAergic to glycinergic signals, downregulating GABA receptor 

subunits while increasing expression of the glycine receptor anchoring protein gephyrin267,268. This 

transition coincides with a shift in chloride transporters that leads to a change in the effects of 

GABAergic inputs, which are excitatory early in development and inhibitory in mature cells269–271. 

The alteration of this signaling pathway is thought to contribute to the tonotopic refinement of 

sound localization circuits325. 

We identified similar changes in OCNs over the course of postnatal development. Both MOCs 

and LOCs downregulate several GABA receptor subunits between P5 and P26-P28, while 

increasing expression of the glycine receptor subunit Glra1 (Figure 2.6E). The expression of 

several chloride channels and transporters also changes during OCN development. The similarity 

of the changes in receptor expression across both efferent and afferent neurons in the LSO 

suggests that OCNs may undergo similar processes of tonotopic refinement as other cells in the 

auditory brainstem. In OCNs, these changes may be regulated by one or more of the transcription 

factors whose expression shifts between P1-P5 and P26-P28 (Figure 2.6F).  

The excitatory nature of early GABAergic inputs onto LSO neurons may allow these cells to 

serve as coincidence detectors for closely timed inputs arriving from each ear. In mature animals, 

neurons in the LSO mediate sound localization by integrating excitatory inputs from the ipsilateral 

ear with inhibitory inputs from the contralateral ear7. The tonotopic specificity of these circuits is 

refined based on spontaneous activity from the cochlea, with some synapses being selectively 

weakened and pruned during the first one or two postnatal weeks3,181. It is possible that the 

maintenance of these synapses is driven by coordinated inputs from across both ears, with LSO 

neurons maintaining only bilateral inputs that correspond to similar frequencies. 

Refinement of tonotopic circuits is also influenced by MOCs: in mouse models with enhanced 

or reduced MOC activity, the tonotopic architecture of auditory brainstem circuits fails to develop 
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normally181,206,208. The lack of tonotopic refinement in these models may be due to alterations in 

the precise timing of synaptic events within the auditory brainstem181. MOCs may affect this period 

of tonotopic refinement by coordinating the precise timing of synaptic activity across both ears: if 

brainstem neurons maintain connections because bilateral inputs arrived at similar times, perhaps 

MOCs direct this process by synchronizing the timing of spontaneous activity across the two 

hemispheres.  

The processes that guide the innervation and refinement of non-auditory inputs onto OCNs 

remain even less clear. Although the changes in expression of GABA and glycine receptors 

correspond to previous work on developmental changes in other brainstem neurons, OCNs also 

alter their expression of several other receptors and channels that have not been previously 

studied in the context of the developing auditory brainstem. For example, LOCs downregulate 

expression of nicotinic acetylcholine receptors, glutamate receptors, and the opioid receptor 

Oprk1 (Figures 2.6E, S7). It is unclear if these changes correlate with innervations that exist only 

transiently in development, or whether OCNs alter the way they respond to certain inputs over 

time. Careful back-labeling experiments from OCNs across postnatal development will be 

required to resolve these questions. 

 

Effects of LOCs on developing SGNs 

In addition to their effects on brainstem development, there is mixed evidence that OCNs may 

affect the maturation of cell types within the cochlea. In particular, it has long been speculated 

that LOCs may play a role in the establishment or refinement of type I SGN subtypes. Type I 

SGNs can be divided into three main subtypes based on their spontaneous firing rates, anatomy, 

and transcriptomes223,279,308,309. LOCs preferentially innervate the two SGN subtypes with the 

lowest spontaneous firing rates225,226, which correspond to the molecularly defined type 1B and 

1C SGNs279,308.  
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Prior work from our lab has shown that the molecular roadmap for SGN identities is 

specified early in development: even before the onset of hearing or the diversification of SGN 

firing rates, SGNs express markers that correspond to mature SGN subtypes. However, the 

development of these subtypes is altered by the absence of hair cell-driven spontaneous 

activity279. This finding indicates that external factors—potentially including signals from LOCs—

can play a role in establishing the final attributes of SGN subtypes, even if nascent SGNs are 

predisposed to adopt one identity over another. 

The hypothesis that LOC innervation is required for the development of normal SGN firing 

properties was tested in cats by severing the entire olivocochlear bundle shortly after birth and 

recording spontaneous firing rates from single auditory nerve fibers227. In the absence of LOC 

inputs, SGNs still possessed a distribution of spontaneous firing rates, although the average firing 

rate was reduced for all SGN subtypes227. More recent work in mice found that severing LOC 

inputs to the cochlea in adults results in an alteration of synaptic morphology across SGN 

subtypes228. Together, these results suggest that LOCs have the ability to alter some aspects of 

baseline SGN function. However, neither of these studies was able to address other components 

of SGN identity, as no molecular markers had yet been characterized for SGN subtypes. It also 

remains unclear whether ablating LOCs earlier in development would have caused a more severe 

phenotype than those observed in these studies. 

 A first step in addressing these questions might come from uncovering the molecular 

pathways that guide target selection between LOCs and SGNs. Mature SGNs express genes for 

many adhesion molecules that may serve as post-synaptic partners to drive synaptogenesis 

between SGNs and LOCs. Several of these genes, such as Tenm2, are expressed predominantly 

in type 1B and 1C SGNs279. This observation suggests that selective expression of adhesion 

molecules is downstream of genetic networks that influence SGN identity. This does not, however, 

address the question of how LOC innervation influences SGN identity or maturation; even if 

adhesion molecules are selectively expressed in certain SGN subtypes, LOCs may still be poised 
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to modulate aspects of this nascent SGN identity, similar to the influence of spontaneous activity 

from IHCs.  

Because Ucn-Cre activity gradually increases over the first two postnatal weeks, we still 

lack the tools to selectively ablate LOCs early in development. However, the finding that the 

morphology of SGN-IHC synapses is altered by lesioning OCN fibers in mature animals suggests 

that some aspects of SGN identity may still be malleable in adulthood. Future work might 

investigate whether other aspects of SGN identity, like expression of the subtype-specific markers 

Calb2 and Lypd1, are altered after selectively ablating LOCs using Gata3-FlpO; Ucn-Cre animals. 

It may also be possible to alter LOC innervation of SGNs early in postnatal development by using 

AAVs to knock down expression of subtype-specific receptors like Tenm2, or to express them 

ectopically in the 1A subtype.  

 

Understanding how OCNs affect SGN identity—and the cues that guide OCNs to their appropriate 

targets on SGN subtypes—may prove to be important for therapeutic applications that seek to 

prevent or repair hearing loss. Both aging and noise exposure can cause synaptopathic hearing 

loss, in which SGN fibers lose contact with IHCs326–328. Several interventions are now in 

development that may prevent synaptopathy or repair SGN-IHC synapses after damage. 

Application of neurotrophin 3 (NT-3) is particularly promising, as administration or overexpression 

of NT-3 can prevent synaptopathy and restore synaptic loss329,330. Although the restored synapses 

do mediate a functional recovery of auditory thresholds, more fine-grained aspects of synaptic 

circuitry—like properties of SGN firing rates or identity—remain unexplored. Moreover, almost 

nothing is known about how either SGN synapse loss or NT-3 administration affects OCN fibers. 

LOCs, in particular, express high levels of the NT-3 receptor Ntrk3, indicating that their innervation 

may be altered by neurotrophin administration. If LOC input does play a role in shaping or 

maintaining aspects of SGN identity, ensuring that LOC fibers are properly redirected to their 

targets on SGNs will be an important challenge when rebuilding these circuits.  
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 OCNs may present an obstacle for therapeutic approaches for an additional reason: in 

aging animals, OCN fibers re-route their projections to form synapses on IHCs244,245. These OCN-

IHC synapses are inhibitory, potentially exacerbating other causes of hearing loss by further 

dampening signals from IHCs onto SGNs. The presence of OCN fibers at the IHC membrane may 

also present a physical obstacle to the re-establishment of SGN-IHC synapses. At present, 

however, it remains completely unknown why OCNs re-innervate IHCs in aging animals. Indeed, 

it is unclear even whether the OCN fibers targeting IHCs stem from LOCs or MOCs. Repeating 

these experiments in Ucn-Cre; tdTomato animals would allow for a conclusive interpretation of 

the identity of re-routed OCN fibers, as all fluorescently labeled axons could be attributed to LOCs. 

A better understanding of the early developmental cues that govern OCN innervation of specific 

cochlear cell types will also clarify which factors may influence the aberrant projections of OCNs 

in pathological conditions like age-related hearing loss. Indeed, a more robust understanding of 

the olivocochlear efferent system and its role in protecting the ear from damage may itself offer 

new therapeutic strategies for preventing and repairing cochlear damage. 
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Figure S1. Quality-control metrics for FBMNs, LOCs, and MOCs at each collection 

timepoint. (A-C) Violin plots denoting detection of mitochondrial genes (A), number of unique 

genes (B), and the total number of UMI (C) per cell for LOCs, MOCs, and FBMNs.  
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Figure S2. Differentially expressed adhesion molecules between OCNs and FBMNs. Violin 

plots denoting the normalized expression level of genes in neonatal and mature OCNs and 

FBMNs. Plots include all genes from a list of 280 guidance and adhesion molecules that are 

differentially expressed between FBMNs and OCNs at P1, P5, or P26-P28. Inclusion criteria: gene 

is expressed in at least 10% of either FBMNs or OCNs; the fraction of cells in each cluster 

expressing the gene differs by at least 20 percentage points; average log fold change > 0.75; p < 

0.001 (Wilcoxon rank sum test, Bonferroni post-hoc correction).  
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Figure S2 (Continued)  
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Figure S3. Differentially expressed transcription factors between OCNs and FBMNs. Violin 

plots denoting the normalized expression level of genes in neonatal and mature OCNs and 

FBMNs. Plots include all genes from a list of 1,634 transcription factors that are differentially 

expressed between FBMNs and OCNs at P1, P5, or P26-P28. Inclusion criteria: gene is 

expressed in at least 10% of either FBMNs or OCNs; the fraction of cells in each cluster 

expressing the gene differs by at least 20 percentage points; average log fold change > 0.75; p < 

0.001 (Wilcoxon rank sum test, Bonferroni post-hoc correction).  
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Figure S4. Differentially expressed ion channels and receptors between OCNs and FBMNs. 

Violin plots denoting the normalized expression level of genes in neonatal and mature OCNs and 

FBMNs. Plots include all genes from a list of 430 receptors and ion channels that are differentially 

expressed between FBMNs and OCNs at P1, P5, or P26-P28. Inclusion criteria: gene is 

expressed in at least 10% of either FBMNs or OCNs; the fraction of cells in each cluster 

expressing the gene differs by at least 20 percentage points; average log fold change > 0.75; p < 

0.001 (Wilcoxon rank sum test, Bonferroni post-hoc correction).  
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Figure S5. Expression of MOC and LOC markers in the facial motor nucleus. (A, C, E, G) 

Violin plots denoting normalized expression levels of MOC and LOC markers in mature FBMNs, 

LOCs, and MOCs. (B, D, F, H) HCR in situ hybridization in coronal sections through the facial 

motor nucleus (VII) of P27 ChatCre; Igs7GFP mice. As expected from the single-nucleus sequencing 

data, expression of both Zfp804a (E, F) and Kcnip4 (F, H) is detectable in cholinergic FBMNs 

(blue), whereas Bmp3 (A, B) and Col4a4 (C, D) are not expressed in FBMNs. Scale bars, 50 µm.  
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Figure S6. Neurotransmitter receptors expressed in mature OCNs. Violin plots denoting 

normalized expression levels of neurotransmitter or neuropeptide receptors and receptor subunits 

in mature MOCs and LOCs. Genes were extracted from a list of 215 genes related to 

neurotransmitters and neuropeptide receptors; plot includes all genes in this list expressed in at 

least 33% of either MOCs or LOCs.  
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Figure S6 (Continued) 
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Figure S7. Differentially expressed ion channels and receptors between MOCs and LOCs. 

Violin plots denoting the normalized expression level of genes in neonatal and mature OCNs. 

Plots include all genes from a list of 430 receptors and ion channels that are differentially 

expressed between MOCs and LOCs at P1, P5, or P26-P28. Inclusion criteria: gene is expressed 

in at least 10% of either MOCs or LOCs; the fraction of cells in each cluster expressing the gene 

differs by at least 20 percentage points; average log fold change > 0.75; p < 0.001 (Wilcoxon rank 

sum test, Bonferroni post-hoc correction).   
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Figure S8. Differential expression of transcription factors and adhesion molecules in 

neonatal OCNs. Volcano plot displaying variations in expression of 1,916 genes with known DNA 

binding motifs or roles in guidance or intercellular adhesion. Red, genes with average log fold 

change > 0.75 and p < 10-10. Blue, genes with average log fold change < 0.75 and p < 10-10 

(Wilcoxon rank sum test, Bonferroni post-hoc correction). Left, enrichment in MOCs. Right, 

enrichment in LOCs. 
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Figure S9. Differential expression of transcription factors between MOCs and LOCs. Violin 

plots denoting the normalized expression level of genes in neonatal and mature OCNs. Plots 

include all genes from a list of 1,634 transcription factors that are differentially expressed between 

MOCs and LOCs at P1, P5, or P26-P28. Inclusion criteria: gene is expressed in at least 10% of 

either MOCs or LOCs; the fraction of cells in each cluster expressing the gene differs by at least 

20 percentage points; average log fold change > 0.75; p < 0.001 (Wilcoxon rank sum test, 

Bonferroni post-hoc correction).  
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Figure S10. Differentially expressed guidance and adhesion molecules between MOCs and 

LOCs. Violin plots denoting the normalized expression level of genes in neonatal and mature 

OCNs. Plots include all genes from a list of 280 guidance and adhesion mole that are differentially 

expressed between MOCs and LOCs at P1, P5, or P26-P28. Inclusion criteria: gene is expressed 

in at least 10% of either MOCs or LOCs; the fraction of cells in each cluster expressing the gene 

differs by at least 20 percentage points; average log fold change > 0.75; p < 0.001 (Wilcoxon rank 

sum test, Bonferroni post-hoc correction).   
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Figure S10 (Continued) 
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