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Abstract

The auditory nerve (AN) of the inner ear is the primary conveyor of acoustic information from 

sensory hair cells to the brainstem. Approximately 95% of peripheral AN fibers are myelinated 

by glial cells. The integrity of myelin and the glial-associated paranodal structures at the node of 

Ranvier is critical for normal AN activity and axonal survival and function in the central auditory 

nervous system. However, little is known about the node of Ranvier’s spatiotemporal development 

in the AN, how the aging process (or injury) affects the activity of myelinating glial cells, and 

how downstream alterations in myelin and paranodal structure contribute to AN degeneration 

and sensorineural hearing loss. Here, we characterized two types of Ranvier nodes— the axonal 

node and the ganglion node—in the mouse peripheral AN, and found that they are distinct in 

several features of postnatal myelination and age-related degeneration. Cellular, molecular, and 

structure–function correlations revealed that the two node types are each critical for different 

aspects of peripheral AN function. Neural processing speed and synchrony is associated with the 

length of the axonal node, while stimulus level-dependent amplitude growth and action potentials 

are associated with the ganglion node. Moreover, our data indicate that dysregulation of glial 
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cells (e.g., satellite cells) and degeneration of the ganglion node structure are an important new 

mechanism of age-related hearing loss.
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1 | INTRODUCTION

Proper passage of electrical impulses and the regulation of conduction velocity through 

the peripheral auditory nerve (AN) are crucial for the effective, precise transfer of sound 

information from the cochlea to the brainstem. Cochlear glial cells enwrap AN fibers and 

cell bodies with multi-layered myelin sheaths during postnatal development (Romand & 

Romand, 1990). The formation of myelin sheaths occurs together with the assembly of 

nodes of Ranvier at the naked gaps between myelin sheaths along axons. There are at least 

three microdomains in the nodal region: (1) The node, which contains clusters of voltage-

gated sodium channels (VGSCs) required for action potential regeneration, (2) the paranode 

flanks, where the myelin lamellae terminate and provide a physical barrier between ion 

channels in the node and juxtaparanodes, and (3) the juxtaparanodes, where voltage-gated 

potassium channels cluster (Arancibia-Cárcamo & Attwell, 2014; Boyle et al., 2001; Eshed 

et al., 2005; Rasband & Peles, 2016; Susuki et al., 2013). The axo-glial connection is 

accomplished by cell adhesion molecules such as Cntn1. Together with the myelin sheath, 

these nodal microdomains are needed for generating and propagating action potentials and 

maintaining rapid conduction velocity (Boyle et al., 2001; Rasband et al., 1998; Rios et al., 

2000). The clustering of VGSCs in the node significantly enhances the efficiency of nerve 

conduction velocity (Harris & Attwell, 2012). Studies with simulation modeling suggest that 

node and internode lengths can be fine-tuned to enhance conduction velocity in a rapid, 

energy-efficient manner (Arancibia-Cárcamo et al., 2014; Ford et al., 2015), although this 

interesting finding needs to be further validated with experimentally manipulated approaches 

and in different nervous tissues.

Abnormal development or disruption of the nodal and paranodal microdomains contributes 

to a wide range of neurological diseases (Susuki, 2013). While there is abundant information 

about molecular microdomains in the node of Ranvier in other nervous systems (Crawford et 

al., 2009; Devaux & Scherer, 2005), the study of node microdomains in the peripheral 

auditory system is very limited. Early electron microscopic studies detected several 

ultrastructural differences in myelin sheaths around spiral ganglion cell bodies versus 

those around axons, and detected nodal structure differences on the spiral ganglion neuron 

(SGN) side compared to the distal side (Rosenbluth, 1962). Later immunostaining assays 

revealed that the arrangement and maturation of voltage-gated ion channels are important 

for saltatory conduction in axon initial segments and axonal nodes of the cochlea (Hossain 

et al., 2005; Kim & Rutherford, 2016). These molecular investigations also reported on the 

protein expression patterns in the axonal nodes of the AN. However, it remains unclear 

how the nodes, with their special characteristics, form during development and how they 
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influence AN function and hearing onset. Here, we characterized these two distinct types 

of Ranvier nodes— the axonal node and the ganglion node—in the peripheral AN. In this 

study, the nodes directly flanking either side of the SGN soma in the AN were designated as 

“ganglion nodes” due to their position. Our data also highlighted the differing myelination 

characteristics of the two cochlear glia cells—Schwann cells and satellite cells—and their 

role in axonal (Schwann) and ganglion (satellite) node formation. These data illustrate how 

these distinct nodes fulfill unique functions in AN function.

Loss or dysfunction of the AN fibers is a key cause of sensorineural hearing loss, the 

most common type of hearing loss. Extrinsic factors such as exposure to noise and aging 

can cause degeneration of AN fibers and SGNs (Bao & Ohlemiller, 2010; Liberman, 

2017; Liberman & Kujawa, 2017; Spoendlin, 1984). Previous studies showed an initial 

consequence of noise exposure is a loss of cochlear synapses, which occurs before 

degeneration of other structural elements in the inner ear (Kujawa & Liberman, 2006; 

Liberman, 2015; Liberman & Kujawa, 2017; Lin et al., 2011). This finding highlighted the 

importance of AN degeneration in the etiology of hearing loss. Approximately 90%–95% 

of AN fibers are myelinated by glial cells. Dysregulation of glial cells in the AN in several 

pathological conditions is associated with hearing impairment (Akil et al., 2015; El-Badry 

et al., 2007; Jyothi et al., 2010; Kurioka et al., 2016; Panganiban et al., 2018; Rattay et al., 

2013; Tang et al., 2006; Wan & Corfas, 2017). However, the link between the disruption 

of nodal microdomains and AN functional deficiency in sensorineural hearing loss is 

largely unknown. Using a mouse model of age-related hearing loss, we found structural 

abnormalities in the node of Ranvier in ANs of aged mice. Specifically, we discovered 

changes in the satellite cell-associated ganglion node, implicating glial dysfunction as a 

mechanism of age-related hearing loss.

2 | MATERIALS AND METHODS

2.1 | Animals

All aspects of animal research were conducted in accordance with the guidelines of the 

Institutional Animal Care and Use Committee of the Medical University of South Carolina 

(MUSC). CBA/CaJ mice, originally purchased from the Jackson Laboratory (Bar Harbor, 

ME), were bred in a low-noise environment at the Animal Research Facility at MUSC. The 

CBA/CaJ mouse strain is commonly used for normal hearing studies due to their lack of 

genetic mutations related to hearing and their ability to age without progressive hearing 

loss (Ohlemiller et al., 2010). Postnatal male and female CBA mice aged postnatal (P) 

0, 3, 7, 10, 14, 21, and 1 month (M) were used for the developmental studies. Young 

adult (1.5–3 months) and aged (2– 2.5 years) CBA/CaJ mice were used in the age-related 

hearing loss study. Young adult B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (tdTomato) 

and B6.Cg-Tg(Plp1-cre/ERT)3Pop/J (Plp/CreERT) mice were bred together and maintained 

at the Animal Research Facility at MUSC from the breeding strains obtained from the 

Jackson Laboratory (Bar Harbor, ME). The tdTomato(+/−)/Plp- CreERT (+/−) mice were 

injected with 1 mg Tamoxifen (Sigma) dissolved in corn oil per 20 mg body weight from P6 

to P10 to induce fluorescence in peripheral glial cells. Male and female tdTomato(+/−)/Plp- 

CreERT (+/−) mice at P13-P14 were used for the isolation of AN glial RNAs. The numbers 
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of animals per experimental group are reported in the figure legends. All mice received food 

and water ad libitum and were maintained on a 12-hour light/dark cycle. Mice with signs of 

external ear canal and middle ear obstruction or infection were excluded.

2.2 | Physiological procedures

For measurements of auditory function, animals were anesthetized via an intraperitoneal 

injection of a cocktail containing 20 mg/kg xylazine and 100 mg/kg ketamine. Auditory tests 

were performed in a sound-isolation booth. Equipment for auditory brainstem measurements 

was professionally calibrated before use with Tucker-Davis Technologies (TDT) RPvdsEx 

software (TDT, Gainsville, FL) and a model 378C01 ICP microphone system (PCB 

Piezotronics, Inc; Depew, NY). In a closed-field setup, sound stimuli were delivered into 

the ear canal via a 3–5-mm diameter tube.

Trial-averaged ABRs were collected using TDT System III and processed with their SigGen 

software package (Version 4.4.1) as previously described (Panganiban et al., 2018). Stimuli 

were evoked at pure-tone frequencies of 4, 5.6, 11.3, 16, 22.6, 32, 40, and 45.2 kHz. The 

stimuli consisted of 1.1-ms tone pips with cos2 rise-fall times of 0.55 ms and were delivered 

31 times/s with a period of 32.26 ms. Responses were collected from 90 to 10 dB SPL 

sound intensity levels, with each succeeding level reduced in a 5 dB step. The average ABR 

waveform for each level tested consisted of 256 trials. Results for each mouse were analyzed 

for wave I response threshold. Thresholds were then averaged at each frequency and the 

mean ± standard error of the mean was calculated and plotted using Origin 6.0 software 

(OriginLab Corporation, Northampton, MA).

2.3 | Single-trial recording for ABR metrics analysis

The procedure for continuous single-trial recording was modified from our recent report 

(McClaskey et al., 2020). For the mice at P14 and P21 used for structure–function 

correlation analyses, recorded ABRs were elicited only at the 11.3 kHz frequency. Stimuli 

were 1.1 ms in duration with 0.55-ms cos2 rise-fall times and were presented at a rate of 21 

times/s. Stimuli were presented from 90 to 10 dB SPL in 5 dB SPL decrements. At least 500 

tone pips at each sound level were presented. Continuous ABR responses were stored and 

processed offline in MATLAB (MathWorks, Inc., Natick, MA) using the EEGlab toolbox 

(Delorme & Makeig, 2004) and the ERPlab extension (Lopez-Calderon & Luck, 2014). 

Continuous data were bandpass filtered between 100 Hz and 3000 Hz using an 8th order 

Butterworth filter. Data were then epoched from −3 to +11 ms relative to stimulus onset 

and baseline corrected using the baseline subtraction method with a pre-stimulus window 

of −3 to −1 ms. Epochs with voltages exceeding +/− 5 μV were rejected and the remaining 

epochs were visually inspected for excessive movement or other artifacts. Artifact-free trials 

were saved in the single-trial form in EEGlab and as a trial-averaged ABR waveform 

in ERPlab. Wave I was visually identified as the first major positive inflection following 

stimulus onset. Peak amplitude and peak latency were calculated from the trial-averaged 

ABR waveform and phase-locking value (PLV) was calculated from the single-trial-level 

data. All measurements were made offline in MATLAB using custom EEGlab and ERPlab 

functions. Suprathreshold metrics were quantified from responses at 65 dB SPL and above.
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Wave I peak amplitude was calculated as the absolute voltage of the wave I peak in 

microvolts and peak latency was calculated as the latency in ms of the wave I peak. 

Fractional peak latency (Luck, 2014) is the latency of the point where waveform amplitude 

has reached 10% of the distance between the wave I start (defined as the local minimum 

preceding wave I) and wave I peak. The 10% point was used to eliminate the influence 

of random fluctuations at the start of the waveform (Harris et al., 2018). PLV, also known 

as inter-trial coherence (ITC), is the length of the vector that is formed by averaging the 

complex phase angles of each trial at each frequency and was obtained via time-frequency 

decomposition of the single-trial-level data. Time-frequency decomposition was performed 

with Hanning FFT tapers via EEGlab’s newtimef() function, using 16 linearly spaced 

frequencies from 190 to 3150 Hz. The PLV at each timepoint and each frequency was 

then calculated by taking the absolute value of the complex ITC output of the newtimef() 

function. Mean PLV between 500 and 2500 Hz in the 2-ms window surrounding the wave I 

peak was then taken as the metric of PLV. A sample PLV time-frequency decomposition is 

shown in Figure 7a.

2.4 | Collection of cochlear nerve and glial cell enriched tissue and total RNA isolation

Cochleae were collected from mice at their designated end-points. Micro-dissections were 

performed to isolate the AN from the rest of the cochlear structures, taking care to preserve 

peripheral fibers. Two cochleae from each mouse were pooled for individual samples. 

Total RNA was purified from each sample using the miRNeasy Mini Kit (Qiagen Inc, 

Germantown, MD) per the manufacturer’s instructions. The quality of each total RNA 

isolation was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 

Clara, CA). Low-quality samples showing degradation or contamination were excluded.

For the preparation of the fluorescent activated cell sorting (FACS) of mouse AN glial 

cells, the cochleas of tdTomato(+/−)/Plp1-CreERT (+/−) mice at P13-P14 were subjected to 

micro-dissection in cold HBSS solution for the isolation of the AN and cochlear lateral wall 

tissues. Two samples were created by pooling the cochleas from three mice (two females 

and one male) per sample. Samples were then transferred into 4-well plates containing 

a pre-warmed (≤5 min at 37°C, 5% CO2) enzymatic digestion solution consisting of 0.5 

mg/ml collagenase (Sigma, Cat No. C-1764) and 0.2% trypsin incubated at 37°C for 7 

min. Following this, DNase I (1 mg/ml) was added, the mixture triturated three times, and 

returned to the incubator for another 7 min. After incubation, 10% fetal bovine serum (FBS) 

in Dulbecco’s Modified Eagle’s Medium (DMEM) was added to each well to quench the 

enzymatic digestion. The cells were triturated 40–50 times using a 200 μL pipette to break 

up clumps and aid tissue dissociation. The mixture was then collected in a 15 ml conical 

tube (600 μL of combined digestion solution, DNase I, and 10% FBS in DMEM). An 

additional 10% FBS in DMEM was used to wash the well and collect any remaining cells 

to the 15 ml tube. Samples were centrifuged at 1.8 rpm for 5 min at room temperature. The 

cell pellet in each 15 ml tube was resuspended with FACS buffer. Samples were centrifuged 

for a second time at 1.8 rpm for 5 min at room temperature. The supernatant in each sample 

was removed and the cell pellet was resuspended in FACS buffer. The cell suspension was 

passed through a 0.2 μm filter top polystyrene tube for each sample. The 15 ml conical 

vial was rinsed with an additional 200 μL of FACS buffer and any residual cells were 
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transferred to the filter tube. All samples and FACS buffer were held on ice until sorting was 

performed using the FACSAria Ilu cell sorter for enrichment of Plp1 positive glial cells. The 

FACSAria Ilu cell sorter was controlled by a HP xw4600 workstation running FACSDiva 

version 6.1.3. Total RNA was purified from each Plp1+ glial samples using the miRNeasy 

Mini Kit (Qiagen Inc, Germantown, MD) as described above.

2.5 | RNA sequencing

Two RNA sequencing (RNA-seq) studies were performed on AN, one profiling changes 

associated development and the other profiling changes associated with aging. For the 

developmental study, P3, 7, 14, 21 and young adult (2 month) CBA/CaJ samples were 

analyzed. For the aging study, young adult (2 month) and aged adult (2.5 year) CBA/CaJ 

samples were analyzed. Both studies used total RNA (50 ng) with RNA integrity numbers 

of >8 and three biological replicates (n = 3) per sample type. Library preparation and 

paired-end next-generation sequencing using the Illumina HiSeq2500 (Illumina, San Diego, 

CA) was performed by the MUSC Genomics Shared Resource. The resulting FASTq 

data was processed with Partek Flow™ software. This included alignment with TopHat2, 

quantification to annotation model (Partek E/M), and normalization and comparison by 

DeSeq2 (Love et al., 2014), which calculates an adjusted p-value (FDR step up). RNA-

seq datasets were deposited in the NCBI Gene Expression Omnibus (development study, 

GSE133823; aging study, GSE141865). This study used a list of myelin-related genes 

established and published in our previous study (Panganiban et al., 2018). The gene list 

that was queried had 1895 unique genes and was compiled from several resources: (1) 

mRNAs enriched in myelinating oligodendrocytes compared with other cell types including 

astrocytes, neurons, oligodendrocyte progenitor cells, newly formed oligodendrocytes, 

microglia, and endothelia in mouse cerebral cortex at FPKM (fragments per kilobase of 

transcript per million mapped reads) thresholds of 0.1, 1, 10, and 20 (Zhang et al., 2014); 

(2) mRNAs with normalized read counts of >100 and more than twofold increase in male 

mouse brain myelin (Thakurela et al., 2016); (3) genes on the mouse 430 2.0 GeneChip 

(Affymetrix) identified by query for the term “myelin”; and (4) a curated set of genes related 

to the node of Ranvier. Of the 1895 genes in the myelin-related gene list, 1727 were present 

in our development data set (Table S3). The list of node-related genes was compiled from 

a manual literature search (Boyle et al., 2001; Custer et al., 2003) and query of amiGO 

(Carbon et al., 2009) using the terms “node of Ranvier,” “paranode region of the axon,” 

“paranodal junction assembly,” “juxtaparanode,” and “internode.” (Table S4).

2.6 | Quantitative PCR

Two-step reverse transcription quantitative polymerase chain reaction (RT-qPCR) was 

performed by first converting total RNA into cDNA via QuantiTect Reverse Transcription 

Kit (Qiagen, Germantown, MD). The resulting cDNA was queried for expression of 

genes of interest and the 18S reference gene via qPCR using TaqMan probes (Applied 

Biosystems, Waltham, MA) and a Lightcycler 480 (Roche Diagnostics, Indianapolis, IN). 

Each experiment included a “no reverse transcription” control; reactions were performed in 

technical triplicate with 40 cycles of 2-step cycling. Amplification efficiency was calculated 

by standard curve method using 10-fold serial dilutions of cDNA for each target gene; 

Efficiency was determined by the Equation E = 10 (−1/S), with S as the slope. Relative 
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expression was calculated using the ΔΔCT method adjusted for calculated efficiencies; 

measures were normalized based on the 18S amount (Livak & Schmittgen, 2001).

2.7 | Immunohistochemistry

Immunohistochemical procedures were modified from previous studies (Panganiban et 

al., 2018). After end point physiological recordings, mouse cochleae were collected and 

immediately fixed with 4% paraformaldehyde solution in 1× phosphate-buffered saline 

for 2 h at room temperature and decalcified with 0.12 M ethylenediamine tetra-acetic 

acid (EDTA) at room temperature for 1–2 days. To prepare for cochlear frozen sections, 

cochleae were embedded in the Tissue-Tek OCT compound and sectioned at a thickness of 

approximately 10 μm. For whole-mount preparations of mouse cochlear tissues, the ANs and 

organs of Corti were isolated from the rest of the cochlear structures. Frozen sections of 

human temporal bones were obtained from sets we collected in previous studies (Hao et al., 

2014). Procedures for human cochlear tissue were reported in detail previously (Hao et al., 

2014).

The primary and secondary antibodies used for immunohistochemistry are listed in Table 

S1. Staining was performed by either indirect method using biotinylated secondaries 

conjugated with fluorescent avidin (Vector Labs, Burlingame, CA) or direct method using 

Alexa Fluor Dyes (ThermoFisher Scientific, Waltham, MA). Nuclei were counterstained 

using 4′,6-diamidino-2-phenylindole (DAPI). Slice and confocal image stacks were 

collected using a Zeiss LSM 880 NLO with ZEN acquisition software (Zeiss United States, 

Thornwood, NY). Image stacks were taken at 0.75 μm intervals with image sizes of 134.95 

μm (x)× 134.95 μm (y). Images were processed using ZEN 2012 Blue Edition (Carl Zeiss 

Microscopy GmbH) and Adobe Photoshop CC (Adobe Systems Incorporated, San Jose, 

CA).

2.8 | Identification of nodal structures and measurement of node lengths

Nodal microdomains were marked via immunostaining of either NrCAM or Nav1.6. 

Paranodal microdomains were marked via immunostaining of Cntn1. Node measurements 

were acquired using the measurement tool in ZEN. Confocal image stacks were taken at 

0.75 μm intervals from 10 μm cochlear frozen sections that were processed into a single-

layer maximum intensity projection. Node length was taken as the end to end of NrCAM-

marked node (see Figure S5). Fully intact nodes in the parallel plane were measured to 

limit possible inaccuracies. Straightness and wholeness of the nodal structures were checked 

using (1) the presence of flanking paranodes, (2) 3D visualization of the tissue section using 

ZEN, and (3) the range-indicator tool on ZEN.

2.9 | Transmission electron microscopy

Samples were prepared for transmission electron microscopy using procedures modified 

from previous publication (Lang et al., 2015). Briefly, deeply anesthetized mice were cardiac 

perfused with a mixture of 10 ml saline and 0.1% sodium nitrite solution, followed by 

15 ml of a fixative solution containing 4% paraformaldehyde and 2% glutaraldehyde in 

0.1 M phosphate buffer, pH 7.4). The same fixative solution was used to perfuse the 

excised cochleae through the round window and for further immersion overnight at 4°C. 
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Cochleae were then decalcified using 0.12 M EDTA solution at room temperature for 2–3 

days with a magnetic stirrer. Then, cochleae were fixed using a solution containing 1% 

osmium tetroxide and 1.5% ferrocyanide for 2 h in the dark. They were then dehydrated 

and embedded in Epon LX 112 resin. Semi-thin sections for pre-TEM observation of AN 

orientation were cut at 1-μm thickness and stained with toluidine blue. Once a cochlear 

middle or basal portion plane was identified, ultra-thin sections at 70-nm thickness were cut 

and stained with uranyl acetate and lead citrate. These ultra-thin sections were examined 

using a JEOL JEM-1010 transmission electron microscope (JEOL USA, Inc., Peabody, 

MA). Myelin thickness, axonal diameter and G ratio were measured using the open-source 

imaging software, Fiji (RRID:SCR_002285; Paus and Toro, [2009]). These measurements 

were collected for the axons in the middle- and high-frequency areas of cochleas at P7 and 

P14. These measurements included 204 axons of the middle cochlear portions from three 

mice and 144 axons of basal portions from four mice at P7, and 37 axons of the middle 

portion from 1 mouse at P14.

2.10 | Experimental design and statistical analyses

Sample numbers (n) are indicated in each figure legend. The n for physiological 

measurements (e.g., amplitude and latency) and RT-qPCR studies were based on prior 

studies (Lang et al., 2015; Xing et al., 2012). For RNA-seq, prior analyses of mouse 

AN demonstrated that a sample size of n = 3 was sufficient for robust detection of 

differentially expressed genes (Lang et al., 2015). Data distribution was tested using either 

Shapiro–Wilk or Kolmogorov–Smirnov tests for normality. The appropriate parametric or 

nonparametric tests were then used. Statistical software and packages used in this project 

include DeSeq2 (Love et al., 2014), Microsoft Excel, R version 3.5.2 (R Foundation for 

Statistical Computing, 2019), and/or GraphPad Prism 8 (GraphPad Software, Inc., La 

Jolla, CA). Statistical relationships were tested for significance at alpha = 0.05 following 

correction for inflated familywise error. The detailed information of statistical analyses is 

included in Tables 1–3 and Tables S2, S3, S4, S5, S6, S7 and S8.

3 | RESULTS

3.1 | Myelination of the neuron soma is preceded by axonal myelination during postnatal 
AN development and hearing onset

The reported onset of hearing (which is defined here as the earliest age hearing threshold 

is present at the given maximum stimulus level of 90 dB SPL) varies in mouse strains but 

generally occurs between P9 and P14 (Alford & Ruben, 1963; Ehret, 1976; Song et al., 

2006; Sonntag et al., 2009). In the CBA/CaJ mice used in this study, the external auditory 

meatus often opened at P11. Maturation of suprathreshold hearing function continues 

following the onset of hearing. To confirm the critical time points of postnatal development 

of AN and hearing onset in these mice, an auditory brainstem response (ABR) was measured 

at P12, P14, P21, and 1 M (Figure 1u, Table S2). Reliable ABRs with a clear wave I peak 

were recorded starting at P12. By P14, the ABR wave I thresholds improved approximately 

25 to 30 dB across the frequencies tested. Threshold responses were significantly improved 

between each successive age group, except for P21 versus 1 M for most frequencies 

tested, suggesting that hearing sensitivity reached maturity by P21. At P21 and 1 M, ABR 
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thresholds approximated those observed in young adult CBA/CaJ mice (Liu et al., 2019; 

Xing et al., 2012). These ABR data confirmed that the time points of P14, P21, and 1 

M constituted an appropriate developmental continuum to evaluate AN structure and its 

relationship to hearing onset.

To better understand how nodal structures form in the AN, we examined ultrastructural 

features of myelination in the cochleas of CBA/CaJ mice at stages before hearing onset (P0, 

P3, P7, and P10) and after hearing onset (P14, P21, and 1 M; Figure 1u) using TEM (Figure 

1). Myelin sheaths formed around the AN axons at P7 and older stages (Figure 1c-g,I,j,i-m), 

but not at P0 (Figure 1a) or P3 (Figure 1b). By P7, the thickness of the Schwann-cell 

processes surrounding the axons varied in both the middle- (Figure 1e,f) and high-frequency 

(Figure 1d) areas of the cochleas. The myelin thicknesses, axonal diameters, and G ratios in 

the middle portions of the cochleas at P7 ranged from 0.12 to 0.28 μm (mean = 0.20 μm), 

from 0.97 to 1.59 μm (mean = 1.28 μm) and from 0.69 to 0.83 (mean = 0.69), respectively. 

Similarly, the myelin thicknesses, axonal diameters, and G ratios in the basal portions of 

the cochleas at P7 ranged from 0.12 to 0.32 μm (mean = 0.22 μm), from 0.97 to 1.59 μm 

(mean = 1.28 μm) and from 0.64 to 0.82 (mean = 0.73), respectively. In agreement with 

our previous observations (Brown et al., 2017), the AN refinement was evident at P7 by the 

macrophage activation (a black arrow in Figure 1e) and glial-like cell proliferation (a black 

arrowhead in Figure 1f). Variation in myelin thickness and their axon diameter diminished 

with an increased myelin thickness after P10. For example, the myelin thicknesses, axonal 

diameters, and G ratios in the middle portions of the cochleas at P14 ranged from 0.25 to 

0.45 μm (mean = 0.35 μm), from 0.73 to 1.27 μm (mean = 1.00 μm) and from 0.51 to 0.75 

(mean = 0.63), respectively (Figure 1j). By P21 (Figure 1m, the boxed area in Figure 1o), 

myelination was mostly complete, with myelin sheath thickness similar to that observed in 

1M old mice (Figure 1r) and young adult mice reported previously (Lang et al., 2011; Xing 

et al., 2012). The myelin features of the SGN somata are clearly different compared to those 

of the axons in both thickness of myelin sheaths and timing of myelination. Myelination of 

SGN somata began at P10, about 3–5 days later than myelination of the axons, with only 

2 to three layers of thick, cytoplasm-filled satellite-cell processes seen around the neuron 

cell bodies (Figure 1h,i). Although the glial cells that myelinate SGNs could actually be 

Schwann cells that respond differently to distinct molecular signals from the soma compared 

to those on the axon, we designated these glial cells as satellite cells because the similar cell 

type that ensheathes sensory neuron somata are commonly termed “satellite cells” (Hanani, 

2005). By P14, the layers of satellite cell processes increased but no compact myelin 

sheaths were formed (Figure 1k). The compact myelin sheath is composed of multiple dense 

membranes of myelin lamellae with very little cytoplasm and can be clearly identified in the 

EM graphs by their fine structure (between the white arrows in the inner box in Figure 1t; 

seen with higher magnification). With a lower magnification EM image, each lamellae in the 

compact sheath appears as thin, dark lines (between the white arrows in Figure 1t). Compact 

myelin sheaths were detected around neurons at P21 and 1 M (Figure 1j-m,o,p).

Together, our EM observations suggest that (1) myelination of AN axons by Schwann cells 

begins around P7 and is completed around P14; (2) myelination of SGN soma by satellite 

cells, another type of glial cell in the cochlea, starts shortly before hearing onset at P10, 

and is completed by P21; (3) an approximately 7-day delay occurs between the formation 
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of the compact myelin sheath around axons (by Schwann cells) and around the somata (by 

satellite cells), and (4) the glial cells of the AN show distinct function in their roles in AN 

myelination in SGNs (the satellite cells) and axons (the Schwann cells), respectively.

3.2 | Expression profiles of genes composing nodal structural microdomains exhibit 
special temporal patterns in the developing AN

To characterize nodal assembly processes during postnatal AN development and hearing 

onset, we examined the expression profiles of myelin- and node-related genes at several 

critical developmental time points of myelination, including P7, P14, and P21. These 

timepoints were identified in our TEM studies (Figure 1). P3 was also selected as a control 

for the pre-myelinated AN. Analyses of AN RNA-seq data from these critical time points 

showed that 1502 of 1727 myelin-related genes were significantly regulated (p adjusted 

<.05 for at least one pairwise comparison) (Figure 2a; Table S3). The list of 1727 myelin-

related genes used for this analysis was described in our previous study (Panganiban et al., 

2018). Three key myelin related molecules among the 1502 identified myelin-related genes, 

Plp1, Sox10, and Qk, have been well-studied in the mouse AN (Lang et al., 2011, 2015; 

Panganiban et al., 2018; Wan & Corfas, 2017). As shown in Figure 2b, validation of the 

expression of Plp1, Sox10 and Qk was performed with RNA samples obtained from glial 

cells and nonglial cells of mouse AN via RT-qPCR. The localization of QK protein was 

also revealed in glial cells of the AN via immunostaining assay (Figure 2c). Additionally, 

38 of the 42 genes identified as node-related were differentially expressed during this 

developmental period (Figures 2–3). Hierarchical clustering of expression data for the 

node-related genes revealed that the genes were separable into three different clusters of 

temporal expression profiles (Figure 2d). Cluster 1 (peak expression P3-P7) contained genes 

important for the onset of nodal microdomain formation, including those affecting cell–cell 

interaction, scaffolding, cell adhesion, and extracellular matrix (Custer et al., 2003; Ervasti 

& Campbell, 1993; Woods et al., 1996). Cluster 1 also contained Scn2a, which encodes the 

VGSC Nav1.2. This channel protein is a marker of immature nodes and is later replaced by 

robust expression of Nav1.6 (encoded by Scn8a). Nav1.6 is one of the VGSCs identified in 

nodes of the peripheral nervous system after the onset of myelination (Kaplan et al., 2001; 

Schafer et al., 2006; Luo et al., 2014). Cluster 2 (peak expression at P7-P21) contains genes 

involved in the onset of paranodal junction assembly (Eylar et al., 1971; Ishibashi et al., 

2004; Kwon et al., 2013; Li et al., 1994; Orthmann-Murphy et al., 2009; Quarles et al., 

1973; Snipes et al., 1992; Zonta et al., 2008). This cluster includes Cntn1, which encodes 

the Cntn1 axo-glial connector protein that attaches axolemma and myelin lamellae at the 

paranode (Boyle et al., 2001). Cluster 3 (peak expression at P14–21) is comprised of genes 

encoding structural proteins of the electrically excitable nodal microdomain (Huang et al., 

2017; Lacas-Gervais et al., 2004), and axo-glial connector proteins at the paranode (Rios 

et al., 2003) and juxtaparanode (Poliak et al., 1999; Poliak & Peles, 2003). Cluster 3 also 

included genes encoding voltage-gated potassium channels of the juxtaparanode (Rasband et 

al., 1998; Rasband & Trimmer, 2001) and the mature nodal Nav1.6. These gene expression 

patterns support the scheme that node formation begins around P3, paranodal microdomain 

formation and myelination begin around P7, and juxtaparanode assembly begins around 

P14. This time-dependent up-regulation of genes encoding nodal structural proteins and 
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voltage-gated ion channels suggests that the nodes of Ranvier develop before hearing onset 

and have fully formed microdomains by the time of hearing onset.

As shown in Figure 2d–h, our RNA-seq findings were validated by immunostaining and 

RT-qPCR. NrCAM node protein, which is encoded by Nrcam and needed for node assembly 

(Custer et al., 2003; Feinberg et al., 2010), was detected in ANs at P3 and P10 (Figure 

1d). Dual-immunostaining analysis with NrCAM and neuronal marker NF200 showed that 

NrCAM is present very early in nodes of the mouse AN (Top panels of Figure d). At P3, 

NrCAM was present only in the hook area of the AN, which is the basal-most point of 

the cochlea. This may indicate that nodal assembly occurs in a basal to apical gradient, 

which would be consistent with the basal to apical development pattern of other cochlear 

structures. Dual-immunostaining analysis with NrCAM and the paranodal protein Cntn1 

revealed that distinct nodal (NrCAM+) and paranodal (Cntn1+) microdomains were present 

at P10 (Bottom panels of Figure 1d). With RT-qPCR analysis, we assessed the temporal 

expression pattern of node-related genes in Cluster 2 (Cntn1; Figure 2e) and Cluster 3 

(Cntnap1, Kcna2, and Scn8a; Figure 2f–h). Our statistical analysis confirmed that all genes 

were significantly upregulated between P3 and P14 (one-way ANOVA with Bonferroni post 

hoc adjustment; Table 1).

Heminodal clustering in the postnatal AN occurs in a spatially and temporally dependent 

manner. In the central nervous system, action potentials are generated at the axon initial 

segment, a site located between the neuron cell body and the axon process (Palay et al., 

1968). However, the generation of action potentials in the peripheral AN has not been fully 

understood. The inner hair cells (IHCs) are innervated by the peripheral processes of SGNs, 

whose bipolar cell bodies are located within Rosenthal’s canal (Figure 1r; Left panel of 

Figure 4). Several spike-generating Nav and Kv channel proteins have been identified at 

multiple sites along the peripheral AN (Hossain et al., 2005; Kim & Rutherford, 2016). 

These sites include nodal microdomains in the peripheral axons and the heminodes.

Heminodes at the habenula under the IHCs of the adult mouse form in part the cochlear 

axon initial segment and are located on the distal end of type I SGNs. These nodal structures 

are 20–40 μm from the presynaptic ribbon-type active zone on an IHC (Hossain et al., 

2005; Liberman, 1980). A previous study using computational modeling of patch-clamp 

recording from rodent ANs revealed that action potentials of the AN begin in these 

heminodes (Rutherford et al., 2012). To study heminodes formation in postnatal cochleas, 

immunostaining was conducted on whole-mount AN tissue preparation from mice at ages 

P7, P10, P14, and 1 M (n = 3 mice per age group) for the nodal markers NrCAM or 

Nav1.6, together with the paranodal marker Cntn1 (Figure 3). Our data showed that before 

P14, the molecular components of the heminodes (as marked by NrCAM or Nav1.6) are 

still positioned towards the habenula (Figure 3a-a”,b-b”,e,f). This is less apparent in the 

basal turn at P7 (Figure 3a“), as more NrCAM+ heminodes are finally clustered underneath 

the IHCs. Clustering of the heminodes, and the movement of the heminodal components 

towards the habenula is driven by axonal myelination. While several heminodes visibly 

approach from the osseous spiral lamina (OSL) region in the basal turn at P7, heminodes are 

almost completely clustered under IHCs in the basal turn at P10 (Figure 3b“). The number 

of unclustered heminodes approaching the habenula from the OSL is even more apparent 
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in the middle turn at P7 to P10 (Figure 3a’,b’) and in the apical turn at P7 to P14 (Figure 

3a–c). By P14, the close clustering of heminodes underneath IHCs is mostly complete in the 

basal and middle turns. In ANs of 1 M young-adult mice, heminodal clustering is complete 

in all three turns (Figure 3d,d’,d”). These observations support the conclusion that heminode 

migration and clustering underneath the IHCs progresses along the cochlear turns in a basal 

to apical direction. The flanking Cntn1+ paranode also shows the position of the heminodal 

component towards the habenula during P7 to P14 and highlights the distance between 

the heminode clusters and the first axonal node. As shown in Figure 3e-h, the heminode 

clustering completes in the middle turn by P14 as the clusters are directly under the IHCs. In 

agreement with the previous observation, we also showed expression of NrCAM protein in 

sensory hair cells at P7 and P14 (Figure 3 a, a’, a”,b,b’,b”; Harley et al., 2018).

3.3 | Assembly patterns of nodal and paranodal proteins reveal the formation of two 
distinct types of nodal microdomains in the AN

To study nodal structure formation in postnatal AN, we performed dual-immunostaining 

for nodal NrCAM and the paranodal Cntn1 on frozen sections prepared from cochleas at 

P7, P10, and P14 (Figure 4). Frozen section imaging corroborated our finding from whole-

mount preparations regarding the heminode clustering region in Figure 3. Along AN passing 

through the OSL, Rosenthal’s canal, and central modiolus region (Mod), two types of 

nodes of Ranvier were seen: (1) axonal nodes positioned along the peripheral AN processes 

at the AN within the OSL and the central process at the Mod (Figure 4a,e,I,b,f,j,c,g,k); 

and (2) ganglion nodes, found flanking type I SGN somata in Rosenthal’s canal (Figure 

b,f,j,d,h,l). At P7, axonal nodes (NrCAM+), are present and appear to be flanked by two 

partially formed paranodes (Cntn1+) (Figure 4c). In contrast, most ganglion node paranode 

flanks on the side of the somata have little to no Cntn1 immunoreactivity (Figure 4d). By 

P10, axonal nodes express Cntn1 on both paranodal domain positions (Figure 4g). Cntn1 

activity was also seen in the axonal paranode flank but not in the ganglion paranode flank 

on the soma side of the ganglion nodes (Figure 4h). Other ganglion nodes at P14 show 

little presence of Cntn1 in the ganglion paranode flank compared to the robust presence of 

Cntn1 in the axonal paranode flank (Figure S5b). Differential expression pattern of Cntn1 

in ganglion nodes and axonal nodes may be associated with the difference in myelination 

in neuronal cell bodies and axons. Depletion of paranodal adhesion molecules (such as 

Cntn1 or Neurofascin) results in mistargeting of myelin to cell bodies (Djannatian et al., 

2019; Klingseisen et al., 2019). It is possible that a lack or decreased presence of Cntn1 

in the ganglion paranode flank compared to the axonal paranode flank contributes to 

the smaller number of myelin lamellae ensheathing the somata. By P14, we saw distinct 

immunostaining patterns of nodal (Cntn 1+) and paranodal (NrCAM+) elements in the 

axonal node and ganglion node (Figure 4k,l). This staining pattern was maintained in 

cochleas of P21 (Figure 4m,n), young-adult (Figure 5m,n) and aged mice (Figure 8a), and 

was also seen in the aged human temporal bone (Figure 8c). We also observed a similar 

staining pattern with nodal (Cntn 1+) and paranodal (Nav1.6+) (Figure 4q,s; Figure S2). In 

addition, our immunostaining with Caspr antibody revealed Caspr+ paranodes of the AN 

axons at P21 mice, however, the axonal Caspr immunostaining is much weaker than that of 

the Cntn1 immunostaining in the same region (Figure 4m-p).
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Taken together, these data demonstrated distinct features of two types of nodal structures 

with unique features in the AN: (1) there are two robustly Cntn1+ paranodal elements in 

the axonal node, whereas the ganglion node contains one robust Cntn1+ paranodal element, 

with the paranode flank on the soma side containing little to no Cntn1; and (2) the NrCAM+ 

nodes are significantly shorter in axonal nodes than ganglion nodes (unpaired t tests, p < 

.0001) (Figure 6 and Table 2). The difference in nodal structure also occurred in all reported 

axonal node lengths when compared to corresponding ganglion node lengths from the same 

age group and cochlear turn (e.g., P7 apical axonal node vs P7 apical ganglion node). In 

addition, the delay in ganglion node development compared to the axonal node corresponds 

with a similar delay in myelination of soma, in contrast to peripheral axons (Figure 1).

3.4 | Axonal and ganglion paranodes in the postnatal AN have different axo-glial 
connection patterns dependent on the type of myelinating glia

Axonal paranodes are generated by the terminus of the myelin lamellae from myelinating 

Schwann cells at the paranodal axolemma. Unlike the thin, nearly cytoplasm-free myelin 

lamellae ensheathing the internodes, the terminating lamellar loops at the paranode are filled 

with cytoplasm. These loops provide a larger surface area for axo-glial connections and 

glial-glial connections between the adjoining lamellae and terminal loops (see reviews by 

Poliak & Peles, 2003; Sherman & Brophy, 2005; Figure 5f, l, o, p). The terminal myelin 

loops and their axo-glial connections serve as physical barriers that separate the VGSCs 

in the node from the voltage-gated potassium channels in the juxtaparanode. To better 

understand the differences in (1) the structure of the two nodal types and (2) the axo-glial 

interactions in the axonal paranodes (formed by Schwann cells) and ganglion paranodes 

(formed in part by satellite cells), we analyzed the ultrastructural features of peripheral 

ANs in postnatal mice (Figure 5). At P6 and P10, terminal myelin loops in the axonal 

paranodes are still migrating to the paranodal domain from the internodal region (Figure 

5a–c). By P14, the paranodes are formed, showing terminal myelin loop heads connected to 

the paranodal axolemma and juxtaposed closely with no gaps, similar to those seen in young 

adult cochleas (Figure 5f).

As shown in Figure 5g–I, the terminal loops of the myelin lamellae from satellite cells were 

not found at the somal side of ganglion nodes until P14, due to the delayed myelination 

of the soma by the satellite cell (Figure 5g-j). At P14, the paranodal flank generated by a 

Schwann cell shows clear organization and a tight connection between the terminal myelin 

loops and the axolemma (Figure 5i). In contrast, the paranodal flank generated by a satellite 

cell in the ganglion node showed no or incomplete attachment of the lamellae with the 

paranodal axolemma (Figure 5i). Satellite cell-lamellae are very few and are loosely attached 

to the axolemma. By 1 M, the number of satellite cell-lamellae increased and the length of 

unmyelinated node gap between myelinated paranodes decreased compared to P14 (Figure 

5j–l). However, the terminal loops of the satellite cell appear only loosely connected to 

the paranodal axolemma (Figure 5f,l) when compared to the tightly connected terminal 

loops of the Schwann cell (Figure 5f). Regardless of the age of the AN, the ultrastructural 

differences were evident between axon-Schwann cell and axon-satellite cell connections. 

Fewer myelin lamellae from satellite cells surrounded the soma and terminated at the 

ganglion paranode compared to Schwann cells. Also, high-resolution imaging analysis of 

Panganiban et al. Page 13

Glia. Author manuscript; available in PMC 2022 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the axonal node and ganglion node showed that cell adhesion molecule Cntn1 was not 

expressed or only expressed minimally at the somal side of the ganglion node, which may 

result in a weaker connection between axons and satellite cells (Figure 5m–p), a conclusion 

supported by our TEM observations (Figure 5J–I) and a previous study (Rosenbluth, 1962). 

The terminal myelin loop heads, though connected to the axolemma, have much more space 

between the loops and axolemma, suggesting that axon-satellite connections are weaker than 

axon-Schwann cell connections (Figure 5o,p).

3.5 | Ganglion and axonal node lengths in the AN are distinctively different during 
postnatal development

As shown in Figure 5f, j–l, the ganglion node is longer than the axonal node in ANs 

of young adult mice. To quantify and characterize how these nodes change during 

development, we measured the axonal (Figure 6a-f) and ganglion (Figure 6g–l) node lengths 

across the cochlear turns at pre-hearing onset timepoints (P7, P10) and post-hearing onset 

timepoints (P14, P21, and 1 M) (Table 2). Note that ganglion node lengths were measured 

from both sides of the somata and animal numbers used in each condition were nP7 = 6, nP10 

= 6, nP14 = 8, nP21 = 7, and n1M = 8. While we primarily used the node marker NrCAM for 

our measurement studies, we also measured axonal and ganglion nodes marked by Nav1.6 

and found no significant difference in the measured lengths between the two node markers 

at P14 (Figure S2; Figure 4). Kruskal Wallis tests corrected for inflated family-wise error 

using the Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995) found that axonal 

nodes are significantly longer at P7 compared to P10 and P14 for all cochlear turns (Figure 

6a-f). For example, in the middle turn, P7 axonal nodes are approximately 0.4 μm longer 

than P10 axonal nodes (p < .0001) and 0.5 μm longer than P14 axonal nodes (p < .0001). 

This may be due to the relatively large distance between two opposing myelin sheaths in 

early myelination. As myelination continues, the opposing myelin sheaths formed by two 

Schwann cells move closer, forming the unmyelinated nodal gap. At P14, the axonal node 

gap is at its shortest for all three turns. By 1 M, however, the axonal nodes have significantly 

increased in length compared to P14. The mean node length at P14 was ∼1.5 μm, while at 

1 M the mean node length had increased to ∼1.9 μm across all three turns. An evaluation 

of how axonal node length changed during development revealed a dynamic pattern that 

was evident in all three cochlear turns. Nodes were longer at P7, shortened at P14, and then 

lengthened again at 1 M (Figure 6a-f). Plotted graphically, the temporal profile creates a 

“V” shape. For the ganglion nodes, the mean length was significantly shorter at P21 than 

at P7 and P10 (mean diffs. P7 vs. P21 = 0.80 μm, p < .0001; P10 vs. P21 = 0.51 μm, p = 

.0009), but was not significantly different from P14 (mean diff. P14 vs. P21 = 0.24, p = .06 

for the middle turn (Figure 6h,k). In the middle turn, the ganglion node lengths continually 

shortened with age, from P7 towards 1 M (Figure 6h,k). In the basal turn, the ganglion node 

continually shortened from P7 to P14, but unexpectedly lengthened again at 1 M (Figure 

6i,l).

In contrast to observations in axonal nodes, ganglion nodes are consistently shortened during 

development (Figure 6g–l). This pattern is clearly defined in the middle turn across the five 

critical time periods we analyzed, ranging from P7 to 1 M [F(4,29) = 19.88, p < .0001]. 

Differences in temporal profiles of axonal and ganglion lengths can be explained, in part, 
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by the timing of completion of AN myelination, as shown in Figure 1. This explanation is 

especially true for the ganglion nodes, which have one flanking Schwann-cell paranode and 

one flanking satellite-cell paranode. Myelination of the somata by satellite cells occurs later 

than that of the axonal afferents by Schwann cells. We (Figure S1) and others (Petitpré et al., 

2018; Shrestha et al., 2018; Sun et al., 2018) found that differentiation of type I SGNs into 

three molecularly distinct subtypes occurs between P14 and P21. This differentiation may 

involve molecular and structural changes that further refine nodal microdomains, leading 

to differential changes in the length of axonal and ganglion nodes. In agreement with the 

ultrastructural observations described in Figure 5, which suggest that the length of the 

ganglion node is longer than that of the axon node, our node length measurements show that 

ganglion nodes are indeed longer than axonal nodes at P7, P10, P14, P21, and 1 M and for 

all cochlear turns measured (Table 2).

3.6 | The lengths of axonal and ganglion nodes are associated with different aspects of 
AN function

During nerve development, refinements of either myelin thickness or internode length 

regulate the conduction speed of myelinated axons (Fields, 2008; Kimura & Itami, 2009). 

This process is involved in the synchronization of action potentials (Lang & Rosenbluth, 

2003). We hypothesized that changes in axonal and ganglion node lengths are critical for 

AN development, contributing to improvement in AN function and hearing onset. To test 

this hypothesis, we first performed a comprehensive analysis of AN function at P14 and 

P21 using multi-metric measurements of ABR wave I, which is generated by the AN 

(McClaskey et al., 2020). This multi-metric approach, which was first developed for human 

studies (Harris et al., 2018), assesses different aspects of peripheral auditory function in vivo 

with an emphasis on suprathreshold hearing and neural synchrony. These measures include 

intertrial phase coherence (Lachaux et al., 1999), which is an estimate of the consistency 

of the phase of the response across trials and is also referred to as the phase locking value 

(PLV). While originally developed for cortical analyses, techniques for quantifying PLV 

have recently been adapted for analysis of the AN in mice (McClaskey et al., 2020) and 

humans (Harris et al., 2018; 2021). Using this novel method, we examined suprathreshold 

AN function including (1) estimates of neural synchrony via phase-locking value (PLV), and 

(2) ABR wave I peak amplitude (or maximum amplitude) and peak latency and the change 

in these metrics with increasing level (Figure 7; Table 3). We performed the analyses at 

P14 and P21, critical time points of myelination and ABR threshold maturation and hearing 

onset (Figure 1q). For ABR recording, an 11.3 kHz stimulus was selected because changes 

in nodal length in the apical and middle portions of the cochlear turn were well-defined for 

both the axonal (Figure 6 b,e) and ganglion (Figure 6 h,k) nodes and because animals across 

the different time periods demonstrated consistent thresholds and responses in this frequency 

region. After the recordings for the P14 and P21 mouse groups were completed, cochleae 

were collected to be used for node length measurements for correlative structure–function 

analyses.

Before the correlative analyses, the group averaged responses for wave I mean PLV, peak 

latency, and peak amplitude were compared at each level and analyzed using a two-tailed, 

Mann–Whitney U test.
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(Table S6). Myelination and nodal length development were hypothesized to coincide with 

faster conduction velocity and greater neural synchrony (shorter latencies and increased 

PLV, respectively). As predicted, peak latencies of P21 mice are significantly shorter across 

all intensity levels compared to that of P14 mice (median diff. 90 dB SPL = 0.35 ms; p 
= .006) (Figure 7c,d). Previous studies found that AN latencies were shorter after hearing 

onset in BALB/c mice (Song et al., 2006), but synchrony of wave I during the postnatal 

period of hearing maturation was not determined. As shown in Figure 7a, PLV is a unitless 

measure with a value between 0 and 1. A value of 0 means no synchrony and a value of 

1 means absolute synchrony. At stimulus levels from 80 to 90 dB SPL, the PLVs at P21 

are significantly higher than at P14 (median diff. 80 dB = 0.11, p = .021; 90 dB = 0.14, p 

= .0003), revealing better neural synchrony in the older mice (Figure 7b). Although peak 

amplitudes across stimulus levels were not significantly different between P14 and P21 (p 

= 0.69–0.78), the median response is consistently higher across levels at P21 compared to 

P14 (range median diffs = 0.01–0.07) (Figure 7c,e). The P21 responses, with regards to 

PLV, latency, and amplitude, are also less variable compared to responses from the P14 

group. Increased variability at P14 relative to P21 may be due to individual differences in the 

temporal pattern of nodal development.

As shown in Figure 6, axonal and ganglion nodes display distinctive length patterns during 

postnatal development. To address the relationship between nodal lengths and AN function 

during postnatal development, nodal lengths of the axonal or ganglion nodes measured 

from the middle turn were tested at P14 and P21 for correlation with three ABR metrics, 

including peak latency, peak amplitude, and PLV obtained at 11.3 kHz at 90 dB SPL. 

Pearson’s correlation analysis was performed using combined data from both P14 and 

P21 (a total of 15 mice) (Table 3). Our analyses revealed that shorter peak latency was 

significantly correlated to longer axonal nodes (r = 0.495; p = .03), whereas no significant 

correlation was found between the peak latency and length of the ganglion node (r = 0.403; 

p = .068) (Figure 7f; Figure S3). In addition, the length of the axonal node was strongly 

correlated with higher PLV, with longer axonal nodes associated with higher PLV (r = 0.545; 

p = .018) (Figure 7g). Consistent with our hypothesis, these analyses reveal differences 

in structural development occurring between P14 and P21 and an association between 

longer axonal nodes and decreases in response latency and stronger synchrony. When we 

examined the association between AN synchrony and changes of ganglion node structures, 

no significant correlation between PLV and ganglion node length was identified (Figure S3).

The growth in peak amplitude with stimulus intensity, or the amplitude intensity slope, was 

evaluated in lieu of peak amplitude as it is less susceptible to factors such as head size 

that can contribute to differences in amplitude across development. Growth in amplitude 

with increasing levels is thought to represent the recruitment of synchronized activity from 

additional nerve fibers, including both higher threshold fibers and off-frequency fibers that 

are excited due to the spread of excitation along the basilar membrane. We performed 

correlation analyses using amplitude intensity slope and node length. Our data shows that 

shortening ganglion nodes (r =0.526, p = .022), but not lengthening axonal nodes (r = 

0.370, p = .088), was positively correlated with amplitude growth across increasing intensity 

levels (Figure 7h; Figure S3). These data suggest that the ganglion node length, but not the 

axonal node length, contributes to a steeper amplitude intensity slope. Changes in ganglion 
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node length with development were not associated with latency or PLV. Taken together, 

these analyses suggest that postnatal development of axonal nodes underlies enhanced speed 

and synchrony of AN conduction, whereas refinement of ganglion nodes is associated with 

greater recruitment of AN fibers, possibly representing the recruitment of higher-threshold 

fibers.

3.7 | Age-related downregulation of nodal-related genes and degeneration of nodes of 
Ranvier in the peripheral AN

Loss/dysfunction of nodal components and demyelination have been associated with 

neurological symptoms of aging (Hinman et al., 2006) and diseases such as Guillain-Barré 

syndrome and multiple sclerosis (Susuki, 2013). The relationship between aging and 

changes in nodal structures of the AN has yet to be elucidated. We tested the hypotheses that 

nodal structures undergo age-related pathophysiological alterations and that the alterations 

differ between nodal structure types. Immunostaining of ANs in young adult and aged mice 

demonstrated that node structural integrity, as identified by nodal NrCAM and paranodal 

Cntn1, deteriorates with age in both axonal and ganglion nodes (Figure 8a). Deterioration 

of AN Cntn1+ paranode was also evident in an aged human temporal bone (Figure 8d). 

RNA-seq profiling of ANs in young-adult and aged mice revealed that 26 of 42 node-related 

genes (62%) were significantly affected in the aged tissue (Figure 8b, Table S8). Of these 

affected genes, 23 were downregulated, suggesting the disruption of the nodes of Ranvier in 

the aged AN. These genes included key voltage-gated ion channels and structural molecules 

of the node and paranode. In addition, TEM imaging revealed elongation of ganglion nodes 

in aged mice compared to young-adult mice (Figure 8c). This observation was confirmed by 

node length measurements, which revealed significantly longer ganglion nodes in the middle 

turn of ANs in aged mice compared to young-adult mice (Figure 9a). The ganglion nodes 

were also significantly narrower in both middle and basal turns (Figure 9e,f). However, no 

significant changes in node length or width occurred in axonal nodes (Figure 9c, d,g,h). 

Results of unpaired, two-tailed t-tests comparing age-related node dimension changes are 

detailed in Table S7. In support of our previous observations (Xing et al., 2012), mice with 

nodal pathologies showed a robust loss of suprathreshold function, as shown by reduced 

peak amplitudes and PLV in aged mice (Figure S4). These data suggest that nodal pathology 

contributes to age-related declines in auditory function. Changes in nodal length, particularly 

in the ganglion node, could emerge as a new key factor in declines in AN function.

4 | DISCUSSION

Our comprehensive morphological analysis has enhanced our understanding of the axonal 

node and the ganglion node and elucidated how satellite cells and Schwan cells contribute to 

nodal structural and functional differences. Here we discuss four key findings pertaining to 

structural and functional aspects of the node of Ranvier in the AN. First, the completion of 

the molecular assembly of the nodal structures in the cochlea parallels the onset of hearing 

function during mouse postnatal development. Clustering of node-related gene expression 

revealed three stages in node formation: (1) Onset of nodal formation at ∼P3, (2) complete 

assembly of structural molecules at ∼P14, and (3) further structural maturation between P14 

and P21. Transcriptomic findings, together with findings from immunostaining analysis of 
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key structural and functional proteins, nodal NrCAM, paranodal Cntn1, and VGSC Nav1.6, 

demonstrate that molecular assembly of the nodes and paranodes was complete by the onset 

of hearing at approximately P14. Our data also show that NrCAM is present in the basal 

area as early as P3, which supports its importance for nodal assembly. Previous studies 

found that NrCAM protein is essential for the initial clustering of VGSCs in forming nodes 

and for maintaining and restricting this clustering at the nodes (Amor et al., 2014; Custer 

et al., 2003; Eshed et al., 2005; Feinberg et al., 2010). Our observations also agree with 

a recent report describing the maturation of VGSC Nav1.6, along with the expression of 

the anchoring protein Ankyrin G and Caspr in the heminodes and nodes of Ranvier in rat 

cochleae between P5 and P7 (Kim & Rutherford, 2016). In addition, our data suggest a 

temporal dependence in the expression of the axo-glial connector protein Cntn1 in Schwann 

cell-formed paranodes. These observations demonstrate that molecular assembly of the 

nodal microdomains begins during early postnatal development and is complete shortly after 

the onset of hearing function.

Second, we define and characterized two types of nodes of Ranvier in the mouse peripheral 

AN with distinct features in nodal and paranodal microdomains and their associated 

glial cells. The characteristics of a ganglion node, which include a compact paranodal 

structure generated by Schwann cells (on the axon side) and a loose paranodal structure 

provided by satellite cells (on the soma side), were evaluated across the window of 

development encompassing myelination and hearing onset as well at the stage of age-related 

degeneration. The unique features of ganglion nodes distinguish them from axonal nodes 

of the central and peripheral nervous system, such as the nodes of Ranvier of the sciatic 

nerve, which have provided most of our current knowledge about nodal specializations and 

biological function of the glial cells in the AN (see reviews by Peters & Vaughn, 1970; 

Matthew N. Rasband & Peles, 2016; Salzer, 2015).

Our data also revealed temporal and morphometric characteristics that distinguish two 

cochlear glial cells: satellite cells and Schwann cells, which form the paranodal structure and 

provide myelin sheathing to the spiral ganglion cell body and axonal processes, respectively. 

Myelination of the soma and formation of paranodes by satellite cells are delayed compared 

to myelination of the axon and formation of paranodes by Schwann cells. Satellite cell 

myelination of the SGN cell body, although multi-layered, is less dense and less compact. 

This feature is notably visible at the paranodes formed by satellite cells. In other nervous 

systems, satellite cells regulate a wide range of biological processes. For example, satellite 

cells support neuronal metabolism due to amino acid, nucleobase, and fatty-acid transporters 

present on their surfaces (Zeisel et al., 2018). In the dorsal root ganglia, myelinating 

satellite cells expressed fractalkines, which regulate inflammatory responses associated 

with hypernociception (Souza et al., 2013). In the trigeminal nerve, inhibition of Kir4.1 

expression by satellite cells causes dysfunction in potassium buffering, which leads to 

pain-like behavior (Vit et al., 2008). In the AN, satellite cells but not Schwann cells also 

expressed Kir4.1 (Liu et al., 2019), suggesting a critical regulation of satellite cells in AN 

function. The special feature of the satellite cell-formed paranode in the cochlear nerve 

(Figures 4,5,6,7) provides the structural support for its regulatory function.
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Third, our study reveals that from P14 to 1 M, while AN function continues to improve, 

the length of the axonal node in the middle turn continues to increase while the length of 

the ganglion nodes continues to decrease. The middle portion of the cochlea has the highest 

nerve fiber density per habenular opening and greatest synapse density per IHC compared to 

those in the apical and basal portions, and the cochlea has developed to focus on hearing at 

the central frequencies (Ehret, 1983; Liberman & Liberman, 2015; Panganiban et al., 2018). 

Our analyses found significant structure–function correlations between nodal structures and 

suprathreshold AN function: longer axonal nodes were associated with shorter conduction 

time and stronger neural synchrony, whereas shorter ganglion nodes were associated with 

stronger amplitude growth of the AN response. These structure–function analyses reveal 

distinct roles of cochlear glial cells in regulating AN function. Ganglion nodes and their 

associated satellite cells relate to amplitude growth, a suprathreshold function of the AN 

response, whereas axonal nodes and Schwann cells are responsible for AN conduction 

speed and neural synchrony, as measured by peak latency and phase-locking of the ABR 

wave I response. In the optic nerve and cerebral cortical axon of rats, a computational 

model showed that the length of the node of Ranvier could determine the velocity of 

myelinated axon conduction (Arancibia-Cárcamo et al., 2017). A longer axonal node could 

result in an increased number of VGSCs at the node (if the channel expression level is 

constant), increasing nerve conduction speed. Most interestingly, our findings highlight the 

functional importance of the ganglion nodal changes during postnatal development. These 

interesting findings suggest a potential mechanism whereby the ganglion node in the AN 

contributes to signal modulation, whereas the axonal node is primarily associated with the 

maintenance of action potential fine structure, which is generated in the first heminode via 

glutamatergic IHC-SGN synapse (Coate et al., 2019; Hossain et al., 2005; Pujol et al., 1993). 

A recent electrophysiological study of mouse SGN suggests that signaling transmission 

via specialized SGNs allows activity- and -voltagedependent modulation, while the fine 

structure of the action potential waves is sustained axonally (Liu et al., 2021).

To better understand the mechanisms of this striking functional difference between the two 

types of nodes in the cochlear nerve and their associated glial cells, characterization of 

the distribution patterns in voltage-gated ion channels in nodal microdomains is needed. 

Different expression levels of Nav1.6 along the neuron cell body and processes of spiral 

ganglion were reported in a previous study (Hossain et al., 2005). Using computational 

modeling, this study concluded that the expression of Nav 1.6 channels at multiple sites 

along the SGNs contributes to the generation and regeneration of action potentials. The 

association between ganglion node length and amplitude growth may represent either the 

recruitment of additional nerve fibers or the optimization of the generation and regeneration 

of action potentials with repeated stimulation. Based on the observation that improvement 

of AN supra-threshold function is associated with the refinement of the ganglion node (e.g., 

the shorter the nodal length the larger the slope of the amplitude growth), we hypothesize 

that refinement of ganglion nodes is associated with greater recruitment of AN fibers. 

There are at least two potential mechanisms to account for this prediction. First, the 

refinement of ganglion nodes occurs together with the improvement of myelination of SGN 

somata as shown in Figure 1. The bipolar type I SGNs are located within the conduction 

pathway, requiring that the action potential generated in the first heminode under the IHCs 
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must be conducted via their electrically excitable membrane. The improvement of somal 

myelination and refinement of the ganglion nodal elements is necessary for the efficacy of 

the regeneration of the action potential in the heminodes at both sides of the SGNs. Second, 

the refinement of the ganglion nodes may also co-occur with structural refinement of 

subtypes of the SGNs (e.g., high- spontaneous rate [SR], medium-SR and low-SR neurons) 

between approximately P14 and P21 (Petitpré et al., 2018; Shrestha et al., 2018; Sun et al., 

2018). Growth in amplitude with increasing sound level is most typically associated with 

the recruitment of additional nerve fibers, including fibers with higher thresholds and lower 

SRs. The change in ganglion node length and steeper amplitude-intensity slope parallels 

the differentiation of type I auditory fibers into the three different subtypes (Figure S1). 

Differentiation into multiple type I subtypes may also contribute to the lengthening of axonal 

nodes post-hearing onset. Further studies using experimentally manipulated approaches 

(e.g., dysfunction of subtypes of SGNs using genetic manipulation in vivo) will be needed to 

directly address these interesting hypotheses.

Studies of single-neuron recording from cats (Liberman & Oliver, 1984), gerbils (Schmiedt, 

1989), and mice (Taberner & Liberman, 2004) show that SGN subtypes have distinct 

morphologies associated with their functional properties. Based on detected correlation 

between SR and AN axon diameter, high-SR/low-threshold fibers have larger axon 

diameters compared to low-SR/high-threshold fibers (Liberman & Oliver, 1984). Because 

axon diameter is related to the thickness of myelination, high-SR fibers may be more 

myelinated than low-SR fibers. Aside from lengthening of the axonal nodes, we also found 

that the range of axonal node lengths from minimum to maximum is much more variable at 

P21/1 M than at P14. This finding suggests the presence of the different subtypes, possibly 

with high-SR axonal nodes on the shorter end of the length spectrum and low-SR axonal 

nodes on the longer end. Our analysis also found a significant correlation between axonal 

nodal length and PLV, a measure of synchrony of AN activity. This result suggests further 

structural maturation of axonal nodes is associated with postnatal development of different 

AN subtypes. Further studies are needed to measure the nodes from the different neuron 

subtypes to determine if each SGN subtype is associated with a certain axonal node length.

Finally, we showed an age-dependent downregulation of node-related gene expression 

and disruption of nodal structures, particularly the ganglion node structures associated 

with satellite cells, in the mouse cochleae. These effects occurred with declines in 

suprathreshold function of the AN response. Based on these observations, degeneration 

and/or dysregulation of cochlear glial cells, especially satellite cells, may contribute to 

functional declines in the AN associated with aging. Previous studies showed that mice 

with nodal abnormalities also exhibited reduced hearing sensitivity. Noise exposure caused 

disruption of myelin and satellite paranodes (Panganiban et al., 2018) and axonal paranodes 

(Tagoe et al., 2014). Also, transient ablation of glial cells led to disruption of heminodal 

clustering (Wan & Corfas, 2017). The direct link between abnormal nodal structures, 

especially that of ganglion nodes, and the declines in multiple components of AN function 

have yet to be studied. Here, our data suggest that dysregulation of satellite cells and 

associated degeneration of the ganglion node structure are an important and new mechanism 

of AN dysfunction in age-related hearing loss and other forms of sensorineural hearing loss.
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FIGURE 1. 
Myelination of the peripheral AN during postnatal development in the CBA/CaJ mouse. 

(a–t) TEM imaging showed distinct timing and structural features of myelination at ages 

P0 (a), P3 (b), P7 (c–f), P10 (g–i), P14 (j–l), P21 (m–p), and 1 month (1 M) (q–t). 

Unmyelinated axons (black arrowhead) and their neuron cell bodies were seen at P0 (a) 

and P3 (b). Enlargement of boxed area in b shows a thick, single layer of cytoplasm-filled 

satellite cell process. Schwann cell-associated compact myelin sheaths around AN axons 

were seen around P7 (bottom-left boxed area in [c]). Compact myelin sheaths were seen 
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around neurons by P21 (n–p), similar to those at 1 M (q–t). Note that EM graphs in d and 

the boxed area in o were taken from the basal portion of the cochlea and the remaining 

images were taken from the middle portion of the cochleas. (u) Auditory brainstem response 

(ABR) wave I threshold significantly improved from P12 to P21 (mixed-effects model, p 
< .0001). Responses between P21 and 1 M were largely unchanged for most frequencies 

(see Table S2 for statistical results). Error bars indicate the standard error of the mean 

in (u). (v) Schematics showing myelinated nerve fibers passing through the osseous spiral 

lamina (OSL) to innervate inner hair cells (IHC), highlighting the delay of myelination of 

spiral ganglion somata compared to earlier myelination of axons across postnatal ages. RC, 

Rosenthal’s canal. Scale bars: 2 μm in (a–n), (q–t); 1 μm in (j), (l); 800 nm in (g); 100 nm in 

(k), (o)
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FIGURE 2. 
Expression profiles of genes composing nodal structural domains exhibit temporal 

clustering. (a) Heatmap of myelin-related genes differentially expressed in the AN during 

development. Of the 1727 myelin-related genes, 1502 were significantly different (p 
adjusted <.05) for at least one of the pairwise comparisons (Table S3). Myelin-related 

genes used in this analysis were compiled in our previous study (Panganiban et al., 2018). 

Arrowheads identify genes encoding proteins that are detected in f-J. (b) Validation of 

myelin related genes Plp1, Sox10, and Qk using RT-qPCR assay (six cochleas from three 

mice per sample). Glial RNA and nonglial RNA samples were obtained from sorted 

tdTomato/Plp1+ glial cells from AN tissues isolated from tdTomato(+/−)/Plp1-CreERT(+/

−) mice at P13-P14 via fluorescent activated cell sorting. (c) Validation of myelin-related 

molecule QKI (green) using immunostaining with AN cross-sections obtained from young 

adult CBA/CaJ mice; nuclei labeled with propidium iodide (red); n = 3 mice, three cross 

sections per mouse. (d) Heatmap of node-related genes differentially expressed in AN during 

postnatal development. Of the 42 node-related genes, 38 were significantly different (p 
adjusted <.05) for at least one pairwise comparison (Table S4). Genes were segregated into 

three different clusters based on temporal expression profiles. (e) Schematic of the AN. 

Box indicates the area of immunostaining in (g). OSL, the osseous spiral lamina; Hab, 

the habenula. Immunostaining shows the presence of nodal NrCAM (red) along axonal 

processes labeled by NF200 (green) as early as P3 ([g], top panel) and an abundance of 

axonal nodes with paranodal Cntn1 flanking nodal NrCAM ([g], bottom panel). RT-qPCR 

experiments validate the presence of nodal (j), paranodal (f, h), and juxtaparanodal (i) 

genes. One-way ANOVAs with Bonferroni post hoc adjustments were performed to show 

differential expression among the time points (* = p < .05, ** = p < .01); n = 3 mice per 

RNA sample per age group
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FIGURE 3. 
Clustering of AN heminodes across critical timepoints in postnatal development. The left 

panel is a schematic of peripheral AN fibers illustrating the location of heminodes in the 

habenula (Hab) and the distal site of the OSL. (a–c) Progression of heminodal clustering 

indicated by NrCAM immunostaining is shown at critical time points of myelination from 

the apical (a–d), middle (a’–d’), and basal turn (a”–d”). arrows in a,” b,’ and c indicate 

the organized clustering of NrCAM+ heminodes of each fiber unit which progress in a 

basal-to-apical manner. Immunostaining of 1 M ANs in d-d” highlights the well-organized 

clustering of heminodes (e–f). Dual-immunostaining of nodal Nav1.6 (red) with paranodal 

Cntn1 (green) shows the progression of heminodal clustering from P7 (e, f) to P14 (g, h). 

Arrows in (g, h) highlight the completed clustering of heminodes. Arrowheads in (e–h) 

indicate the first axonal nodes after the heminodal clusters. Enlarged images of the boxed 

areas in (f, h) were added to the bottoms of (f, h). dashed lines indicate the habenular 

openings. Dotted lines indicate the space between the habenular opening and the heminodes 
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most distal to IHCs. These dashed lines and dotted lines were established by observance of 

the beginning and ending portion of NrCAM+ or Nav1.6+ heminodes, respectively, along 

with observation of structural landmarks of the habenula and organ of Corti via differential 

interference contrast microscopy. RC, Rosenthal’s canal; mod, modiolus. Scale bars: 10 μm 

in a” (for a–d”); 10 μm in e (for e–h)
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FIGURE 4. 
Assembly of nodal and paranodal proteins comprising the axonal and ganglion nodes. The 

left panel is a schematic illustrating the locations of Hab, OSL, axon nodes within the 

OSL, and ganglion nodes within RC. (a–l) Panels show the assembly of the NrCAM+ nodes 

(red), and Cntn1+ paranodes (green) from P7, P10, and P14. (a, e, i) show heminodes and 

axonal nodes at the Hab and OSL, respectively. (b, f, j) show ganglion nodes located in 

RC and the axonal nodes passing through RC to the modiolus. (c, g, k) are enlargements 

of axonal nodes found in the OSL. White arrows in c indicate axonal nodes with missing 

undeveloped paranode flanks and the white arrowhead indicates a node completely flanked 

by two paranodes on either side. (d, h, l) are enlargements of ganglion nodes found in RC. 
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The white arrow in d indicates a ganglion node without a Cntn1-marked paranodal flank. 

White arrowheads in h indicate paranode flanks of the ganglion nodes. Images were taken at 

the middle turn. (m, o) Nodal elements were revealed by NrCAM (m) and Caspr (o) within 

Hab and OSL at P21. (q,s) Nodal elements were revealed by Nav1.6 within Hab and OSL at 

P14 (q) and P21 (s). Scale bars: 20 μm in i (for a, e, i); 10 μm in j (for b, f, j); 5 μm in k (for 

c, g, k); 5 μm in l (f or d, h, l)
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FIGURE 5. 
TEM revealing distinct paranodal ultrastructure in the axonal and ganglion nodes. (a–f) 

Myelin terminal loops at both sides of the axon node assembly by Schwann cells started 

forming around P6 but were not completed until P10. Terminal loop layers were noncompact 

(black arrowheads in the enlargement of the white-line-framed boxed area) in a) and several 

terminal loops are still migrating from the intermodal region (black arrows in [b]). Paranodal 

domain assembly is mostly complete by P10 (c, d). A white arrowhead in (c) and (a) black 

arrow in (d) show the terminal loops in the juxtaparanodal domain. Complete, compact 
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organization of terminal loops at both paranodal domains of the axonal node at P14 (e) is 

similar to young adult mice (1 M) (f, left panel is an enlargement of boxed area). (g–l) 

Delayed formation and distinct structure of the paranode (formed by satellite cells) in the 

somal side of the ganglion node compared to those in the axonal side of the node. Complete 

assembly of the ganglion node at both sides of the node by satellite cells and Schwann 

cells occurs by 1 M (j–l). Enlargements of boxed areas in (k), (l) show loose satellite 

cell terminal loops at the ganglion paranodal domain. (m, n) dual immunostaining with 

the paranodal marker (NrCAM, red) and nodal maker (Cntn1, green) showed a different 

structure of axonal (m) and ganglion (n) nodes of a young AN. NrCAM+ paranodal element 

(arrow) is present at both sides of the axonal node (m) but only one side (axon side) of the 

ganglion node (n). An arrowhead indicates no NrCAM+ paranodal element at the somal side 

of the ganglion node. (o, p) Schematics illustrate the distinct structural patterns and glial 

components of the axonal (o) and ganglion (p) nodes. Scale bars: 400 nm in (a–l); 150 nm in 

left panel in f; 800 nm in g; 2 μm in (j)
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FIGURE 6. 
Axonal and ganglion node lengths change between critical developmental time points. 

Scatter plots show all length measurements taken of axonal (a–c) and ganglion (g–i) 

nodes in mice from each age group. Box plots show the average length of axonal 

(d–f) and ganglion (j–l) nodes in mice from each age group. One-way ANOVA with 

Benjamini-Hochberg post-hoc tests to control for false discovery rate (Q = 0.05) were 

performed for normally distributed data (e–k). Nonparametric Krusal-Wallis tests with 

Benjamini Hochberg corrected post-hoc tests were performed for non-normally distributed 
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data indicated by † (a, l). Bars and asterisks indicate pairwise comparisons with significant 

discoveries; * = q < 0.05, ** = q < 0.01, *** = q < 0.001, **** = q < 0.0001. nP7 = 6, nP10 = 

6, nP14 = 8, nP21 = 7, n1M = 8. Average nodal lengths and statistical test results are shown in 

Table 2
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FIGURE 7. 
Improvement of AN function evaluated by multiple metrics of ABR and correlation analyses 

between nodal lengths and ABR metrics. (a) A representative example of a time-frequency 

heatmap of phase-locking value (PLV) in a mouse at P21. Dashed blue outline indicates 

the 2-ms window enclosing wave I where data was collected. The green shade is baseline, 

whereas the shading from yellow to red indicates greater phase-locking. A dashed vertical 

magenta line indicates stimulus onset. (b) Measurements of AN wave I mean PLV between 

P14 and P21. Synchrony of AN firing of P21 mice is significantly better than in P14 

mice at 80–90 dB SPL. (c) Group-averaged waveforms of the ABR at P14 (gray) and P21 

(blue) to an 11.3 kHz tone pip at 90 dB SPL; n = 4 mice/group. (d, e) Measurements of 

wave I peak latency (d) and amplitude (e) between P14 and P21. Peak latencies at P21 
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are shorter than that of P14. Peak amplitudes are slightly higher in P21 animals but are 

not significantly different compared to P14 mice. Two-tailed, Mann–Whitney tests were 

performed per intensity level between P14 and P21 on b,d, e; n(P14) = 8 mice, n(P21) = 7 

mice. Outliers are indicated by open circles. Data points falling beyond 2 SD from the mean 

were classified as outliers. * = p < .05, ** = p < .01, *** = p < .001. (f–h) Correlational 

analyses performed using responses at 90 dB SPL from both P14 and P21 mice, showing 

significant correlations between the length of axonal nodes and peak latency (f), between the 

length of the axonal node and mean PLV (g), and between the length of ganglion node and 

amplitude intensity slope (h). Results of the correlational analysis are included in Table 3
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FIGURE 8. 
Nodal structures are disrupted in aged ANs. (a) Immunostaining for nodal NrCAM and 

paranodal Cntn1 in ANs of control (YA) and 2-year-old (2Y) mice. Heminodes at Hab are 

sparser in 2Y than in YA (middle right). Axonal node structures are disrupted, with some 

missing paranodal Cntn1 flanks (bottom-left). The presence of Cntn1 also decreased in some 

ganglion paranodes (arrow, bottom right) compared to others (arrowhead). (b) Expression 

profiles of differentially expressed node-related genes show significantly reduced expression 

with aging compared to YA. The bar graph on the right highlights the negative fold change 

of several node-related genes of interest; n = 3 mice/group. (c) TEM imaging revealed an 

elongated ganglion node in aged (bottom) compared to YA mice (top) as shown by double-

ended arrows. Asterisks indicate the satellite cell paranode and arrowheads indicate the 
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Schwann cell paranode. (d) Immunostaining for Cntn1 and DAPI in aged human temporal 

bone showed paranodal flanks (arrows) in human AN. Insert shows Cntn1 in the fiber region 

preceding the SGN soma (white arrowhead) and another similar fiber region lacking Cntn1 

reactivity (black arrowheads)
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FIGURE 9. 
(a–h) Measurements of axonal and ganglion node lengths and widths from YA and 2Y 

ANs. Ganglion node lengths are significantly increased in the middle cochlear turns of 2Y 

compared to YA and ganglion node widths are significantly decreased in middle and basal 

turns of 2Y compared to YA. Unpaired, two-tailed t-test, ** = p < .01; nYA = 4 mice, n2Y = 3 

mice. Statistical results are detailed in Table S8
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TABLE 2

Measurements of axonal and ganglion node length

Mean axonal node length (μm)

Apical Middle Basal

P7 2.08 ±0.11 2.01 ± 0.10 1.97 ± 0.07

P10 1.69 ± 0.13 1.60 ± 0.12 1.67 ± 0.20

P14 1.60 ± 0.10 1.46 ± 0.09 1.47 ± 0.09

P21 1.69 ± 0.14 1.66 ± 0.08 1.68 ± 0.09

1 M 1.91 ±0.25 1.95 ± 0.19 1.98 ± 0.11

Mean ganglion node length (μm)

Apical Middle Basal

P7 3.86 ± 0.65 3.94 ± 0.22 3.84 ± 0.64

P10 3.98 ± 0.58 3.65 ± 0.34 3.79 ± 0.29

P14 3.81 ± 0.28 3.38 ± 0.20 3.40 ± 0.17

P21 3.36 ± 0.16 3.14 ± 0.10 2.79 ± 0.23

1M 3.34 ± 0.22 2.88 ± 0.27 3.20 ± 0.18

Mean difference between axonal and ganglion node length (μm) by cochlear turn and age

Difference Apical SE Difference Middle SE Difference Basal SE

P7 −1.78† 0.27 −1.93‡ 0.10 −1.87† 0.26

P10 −2.28† 0.24 −2.06‡ 0.15 −2.12‡ 0.14

P14 −2.21‡ 0.11 −1.91‡ 0.08 −1.93‡ 0.07

P21 −1.67‡ 0.08 −1.48‡ 0.05 −1.10‡ 0.09

1 M −1.43‡ 0.13 −0.93† 0.12 1.22‡ 0.08

Note: Unpaired t test

†
p < .0001

‡
p < .00001. SE, standard error.
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