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ABSTRACT  32 

Plasticity of myelination represents a mechanism to tune the flow of information by balancing 33 

functional requirements with metabolic and spatial constraints. The auditory system is heavily 34 

myelinated and operates at the upper limits of action potential generation frequency and speed 35 

observed in the mammalian CNS. This study aimed to characterize the development of myelin within the 36 

trapezoid body, a central auditory fiber tract, and determine the influence sensory experience has on 37 

this process in mice of both sexes.  We find that in vitro conduction speed doubles following hearing 38 

onset and the ability to support high frequency firing increases concurrently. Also in this time, the 39 

diameter of trapezoid body axons and the thickness of myelin double, reaching mature-like thickness 40 

between 25-35 days of age. Earplugs were used to induce approximately 50dB elevation in auditory 41 

thresholds. If introduced at hearing onset, trapezoid body fibers developed thinner axons and myelin 42 

than age-matched controls. If plugged during adulthood, the thickest trapezoid body fibers also showed 43 

a decrease in myelin. These data demonstrate the need for sensory activity in both development and 44 

maintenance of myelin and have important implications in the study of myelin plasticity and how this 45 

could relate to sensorineural hearing loss following peripheral impairment.  46 

 47 

SIGNIFICANCE STATEMENT 48 

The auditory system has many mechanisms to maximize the dynamic range of its afferent fibers, 49 

which operate at the physiological limit of action potential generation, precision and speed. In this study 50 

we demonstrate for the first time that changes in peripheral activity modifies the thickness of myelin in 51 

sensory neurons, not only in development but also in mature animals. The current study suggests that 52 

changes in CNS myelination occur as a downstream mechanism following peripheral deficit. Given the 53 

required submillisecond temporal precision for binaural auditory processing, reduced myelination might 54 

augment sensorineural hearing impairment.  55 

 56 
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INTRODUCTION 57 

Transmission of signals through the nervous system is determined by the number of action potentials 58 

(APs), their temporal precision and the speed of propagation. Some classes of auditory brainstem 59 

neurons, for example, the globular bushy cells (GBCs) of the ventral cochlear nucleus, are capable of 60 

generating instantaneous rates in excess of 1000Hz (Taberner and Liberman, 2005; Kopp-Scheinpflug et 61 

al., 2008b; Kopp-Scheinpflug et al., 2008a; Sonntag et al., 2009; Typlt et al., 2012). GBCs provide 62 

excitatory input to the principal neurons of the medial nucleus of the trapezoid body (MNTB) via a giant 63 

axosomatic synapse known as the calyx of Held (Held, 1893). Calyx synapses and MNTB principal neurons 64 

express a specialized complement of voltage and ligand-gated ion channels to allow AP generation at 65 

very high frequencies (Johnston et al., 2010; Kopp-Scheinpflug et al., 2011). GBC axons constitute part of 66 

the trapezoid body (TB), a large decussating fiber tract. TB fibers support high firing rates and their 67 

diameter and myelination allow adjustment of conduction speed to ensure that binaural auditory inputs 68 

coincide at superior olivary structures. For example, GBC axons in gerbils are uniquely tuned according to 69 

their tonotopic termination site (Ford et al., 2015).  70 

Neuronal activity enhances myelination (Demerens et al., 1996). Activity dependent increases in the 71 

thickness and abundance of myelin have been observed in several regions of the vertebrate nervous 72 

system (Bengtsson et al., 2005; Liu et al., 2012; Schlegel et al., 2012) but in sensory systems activity 73 

dependent changes to myelin are less well documented (Tagoe et al., 2014; Etxeberria et al., 2016). We 74 

investigate in mice whether axonal diameter, myelin thickness, transmitted firing rates and conduction 75 

speed in the TB fibers are co-regulated during development and whether sound-evoked activity is 76 

essential to their maturation. We provide evidence that TB axons are not mature until the 4th postnatal 77 

week and exhibit a mean g-ratio around 0.65. As the animals approach maturity, a subpopulation of 78 

large, heavily myelinated fibers develops. Acoustic deprivation during maturation impairs the 79 

development of myelination of these fibers. Acoustic deprivation during adulthood decreases the 80 

thickness of myelin of the largest fibers, demonstrating a novel case of myelin plasticity in auditory 81 
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neurons. A physiologically constrained model indicates that the thickest axons are specialized for high 82 

conduction speed, whereas the smaller axons are tuned to maintain high-frequency firing. This 83 

investigation provides further insight into the balance between the costs and benefits of thick 84 

myelination in a brain region in which the rate and timing of AP propagation is critical.  85 

 86 

EXPERIMENTAL PROCEDURES 87 

All experimental procedures were reviewed and approved by the Bavarian district government (TVV 88 

AZ: 55.2-1-54-2532-38-13) and were performed according to the European Communities Council 89 

Directive (2010/63/EU). CBA/Ca mice were housed in a vivarium with a normal light dark cycle (12 hours 90 

light/ 12 hours dark). Mice of both sexes, aged P8–80, were used for the physiological and anatomical 91 

experiments described below. 92 

In vitro electrophysiology. Mice aged P8-35 (n=36) were anaesthetized with isoflurane and killed by 93 

decapitation. Coronal brainstem sections (200μm-thick) containing the SOC were cut using a Leica 94 

V1200S vibratome in ice-cold high-sucrose, low-sodium artificial cerebral spinal fluid (ACSF). Brainstem 95 

slices were held in a slice-maintainance chamber after slicing in normal ACSF at 37°C for 30–45min, after 96 

which they were stored at room temperature (~22°C). Composition of the normal ACSF in mM: NaCl 125, 97 

KCl 2.5, NaHCO3 26, glucose 10, NaH2PO4 1.25, sodium pyruvate 2, myo-inositol 3,CaCl2 2, MgCl2 1, and 98 

ascorbic acid 0.5. pH was 7.4, bubbled with 95% O2, 5% CO2. For the low-sodium ACSF CaCl2 and MgCl2 99 

concentrations were 0.1 and 4 mM, respectively, and NaCl was replaced by 200 mM sucrose. 100 

Experiments were conducted at 36 ±1°C, maintained by an inline feedback temperature controller and 101 

heated stage (TC344B, Warner Instruments, Hamden, CT, USA) with the recording chamber being 102 

continuously perfused with ACSF at a rate of 1–2 ml min−1. Whole-cell patch-clamp recordings were 103 

made from visually identified MNTB neurons (Olympus BX51WI microscope) using an EPC10/2HEKA 104 

amplifier, sampling at 50 kHz and filtering between 2.9 and 10 kHz. Patch pipettes were pulled from 105 

borosilicate glass capillaries (GC150F-7.5, OD: 1.5mm; Harvard Apparatus, Edenbridge, UK) using a DMZ 106 
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Universal puller (Zeitz), filled with a patch solution containing (in mM): K-gluconate 126, KCl 4, HEPES 40, 107 

EGTA 5 MgCl2 1 Na2phosphocreatine 5, 0.2% biocytin, 292mOsm, (all chemicals from Sigma-Aldrich). pH 108 

was adjusted to 7.2 with KOH. Electrode resistance was between 2.4 and 6 MΩ. Synaptic potentials were 109 

evoked by afferent fiber stimulation with a bipolar electrode (FHC; Bowdoin ME, USA) placed at the 110 

midline over the trapezoid body fibers. For measures of conduction speed, an additional electrode was 111 

placed on the contralateral side, driven by voltage pulses generated by the HEKA amplifier and post-112 

amplified by a linear stimulus isolator (PulseStimulator AM-2100). The second electrode was moved 113 

around the slice to achieve the lowest attainable voltage-threshold to stimulation. Latencies for the 114 

conduction speed measurements were obtained from the onset of the stimulus artifact to the half-115 

maximum of the post-synaptic response. Only EPSCs greater than 2nA were considered calyceal and 116 

used for analysis.  The distance between the tip of the recording electrode and the midline of the slice, 117 

and the distance between the tip of the recording electrode and the stimulation electrodes were 118 

measured using ImageJ (Schneider et al., 2012). 119 

Ear plugging procedure. To study the influence of sensory experience on development of myelin, 120 

earplugs were inserted under MMF anesthesia at P10, (Medetomidin: 0.5mg/kg BW, Midazolam: 121 

5.0mg/kg BW, Fentanyl: 0.05mg/kg BW). The earplugs consisted of small pieces cut from an "E.A.R 122 

Classic II" human foam earplug, compressed and inserted into the external auditory meatus and sealed 123 

with dental cement (Paladur; Heraeus-Kulzer). Earplugs were examined on a daily basis and if necessary 124 

adjusted or reinserted. Earplugs were kept in place for 10 days and in vivo recording and ABRs were 125 

obtained before and after earplug removal. Mice were then allowed to recover without earplugs for 15 126 

or 25 days. Sham littermates received identical handling (without earplug insertion). Earplug procedure 127 

in the adult mice was performed as described for the young mice above.  128 

In vivo measurements of neuronal activity. Three earplug (EP)-reared and three control CBA mice 129 

(P20-24) of both sexes were used for in vivo recordings. The mice were anesthetized (MMF see above). 130 

Depth of anesthesia was measured using the toe pinch reflex and animals responding were given 131 
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supplemental MMF at 1/3 the initial dose. Anesthesia was maintained using this method for the duration 132 

of the experiment. The mice were then stabilized in a custom stereotaxic device. An incision was made at 133 

the top of the skull and a head post was fixed to the skull using dental cement. A craniotomy was 134 

performed above the cerebellum to access the auditory brainstem. A ground electrode was placed in the 135 

muscle at the base of the neck. Glass microelectrodes were pulled from glass capillary tubes (GC150F-136 

7.5, Harvard Apparatus, Edenbridge, UK) so that the resistance was 5-20 M  when filled with 3M KCl 137 

solution or 2M potassium acetate with 2.5% biocytin. Signals were amplified (Neuroprobe Amplifier 138 

Model 1600, A-M Systems), filtered (300-3000Hz; TDT PC1) and recorded (~50 kHz sampling rate) with an 139 

RZ6 processor (TDT). SPIKE software (Brandon Warren, V.M. Bloedel Hearing Research Center, University 140 

of Washington) was used to calibrate the speakers (MF1, Tucker Davis Technologies), generate stimuli 141 

and record action potentials. Stimuli consisted of pure tones (50-100ms duration, 5ms rise/fall time) at 142 

varying intensity (0-90dB SPL) and were presented through hollow ear bars connected to the speakers 143 

with Tygon tubing. Spike sorting and data analysis was performed offline using custom Matlab programs. 144 

Auditory brainstem response (ABR) recording. For the ABR measures the anesthetized mouse (MMF 145 

see above) was placed on a heating pad powered by an ATC 1000 DC Temperature Controller (World 146 

Precision Instruments), set at 37°C in a double-walled sound attenuated chamber (Industrial Acoustics 147 

Company GmbH), which was additionally lined with acoustic foam. The loudspeaker (MF1 Tucker Davis 148 

Technologies) was calibrated with a microphone type 4938 and a preamplifier type 2670 (Brüel & Kjaer). 149 

After verification of sufficient depth of anesthesia via testing the pedal withdrawal reflex, the electrodes 150 

were inserted sub-dermally at the vertex (reference), over the bulla (active), and just above the hind 151 

limb (ground). The loudspeaker was extended into the ear to via a short plastic tube. Broadband clicks 152 

(0.1 ms duration, 0 ms rise-fall time) and tones of 4, 8, 16, 20, 28, 36 and 44 kHz (5 ms duration, 1 ms 153 

rise-fall time) were synthesized with Spike software (Brandon Warren, University of Washington, Seattle, 154 

USA; preamp gain: 20; additional gain: 0 dB) on a RZ6 Multi I/O Processor (TDT) and presented at a rate 155 

of ~50/s. 156 
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ABR waveforms were recorded using the RA16PA 16 Channel Medusa preamplifier (TDT) and RZ6 157 

Multi I/O Processor and averaged over 1000 repetitions for each frequency and intensity. Initially, a 60 158 

dB SPL click was recorded to ensure ABRs with at least four clearly identifiable waves. Subsequently, the 159 

range of 5 to 55 dB SPL for clicks was tested in 5 dB steps to narrow down the possible range of 160 

thresholds, followed by 2.5 dB steps to determine the hearing threshold. Next, the frequency thresholds 161 

were established from 44 kHz to 4 kHz using the same intensity steps given above. Thresholds for clicks 162 

and individual frequencies were established as the lowest stimulus level where any recognizable feature 163 

of the waveform was discernible, using visual inspection. Peak and trough latencies and amplitudes were 164 

analyzed using the Spike program. After completion of data collection, the mice were either woken up by 165 

subcutaneous injection of an antidote (Atipamezol: 2.5mg/kg BW, Flumazenil: 0.5mg/kg BW, Naloxon: 166 

1.2mg/kg BW) or deeply anaesthetized with Na-pentobarbital (Narcoren®, Merieux, 200mg/kg BW) and 167 

perfused transcardially for histology. Age-matched littermates were perfused as controls. 168 

Axonal tracing. Mice were anaesthetized with isoflurane and killed by decapitation before the brain 169 

was removed from the skull and placed into ice-cold ACSF. Trapezoid body (TB) fibers were 170 

anterogradely labeled by injecting dextran–tetramethylrhodamine (10%, MW 3000; Invitrogen) into the 171 

ventral cochlear nucleus using glass micropipettes with a tip diameter of 10μm. The tracer was 172 

pressure-injected (1bar, Picospritzer III, Parker, Cleveland, OH) followed by electroporation (10x 50ms 173 

pulses of 50V) using an isolated pulse stimulator (A-M Systems) to induce uptake of the dye into the 174 

bushy cells that give rise to the TB fibers including the calyces of Held. Injected brains were transferred 175 

to a chamber with oxygenated ACSF and incubated for 2.5h at room temperature to allow for 176 

homogeneous distribution of the tracer in axons. Subsequently brains were immersion-fixed in 4% PFA 177 

for 2h at room temperature followed overnight at 4°C before being subjected to immunocytochemistry 178 

and imaging. 179 

Immunohistochemistry. Sagittal brainstem sections including trapezoid body of 80μm thickness were 180 

taken from within 240μm of the midline using a vibrating microtome (Leica, VT1200S). The tracer-181 



 

8 
 

injected brains were sliced coronally at 80μm thickness. After 3 x 10 minute washes in PBS, sections were 182 

transferred to a blocking solution containing 1% bovine serum albumin, 1% Triton X100, and 0.1% 183 

saponin in PBS. Tissue was incubated for 48 hours at 4°C with the following primary antibodies diluted 1-184 

100 in blocking solution: mouse monoclonal IgG1 anti-neurofilament (NF) associated antigen,  (3A10, 185 

Developmental Studies Hybridoma Bank, Iowa, USA) and rat monoclonal IgG2a anti-myelin basic protein 186 

(MBP), (ab7349 Abcam, UK). Coronal sections were additionally stained with antibodies directed against 187 

VGLUT1 (vesicular glutamate transporter 1; Synaptic Systems, 1:2000) to identify the calyx synapses in 188 

the MNTB. Tissue was then washed 3 x 10 minutes in PBS at room temperature, before incubation for 24 189 

hours at 4°C with secondary antibodies diluted 1:200 in blocking solution: Cy3 donkey anti-mouse, Alexa-190 

488 donkey anti-rat (715-545-153 and 715-166-151 respectively, Dianova, Hamburg, Germany) sections 191 

were rinsed 3 x 10 min in PBS, and coverslipped with Vectashield mounting medium. 192 

Confocal microscopy. Confocal optical sections were acquired with a Leica TCS SP5-2 confocal laser-193 

scanning microscope (Leica Microsystems, Mannheim, Germany) equipped with HCX PL APO CS 20X / 194 

NA0.7 and HCX PL APO Lambda Blue 63x / NA1.4 immersion oil objectives. For each optical section the 195 

images were collected sequentially for two fluorochromes. Stacks of 8-bit grayscale images were 196 

obtained with axial distances of 290 nm between optical sections and pixel sizes of 120-1520 nm 197 

depending on the selected zoom factor and objective. To improve the signal-to-noise ratio, images were 198 

averaged from three successive scans. The limits of resolution as calculated by lateral resolution = 199 

(0.51xwavelength of excitation)/NA (Cole et al., 2011) were 177.8nm and 204.4nm for imaging with 200 

lasers of wavelength 488nm (NF) and 561nm (MBP) respectively. The narrowest myelinated fibers 201 

measured in this study ≥470nm.   202 

Electron microscopy. Three P9 mice and three P80 mice were euthanized with an overdose of 203 

pentobarbital and intracardially perfused with Ringer’s solution. This was followed by perfusion with 204 

2.5% glutaraldehyde plus 4% PFA in cacodylate buffer (CB). Subsequently, the brainstem was removed 205 

from the skull and postfixed in the same fixative overnight at 4°C. After washing for 3x10min in CB, 206 
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brainstems were sectioned parasagittally at 250μm using a Leica V1200S vibratome. Thereafter, a 1mm x 207 

1mm block containing the trapezoid body fibers was extracted using a razor blade. The tissue was then 208 

washed four times in CB and postfixed in 1% OsO4 in CB for 1–2h. After washing and dehydrating in 209 

graded series of acetone, the tissue was embedded in Spurr’s resin (Spurr, 1969). Before ultrathin 210 

(70nm) sectioning, several semithin (1μm) sections were cut for light microscopic investigation. The 211 

ultrathin sections were collected on formvar coated copper slot grids and stained with uranyl acetate 212 

and lead citrate. EM images were taken using a FEI Morgagni transmission electron microscope, (80kV, 213 

equipped with a SIS Mega view III camera, 1375 x 1032 pixels). 214 

Morphometric measures. For the morphometric analysis of axon diameter and myelin thickness, 215 

measurements were taken using ImageJ from single confocal optical sections and also EM images of 216 

sagittal brainstem sections. Two ellipses were fit to each fiber, one to the neurofilament stained axon 217 

and one to the outside of the surrounding myelin sheath stained by myelin basic protein. The minimum 218 

diameter of the two ellipses was taken as the inner and outer axon diameters, respectively (Wang et al., 219 

2008). The difference between inner and outer diameter (divided by two) for each individual fiber 220 

provided the thickness of the myelin sheath. To ascertain that imaging using light microscopy provided 221 

accurate measures of diameter and g-ratio, 32 pre-hearing and 25 post-hearing axons were measured in 222 

the same way after determining by eye the edge of the axon and the edge of the outer myelin layer 223 

before fitting an ellipse. 224 

Computational modeling. We simulated a multi compartmental model of an axon consisting of 40 225 

nodes of Ranvier and 39 interleaved internodal segments using custom-made C code. The nodes were 226 

represented by one active compartment with three active and one passive conductances, the internode 227 

was represented by two passive compartments. The active conductances in the nodes were i) a sodium 228 

conductance modeled according to Rothman et al. (1993), ii) a high threshold potassium conductance 229 

taken from (Mainen et al., 1995), and iii) a low-threshold potassium conductance (Mathews et al., 2010). 230 

All rate constants were corrected for a simulated temperature of 37°C. Parameters of the active 231 
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conductances: gmax (mS/cm2: sodium: 588, potassium (high threshold): 60, potassium (low threshold): 60, 232 

Erev (mV): sodium: 55, potassium -85). Geometrical and passive parameters are given in Table 1. The 233 

thickness d (0.0245μm) of the myelin sheet was used to fit the speed of the axon with average geometry 234 

to the average speed.  235 

– Table 1 about here – 236 

Experimental Design and Statistical Analysis. Data are presented as mean ± s.e.m. with p values, 237 

degrees of freedom (df), and sample size (n). Statistical analyses of the data were performed with 238 

SigmaStat/SigmaPlot™ (SPSS Science, Chicago, IL). Comparisons between different data sets were made 239 

depending on the distribution of the data using parametric tests for normally distributed data (two-tailed 240 

Student’s t-test for comparing two groups and ANOVA for comparing three or more groups). When the 241 

normality assumption has been violated, non-parametric tests (Mann-Whitney Rank Sum Test for 242 

comparing two groups and ANOVA on ranks for comparing three or more groups) were used. Normality 243 

was tested by the Shapiro-Wilk Test. Differences were considered statistically significant at p<0.05. 244 

Intrinsic properties as well as PSC amplitudes and kinetics were analyzed using Stimfit software (Guzman 245 

et al., 2014). For data acquired with patch-clamp recording (figures 1, 2) or in vivo single unit recording 246 

(figure 8); n is the number of neurons, with one cell per brain slice (to enable anatomical reconstruction 247 

of each individual neuron), 2-3 brain slices per animal and at least 3 animals per group. For histological 248 

assessment of axon diameter and myelin thickness an average of 92 ± 2.7 axons was analyzed per animal 249 

with at least three animals per group (figures 3, 4, 5, 6, 10). Tracing and immunostaining experiments 250 

(figure 7) were performed on three mice (aged P31-36) and an average of 33.67 ±5.78 axons were 251 

measured per animal. For data acquired with ABR recording (figure 9), n is the number of ears tested. 252 

Again each group consisted of at least three animals. Test details are indicated in each of the respective 253 

results sections. 254 
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 255 

RESULTS 256 

Conduction speed of trapezoid body fibers increases rapidly within the first week of hearing and 257 

peaks around P18.  258 

A key feature of TB fibers in the mammalian brainstem is the transmission of auditory information 259 

with high firing rates. Precisely timed output of the MNTB is crucial for determination of sound source 260 

location (Grothe et al., 2010). Here we evaluate the development of conduction speed of individual TB 261 

fibers in mice aged from P8 to P35. Conduction speed was assessed by whole-cell patch clamp recording 262 

from MNTB neurons while electrically stimulating the respective single afferent TB fiber in two locations. 263 

One stimulating electrode was placed near the midline and the other one further on the contralateral 264 

side (Fig. 1A, B). The distance between the two stimulating electrodes was divided by the difference in 265 

the latency of the resultant excitatory postsynaptic currents (EPSCs) when stimulating with electrode S1 266 

or S2 (Fig. 1A-C) (Ford et al., 2015). Before hearing onset at postnatal day 12 (P12) conduction speed was 267 

4.21 ±0.49 m/s (age P8-10, n=13; Fig. 1D). Post-hearing onset the mean conduction speed increased 268 

significantly to 8.49 ±0.94 m/s (n=24; Mann-Whitney Rank Sum test; P=0.003). There was a difference in 269 

conduction speed between 4.21 ±0.49 m/s (n=13) at P8-10 and 8.64 ±1.32 (n=14) at P16-24 (df: 2, 270 

P=0.017, ANOVA on ranks with Dunn’s post-hoc test). However, there was no further difference between 271 

8.64 ±1.32 (n=14) at P16-24 and 8.29 ±1.67m/s (n=10) at P26-35 (df: 2, P=1, ANOVA on ranks with Dunn’s 272 

post-hoc test) indicating conduction speed to be mature around P18.  A summary of the maturation of 273 

the auditory system is shown in Fig. 1E. 274 

– Figure 1 about here – 275 

Ability of trapezoid body fibers to maintain high firing rates increases with postnatal age and 276 

saturates around P30. 277 



 

12 
 

Though we saw no further increase in conduction speed after P18, in vivo response properties and 278 

the development of the morphology of the calyx are not completely mature by this age (Ford et al., 279 

2009; Sonntag et al., 2009). To investigate additional aspects of the development of this system, we 280 

probed the ability of the fibers to maintain high frequency firing at increasing age. Voltage clamp 281 

recordings were taken from postsynaptic MNTB neurons, while TB fibers, which originate from globular 282 

bushy cells in the VCN and provide calyceal (>2nA at -60mV) inputs (Kandler and Friauf, 1993) were 283 

subjected to pulse trains comprising 50 pulses (0.2ms duration, at approximately 2x the voltage 284 

threshold to ensure secure AP generation at 500Hz or 1000Hz, Fig. 2A, B). In response to high frequency 285 

stimulation the EPSCs showed synaptic depression and failures typical for these synapses especially in 286 

young animals (Taschenberger and von Gersdorff, 2000; Joshi and Wang, 2002). A stimulus response was 287 

considered a failure if no EPSC peak was observed in the trace during the time following one stimulus 288 

artifact and preceding the next stimulus artifact. In pre-hearing mice aged P8-11 the TB fibers 289 

demonstrated a significantly greater failure rate than the older animals when stimulated at 500Hz (Fig. 290 

2C, failure ratepre-hearing= 26.06 ±12.78%, npre-hearing=7, failure ratepost-hearing= 0.32 ±0.21%, npost-hearing=17, 291 

Mann-Whitney Ranked Sum Test, P=0.037). Of the P8-11 group, only three out of seven fibers were able 292 

to maintain 500Hz trains without failures (10 trains, 50 pulses, 10-20s rest between each train). The 293 

remaining four fibers suffered failure rates of at least 14% (14.2 ±16.7%, 27.6 ±3.2%, 89.8 ±2.4%, 50.8 294 

±3.0% failures). In contrast, fifteen out of seventeen fibers between ages of P14 and P33 showed <1% 295 

failures in response to the 500Hz stimulation, comparable to results shown for the rat (Taschenberger 296 

and von Gersdorff, 2000). As pre-hearing fibers tended to be unable to maintain even 500Hz trains 297 

without many failures, they were generally not subjected to 1000Hz pulse trains. With increasing age, 298 

the fibers were progressively more able to maintain higher firing rates with fewer failures (Fig. 2D, 299 

Pearson correlation, r=0.602, P=0.0228). Three out of six fibers from animals aged P16-P19 were able to 300 

support 1000Hz firing without failure. The remaining three P16-19 fibers suffered failures (9.6 ±10.5, 301 

26.0 ±1.5 and 25.0 ±0 failures per sweep). At P22-33 five out of six fibers were able to maintain 1000Hz 302 
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trains for 50ms with fewer than 2% failures during the train. One P27 fiber exhibited a mean of 10.4 ±2.2 303 

failures per sweep. These data indicate that though conduction speed appears mature by around P18, 304 

the TBs’ ability to maintain high-frequency firing has not yet reached an adult-like state.  305 

Without recording presynaptically, it is impossible to determine whether the observed failure to 306 

produce EPSCs at high rates is due to failure to transmit an AP along the axon, or because of failure to 307 

effectively repolarize the presynaptic terminal or the depletion of the readily releasable pool (Wang and 308 

Kaczmarek, 1998). Though presynaptic recording is possible at the calyx of Held (Forsythe, 1994), it 309 

becomes increasingly challenging with increased age (Kim et al., 2013a). To determine if changes in 310 

axonal characteristics contributed to the increased conduction speed and maximum firing rate, we 311 

performed a morphological study of TB axons with the aim of producing a physiologically constrained 312 

model of the mouse TB, informed by in vitro slice experiments and morphometry of murine TB axons. 313 

– Figure 2 about here – 314 

Developmental growth of trapezoid body axon diameter and myelin thickness continues until P25 315 

and P35, respectively. 316 

Conduction speed and transmitted firing rates are dependent on axon diameter and myelination. 317 

Therefore we investigated the development of axon diameter and the surrounding myelin sheath of 318 

individual TB fibers in mice from P8 to P65. Generally, the method of choice to assess g-ratios (axon 319 

diameter/outer diameter of the myelinated fiber) is electron microscopy. However, since we were 320 

interested in population data of a whole fiber tract across different ages, rather than detailed, but 321 

spatially limited sections, immunohistochemistry combined with confocal imaging provided a viable 322 

alternative, allowing the study of a greater number of myelinated fibers. Thus, to validate the method, 323 

we compared g-ratio measures from sagittal sections of TB axons for two age groups (prehearing and 324 

adult) using transmission electron microscopy (EM, Fig. 3) and immunohistochemistry/confocal imaging 325 

(Fig. 3,4). Semithin sections were taken for an overview and better comparison with the confocal images 326 

(Fig. 3A, B vs. 4C-E). Due to the cutting angle and the formation of the fiber tract, the axonal cross 327 
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sections were not always perfectly round; therefore, for both IHC and EM images, minimum diameters 328 

were taken from ellipses fitted to the inner and outer outline of each fiber (see methods and Fig. 4G). 329 

Comparing inner (axon) diameter and g-ratios assessed by using either IHC or EM revealed no significant 330 

differences within an age group (two-tailed Student’s t-test, Fig. 3G, H). Similar comparisons performed 331 

by Seidl and colleagues (Seidl et al., 2010) also reported no significant difference between axon diameter 332 

measures in the vertebrate CNS using light microscopy and EM.  333 

– Figure 3 about here – 334 

Using IHC to investigate the development of myelin in TB fibers showed that myelin basic protein (MBP) 335 

immunoreactivity could already be detected at P8. At that point it was thin and non-compact (as 336 

observed in the electron microscopy experiments: Fig. 3E). The EM data indicate that with maturation of 337 

the fibers myelin becomes more compact and more layers are added (Fig. 3F). Axon diameter and myelin 338 

thickness were measured from images of sagittal brainstem sections (Fig. 4A, B), immunostained for 339 

MBP and NF (Fig. 4C-E). A sigmoidal fit to the axonal diameter values and also the myelin sheath 340 

thickness values (minimum outer diameter – minimum inner diameter/2) mimicked the biological 341 

growth function of these two parameters (Fig. 4H). Axon diameter increased significantly from pre-342 

hearing values of 1.14 ±0.11μm (292 axons, n=3 mice) to a plateau of 2.45 ±0.16μm (243 axons, n=3 343 

mice) at P25 with no further significant changes up until P65 (Fig. 4H, P≤0.001, ANOVA with Bonferoni’s 344 

post-hoc test). However, myelin thickness continues to grow until about P35 when an average thickness 345 

of 0.69 ±0.01μm (843 fibers, n=9 mice P35-P65) was reached.  346 

– Figure 4 about here – 347 

A population of large diameter trapezoid body axons develops around P20.  348 

Comparing the error bars for the measures taken in Figure 4H suggests an increase in variability of 349 

axon diameter for P20 to P65 (Fcal: 16.94 > Fcrit: 9.27; 2-tailed F-test), but this difference was not 350 

observed in the myelin sheath data (Fcal: 3.72 < Fcrit: 9.27; 2-tailed F-test). Histograms of neurofilament-351 
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positive axons measured in individual animals (3 per age group) were plotted (Fig. 5). As to be expected 352 

from figure 4H, the center of these histograms gradually shift towards larger axon diameters (from about 353 

1μm at P8 to about 2.5μm at P65 (ANOVA, P≤0.001). The age where axons first grew significantly 354 

different from P8 (the youngest group tested) was P20 (multiple t-tests with Bonferroni adjustment for 355 

multiple comparisons: P≤0.001). At that time, a population of large diameter axons with values of up to 356 

7.80μm started to appear. The number of these large diameter axons was not big enough to form a 357 

clearly double peaked distribution, but was enough to cause a difference in variance (see F-Test above). 358 

These large diameter axons generated a positive skew in the histograms, with the histograms from 359 

younger age groups from P8 to P15 being significantly less skewed (skewnessP8-15: 0.93 ±0.15, n=9) than 360 

histograms from the older age groups (skewnessP20-65: 1.57 ±0.18, n=15; two-tailed Student’s t-test, 361 

P=0.024, df:22).  362 

– Figure 5 about here – 363 

In order to characterize those large diameter axons we plotted axon diameter against g-ratio for each 364 

age group. G-ratio and axon diameter were positively correlated at all ages measured (Fig. 6A-H). This 365 

correlation progressively deviated from linearity as the population of large diameter axons emerged in 366 

animals older than P20 (Fig. 6D, E). For these large axons (>3.5μm diameter) g-ratio did not increase 367 

linearly with diameter, but rather remained at ~0.7 (Fig. 6D-H).  368 

– Figure 6 about here – 369 

Injections of the neurotracer dextran–tetramethylrhodamine into the ventral cochlear nucleus 370 

anterogradely labeled large diameter axons that could be followed from the ventral cochlear nucleus 371 

into the contralateral MNTB in coronal brainstem sections (Fig. 7A), while smaller diameter axons that 372 

were also labeled mostly went further towards the VNTB, MSO and LSO. These observations are 373 

corroborated by previous studies in the TB of cats using single fiber recordings and subsequent tracing of 374 

those into the MNTB (Brownell, 1975; Spirou et al., 1990). Axons giving rise to the calyx of Held 375 

innervating MNTB neurons were labeled with anti-neurofilament and anti-VGLUT1 antibodies (Fig. 7B). 376 
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Individual calyces were examined. The axons were identified by presence of VGLUT1 and NF 377 

immunoreactivity and followed away from the calyx. As the fibers were generally not perpendicular to 378 

the plane they were imaged in, the diameter of these fibers was measured as a straight line from one 379 

edge of the immunoreactive fiber to the other at what was thought to be the optical section providing 380 

the, not as the minimum diameter of an ellipse. The diameter measure was taken as far as possible away 381 

from the calyx. The mean diameter of fibers forming calyces was 3.27 ±0.01μm (weighted mean 382 

generated from 108 fibers, n=3 mice, with 24, 34 and 50 fibers recovered from the different animals). On 383 

average, 33% of the fibers had a diameter over 3.5μm. These data show that inputs to MNTB fibers come 384 

from thicker fibers, indicating that the subpopulation of large diameter TB fibers observed in sagittal 385 

sections contribute to the population of axons innervating MNTB (Fig. 7C). 386 

– Figure 7 about here – 387 

Temporary sensory deprivation caused elevated auditory thresholds, reduced firing rates and 388 

slower conduction speed.  389 

Above it was demonstrated that the gain of additional acoustically driven activity that occurs at 390 

hearing onset (P12) coincides with an increase in conduction speed, axon diameter, myelin thickness and 391 

the ability to maintain high firing rates. To better understand the function of sensory experience for 392 

structural development of the axons in the auditory pathway, in particular to test whether the observed 393 

developmental changes in axon diameter and in myelin sheath thickness were causally correlated to the 394 

onset of hearing rather than just coinciding, we then reduced the acoustic input during the period of the 395 

most prominent changes in axon diameter and myelin thickness (P10-P20). Rather than completely 396 

eliminating all sound driven activity in the auditory system, we induced a mild temporary sensory 397 

deprivation by bilateral ear plugging for a period of 10 days (from P10-P20) which has previously been 398 

shown to affect signal processing in the auditory system (Caras and Sanes, 2015). In vivo single unit 399 

recordings of MNTB neurons from EP reared mice and non-plugged controls were assessed regarding 400 

their thresholds to auditory stimulation and their maximum firing rates at P20-24. Spontaneous firing 401 
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was assessed in the absence of acoustic stimuli. Then, the characteristic frequency (CF, i.e. the frequency 402 

of the pure tone for which the neuron has the lowest threshold) of the neuron was determined by 403 

presentation of stimuli of different frequencies and intensities.  The amplitude of tones at the neurons’ 404 

CF was increased stepwise until a threshold was reached where the neuron showed a significant increase 405 

in sound evoked firing compared to spontaneous activity (Fig. 8A). With further increasing intensity, 406 

firing rates also increased. The typical compound waveform of MNTB single unit recordings (Fig. 8A inset) 407 

comprised the monophasic presynaptic action potential followed by the synaptic delay and the biphasic 408 

postsynaptic action potential (Kopp-Scheinpflug et al., 2003a) and was taken as a confirmation of 409 

recording from MNTB neurons. Recordings of MNTB neurons at P20-24 from control mice closely match 410 

the behavioral audiogram of age matched mice (Allen and Ison, 2012). Auditory thresholds of MNTB 411 

neurons in EP reared mice were significantly elevated by 52.5dB from an average of 17.9 ±2.3dB SPL 412 

(n=12) in controls to 70.5 ±3.2dB SPL (n=11) in earplugged mice (two-tailed Student’s t-test, P<0.001, df: 413 

21; Fig. 8B). Maximum firing rates transmitted along TB fibers were also assessed by recording from 414 

MNTB neurons with a clear prepotential. EP reared mice had significantly lower (70.7 ±25.4 spikes/s, 415 

n=9) maximum firing rates than un-plugged littermates (177.7 ±9.3 spikes/s, n=12; two-tailed Student’s 416 

t-test: P<0.001, df: 19; Fig. 8C), corroborating a decrease in activity following earplugging rather than an 417 

increase in firing activity due to possible compensatory mechanisms (Barclay et al., 2016; Clarkson et al., 418 

2016).  419 

– Figure 8 about here – 420 

Earplugging was chosen as means of temporary sensory deprivation over deafening to avoid effects 421 

of degeneration of axons and neurons following hair cell death. Reversibility of the earplugging 422 

procedure was evaluated by ABR recordings. Animals raised with earplugs had significantly elevated ABR 423 

thresholds at P35 (Fig. 9A, B) which recovered back to levels of non-plugged controls by P45 (Fig. 9A, B). 424 

ABR recordings also allow estimation of conduction speed through the auditory brainstem (Kim et al., 425 

2013b). However, as latency changes with intensity and the observed changes in threshold would affect 426 
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latency, it was important to assess slopes of the latency-intensity functions rather than absolute 427 

latencies (Fig. 9A). The latencies of ABR peaks IV of control mice plotted as a function of dB above 428 

threshold creates a curve whose slope (Fig. 9C) is used as a measure of hearing loss in human audiology 429 

(Baldwin and Watkin, 2014): a parallel shift in the latency-threshold curve of ABR wave IV is suggested to 430 

correspond to conductive hearing loss, while an increase in slope indicates sensorineural hearing loss 431 

(Fig. 9D). In control mice (n=3) the slope generated by the decreasing latency of wave IV, (calculated as 432 

the mean of the slope generated at each frequency tested, as in Fig. 9B, for both ears of each mouse) 433 

was significantly lower than those recorded at P35 from mice raised with ear plugs (n=6), but not 434 

significantly different from that of mice raised with ear plugs that were allowed to recover for a further 435 

10 days (n=3) (control: 12.2 ±0.8μs/dB, plugged: 17.8 ±1.1 μs/dB, recovery: 15.0 ±0.8 μs/dB; df: 2, 436 

P≤0.001; ANOVA on ranks with Dunn’s post-hoc test). Our data show that temporary sensory deprivation 437 

resulted in a larger slope suggesting sensorineuronal hearing loss.  438 

– Figure 9 about here – 439 

Temporary sensory deprivation resulted in fewer large diameter axons and thinner myelin while 440 

maintaining axon diameter. 441 

Large diameter axons are located ventrally in the TB (Fig. 10A) and are known to target MNTB 442 

neurons (Brownell, 1975; Spirou et al., 1990). When comparing axon diameter and myelin thickness of 443 

TB fibers from EP reared (Fig. 10A-D) and control animals (Fig. 10E-H), the number of large diameter 444 

axons was reduced (Fig. 10A, E). The population data show a significant reduction in the number of axons 445 

>3.5μm diameter for mice that were earplugged during development between P10 and P20 from 13.3 446 

±1.6% in control mice (n=3) to 6.4 ±1.0% in EP reared mice (n=3, P=0.022, df: 4, two-tailed Student’s t-447 

test; Fig. 10I, J). Analyzing changes in axon diameter and myelin thickness separately for small (<3.5μm 448 

diameter) and large (>3.5μm diameter) fibers revealed a slight decrease in axon diameter for the small 449 

axons (control: 2.3 ±0.11μm, n=3, EP-reared: 1.89 ±0.01μm, n=4, P=0.013, df: 5, two-tailed Student’s t-450 

test), but no change in diameter for the large axons (control: 4.72 ±0.18μm, n=3, EP-reared: 4.2 451 
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±0.21μm, n=3, df: 4, P=0.099, two-tailed Student’s t-test; Fig. 10K). The thickness of the myelin sheath is 452 

however, significantly reduced in both groups of axons suggesting that the development of myelin in the 453 

TB depends on sound-driven activity (<3.5μm: P=0.037, df: 5, two-tailed Student’s t-test; >3.5μm: 454 

P≤0.001, df: 4, two-tailed Student’s t-test; Fig. 10L).  455 

Repeating a similar ear plugging procedure in adult mice, again resulted in a decrease in the number 456 

of large diameter axons from 14.7 ±1.7% in controls (n=3) to 7.7 ±0.3% (n=3) in earplugged mice 457 

(P=0.014, df: 5, two-tailed Student’s t-test Fig. 10E, M, N). The large diameter axons which remained had 458 

significantly thinner myelin (0.52 ±0.11μm, n=3) than age matched controls (0.92 ±0.07μm, n=3, df: 4, 459 

P=0.040, two-tailed Student’s t-test; Fig. 10P). Axon diameter for these axons remained unchanged 460 

(control: 4.54 ±0.32μm, n=3, EP-reared: 4.49 ±0.12μm, n=3, P=0.898, df: 4, two-tailed Student’s t-test; 461 

Fig. 10 O). 462 

– Figure 10 about here – 463 

 464 

Modeling suggests an impact of sensory deprivation on both the ability to maintain high firing rates 465 

and on conduction speed.  466 

   The occurrence of a population of axons that falls outside the linear relationship between axon 467 

diameter and g-ratio raises questions about the balance between spatial constraints, metabolic costs and 468 

limitations to speed and precision in conducting trains of stimuli. We therefore developed a 469 

multicompartmental, physiologically constrained model of the axon (Fig. 11A, B) in order to test if the 470 

observed developmental and activity dependent changes in axon thickness and g-ratio had an 471 

appreciable impact on axonal conduction and transmitted rates. A range of axon diameters, between 472 

1μm and 6μm were simulated. Figure 11C displays the predicted conduction speed for a range of 473 

different axons diameters. The model predicts that for the thickest axons, having a thicker myelin sheath 474 

would increase conduction speed by more than 7m/s. Potential increases in conduction speed for 475 

thinner axons were smaller: for the thinnest axons, even having 1μm of myelin would increase 476 
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conduction speed by less than 2m/s. Each annotation represents the mean axon diameter from a 477 

different age group or condition based on the measurements taken from the immunolabeled tissue. The 478 

annotations are arranged at a position on the x-axis corresponding to the mean thickness of myelin at 479 

this developmental stage: mean axon diameter at P8 (inner: 1.1μm, myelin: 0.3μm, predicted speed: 480 

2.8m/s), mean axon diameter at P15 (inner: 1.7μm, myelin: 0.35, predicted speed: 4.8m/s),P35S: mean 481 

axon diameter at P35, calculated from the population <3.5μm (2.3μm, myelin: 0.65μm, predicted speed: 482 

7.4m/s), P35L: mean diameter of axons >3.5μm following normal development (no ear plugging; 4.7μm, 483 

myelin: 0.85μm, predicted speed: 14.5m/s), P35EP: mean diameter of axons <3.5μm following ear 484 

plugging (4.2μm, myelin: 0.6, predicted speed: 10.4m/s). 485 

– Figure 11 about here – 486 

TB axons are able to maintain high frequency AP trains. We tested how the model responds to high-487 

frequency AP trains in order to probe the relationships between diameter, g-ratio and failure rate. Figure 488 

11E shows in vitro data from figure 2 to allow comparison to the model. The lines indicate the model’s 489 

performance with average geometrical parameters from P8, P15, P25 and P35 during 1000Hz (triangles) 490 

and 500Hz (circles) AP trains respectively. The model was also tested with AP trains from 500Hz to 491 

1500Hz (at 50Hz intervals, e.g. 500Hz, 550Hz, 600Hz etc), to predict at which frequency the different 492 

classes of axon fail to follow the stimulus effectively. The axons based on P8 fibers, being the smallest 493 

and least myelinated, supported lowest firing rates. Generally lower g-ratio (more myelin) leads to 494 

increased maximum rate of firing. Increasing the axon diameter without adding myelin, however, 495 

reduces firing rate as the axial leak at the nodes of Ranvier increases the effective charging time and thus 496 

induces a higher percentage of failures. Therefore P35S axons <3.5μm might be even slightly better 497 

suited to follow high-frequency firing than the thicker axons (>3.5μm) also observed at P35L (Fig. 11F). To 498 

summarize, the data show the growth in axon diameter between P8 and P18 is more crucial for speed 499 

increase, while the following thickening of myelin increases maximum firing rates. As the model shows a 500 

good prediction of conduction speed and firing rates along TB fibers for the different developmental 501 
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stages, in the next step it was used to assess the impact of sensory deprivation on these two parameters. 502 

The model suggests that in the mature system (P35) sensory deprivation would cause an about 30% 503 

decrease in conduction speed (Fig. 11C), while the ability to maintain high frequency firing ends at a 10% 504 

lower frequency (Fig. 11F).  505 

 506 

DISCUSSION   507 

The present study characterized the postnatal development of TB fibers based on their conduction 508 

speed, transmitted firing rates, inner axon diameter and myelin thickness and studied the impact of 509 

temporary sensory deprivation, in order to better understand the role of sensory experience on 510 

structure-function relationships of axons in mammalian sensory systems. From these data, it is possible 511 

to draw the subsequent conclusions about the series of events in axonal maturation during increased TB 512 

activity following hearing onset at P12 (Sonntag et al., 2009). 1) Conduction speed is stable by P18. 2) 513 

Axon diameter increases across hearing onset and is stable by P25. 3) The ability to follow high 514 

frequency firing and myelin thickness increase across hearing onset and reach a plateau by P35. 4) 515 

Temporary sensory deprivation beginning at P10 reduces activity and prevents normal developmental 516 

thickening of axon and myelin. Sensory deprivation also reduces myelin in adults.  517 

Auditory brainstem fibers are known for their fast and temporally precise transmission, and high 518 

firing rates (Carr and Soares, 2002; Perge et al., 2009; Seidl et al., 2010; Perge et al., 2012; Kim et al., 519 

2013a; Ford et al., 2015; Seidl and Rubel, 2016). Though conduction velocities of up to 100m/s have been 520 

reported for myelinated fibers with diameters of at least 10μm (Firmin et al., 2014); the 8.49m/s found 521 

here for TB fibers is consistent with observations in auditory brainstem axons of other small  animal 522 

models, such as chickens (Seidl et al., 2010), owls (Carr and Konishi, 1990) and gerbils (Ford et al., 2015). 523 

Given an estimate of 4.5mm from the ventral cochlear nucleus (VCN) in the mouse to the contralateral 524 

MNTB, a conduction speed of 9m/s will transmit an action potential from VCN to MNTB in about 0.5ms. 525 
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This value is very close to the difference in acoustically evoked action potential latencies between MNTB 526 

(4.2 ±0.6ms) and VCN (3.8 ±0.2ms) of mice in vivo (Kopp-Scheinpflug et al., 2003b) and thus match the 527 

requirements of the system.  528 

Non linearity of largest fibers 529 

Ford et al. (2015) reported TB fibers in gerbil with diameters between 1.7μm and 5.5μm, which are 530 

comparable to the measurements of the present study. G-ratio values of the present study are also in 531 

line with previously published values for CNS of around 0.6-0.8 (Chatzopoulou et al., 2008; Ford et al., 532 

2015; Stikov et al., 2015; Seidl and Rubel, 2016). Rushton (1951) predicted that a g-ratio of 0.6 was 533 

optimal for maximizing conduction speed. Waxman and Bennett (Waxman and Bennett, 1972) 534 

questioned its validity in CNS, and argued that maximization of conduction speed is not the only 535 

criterion. One unexpected result in our data was the loss of the linear relationship between diameter 536 

and g-ratio for the large diameter fibers. A breakdown of the linear diameter-to-g-ratio relationship has 537 

been previously reported (Hildebrand and Hahn, 1978; Stikov et al., 2015) for large fibers but the 538 

functional consequence of this alteration was not shown. The large amount of myelin in the large 539 

diameter axons and the observation that acoustic deprivation causes decreased myelin thickness lends 540 

support to the idea that thick myelin on large axons is required to sustain high firing rates at fast speed, 541 

but is metabolically expensive to construct and support. Therefore it is only sustained when fibers need 542 

to fire at high frequencies to make the trade-off between the costs and benefits of the thick myelin 543 

profitable (Harris and Attwell, 2012). The earplugging in the present study caused an average auditory 544 

threshold elevation of 50dB. Since intensity is encoded in firing rate, lower intensities due to the 545 

earplugs resulted in decreased firing rates in auditory brainstem neurons (Fig. 8). The resultant lower 546 

firing rates would require less myelination to still ensure sufficient speed and a low failure rate, but how 547 

is the reduction in myelin achieved? 548 

Possible mechanisms for activity dependent increase or decrease of myelin. 549 
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Activity-dependent myelin plasticity has been reported in different systems and studies generally 550 

agree that release of glutamate or ATP from electrically active axons causes depolarization of 551 

oligodendrocytes, their subsequent differentiation and finally increased myelination of active axons 552 

(Fields and Ni, 2010; Wake et al., 2011; Gibson et al., 2014). However, little is known about how myelin is 553 

removed from less active axons. Reports of thinner myelin as a result of less activity are often 554 

intermingled with a lack or delay of normal developmental thickening of myelin. Mice deprived of social 555 

contact during the two weeks post-weaning exhibited thinner myelination for axons of the prefrontal 556 

cortex along with cognitive and behavioral deficits (Makinodan et al., 2012), while social deprivation in 557 

adult animals affected myelin but did not result in behavioral changes (Liu et al., 2012). In the developing 558 

visual system, monocular deprivation or genetic attenuation of the vesicular glutamate transporter 559 

VGLUT2 prevents development of normal internodal length in fibers of the optic nerve, with no change 560 

in myelin thickness (Etxeberria et al., 2016). Correspondingly, blocking the ears could alter glutamatergic 561 

transmission (Barclay et al., 2016; Clarkson et al., 2016) and prevent the developmental process of 562 

glutamate-driven upregulation of oligodendrocyte activity resulting in thinner myelin. Several signaling 563 

pathways have been implicated in activity dependent up-regulation of myelin during development, for 564 

example (Ishii et al., 2012) demonstrate that pathways driven by the extracellular signal-regulated 565 

protein kinases, ERK1 and ERK2, are responsible for an increase in the thickness of myelin sheaths in 566 

mouse CNS. Activation of ERK1/2 increases myelin thickness, conduction speed and hippocampal-567 

dependent acquisition of memory in adult mice (Jeffries et al., 2016), so vice versa blocking ERK1/2 568 

kinases might be a good direction to study the mechanisms that cause reduction of myelin.  569 

Prevention of processes normally driven by development will impact the cohort of mice in the 570 

present study that were reared with earplugs during development but does not explain the reduction in 571 

myelin of the large diameter axons following ear plugging in adult mice. Demyelination has been 572 

demonstrated in the auditory nerve following traumatic exposure to sound (Tagoe et al., 2014), 573 

however, here earplugging was selected specifically because it was not traumatic. The decreased 574 



 

24 
 

thickness of myelin in response to earplugging adult mice may represent an atrophy of myelin due to 575 

inactivity, a phenomena that has been reported for peripheral soleus nerves in adult rat (Canu et al., 576 

2009) but is poorly documented in the CNS. A recent study suggests that the blockade of GABAergic 577 

transmission contributes to demyelination but the exact mechanism is still elusive (Hamilton et al., 578 

2017).  579 

The reduction of sound evoked activity not only reduced the thickness of the myelin sheath, it also 580 

lowered the number of large diameter axons. Loss of peripheral sensitivity induces changes in the central 581 

auditory system (Willott et al., 1991; O'Neill et al., 1997; Zettel et al., 2007; Werthat et al., 2008). Loss of 582 

Schwann cells in the peripheral nervous system causes decreased neurofilament density, 583 

phosphorylation and axon diameter (Cole et al., 1994). It is possible that the thick axons of TB fibers are 584 

maintained by a high activity state, either by mechanisms intrinsic to the neuron, or via activity-585 

dependent interaction with the myelinating oligodendrocytes. 586 

What would be the consequences if loss of myelination was a common feature following elevation 587 

of peripheral thresholds? 588 

The inner axon diameter, the myelin thickness and the distance between the nodes of Ranvier 589 

determine the conduction speed and are highly specialized in auditory fibers (Seidl et al., 2010; Kim et 590 

al., 2013a; Ford et al., 2015; Seidl and Rubel, 2016). Adaptations in the axon diameter and internodal 591 

distance according to their site of termination within the MNTB as they were described for especially fast 592 

conducting, low-frequency TB axons of the gerbil (Ford et al., 2015), were not found in mice which lack 593 

this specialized low-frequency hearing (Stange-Marten et al., 2017). Thus, as myelin patterning and 594 

conduction speed in mouse TB fibers seem independent of the axonal tonotopic termination site 595 

(Stange-Marten et al., 2017), in the present study axons were not differentiated based on their medial 596 

vs. lateral termination site. Conducting a comparable study as presented here for the mouse, in the 597 

gerbil would be useful in determining if the adaptations observed in this study are specific to high- or low 598 

frequency hearing. The above specializations emphasize once more that adaptations in myelination do 599 
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not necessarily mean maximizing the values for myelin thickness or conduction speed. It rather is an 600 

optimization to achieve the conduction speed and transmitted firing rates that are necessary to perform 601 

auditory function while staying within the limits of space and metabolic demand (Perge et al., 2009; 602 

Perge et al., 2012). The need for tuning of conduction speed is great in auditory brainstem nuclei due to 603 

the nature of the tasks they perform: precisely timed inhibition from the MNTB is necessary for encoding 604 

gaps in sound and detection of interaural timing and intensity differences. If loss of myelin following 605 

peripheral compromise is a common feature across species, it could contribute significantly to 606 

explanation of problems that accompany loss of absolute thresholds in humans, such as difficulty 607 

understanding speech in noise.  608 

Future directions 609 

An informative next step in investigating mechanisms underlying myelin reduction in mature animals 610 

would be extending the study to EM level of myelin fine architecture to determine if a difference in 611 

number or thickness of individual lamella accounts for the reduction in myelin following sensory 612 

deprivation. Additionally, comparing TB fibers from developing animals when myelin is still increasing 613 

with those of mature animals would be useful in order to determine if vesicles containing glutamate, ATP 614 

or GABA are present in the axons and if these could account for some of the axo-glial signaling during 615 

development and sensory deprivation. With a wider view, it would be valuable to examine myelin 616 

changes following age-related hearing loss, or in cochlea implant users to determine if these conditions 617 

result in failure to maintain myelin in downstream CNS structures.  618 

 619 

FIGURE LEGENDS 620 

Table 1. Geometrical and passive parameters of axon model. rout/rin: inner and outer radius.  621 

Thickness of a single myelin sheet (d) = 0.022μm. Internodal length and d were used as a fit parameters 622 

to tune conduction speed. Choice of specific axial resistance (R) discussed in (Lehnert et al., 2014).  623 
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Figure 1. Conduction speed of trapezoid body fibers increases after hearing onset and matures 624 

around P18. A) Schematic and B) image of a coronal brainstem section showing the stimulating and 625 

recording electrodes. C) Evoked EPSCs in an MNTB neuron in response to stimulation via electrode S1 626 

(black) or S2 (red). Thicker lines are averages of 10 superimposed raw traces. Stimulating artifacts are 627 

removed for clarity. D) Conduction speed of single TB fibers between P8 and P35. The dotted lines 628 

represent regression lines fitted to the slope and the plateau of the sigmoidal function. The intersection 629 

of both lines is taken as an indicator for a developmental stabilization of the conduction speed at P18.5 630 

(arrow). E) The mouse ear canal opens around P12 and ABRs mature by P36 (Song et al., 2006). CBA 631 

females are fertile shortly after weaning (Strong, 1936). C57 mice demonstrate loss of thresholds of 632 

single units in MNTB (Sonntag et al., 2009). In rat, response properties of auditory cortex are mature by 633 

P45 (Chang et al., 2005). 634 

Figure 2. Ability of MNTB principal neurons to follow high-frequency input trains increases with 635 

postnatal age. A, B) Left: example traces of calyceal EPSCs during whole-cell patch clamp recordings 636 

from an (A) P16 and a (B) P22 neuron while stimulating TB fibers 50 times at 1000Hz. Right: zoom into 637 

the first 10 stimuli. Asterisks indicate failures. C, D) Mean percentage of failed stimulation events during 638 

10 trains of 50 pulses at 500Hz (C, circles) and 1000Hz  (D, triangles), plotted against postnatal age. Each 639 

symbol represents the mean percentage failures for 10 trails in a single neuron ± s.e.m.  640 

Figure 3. Assessment of axon diameter and g-ratio of TB fibers in prehearing (P9: A, C, E, G) and 641 

adult (P80: B, D, F, H) mice using transmission electron microscopy. A, B) Semithin sections are stained 642 

with Richardson’s stain (Methylene blue + Azur II) and provide an overview of the sagittal section 643 

through the TB. Black asterisks in (B) depict the location of large diameter axons. C, D) 22kx 644 

magnification shows large diameter axons in adult (D) but not young (C) mice. E, F) 56kx magnification 645 

reveals fine structures of the axons (green) like mitochondria (mi),  individual layers of myelin (red) and 646 
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the inner tongue of myelin (yellow, it). G, H) Comparison of axon diameter (G) and g-ratio (H) using 647 

either EM or immunohistochemistry revealed no significant difference for the two tested age groups. 648 

Figure 4. Increase of myelin sheath thickness continues beyond developmental stabilization of axon 649 

diameter. A) Schematic and B) image of a sagittal brainstem section at the level of the pons (Pn) and the 650 

trapezoid body (TB). C) Myelin basic protein labels the myelin sheath (magenta) around the axons. D) 651 

Axons are labeled by staining against neurofilament (green). A low-magnification overlay is shown in E. F) 652 

Individual axon cross sections can be identified and ellipses were fit to the inner and outer diameter of 653 

each axon (G). The difference between the minimum diameters for each cell was taken as a measure for 654 

the myelin sheath thickness. H) Thickness of axons (green) and myelin (magenta) increases with 655 

postnatal age. The dotted lines represent linear fits to the slope and the maximum. The intercept of the 656 

two provides an approximation of the maturation age for each parameter.  657 

Figure 5. Large diameter axons first occur in the third postnatal week. Histograms show inner axon 658 

diameter for individual mice aged from P8 (A) to P65 (H). A population of large diameter axons that 659 

reliably (in each animal of the age group) appears only at P20 (F) and older is not big enough to form a 660 

clearly double peaked distribution. However, skewness increases with age as indicated by the skewness 661 

values in each graph. 662 

Figure 6. Relationship between g-ratio and axon diameter becomes strongly non-linear for axons ≥ 663 

3.5μm. G-ratio is plotted against inner axon diameter for each individual fiber for mice aged between P8 664 

(A) and P65 (H). G-ratio and inner axon diameter show a positive correlation at all ages measured (P-665 

values for Pearson correlation given in the graphs). This correlation becomes progressively more non-666 

linear as a population of large diameter axons emerges in animals ≥P20 (D). For these large axons 667 

(<3.5μm) g-ratio does not increase with diameter. 668 

Figure 7. Large diameter axons primarily target MNTB neurons. A) In neurotracing experiments large 669 

diameter axons could be followed from the ventral cochlear nucleus into the contralateral MNTB in 670 

coronal brainstem sections.  B) Large diameter axons (neurofilament labeling in blue) giving rise to the 671 
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calyx of Held (vesicular glutamate transporter labeling in green) in mouse MNTB are indicated by white 672 

arrows. C) Measurements from neurotracing and immunolabeling experiments suggest that the 673 

subpopulation of large diameter axons described in figure 5 targets MNTB neurons. 674 

Figure 8. Moderate temporary sensory deprivation was induced by bilateral ear plugging. (A) Dot 675 

raster plot showing the spontaneous and sound-evoked responses of a single MNTB neuron of a control 676 

mouse at P20 at its characteristic frequency (15 kHz). As sound intensity increases from 0-80 dB SPL, at 677 

each neurons’ threshold (20 dB SPL) the firing rate increases significantly beyond spontaneous firing. The 678 

inset shows the typical compound waveform of MNTB recordings (Kopp-Scheinpflug et al., 2003a). B) 679 

Single unit recordings of MNTB neurons in P20-24 mice with (grey symbols) and without (black symbols) 680 

earplugs reveal a 50 dB difference in auditory thresholds. Dashed line shows the behavioral audiogram 681 

of age matched CBA control mice (Allen and Ison, 2012). C) Cumulative distribution of maximum firing 682 

rates show significantly lower rates in MNTB neurons of earplugged mice. 683 

Figure 9. Hearing sensitivity recovers after earplug removal. A) ABR recordings obtained with a click 684 

stimulus in control and EP reared animals. Bold lines indicate threshold. (B) ABR thresholds of EP reared 685 

mice were elevated after EP removal (blue). After a recovery period of 25 days (black) ABR thresholds 686 

were no longer significantly different from an unplugged control group group (grey). (C) The slope of the 687 

latency-threshold curve of ABR wave IV (red line in A, control) can be used as an indicator for either 688 

conductive or sensorineural hearing loss (Baldwin and Watkin, 2014). (D) EP reared mice had larger 689 

slopes compared to age-matched control- and recovery groups. 690 

Figure 10. Sensory deprivation caused a reduction in the number of large diameter axons and in 691 

myelin thickness. (A-D) Control mice at P65. Sagittal section through the TB fiber tract labeled for 692 

neurofilament (A) and myelin basic protein (B). Merge of NF (green) and MBP (magenta) shown in (C) 693 

low and (D) high magnification of the white rectangles in (C). (E-H) Mice reared with earplugs between 694 

P55-65. Immunolabeling is the same as in A-D. EP reared mice have fewer large diameter axons than 695 

age-matched control mice. (I) G-ratio is plotted against inner axon diameter for each individual fiber for 696 
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mice reared with earplugs (blue) during development (P10-20) and age matched controls (white). (J) The 697 

number of large diameter axons was reduced in EP reared mice. (K) Average axon diameter was reduced 698 

in small diameter (<3.5μm) but not large diameter (>3.5μm) axons. (L) Myelin sheath thickness was 699 

reduced in both small diameter (<3.5μm) and large diameter (>3.5μm) axons. (M-P) Similar ear plugging 700 

experiments in mature (P65) mice yielded comparable results: fewer large diameter axons, reduction in 701 

myelin thickness in the remaining large diameter axons, while no change in the diameter of the axons 702 

itself. 703 

Figure 11. Effects of Myelin thickness and axon diameter in a computational model.  (A) The multi-704 

compartmental model consists of 40 nodes of Ranvier (only 2 shown) with active conductances. The 705 

myelinated part between the nodes are each separated into two passive compartments. (B) Example 706 

voltage traces during an action potential. Shown are traces from every third node of Ranvier from node 6 707 

(black) to 33 (grey). (C) Conduction speed as a function of myelin thickness and axon diameter (colors). 708 

The black dot indicates the average axon geometry of MNTB innervating fibers (inner 3.25, outer 4.65, g-709 

ratio 0.70), which is used to fit the average conduction speed (8.8m/s, Fig.1). The labels indicate five 710 

different experimental conditions: [P8] (inner: 1.1μm, outer: 1.7 μm, g-ratio: 0.65); [P15] (inner: 1.7 μm, 711 

outer: 2.5 μm, g-ratio: 0.68), [P35S] small/thin diameter axons (inner: 2.3 μm, outer: 3.6 μm, g-ratio: 712 

0.64), P35L large/thick diameter axons (inner: 4.7 μm, outer: 6.6 μm, g-ratio: 0.71) P35EP thick axons, 713 

earplugged (inner: 4.2μm, outer: 5.4 μm, g-ratio: 0.78). Inset: graphical inset of fiber geometries. (D) Two 714 

example voltage traces obtained from stimulation of the first node of Ranvier with a 1000 Hz train of 715 

current pulses at anamplitude of twice the rheobase. Asterisks indicate skipped cycles for P16 mice. Grey 716 

and white vertical bars mark stimulation period. (E) Measured and predicted failures as a function of age. 717 

Open symbols are measured data (as in Fig.2). Filled symbols and lines are model predictions assuming 718 

the average axon geometry in the age groups P8, P15, P20 and P35. (F) Predicted failures as a function of 719 

stimulus frequency for the average values measured in 5 experimental conditions (as in C).  720 

 721 



 

30 
 

REFERENCES 722 

Allen PD, Ison JR (2012) Kcna1 gene deletion lowers the behavioral sensitivity of mice to small changes in 723 
sound location and increases asynchronous brainstem auditory evoked potentials but does not 724 
affect hearing thresholds. The Journal of neuroscience : the official journal of the Society for 725 
Neuroscience 32:2538-2543. 726 

Baldwin M, Watkin P (2014) Predicting the type of hearing loss using click auditory brainstem response in 727 
babies referred from newborn hearing screening. Ear and hearing 35:1-9. 728 

Barclay M, Constable R, James NR, Thorne PR, Montgomery JM (2016) Reduced sensory stimulation 729 
alters the molecular make-up of glutamatergic hair cell synapses in the developing cochlea. 730 
Neuroscience 325:50-62. 731 

Bengtsson SL, Nagy Z, Skare S, Forsman L, Forssberg H, Ullen F (2005) Extensive piano practicing has 732 
regionally specific effects on white matter development. Nature neuroscience 8:1148-1150. 733 

Brownell WE (1975) Organization of the cat trapezoid body and the discharge characteristics of its fibers. 734 
Brain research 94:413-433. 735 

Canu MH, Carnaud M, Picquet F, Goutebroze L (2009) Activity-dependent regulation of myelin 736 
maintenance in the adult rat. Brain research 1252:45-51. 737 

Caras ML, Sanes DH (2015) Sustained Perceptual Deficits from Transient Sensory Deprivation. The 738 
Journal of neuroscience : the official journal of the Society for Neuroscience 35:10831-10842. 739 

Carr CE, Konishi M (1990) A circuit for detection of interaural time differences in the brain stem of the 740 
barn owl. The Journal of neuroscience : the official journal of the Society for Neuroscience 741 
10:3227-3246. 742 

Carr CE, Soares D (2002) Evolutionary convergence and shared computational principles in the auditory 743 
system. Brain, behavior and evolution 59:294-311. 744 

Chang EF, Bao S, Imaizumi K, Schreiner CE, Merzenich MM (2005) Development of spectral and temporal 745 
response selectivity in the auditory cortex. Proceedings of the National Academy of Sciences of 746 
the United States of America 102:16460-16465. 747 

Chatzopoulou E, Miguez A, Savvaki M, Levasseur G, Muzerelle A, Muriel MP, Goureau O, Watanabe K, 748 
Goutebroze L, Gaspar P, Zalc B, Karagogeos D, Thomas JL (2008) Structural requirement of TAG-1 749 
for retinal ganglion cell axons and myelin in the mouse optic nerve. The Journal of neuroscience : 750 
the official journal of the Society for Neuroscience 28:7624-7636. 751 

Clarkson C, Antunes FM, Rubio ME (2016) Conductive Hearing Loss Has Long-Lasting Structural and 752 
Molecular Effects on Presynaptic and Postsynaptic Structures of Auditory Nerve Synapses in the 753 
Cochlear Nucleus. The Journal of neuroscience : the official journal of the Society for 754 
Neuroscience 36:10214-10227. 755 

Cole JS, Messing A, Trojanowski JQ, Lee VM (1994) Modulation of axon diameter and neurofilaments by 756 
hypomyelinating Schwann cells in transgenic mice. The Journal of neuroscience : the official 757 
journal of the Society for Neuroscience 14:6956-6966. 758 

Cole RW, Jinadasa T, Brown CM (2011) Measuring and interpreting point spread functions to determine 759 
confocal microscope resolution and ensure quality control. Nature protocols 6:1929-1941. 760 

Demerens C, Stankoff B, Logak M, Anglade P, Allinquant B, Couraud F, Zalc B, Lubetzki C (1996) Induction 761 
of myelination in the central nervous system by electrical activity. Proceedings of the National 762 
Academy of Sciences of the United States of America 93:9887-9892. 763 

Etxeberria A, Hokanson KC, Dao DQ, Mayoral SR, Mei F, Redmond SA, Ullian EM, Chan JR (2016) Dynamic 764 
Modulation of Myelination in Response to Visual Stimuli Alters Optic Nerve Conduction Velocity. 765 
The Journal of neuroscience : the official journal of the Society for Neuroscience 36:6937-6948. 766 

Fields RD, Ni Y (2010) Nonsynaptic communication through ATP release from volume-activated anion 767 
channels in axons. Science signaling 3:ra73. 768 



 

31 
 

Firmin L, Field P, Maier MA, Kraskov A, Kirkwood PA, Nakajima K, Lemon RN, Glickstein M (2014) Axon 769 
diameters and conduction velocities in the macaque pyramidal tract. Journal of neurophysiology 770 
112:1229-1240. 771 

Ford MC, Grothe B, Klug A (2009) Fenestration of the calyx of Held occurs sequentially along the 772 
tonotopic axis, is influenced by afferent activity, and facilitates glutamate clearance. The Journal 773 
of comparative neurology 514:92-106. 774 

Ford MC, Alexandrova O, Cossell L, Stange-Marten A, Sinclair J, Kopp-Scheinpflug C, Pecka M, Attwell D, 775 
Grothe B (2015) Tuning of Ranvier node and internode properties in myelinated axons to adjust 776 
action potential timing. Nature communications 6:8073. 777 

Forsythe ID (1994) Direct patch recording from identified presynaptic terminals mediating glutamatergic 778 
EPSCs in the rat CNS, in vitro. The Journal of physiology 479 ( Pt 3):381-387. 779 

Gibson EM, Purger D, Mount CW, Goldstein AK, Lin GL, Wood LS, Inema I, Miller SE, Bieri G, Zuchero JB, 780 
Barres BA, Woo PJ, Vogel H, Monje M (2014) Neuronal activity promotes oligodendrogenesis and 781 
adaptive myelination in the mammalian brain. Science 344:1252304. 782 

Grothe B, Pecka M, McAlpine D (2010) Mechanisms of sound localization in mammals. Physiological 783 
reviews 90:983-1012. 784 

Guzman SJ, Schlogl A, Schmidt-Hieber C (2014) Stimfit: quantifying electrophysiological data with Python. 785 
Front Neuroinform 8:16. 786 

Hamilton NB, Clarke LE, Arancibia-Carcamo IL, Kougioumtzidou E, Matthey M, Karadottir R, Whiteley L, 787 
Bergersen LH, Richardson WD, Attwell D (2017) Endogenous GABA controls oligodendrocyte 788 
lineage cell number, myelination, and CNS internode length. Glia 65:309-321. 789 

Harris JJ, Attwell D (2012) The energetics of CNS white matter. The Journal of neuroscience : the official 790 
journal of the Society for Neuroscience 32:356-371. 791 

Held H (1893) Die centrale Gehörleitung. Archiv für Anatomie und Entwicklungsgeschichte. 792 
Hildebrand C, Hahn R (1978) Relation between myelin sheath thickness and axon size in spinal cord white 793 

matter of some vertebrate species. J Neurol Sci 38:421-434. 794 
Ishii A, Fyffe-Maricich SL, Furusho M, Miller RH, Bansal R (2012) ERK1/ERK2 MAPK signaling is required to 795 

increase myelin thickness independent of oligodendrocyte differentiation and initiation of 796 
myelination. The Journal of neuroscience : the official journal of the Society for Neuroscience 797 
32:8855-8864. 798 

Jeffries MA, Urbanek K, Torres L, Wendell SG, Rubio ME, Fyffe-Maricich SL (2016) ERK1/2 Activation in 799 
Preexisting Oligodendrocytes of Adult Mice Drives New Myelin Synthesis and Enhanced CNS 800 
Function. The Journal of neuroscience : the official journal of the Society for Neuroscience 801 
36:9186-9200. 802 

Johnston J, Forsythe ID, Kopp-Scheinpflug C (2010) Going native: voltage-gated potassium channels 803 
controlling neuronal excitability. The Journal of physiology 588:3187-3200. 804 

Joshi I, Wang LY (2002) Developmental profiles of glutamate receptors and synaptic transmission at a 805 
single synapse in the mouse auditory brainstem. The Journal of physiology 540:861-873. 806 

Kandler K, Friauf E (1993) Pre- and postnatal development of efferent connections of the cochlear 807 
nucleus in the rat. The Journal of comparative neurology 328:161-184. 808 

Kim JH, Renden R, von Gersdorff H (2013a) Dysmyelination of Auditory Afferent Axons Increases the 809 
Jitter of Action Potential Timing during High-Frequency Firing. The Journal of neuroscience : the 810 
official journal of the Society for Neuroscience 33:9402-9407. 811 

Kim SE, Turkington K, Kushmerick C, Kim JH (2013b) Central dysmyelination reduces the temporal fidelity 812 
of synaptic transmission and the reliability of postsynaptic firing during high-frequency 813 
stimulation. Journal of neurophysiology 110:1621-1630. 814 

Kopp-Scheinpflug C, Steinert JR, Forsythe ID (2011) Modulation and control of synaptic transmission 815 
across the MNTB. Hearing research 279:22-31. 816 



 

32 
 

Kopp-Scheinpflug C, Lippe WR, Dorrscheidt GJ, Rubsamen R (2003a) The medial nucleus of the trapezoid 817 
body in the gerbil is more than a relay: comparison of pre- and postsynaptic activity. Journal of 818 
the Association for Research in Otolaryngology : JARO 4:1-23. 819 

Kopp-Scheinpflug C, Tolnai S, Malmierca MS, Rubsamen R (2008a) The medial nucleus of the trapezoid 820 
body: comparative physiology. Neuroscience 154:160-170. 821 

Kopp-Scheinpflug C, Fuchs K, Lippe WR, Tempel BL, Rubsamen R (2003b) Decreased temporal precision 822 
of auditory signaling in Kcna1-null mice: an electrophysiological study in vivo. The Journal of 823 
neuroscience : the official journal of the Society for Neuroscience 23:9199-9207. 824 

Kopp-Scheinpflug C, Dehmel S, Tolnai S, Dietz B, Milenkovic I, Rubsamen R (2008b) Glycine-mediated 825 
changes of onset reliability at a mammalian central synapse. Neuroscience 157:432-445. 826 

Lehnert S, Ford MC, Alexandrova O, Hellmundt F, Felmy F, Grothe B, Leibold C (2014) Action potential 827 
generation in an anatomically constrained model of medial superior olive axons. The Journal of 828 
neuroscience : the official journal of the Society for Neuroscience 34:5370-5384. 829 

Liu J, Dietz K, DeLoyht JM, Pedre X, Kelkar D, Kaur J, Vialou V, Lobo MK, Dietz DM, Nestler EJ, Dupree J, 830 
Casaccia P (2012) Impaired adult myelination in the prefrontal cortex of socially isolated mice. 831 
Nature neuroscience 15:1621-1623. 832 

Mainen ZF, Joerges J, Huguenard JR, Sejnowski TJ (1995) A model of spike initiation in neocortical 833 
pyramidal neurons. Neuron 15:1427-1439. 834 

Makinodan M, Rosen KM, Ito S, Corfas G (2012) A critical period for social experience-dependent 835 
oligodendrocyte maturation and myelination. Science 337:1357-1360. 836 

Mathews PJ, Jercog PE, Rinzel J, Scott LL, Golding NL (2010) Control of submillisecond synaptic timing in 837 
binaural coincidence detectors by K(v)1 channels. Nature neuroscience 13:601-609. 838 

O'Neill WE, Zettel ML, Whittemore KR, Frisina RD (1997) Calbindin D-28k immunoreactivity in the medial 839 
nucleus of the trapezoid body declines with age in C57BL/6, but not CBA/CaJ, mice. Hearing 840 
research 112:158-166. 841 

Perge JA, Koch K, Miller R, Sterling P, Balasubramanian V (2009) How the optic nerve allocates space, 842 
energy capacity, and information. The Journal of neuroscience : the official journal of the Society 843 
for Neuroscience 29:7917-7928. 844 

Perge JA, Niven JE, Mugnaini E, Balasubramanian V, Sterling P (2012) Why do axons differ in caliber? The 845 
Journal of neuroscience : the official journal of the Society for Neuroscience 32:626-638. 846 

Rothman JS, Young ED, Manis PB (1993) Convergence of auditory nerve fibers onto bushy cells in the 847 
ventral cochlear nucleus: implications of a computational model. Journal of neurophysiology 848 
70:2562-2583. 849 

Schlegel AA, Rudelson JJ, Tse PU (2012) White matter structure changes as adults learn a second 850 
language. J Cogn Neurosci 24:1664-1670. 851 

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image analysis. Nat 852 
Methods 9:671-675. 853 

Seidl AH, Rubel EW (2016) Systematic and differential myelination of axon collaterals in the mammalian 854 
auditory brainstem. Glia 64:487-494. 855 

Seidl AH, Rubel EW, Harris DM (2010) Mechanisms for adjusting interaural time differences to achieve 856 
binaural coincidence detection. The Journal of neuroscience : the official journal of the Society 857 
for Neuroscience 30:70-80. 858 

Song L, McGee J, Walsh EJ (2006) Frequency- and level-dependent changes in auditory brainstem 859 
responses (ABRS) in developing mice. The Journal of the Acoustical Society of America 119:2242-860 
2257. 861 

Sonntag M, Englitz B, Kopp-Scheinpflug C, Rubsamen R (2009) Early postnatal development of 862 
spontaneous and acoustically evoked discharge activity of principal cells of the medial nucleus of 863 
the trapezoid body: an in vivo study in mice. The Journal of neuroscience : the official journal of 864 
the Society for Neuroscience 29:9510-9520. 865 



 

33 
 

Spirou GA, Brownell WE, Zidanic M (1990) Recordings from cat trapezoid body and HRP labeling of 866 
globular bushy cell axons. Journal of neurophysiology 63:1169-1190. 867 

Spurr AR (1969) A low-viscosity epoxy resin embedding medium for electron microscopy. J Ultrastruct 868 
Res 26:31-43. 869 

Stange-Marten A., Nabel AL, Sinclair JL, Fischl MJ, Alexandrova O, Wohlfrom H, Kopp-Scheinpflug C, 870 
Pecka M, Grothe B “Input timing for spatial processing is precisely tuned via constant synaptic 871 
delays and myelination patterns in the auditory brainstem” Proceedings of the National 872 
Academy of Sciences of the United States of America, published ahead of print May 30, 2017, 873 
doi:10.1073/pnas.1702290114 874 

Stikov N, Campbell JS, Stroh T, Lavelee M, Frey S, Novek J, Nuara S, Ho MK, Bedell BJ, Dougherty RF, 875 
Leppert IR, Boudreau M, Narayanan S, Duval T, Cohen-Adad J, Picard PA, Gasecka A, Cote D, Pike 876 
GB (2015) Quantitative analysis of the myelin g-ratio from electron microscopy images of the 877 
macaque corpus callosum. Data Brief 4:368-373. 878 

Strong LC (1936) Production of the CBA strain of inbred mice: long life associated with low tumour 879 
incidence. British journal of experimental pathology 17. 880 

Taberner AM, Liberman MC (2005) Response properties of single auditory nerve fibers in the mouse. 881 
Journal of neurophysiology 93:557-569. 882 

Tagoe T, Barker M, Jones A, Allcock N, Hamann M (2014) Auditory nerve perinodal dysmyelination in 883 
noise-induced hearing loss. The Journal of neuroscience : the official journal of the Society for 884 
Neuroscience 34:2684-2688. 885 

Taschenberger H, von Gersdorff H (2000) Fine-tuning an auditory synapse for speed and fidelity: 886 
developmental changes in presynaptic waveform, EPSC kinetics, and synaptic plasticity. The 887 
Journal of neuroscience : the official journal of the Society for Neuroscience 20:9162-9173. 888 

Typlt M, Englitz B, Sonntag M, Dehmel S, Kopp-Scheinpflug C, Ruebsamen R (2012) Multidimensional 889 
characterization and differentiation of neurons in the anteroventral cochlear nucleus. PloS one 890 
7:e29965. 891 

Wake H, Lee PR, Fields RD (2011) Control of local protein synthesis and initial events in myelination by 892 
action potentials. Science 333:1647-1651. 893 

Wang LY, Kaczmarek LK (1998) High-frequency firing helps replenish the readily releasable pool of 894 
synaptic vesicles. Nature 394:384-388. 895 

Wang SS-H, Shultz JR, Burish MJ, Harrison HH, Hof PR, Towns LC, Wagers MW, Wyatt KD (2008) Shaping 896 
of white matter composition by biophysical scaling constraints. The Journal of neuroscience : the 897 
official journal of the Society for Neuroscience 28:4047-4056. 898 

Waxman SG, Bennett MV (1972) Relative conduction velocities of small myelinated and non-myelinated 899 
fibres in the central nervous system. Nat New Biol 238:217-219. 900 

Werthat F, Alexandrova O, Grothe B, Koch U (2008) Experience-dependent refinement of the inhibitory 901 
axons projecting to the medial superior olive. Developmental neurobiology 68:1454-1462. 902 

Willott JF, Parham K, Hunter KP (1991) Comparison of the auditory sensitivity of neurons in the cochlear 903 
nucleus and inferior colliculus of young and aging C57BL/6J and CBA/J mice. Hearing research 904 
53:78-94. 905 

Zettel ML, Zhu X, O'Neill WE, Frisina RD (2007) Age-related decline in Kv3.1b expression in the mouse 906 
auditory brainstem correlates with functional deficits in the medial olivocochlear efferent 907 
system. Journal of the Association for Research in Otolaryngology : JARO 8:280-293. 908 

 909 


























