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Abstract 24 

 25 

Temporal coding of auditory stimuli is critical for understanding communication signals. The bushy cell, a 26 

major output neuron of the ventral cochlear nucleus, can precisely ‘phase-lock’ to pure tones and the 27 

envelopes of complex stimuli. Bushy cells are also putative recipients of brainstem somatosensory 28 

projections and could therefore play a role in perception of communication signals, as multisensory 29 

integration is required for such complex sound processing. Here we examine the role of multisensory 30 

integration in temporal coding in bushy cells by activating the spinal trigeminal nucleus (Sp5) while 31 

recording responses from bushy cells. 32 

In normal-hearing guinea pigs of either sex, bushy-cell single unit responses to amplitude-modulated 33 

(AM) broadband noise were compared to those in the presence of preceding Sp5 electrical stimulation 34 

(i.e. bimodal stimuli). Responses to the AM stimuli were also compared to those obtained 45 minutes 35 

after the bimodal stimulation.  36 

Bimodal auditory-Sp5 stimulation resulted in enhanced envelope coding for low modulation 37 

frequencies, which persisted for up to 45 minutes. AM detection thresholds were significantly improved 38 

45 minutes after bimodal auditory-Sp5 stimulation, but not during bimodal auditory-Sp5 stimulation.  39 

Anterograde labeling of Sp5 projections was found within the dendritic fields of bushy cells and their 40 

inhibitory interneurons, D-stellate cells. Thus, enhanced AM responses and improved AM sensitivity of 41 

bushy cells were likely facilitated by Sp5 neurons through monosynaptic excitatory projections and 42 

indirect inhibitory projections. These somatosensory projections may be involved in the improved 43 

perception of communication stimuli with multisensory stimulation, consistent with psychophysical 44 

studies in humans.  45 

  46 
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Significance statement  47 

 48 

Multisensory integration is crucial for sensory coding because it improves sensitivity to unimodal stimuli 49 

and enhances responses to external stimuli. While multisensory integration has typically been described 50 

in the cerebral cortex, the cochlear nucleus, in the brainstem, is also innervated by multiple sensory 51 

systems, including the somatosensory as well as the auditory system. Here, we showed that 52 

convergence of these two sensory systems in the cochlear nucleus results in improved temporal coding 53 

in bushy cells, principal output neurons that send projections to higher auditory structures. The 54 

improved temporal coding instilled by bimodal auditory-Sp5 stimulation may be important in priming 55 

the neurons for coding biologically relevant sounds such as communication signals.  56 

  57 
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Introduction 58 

 59 

To achieve a comprehensive picture of the external world, the brain integrates information from 60 

multiple senses (Stein and Stanford, 2008). Human psychophysical studies have shown that effective 61 

multisensory integration of these cross-modal inputs results in improved detection thresholds 62 

(Frassinetti et al., 2002; Bolognini et al., 2005; Caclin et al., 2011), a more salient percept (Stein et al., 63 

1996; Foxe et al., 2000; Schurmann et al., 2004; Gillmeister and Eimer, 2007; Wilson et al., 2010), and 64 

faster reaction times (Murray et al., 2005; Sperdin et al., 2009). 65 

 66 

Most studies of multisensory integration have focused on brain structures such as the superior 67 

colliculus, primary sensory cortices, and secondary cortical areas (Lakatos et al., 2007; Stein and 68 

Stanford, 2008; Alais et al., 2010). However, recent studies have shown that auditory processing in the 69 

brainstem is also influenced by other modalities including the somatosensory system. Injections of 70 

anterograde tracers into the spinal trigeminal nucleus (Sp5) revealed somatosensory projections 71 

throughout the cochlear nucleus (CN) (Li and Mizuno, 1997; Zhou and Shore, 2004; Haenggeli et al., 72 

2005; Zhou et al., 2007; Zeng et al., 2011), but primarily in the granule cell domain (GCD), which 73 

encapsulates the ventral CN (VCN) and extends into the fusiform cell layer of the dorsal CN (DCN) (Zhou 74 

and Shore, 2004; Haenggeli et al., 2005). The CN is innervated primarily by neurons from the pars 75 

interpolaris (Sp5I) and pars caudalis (Sp5C) (Zhou and Shore, 2004), which receive somatosensory 76 

projections from mechanoreceptors in the jaw, scalp, and face, including the pinnae, eyelids, vibrissae, 77 

and vocal tract (Hayashi, 1980; van Ham and Yeo, 1996; Kanold and Young, 2001). Fusiform cells, the 78 

principal output neurons of the DCN, integrate auditory nerve (AN) input with multimodal inputs 79 

conveyed by granule cells of the GCD (Shore, 2005; Koehler et al., 2011; Barker et al., 2012; Koehler and 80 

Shore, 2013; Wu et al., 2016). However, the effects of stimulating the Sp5 projection on neurons in the 81 
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magnocellular region of the VCN (Zhou and Shore, 2004; Haenggeli et al., 2005) have not been 82 

described. 83 

 84 

Bushy cells are principal output neurons of the VCN. They can be further subdivided into two 85 

morphologically distinct types: spherical bushy cells (SBCs), which have spherical somata and one or two 86 

dendrites subdividing into a dense bush, and globular bushy cells (GBCs), which have elongated somata 87 

and less densely branching dendritic fields (Hackney et al., 1990). Bushy cells can be distinguished 88 

physiologically based on their responses to pure tones: SBCs typically show primary-like responses, 89 

whereas GBCs have typical primary-like with notch responses (Rhode et al., 1983; Rouiller and Ryugo, 90 

1984; Smith and Rhode, 1987). Both SBCs and GBCs receive axosomatic terminations from the AN 91 

(Tolbert and Morest, 1982; Ryugo and Sento, 1991) and project to the superior olivary complex (SOC) 92 

(Smith et al., 1991; Smith et al., 1993; Cant and Benson, 2003) for binaural comparisons. Bushy cells 93 

exhibit strong phase locking to low-frequency fine structure and sound envelopes (Frisina et al., 1990b; 94 

Joris et al., 1994a; Joris et al., 2004). In fact, bushy cell amplitude-modulation detection thresholds are 95 

similar to human psychophysical detection thresholds (Sayles et al., 2013), further emphasizing the 96 

important role of these cells in temporal coding of sound stimuli. Human studies have demonstrated 97 

that temporal cues are important for recognizing biologically relevant sounds, including speech 98 

(Shannon et al., 1995). In this study we investigated the function of the putative Sp5-to-VCN projection 99 

on bushy cell temporal acuity. Bimodal auditory-somatosensory stimulation was applied before and 100 

after sound-alone stimuli to examine the influence of multisensory integration on temporal coding. We 101 

found that the bimodal stimulation resulted in enhanced responses to amplitude-modulated (AM) 102 

stimuli and improved AM detection thresholds. These results suggest that auditory-somatosensory 103 

integration in VCN bushy cells is implicated in the improved perception of biologically relevant sounds 104 

with multisensory stimulation observed in psychophysical studies in humans (Alais et al., 2010).  105 
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 106 

 107 

Materials & Methods 108 

 109 

Animals 110 

Pigmented guinea pigs of either sex (n = 9, 317-765 gram, Elm Hill Labs) were anesthetized with 111 

ketamine/xylazine (40 mg/kg, Putney; 10 mg/kg, Lloyd, subcutaneous). Supplemental anesthesia was 112 

given approximately hourly to maintain a non-reflexive state in response to a hind paw pinch. To fixate 113 

the head, animals were secured with hollow ear bars in a stereotaxic frame (Kopf). Body temperature 114 

was kept constant at 38.5 °C with a custom-build heating pad and rectal probe. Experiments were 115 

conducted in a double-walled sound-attenuating booth. To ensure normal hearing thresholds, auditory 116 

brainstem responses were assessed prior to surgery (0-90 dB sound pressure level [SPL] tone bursts in 117 

10 dB steps, 30 Hz presentation rate, up to 1024 repetitions per intensity, 2-24 kHz in octave-based 118 

steps; Tucker-Davis Technologies [TDT]). All experimental procedures performed for this study were 119 

approved by the University Committee on Use and Care of animals at University of Michigan and are in 120 

accordance with protocols established by the National Institute of Health publication No. 80-23. 121 

 122 

Neurophysiological recordings 123 

A small craniotomy was made in the left parieto-occipital bone, followed by a duratomy. A two-shank, 124 

16- or 32-channel recording electrode (A2x8-11mm-125-200-177 or A2x16-10mm-50-500-177; 125 

Neuronexus) was stereotaxically placed into the VCN through the intact cerebellum using pre-126 

established coordinates (35° angle caudal from vertical, 3 mm caudal from the interaural axis, 4.5 mm 127 

lateral from the midline, and 7-8 mm deep from the surface of the cerebellum). Ipsilaterally-presented 128 

broadband noise bursts (65 dB SPL, 50 ms duration, 2 ms linear ramp rise/fall time) were used to locate 129 
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units. To stimulate the somatosensory system, a concentric bipolar stimulating electrode (Frederick Haer 130 

& Co.) was lowered into the left Sp5, targeting the Sp5 pars interpolaris (Sp5I) and the Sp5 pars caudalis 131 

(Sp5C) subdivisions, using stereotaxic coordinates (0° vertical angle, 2.5 mm caudal from the transverse 132 

sinus, 2.8 mm lateral of the sagittal midline, 9 mm deep from the surface of the cerebellum). The 133 

occurrence of a small facial twitch when stimulating at current levels above threshold verified correct 134 

placement of the electrode in the Sp5. In addition, electrode placement was histologically verified post 135 

mortem (Figure 1).  136 

 137 

Signals recorded from the VCN electrode were amplified, digitized (25 kHz sampling rate), and filtered 138 

(band-pass 0.3 – 3 kHz) by a PZ2 preamplifier (TDT, Inc.). OpenEx software (TDT, Inc.) was used to set a 139 

threshold and to store recorded spike timestamps and waveforms upon each threshold crossing. 140 

Waveforms were sorted using principal component analysis of the waveform shape using customized 141 

software in MatLab (Mathworks, Inc.). Single unit clusters were selected based on visual inspection of 142 

the 3D clusters. Threshold crossings due to electrical artifacts from the Sp5 stimulating electrode were 143 

identified and excluded based on the timing of the electrical stimulation and the waveform shapes. 144 

Spike waveforms remained constant over the experiment.  145 

 146 

Stimuli 147 

To characterize the unit types in the VCN, data to construct receptive fields, peri-stimulus time 148 

histograms (PSTHs), spontaneous firing rates (SFRs), and noise rate-level functions (RLFs) were collected. 149 

Tone bursts (frequency of 0.2–32 kHz in 0.15 octave steps; intensity of 0–90 dB in 5 dB steps; 50 ms 150 

duration, 2 ms linear ramp; 5 repetitions of each tone bursts) were presented for construction of the 151 

receptive fields. Subsequently, 300 repetitions of tone bursts at best frequency (BF; 20 dB and 50 dB 152 

above threshold, 50 ms duration, 2 ms linear ramp) were presented to collect data for PSTHs. 450 153 



 

 8 

seconds of SFR was collected. Broadband noise bursts (0-90 dB in 5 dB steps; 50 ms duration, 2 ms linear 154 

ramp; 50 repetitions per intensity) were presented to construct noise RLFs. Tone RLFs were derived 155 

from receptive fields at BF.  156 

 157 

Sp5 stimulation consisted of three biphasic (100 μs/phase) current pulses presented at 1000 Hz. A 158 

search stimulus with linearly increasing current steps from 0-90 μA in 10 μA steps was used to 159 

determine the highest current amplitude that did not elicit a movement artifact. This level was used 160 

throughout the experiment for unimodal Sp5 and bimodal auditory-Sp5 stimulation (mean: 30 μA, 161 

range: 6-60 μA). Subsequently, responses to different levels of broadband noise bursts were used to 162 

determine a noise level that was at least 10 dB above threshold for all channels with VCN units. 163 

Broadband noise at that level was multiplied with s(t) to obtain sinusoidal AM broadband noise:  164 

 165 

 

 166 

where m represents modulation depth (m = 0%, 6%, 13%, 25%, 50%, and 100%) and f represents 167 

modulation frequency (f = 8-2048 Hz in 1-octave or 0.5-octave steps, 400 ms duration, 100 repetitions 168 

per f). Next, these stimuli were preceded by 10 ms with Sp5 stimulation, to determine auditory-169 

somatosensory bimodal integration (for an example, see Figure 4B). 170 

To determine bimodal plasticity (i.e. the persistent effects), AM noise with the same parameters was 171 

presented before and 45 min. after bimodal auditory-Sp5 stimulation, which consisted of unmodulated 172 

noise bursts (50 ms, 0-90 dB SPL, 50 repetitions) that were preceded by 10 ms with Sp5 stimulation. In 173 

the sham condition, all parameters were kept the same, except that the Sp5 stimulator was 174 

disconnected.  175 

 176 
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Data analysis 177 

Single unit receptive fields were plotted to determine BF, threshold, and Q10 dB (tuning width 10 dB 178 

above threshold). Bushy cells were classified based on their typical primary-like (Pri; for SBCs) or 179 

primary-like with notch (Pri-N; for GBCs) temporal discharge patterns and relative high coefficients of 180 

variation in response to BF tone bursts 20 dB and 50 dB above threshold, their SFR, and RLFs for BF tone 181 

bursts and noise bursts (Young et al., 1988; Blackburn and Sachs, 1989; Winter and Palmer, 1990, 1995; 182 

Ingham et al., 2016). D-stellate cells were classified based on their typical onset-chopper (on-C) 183 

temporal discharge pattern to BF tone bursts 20 dB and 50 dB above threshold, their SFRs, and RLFs in 184 

response to BF tone bursts and noise bursts (Smith and Rhode, 1989). Bushy cells can also be 185 

distinguished from other cells in the VCN by the presence of a characteristic prepotential, representing 186 

depolarization of the presynaptic endbulb of Held (Keine and Rubsamen, 2015). Because we used an 187 

electrode with 1-3 MΩ impedance and a site area of 177 μm2, pre-potentials could only be observed 188 

when the signal-to-noise ration was considerably high. Therefore, the presence of a prepotential was 189 

not consistently used as a classification marker. However, all units classified as On-C indeed lacked a 190 

prepotential, whereas prepotentials were occasionally observed in Pri units. To determine the presence 191 

of unimodal Sp5 responses, firing rates before, during, and after Sp5 stimulation were plotted (bin width 192 

0.2 ms). Mean and standard deviations of SFR were calculated over the 100 ms time window preceding 193 

each Sp5 stimulation. Excitatory Sp5 responses were defined by the presence of at least 4 bins within a 194 

10 ms time window following Sp5 stimulation with >3 STD above mean SFR. Inhibitory responses were 195 

not observed. Response latencies relative to the initiation of unimodal Sp5 stimulation were calculated 196 

using the method developed by Chase and Young (2007).  197 

 198 

The tendency of a unit to phase lock to the amplitude modulation of the stimulus was expressed by the 199 

synchronization index (SI)  200 
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 201 

 

 202 

where N is the number of spikes, i is the complex number √(-1), and ϕ(j) is the phase of the j-th spike 203 

relative to the sinusoidal amplitude modulation s(t) of the acoustic stimulus. The SI is equivalent to the 204 

vector strength (Goldberg and Brown, 1969) and represents a normalized estimate of a unit’s tendency 205 

to fire at a particular phase in a stimulus cycle. Only spikes during the steady phase of the stimulus 206 

response were taken into account (from 25 ms following stimulus onset until stimulus offset). SI-values 207 

were submitted to the Rayleigh statistics (RS) to determine statistical significance (RS > 13.8, i.e. p < 208 

0.001, was considered statistically significant) (Mardia and Jupp, 2000):  209 

 210 

 

 211 

Response gain (in dB), which represents the neural response gain relative to the stimulus modulation 212 

depth (m in %), was calculated by: 213 

 214 

 

 215 

Modulation transfer functions (MTFs) were constructed by plotting SI versus modulation frequency f at a 216 

particular modulation depth m. Best modulation frequency (BMF) was defined as the f that elicited the 217 

maximum SI-value in the MTF.  218 
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AM detection thresholds were determined using a neurometric analysis that successfully determined 219 

AM detection thresholds for VCN units (Sayles et al., 2013). Briefly, the phase-projected vector strength 220 

(VSpp) was calculated for each trial of each stimulus:  221 

 222 

 

 223 

in which ϕt is the mean phase of spikes in the t-th trial and ϕc is the mean phase of the spikes in all trials 224 

combined of that same stimulus. Subsequently, the VSpp of all trials in a certain stimulus condition (same 225 

f and m) were compared to the VSpp calculated from the trials at that same f when modulation depth m 226 

was 0%, i.e. unmodulated noise. For each stimulus condition, a receiver operating curve (ROC) was 227 

constructed, plotting the proportions of true-positive and false-positive classifications. The area under 228 

the ROC curve represents the probability of a randomly selected trial of the modulated signal having a 229 

VSpp greater than a randomly selected unmodulated trial and ranges from 0-1. This value was 230 

determined for and plotted against each m for one modulation frequency at the time, and fitted with 231 

the logistic function:  232 

 233 

 

 234 

The modulation depth m where the fitted line crosses a threshold of 0.75 represents the AM detection 235 

threshold for that unit at that particular modulation frequency. Subsequently, detection threshold 236 

curves were determined by plotting the detection thresholds against modulation frequency f.  237 

 238 
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Experimental design and statistical analysis 239 

In this study, a distinction was made between the immediate and long-term effects of bimodal auditory-240 

Sp5 stimulation, i.e. between bimodal integration and bimodal plasticity, respectively. To determine 241 

bimodal integration of auditory-Sp5 stimulation in bushy cells, BMF, synchronization indices at various 242 

modulation frequencies (f = 8-2048 Hz), and AM detection thresholds were evaluated when auditory-243 

alone stimuli were presented and compared to values when each auditory stimulus was preceded by 244 

Sp5 stimulation. BMF and synchronization indices below, at, and above BMF were evaluated for 245 

auditory-alone and auditory-somatosensory stimulation, using one-sample Student’s T-tests. A 246 

Spearman’s cross correlation was applied to determine correlations between BMF and the SI change at 247 

BMF due to bimodal integration. A non-parametric Wilcoxon-Rank Sum test and one-sample T-test was 248 

performed to determine differences between auditory-only and bimodal auditory-Sp5 stimulation AM 249 

detection thresholds. Similar analyses were performed to evaluate effects of bimodal plasticity (long-250 

lasting effects) on BMF, SI indices at various modulation frequencies, and AM detection thresholds by 251 

comparing before and after bimodal auditory-Sp5 stimulation. In addition, to evaluate the long term 252 

effects of bimodal auditory-Sp5 stimulation on AM detection thresholds, changes in AM detection 253 

thresholds 45 min following bimodal auditory-Sp5 stimulation were compared to changes in AM 254 

detection thresholds following an auditory sham condition using a Chi-Squared test. All p-values were 255 

Holm-Bonferroni corrected for multiple comparisons.  256 

 257 

Histology 258 

To determine the Sp5 stimulating electrode placement, following the experiment it was extracted from 259 

the brain, dipped in 2% FluoroGold, and replaced at the same absolute depth for 5 minutes while 260 

passing current through the electrode. After the electrode removal, the animal was euthanized with 261 

pentobarbital sodium (Med-Pharmex, Inc.; intraperitoneal) and was transcardially perfused with 100 mL 262 
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0.1 M phosphate-buffered saline (PBS; pH 7.4) followed by 400 mL paraformaldehyde (4% in PBS). The 263 

brain was removed from the skull and post fixated for 2 hours in paraformaldehyde before being 264 

washed in PBS and immersed in 30% sucrose solution. Brains were frozen, cryosectioned at 40 μm 265 

(Leica, CM3050S), placed on glass slides, dehydrated, coverslipped, and examined using a fluorescence 266 

microscope (Leica, DMLB). The locations of the stimulating electrode in Sp5 are shown in Figure 1.   267 

 268 

Six guinea pigs (400-500 gram, Elm Hill Labs) were used to identify Sp5 projections to the VCN. Animals 269 

were anesthetized with ketamine/xylazine (40 mg/kg, Putney; 10 mg/kg, Lloyd; subcutaneous) and 270 

placed in a stereotaxic frame (Kopf). A small longitudinal incision was made over the parietal bones and 271 

a small opening in the skull was drilled to allow for the Sp5 injection (2.2 mm left of the midline and 4.1 272 

mm caudal of the earbar). A Hamilton microsyringe was loaded with 10% FluoroEmerald (Thermo Fisher 273 

Scientific Inc.) and placed into the Sp5 at a depth of 9 mm from the surface of the dura. A total volume 274 

of 0.5 μL tracer was slowly injected over 5 minutes, using a MicroSyringe Pump Controller (Micro 4; 275 

World Precision Instruments, Inc.). In four animals, an additional opening was drilled at 2.5 mm left of 276 

the midline and at the rostral-to-caudal level of the ear bar to allow for an injection into the SOC. A 277 

volume of 0.5 μL FluoroRuby (10%; Thermo Fisher Scientific Inc.) was injected into the SOC 11 mm 278 

ventral from the dural surface over 5 minutes. In two other animals, FluoroRuby was injected into the 279 

contralateral CN instead of the SOC to label D-stellate cells, which form part of the CN-commissural 280 

pathway (Schofield and Cant, 1996). Subsequently, the animal was sutured and allowed to recover. Five 281 

days following surgery, the animal was euthanized with pentobarbital sodium and transcardially 282 

perfused with 100 mL PBS, followed by 400 mL paraformaldehyde (4% in PBS). Processing of the brain 283 

was performed as described above.  284 

 285 
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Sp5 electrode locations, marked by Fluorogold deposits, and tracer injection sites were visualized and 286 

photographed with a fluorescence microscope (Leica, DMLB) and attached camera (Micropublisher, 287 

QImaging). Sp5 terminals, backfilled bushy cells, and backfilled D-stellate cells were examined and 288 

photographed with a camera attached to a confocal microscope (PMT; Leica, SP5-x). SBCs and GBCs 289 

were identified using characteristics defined by Osen (1969).  290 

 291 

 292 

Results 293 

 294 

Bushy cells receive excitatory projections from Sp5 295 

Anterograde labeling from the FluoroEmerald Sp5 injection was observed throughout the magnocellular 296 

domain of the posterior and anterior VCN. The labeled puncta were in the form of small en passant and 297 

terminal boutons, as well as some larger puncta, consistent with mossy-fiber terminal endings (Zhou and 298 

Shore, 2004). Some Sp5 puncta were located in the dendritic fields of both GBCs (Figure 2A) and SBCs 299 

(Figure 2B), which were identified by retrograde labeling after FluoroRuby injections in their targets in 300 

SOC (Figure 2C). Previous studies have shown that Sp5 terminals in the CN co-label with vesicular 301 

glutamate transporter 2 (VGLUT2) (Zhou et al., 2007; Zeng et al., 2011), confirming that these puncta are 302 

glutamatergic.  303 

 304 

Excitatory responses to unimodal Sp5 stimulation were observed in 19% of Pri units (n = 21/110) and in 305 

28% of Pri-N units (n = 28/104), confirming that the Sp5 inputs are glutamatergic and excitatory. Figure 3 306 

shows representative examples of a unimodal Sp5 response in a Pri (Figure 3A) and Pri-N (Figure 3B) 307 

unit. Responses consisting of multiple peaks (Figure 3A) or a single peak of excitation (Figure 3B) were 308 

observed in both unit types. Units responding with a single peak to unimodal Sp5 stimulation had 309 
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significantly higher BFs (16.2 kHz ± 0.2 SEM) than units responding with multiple peaks (9.5 kHz ± 0.1 310 

SEM; 2-sample Kolmogorov-Smirnov [KS] test: D = 0.4700, p = 0.0055). Pure-tone thresholds, Q10dB, 311 

spontaneous firing rates, response latencies, response amplitudes, and CN depths did not differ 312 

significantly between units responding with a single peak and units responding with multiple peaks to 313 

Sp5 stimulation (2-sample KS test: p = ns for all comparisons). No inhibitory responses were observed. 314 

Mean excitatory-response latency relative to initiation of Sp5 stimulation was 3.8 ms ± 0.1 ms (SEM) and 315 

did not differ between single- or multiple-peaked responses.  316 

Figures 3C and 3D show the BF and threshold distributions of units with and without an excitatory 317 

response to Sp5 stimulation in Pri (Figure 3C) and Pri-N units (Figure 3D). Units responding to Sp5 had 318 

significantly higher BFs (13 kHz ± 1.15 SEM) than units that did not respond to Sp5 stimulation (9.4 kHz ± 319 

0.4 SEM; 2-sample KS test: D = 0.2911, p = 0.002) and also had higher SFRs (2-sample KS test: D = 0.2581, 320 

p = 0.009). Pure-tone thresholds, Q10dB, and CN depths did not differ significantly between units with 321 

and without significant Sp5 responses (2-sample KS test: p = ns for all comparisons). Since the responses 322 

of Pri and Pri-N units to Sp5 stimulation were similar in terms of prevalence, response latency, and 323 

response amplitude, Pri and Pri-N units were combined in subsequent analyses and termed PL units.  324 

 325 

AM coding but not AM detection thresholds are altered during auditory-Sp5 stimulation 326 

PL units responded robustly to AM noise. Figure 4A shows a PSTH for an exemplary PL unit in response 327 

to 16 Hz AM noise with a modulation depth of m = 25% (Figure 4A, orange line). The SI of this response 328 

was 0.25, corresponding to a response gain of 6.0 dB relative to the stimulus modulation. When Sp5 329 

stimulation preceded the auditory stimulus (Figure 4B, green bar), this unit showed stronger phase 330 

locking to the stimulus envelope, with an SI of 0.33, corresponding to a response gain of 8.43 dB (Figure 331 

4B). Across the population units, mean SI for 16 Hz AM noise was 0.22 (corresponding to a response gain 332 

of 4.98 dB) and was significantly increased to an SI of 0.24 (response gain of 5.92 dB) by auditory-Sp5 333 
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stimulation (one-sample t-test: T (97) = 2.658, p = 0.0092). Thus, combining auditory and Sp5 stimulation 334 

enhances envelope coding to 16 Hz AM noise in PL units. 335 

 336 

Across the range of modulation frequencies (f = 8-2048 Hz), we found that bimodal auditory-Sp5 337 

stimulation altered AM coding differentially at each modulation frequency. Preceding AM stimuli with 338 

Sp5 stimulation enhanced SIs at modulation frequencies below BMF, decreased the SI at BMF, but did 339 

not affect SIs of frequencies above the initial BMF. Figure 5A shows an example in which Sp5-preceding 340 

AM stimulation shifts a bushy-cell MTF to the left. Across the population of units, the mean SI for 341 

modulation frequencies below BMF was significantly increased during bimodal auditory-Sp5 stimulation 342 

compared to AM-only stimulation (one-sample t-test: T (97) = 3.64, p = 4.421*10-4, Holm-Bonferroni 343 

correction for multiple comparisons; Figure 5B). On the other hand, SI at BMF was significantly 344 

decreased in response to bimodal auditory-Sp5 stimulation (T (97) = 4.65, p = 1.064*10-5; Figure 5C). The 345 

change in SI at BMF was significantly correlated with the initial BMF (Spearman’s cross correlation: R = -346 

0.443, p = 5.057*10-6), so that units with high BMFs showed larger decreases in SI than units with lower 347 

BMFs (Figure 5E). The data are described by the following function: Change in SI = -0.0002*BMF + 348 

0.0428 (red dotted line in Figure 5E). Mean SI for modulation frequencies above BMF was not affected 349 

by bimodal auditory-Sp5 stimulation (T (97) = 1.99, p = ns; Figure 5D). MTF tuning was shifted to lower 350 

frequencies when AM stimuli were preceded by Sp5 stimulation (T = 5.36, p = 5.506*10-7; Figure 5A; 351 

Figure 5F).  352 

Changes in synchronization index at different modulation frequencies during bimodal auditory-Sp5 353 

stimulation were similar across modulation depths (m ranging from 100% - 6%), but were most 354 

pronounced at the 25% modulation depth.  355 

 356 
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Bushy-cell AM best detection thresholds (Figure 6A) and AM detection threshold curves (inset of Figure 357 

6A) were similar to those reported by Sayles et al (mean, 6.2 %; range, 2.5 - 33.1 %; SD, 3.6 %) (Sayles et 358 

al., 2013). The distribution of best detection thresholds during bimodal auditory-Sp5 stimulation, in 359 

which Sp5 stimulation preceded AM stimuli, was similar to that of AM-only detection thresholds (mean, 360 

5.7 %; range, 2.8 - 11.2 %; SD, 1.6 %; Wilcoxon-Rank Sum test: Z = 0.0712, p = ns; Figure 6B). Mean AM 361 

detection thresholds were not significantly altered during bimodal auditory-Sp5 stimulation, compared 362 

to AM-only stimulation (one-sample T-test: T (87) = 1.03, p = ns). However, AM detection thresholds of 363 

bushy cells improved 45 minutes after bimodal stimulation (see below). This indicates that bushy cell’s 364 

AM detection thresholds are likely affected through a slow acting modulatory rather than a direct-365 

activation by bimodal auditory-Sp5 stimulation.  366 

 367 

AM coding is enhanced and AM detection thresholds are improved in bushy cells 45 minutes after 368 

bimodal stimulation 369 

When evaluating the MTF of a bushy cell before and 45 minutes after bimodal auditory-Sp5 stimulation 370 

(bimodal plasticity), SIs at modulation frequencies below the BMF remained improved (as during 371 

bimodal stimulation), whereas SI at BMF and SIs above BMF were not affected (example shown in Figure 372 

7A). Across the population of units, the mean SI for modulation frequencies below BMF was significantly 373 

decreased following bimodal auditory-Sp5 stimulation (one-sample t-test: T (119) = 7.24, p = 4.833*10-374 

11, Holm-Bonferroni corrected for multiple comparisons; Figure 7B). However, SI at BMF and SIs at 375 

modulation frequencies above BMF were not significantly changed following bimodal auditory-Sp5 376 

stimulation (T (119) = 2.27, p = ns; Figure 7C and T (119) = 2.19, p = ns; Figure 7D, respectively). The 377 

correlation for BMF with SI change for bimodal integration (Figure 6E) was no longer evident for bimodal 378 

plasticity (Figure 7E), corresponding to the absence of a significant change in SI at BMF 45 minutes after 379 

bimodal auditory-Sp5 stimulation (Figure 7C). BMF was significantly shifted to lower frequencies when 380 
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evaluated 45 minutes after bimodal auditory-Sp5 stimulation (T = 2.97, p = 0.004; Figure 7F). However, 381 

this change was not as pronounced as observed for bimodal integration and some units previously 382 

tuned to a low BMF (< 100 Hz) shifted upwards to a higher BMF after bimodal auditory-Sp5 stimulation 383 

(Figure 7F).  384 

In summary, these results indicate that bimodal auditory-somatosensory stimulation strengthened 385 

neural coding of the lower modulation frequencies over time.  386 

 387 

Figure 8A shows a representative example of a bushy-cell AM detection threshold curve before (blue 388 

line) and 45 minutes after (red line) bimodal auditory-Sp5 stimulation. Detection thresholds were 389 

improved over the complete range of modulation frequencies.  390 

Across the population of units, AM detection thresholds were similarly improved 45 minutes after 391 

bimodal auditory-Sp5 stimulation (Figure 8B). In order to control for natural fluctuations of AM 392 

detection thresholds over time, we compared change in detection thresholds following bimodal 393 

auditory-Sp5 stimulation with change in detection thresholds following an auditory sham condition, in 394 

which AM-only stimuli replaced auditory-Sp5 AM stimuli. Long-term alterations of detection thresholds 395 

were indeed observed following bimodal auditory-Sp5 stimulation, when compared to the 95% 396 

confidence interval of the sham condition (dashed lines in Figure 8B), where improvements (n = 18/120) 397 

occurred more frequently than deteriorations (n = 5/120). Compared to the sham condition, bimodal 398 

auditory-Sp5 stimulation resulted in a significant long-term improvement of detection thresholds (Chi 399 

Square Test: χ2 (2) = 10.562, p = 0.005). These results show that AM detection thresholds are improved 400 

45 minutes after bimodal auditory-Sp5 stimulation. 401 

 402 

Sp5 innervates inhibitory interneurons that project to bushy cells 403 
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Bushy cell auditory-Sp5 integration may have been facilitated by VCN D-stellate cells, which are 404 

interneurons that provide wide-band inhibition to bushy cells (Campagnola and Manis, 2014). Injecting 405 

an anterograde tracer in Sp5 and a retrograde tracer in the contralateral CN demonstrated that D-406 

stellate cells receive axodendritic terminals from Sp5. Figure 9A shows a representative example of a 407 

Sp5 putative terminal located on the dendrites of a retrogradely-labeled D-stellate cell (via the CN 408 

commissural projection). 409 

Furthermore, recordings from 42 putative D-stellate cells, identified by typical On-C responses to BF 410 

tones (Figure 9B inset), verify that these cells responded to Sp5 stimulation. In 70 % (29/42) of On-C 411 

units, Sp5 stimulation resulted in a multiple-peaked excitatory responses (see Figure 9B for a 412 

representative example). No single-peaked or inhibitory responses were observed in On-C units. Mean 413 

response latency to Sp5 stimulation was 3.8 ms ± 0.11 ms (SEM), which was comparable to the 414 

excitatory response latency in PL units.  415 

Thus, Sp5-to-D-stellate cell projections likely contributed to the enhanced temporal responses and 416 

improved detection thresholds in bushy cells induced by bimodal auditory-Sp5 stimulation.  417 

 418 

 419 

Discussion 420 

 421 

The current study demonstrated for the first time, that Sp5 projects to bushy cell and D-stellate cell 422 

dendritic fields and, when stimulated, elicited unimodal excitatory responses in both cell types. 423 

Furthermore, bimodal auditory-somatosensory stimulation decreased BMF and increased 424 

synchronization indices for modulation frequencies below the initial BMF in bushy cells. These changes 425 

persisted for up to 45 min. Furthermore, AM detection thresholds were significantly improved 45 426 

minutes following bimodal auditory-Sp5 stimulation, but not during the bimodal auditory-Sp5 427 
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stimulation. Thus, bimodal auditory-Sp5 stimulation resulted in both enhancement of responses to AM 428 

stimuli and improvements in AM sensitivity of bushy cells in the VCN.  429 

 430 

Because of the large axosomatic projections from the auditory nerve (Tolbert and Morest, 1982; Ryugo 431 

and Sento, 1991), bushy cells are sometimes regarded as simple relay neurons. However, bushy cells 432 

also receive non-cochlear excitatory and inhibitory projections (Zhou et al., 2007; Gomez-Nieto and 433 

Rubio, 2009). Recent studies have demonstrated robust inhibitory responses in bushy cells (Kopp-434 

Scheinpflug et al., 2002; Gai and Carney, 2008; Keine and Rubsamen, 2015). The current study is the first 435 

to show the function of non-cochlear excitatory axodendritic inputs on bushy cells and D-stellate cells 436 

and advances our expanding knowledge on the role of PL units in hearing.  437 

 438 

Sp5 terminates in bushy cell dendritic fields 439 

Anterograde injections resulted in labeled terminal endings, demonstrating that Sp5 projects to the 440 

magnocellular domain of the VCN, confirming previous studies in guinea pigs and rats (Zhou and Shore, 441 

2004; Haenggeli et al., 2005). Furthermore, the retrograde tracer injections placed in SOC to backfill 442 

bushy cells and in contralateral CN to backfill D-stellate cells enabled us to refine the locations of the 443 

Sp5 terminals on bushy-cell and D-stellate cell dendritic fields.  444 

 445 

Evidence that Sp5 innervates bushy cells is supported by several observations. First, bushy cells showed 446 

short (3.8 ms) response latencies to unimodal Sp5 stimulation, which is consistent with a single synapse 447 

latency. In contrast, fusiform cells in the DCN have much longer latencies to Sp5 stimulation (ranging 448 

from 6 – 11.5 ms) (Shore et al., 2008; Koehler et al., 2011), which can be attributed to the additional 449 

Sp5-to-granule cell synapse and subsequent travelling through the granule cell’s unmyelinated axon (i.e. 450 

the parallel fiber) (Oertel and Young, 2004; Shore, 2005). Second, the Sp5-to-VCN projection is 451 
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glutamatergic, colabeling with VGLUT2 (Zhou et al., 2007; Zeng et al., 2011), and bushy cells receive 452 

VGLUT2-positive terminals on their cell bodies and dendritic trees (Gomez-Nieto and Rubio, 2009). 453 

These glutamatergic terminals can be distinguished from AN glutamatergic endings, which colabel 454 

instead with VGLUT1 (Zhou et al., 2007). Finally, Sp5 projects also to the rostral area of the VCN, which 455 

contains predominantly bushy cells (Hackney et al., 1990), indicating that Sp5 projects directly onto 456 

bushy cells in that region. However, since the average BF of units responding to Sp5 stimulation was 457 

relatively high (13 kHz ± 1.15 SEM), bushy cells outside the most rostral region of VCN likely receive Sp5 458 

projections as well.  459 

 460 

A small portion of the anterograde labeled projections may have originated in the cuneate nucleus, 461 

since the diffusion area of the injection site partly infringed the cuneate nucleus, which also projects to 462 

the CN (Wright and Ryugo, 1996; Li and Mizuno, 1997), with a similar projection pattern as the Sp5 463 

(Zeng et al., 2011).  464 

 465 

Bimodal auditory-Sp5 stimulation influences bushy cell responses to AM stimuli 466 

Although controversial (Blackburn and Sachs, 1989; Winter and Palmer, 1990), several studies 467 

demonstrate that bushy cells encode temporal information with high precision, with better phase 468 

locking than their input source, the AN (Frisina et al., 1990b; Joris et al., 1994b; Recio-Spinoso, 2012; 469 

Keine and Rubsamen, 2015). Coincidence detection may play an important role in the phase-locking 470 

enhancement in bushy cells. Because endbulbs from multiple AN fibers synapse on the bushy cell soma 471 

(Sento and Ryugo, 1989; Ryugo and Sento, 1991) and because bushy cells exhibit short membrane time 472 

constants (Oertel, 1983; Wu and Oertel, 1984), only spikes arriving simultaneously from multiple AN 473 

fibers will elicit a spike in the bushy cell (Joris et al., 1994b). Such coincidence detection is likely 474 

enhanced by activation of presynaptic inhibitory receptors (Frisina et al., 1990a; Chanda and Xu-475 
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Friedman, 2010; Dehmel et al., 2010; Wang et al., 2011; Keine and Rubsamen, 2015) as blocking 476 

inhibition decreases synchrony in bushy cells (Gai and Carney, 2008). Moreover, increased inhibitory 477 

strength shifts the bushy cell’ MTF towards lower modulation frequencies and higher synchronization 478 

indices in an auditory brainstem model (Eguia et al., 2010), consistent with the increased 479 

synchronization indices especially at low modulation frequencies reported in the current study.  480 

D-stellate cells provide one source of that inhibitory input to bushy cells (Campagnola and Manis, 2014).  481 

Here, we showed also that Sp5 projects to the dendrites of these D-stellate cells. Furthermore, 70% of 482 

On-C units, which likely represent responses from D-stellate cells (Smith and Rhode, 1989), showed an 483 

excitatory response upon electrical stimulation of Sp5. It is therefore possible that Sp5 terminals activate 484 

these inhibitory interneurons in the CN, which in turn inhibit bushy cells to sharpen phase locking 485 

following bimodal auditory-Sp5 stimulation. This Sp5-driven inhibitory input to bushy cells was 486 

subthreshold, as no inhibitory responses to unimodal Sp5 stimulation were observed in PL units.  487 

 488 

An alternative mechanism by which multisensory influences on bushy cells could occur is by influencing 489 

reciprocal connections between bushy cells, which may facilitate enhanced bushy-cell synchronization 490 

to the stimulus temporal fluctuations (Gomez-Nieto and Rubio, 2009).  491 

 492 

Unimodal responses to Sp5 stimulation were observed in only a subset of bushy cells. This may indicate 493 

that not all bushy cells receive direct Sp5 innervation, in agreement with the sparse projection pattern 494 

of Sp5 terminals to the magnocellular region of the VCN (Zhou and Shore, 2004; Haenggeli et al., 2005). 495 

However, bimodal auditory-Sp5 stimulation affected most PL units, suggesting that Sp5 input to bushy 496 

cells was subthreshold for a large number of bushy cells becoming apparent only upon simultaneous 497 

activation of the auditory and somatosensory system.  498 

 499 
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Long-term plasticity was induced by bimodal auditory-Sp5 stimulation in bushy cells, demonstrated by 500 

enhanced or improved temporal coding that remained or became apparent 45 minutes after bimodal 501 

stimulation. This time course is consistent with the finding that most Sp5 terminals in the VCNm are en 502 

passant boutons, which are thought to have a modulatory rather than a direct-activation function (Zeng 503 

et al., 2011). This modulatory function implies that Sp5-derived glutamate may act on metabotropic 504 

glutamate bushy-cell receptors (mGluRs). Indeed, mGluRs on bushy cells are tonically active and are 505 

highly sensitive to ambient glutamate, which affects firing probabilities and interacts with inhibitory 506 

modulatory systems (Chanda and Xu-Friedman, 2010).  507 

 508 

Implications of improved temporal coding in bushy cells 509 

The current study showed that bimodal auditory-somatosensory stimulation enhanced phase locking to 510 

low frequency AM stimuli in VCN bushy cells. Enhancement of neural activity in humans, as measured by 511 

fMRI (functional magnetic resonance imaging) and EEG (electroencephalogram), occurs during 512 

multimodal stimulation compared to unimodal stimulation (Calvert et al., 2000; Foxe et al., 2000; 513 

Macaluso et al., 2000; Murray et al., 2005; Nozaradan et al., 2012). These enhanced neural responses 514 

improve perception, e.g. intensity discrimination of an auditory stimulus is improved when concurrently 515 

presented with a somatosensory stimulus (Schurmann et al., 2004; Gillmeister and Eimer, 2007; Wilson 516 

et al., 2010). Thus, enhanced phase locking in bushy cells by bimodal auditory-somatosensory 517 

stimulation could explain increases in the salience of an auditory signal.  518 

 519 

Improved AM detection thresholds in bushy cells after bimodal auditory-Sp5 stimulation are in 520 

agreement with human studies. For example, speech perception thresholds of hearing-impaired children 521 

are improved when hearing aids are used in concert with the Tickle Talker, an electrotactile speech 522 

processor (Galvin et al., 1991), and auditory detection thresholds are improved in the presence of a 523 
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tactile cue (Gillmeister and Eimer, 2007). Furthermore, AM detection thresholds of bushy cells reported 524 

in the current study closely resemble AM detection thresholds of normal-hearing human listeners 525 

(Viemeister, 1979; Forrest and Green, 1987; Sheft and Yost, 1990), suggesting that bushy cells play an 526 

important role in neural processing and detection of amplitude modulations. Thus, the improved AM 527 

detection thresholds with bimodal auditory-Sp5 stimulation may translate to improved behavioral AM 528 

detection.  529 

 530 

Bushy cells are the primary input to the SOC (Smith et al., 1991; Smith et al., 1993; Cant and Benson, 531 

2003), which is involved in sound localization in the horizontal plane and relies on accurate temporal 532 

information. Thus, the current study suggests that the Sp5-to-bushy cell projection may aid in azimuthal 533 

sound localization by improving detection and representation of temporal modulations. Furthermore, 534 

temporal modulations comprise an important feature of biologically relevant acoustic stimuli, including 535 

communication signals, such as speech (Rosen, 1992; Colletti and Shannon, 2005), suggesting an 536 

important role for bushy cells in processing communication signals. Improvement of bushy cell AM 537 

coding by bimodal auditory-somatosensory stimulation, such as shown in the current study, may thus be 538 

involved in priming the neurons for coding of biologically relevant sounds.  539 

  540 
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Figure legends 713 

 714 

Figure 1: Confirmation of the stimulating-electrode placement in Sp5. A) Representative example of the 715 

Fluorogold-labeled electrode tract in the pars interpolaris of Sp5. B) Histological reconstruction of the 716 

placement of the Sp5 stimulating electrode of 8/9 animals. * indicates the electrode tract in panel A. 717 

 718 

Figure 2: Sp5 projects to bushy cells dendritic regions in magnocellular VCN.  719 

A) Confocal photomicrograph of a putative GBC (red) in caudal AVCN with adjacent Sp5 en passant 720 

boutons (green) after FluoroEmerald injection in Sp5I. Bushy cell was back-labeled by SOC injection 721 

shown in C.  B) Confocal photomicrograph of a putative SBC (red) in rostral AVCN with adjacent Sp5 722 

mossy-fiber-like terminals. Double labeling (yellow) indicates that Sp5 terminates axodendritically in the 723 

dendritic field of the bushy cells. C) Photomicrograph of the FluoroRuby injection in SOC. D) 724 

Photomicrograph of the FluoroEmerald injection site in the left Sp5I. The core of the injection site was 725 

confined to the Sp5I, whereas the diffusion area spread out to parts of the cuneate nucleus. Cu, cuneate 726 

nucleus; GBC; globular bushy cell; icp, inferior cerebellar peduncle; NTB, nucleus of the trapezoid body; 727 

pt, pyramidal tract; SBC, spherical bushy cell; SOC, superior olivary complex; sp5, spinal trigeminal tract; 728 

Sp5I, pars interpolaris of spinal trigeminal nucleus.  729 

 730 

Figure 3: Unimodal Sp5 stimulation elicits excitatory responses in PL units. A) PSTH (post-stimulus time 731 

histogram) (0.2 ms bin width) of a double-peaked response of a Pri unit to electrical stimulation of Sp5 732 

(three biphasic 40 μA current pulses at 1000 Hz). Inset shows the primary-like response to a BF tone 733 

burst (50-ms tone at 2.4 kHz at 50 dB re threshold, 0.2 ms bin width). Grey bar indicates the Sp5 734 

stimulus duration. The absence of neural activity from 0-3 ms is due to electrical artifact removal. B) 735 

PSTH (0.2 ms bin width) of a one-peaked response of a Pri-N unit to Sp5 stimulation (three biphasic 60 736 
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μA current pulses at 1000 Hz). Inset shows the primary-like with notch response to a tone burst at BF 737 

(50-ms tone at 16 kHz at 30 dB re threshold, 0.2 ms bin width). C) Threshold distribution across BF for all 738 

Pri units (n = 110), showing units with (red circles) and units without (black squares) a significant 739 

excitatory response to unimodal Sp5 stimulation. D) Threshold distribution across BF for all Pri-N units (n 740 

= 104), legend entries are similar to panel C.  741 

 742 

Figure 4: Bimodal auditory-Sp5 stimulation enhances envelope coding in a bushy cell. A) PSTH of the 743 

response of a Pri unit to AM noise. The auditory stimulus is depicted above the histogram. The orange 744 

line represents the sinusoidal amplitude modulation of 16 Hz, with a modulation depth m of 25%. The 745 

synchronization index (SI) of the response to AM of this unit equals 0.25. B) PSTH of the response to 746 

bimodal auditory-somatosensory stimulation. The PSTH is derived from the same Pri unit as in panel A. 747 

The green bar indicates the timing of the Sp5 stimulation, which preceded the onset of the AM noise by 748 

10 ms. The SI of the response to auditory-Sp5 stimulation equals 0.33.  749 

 750 

Figure 5: The effects of bimodal integration on the MTF. A) Representative example of a Pri unit MTF 751 

before (blue line) and during (red line) bimodal auditory-Sp5 stimulation. B) Mean SI plotted against 752 

mean SI during bimodal auditory-Sp5 stimulation for frequencies below BMF. C) SI at BMF plotted 753 

against SI at BMF during bimodal auditory-Sp5 stimulation. D) Mean SI plotted against mean SI during 754 

bimodal auditory-Sp5 stimulation for frequencies above BMF. E) BMF plotted against the change in SI at 755 

BMF. The red dotted line is a linear fit function, described by y = -0.0002*x + 0.0428. F) BMF plotted 756 

against BMF during bimodal auditory-Sp5 stimulation. Black dotted lines in panels B, C, D, and F 757 

represent y = x. P-values depicted in the graphs indicate significance following one-sample t-tests and 758 

are corrected for multiple comparisons using the Holm-Bonferroni correction. 759 

 760 
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Figure 6: The effects of bimodal integration on AM detection thresholds. A) Histogram of all best AM 761 

detection thresholds for PL units either before bimodal auditory-Sp5 stimulation or before auditory 762 

sham stimulation (n = 288; mean, 6.5 %; range, 2.5 - 33.1 %; SD, 4.1 %). The inset shows a representative 763 

detection threshold curve of a Pri unit, with a best detection frequency at 256 Hz and a best detection 764 

threshold at 9.0 %. B) Histogram of all best modulation detection thresholds during bimodal auditory-765 

Sp5 stimulation. 766 

 767 

Figure 7: The effects of bimodal plasticity on the MTF. A) Representative example of a Pri unit MTF 768 

before (blue line) and 45 minutes after bimodal auditory-Sp5 stimulation (red line). B) Mean SI plotted 769 

against mean SI after bimodal auditory-Sp5 stimulation for frequencies below BMF. C) SI at BMF plotted 770 

against SI at BMF after bimodal auditory-Sp5 stimulation. D) Mean SI plotted against mean SI after 771 

bimodal auditory-Sp5 stimulation for frequencies above BMF. E) BMF plotted against the change in SI at 772 

BMF. F) BMF plotted against BMF during bimodal auditory-Sp5 stimulation. Black dotted lines in panel B, 773 

C, D, and F represent y = x. P-values depicted in the graphs indicate significance following one-sample t-774 

tests and are corrected for multiple comparisons using the Holm-Bonferroni correction. 775 

 776 

Figure 8: The effects of bimodal plasticity on AM detection thresholds. A) A representative example of 777 

improvements along the AM detection threshold curve following bimodal auditory-Sp5 stimulation of a 778 

Pri unit. B) Absolute change in best AM detection thresholds for the sham (grey) and the bimodal 779 

auditory-Sp5 stimulation (dark red) groups. The dashed lines indicate the 95% confidence intervals for 780 

the sham group and represents the range of fluctuation in the best detection threshold expected based 781 

on natural changes over time. 782 

 783 
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Figure 9: Sp5 innervates D-stellate cells in the VCN. A) D-stellate cells are retrogradely labeled via tracer 784 

injection in the contralateral CN (inset; scale bar = 300 μm). A representative confocal photomicrograph 785 

showing Sp5 (green fluorescence, same procedure as described in Figure 2; merged in yellow) projecting 786 

to a D-stellate cell (red; scale bar = 30 μm) in the VCN.  B) PSTH of an On-C unit response to electrical 787 

Sp5 stimulation (60 μA current pulses; 0.2 ms bin width). The grey bar indicates the Sp5 stimulus 788 

duration. The absence of neural activity from 0-3 ms is due to electrical artifact removal. Inset shows the 789 

unit’s onset chopper discharge pattern to a tone burst at BF (50-ms tone at 6.9 kHz at 30 dB re 790 

threshold, 0.2 ms bin width). 791 

 792 
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