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Abstract

Objective—The corticofugal system can alter coding along the ascending sensory pathway. 

Within the auditory system, electrical stimulation of the auditory cortex (AC) paired with a pure 

tone can cause egocentric shifts in the tuning of auditory neurons, making them more sensitive to 

the pure tone frequency. Since tinnitus has been linked with hyperactivity across auditory neurons, 

we sought to develop a new neuromodulation approach that could suppress a wide range of 

neurons rather than enhance specific frequency-tuned neurons.

Approach—We performed experiments in the guinea pig to assess the effects of cortical 

stimulation paired with broadband noise (PN-Stim) on ascending auditory activity within the 

central nucleus of the inferior colliculus (CNIC), a widely studied region for AC stimulation 

paradigms.

Main results—All eight stimulated AC regions induced extensive suppression of activity across 

the CNIC that was not possible with noise stimulation alone. This suppression built up over time 

and remained after the PN-Stim paradigm.

Significance—We propose that the corticofugal system is designed to decrease the brain’s input 

gain to irrelevant stimuli and PN-Stim is able to artificially amplify this effect to suppress neural 

firing across the auditory system. The PN-Stim concept may have potential for treating tinnitus 

and other neurological disorders.
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1. Introduction

There has been tremendous growth in the number of studies using invasive or noninvasive 

cortical neuromodulation to treat various brain disorders such as epilepsy, depression, pain, 

tremor, stroke recovery, schizophrenia, addiction, and tinnitus (Gomez Palacio Schjetnan et 

al., 2013; Johnson et al., 2013; Zhang, 2013; Schulz et al., 2013; Fenoy et al., 2006; 

Seidman et al., 2008). Unfortunately, the results have varied dramatically across patients. 

More basic research is needed to further understand the role of cortex in altering descending 

and ascending networks in order to guide clinicians activating the cortex to provide 

therapeutic outcomes.

Within normal sensory systems, it has been shown that the cortex can shift or adjust the gain 

of coding within the ascending pathways (Yan et al., 2005; Zhang et al., 1997; Suga et al., 

2011; Massopust and Ordy, 1962; Andersen et al., 1972; Ryugo and Weinberger, 1976; 

Syka and Popelar, 1984; Xiong et al., 2009; Suga, 2011; Sillito et al., 1994; Malmierca and 

Nunez, 1998; Ergenzinger et al., 1998; Krupa et al., 1999). A majority of this research has 

been conducted within the auditory system, though similar trends have been observed within 

the visual and somatosensory systems (Suga, 2011). For example, repeated presentation of a 

pure tone paired with electrical stimulation of neurons coding for the same frequency in 

primary auditory cortex (A1) causes the ventral division of the medial geniculate body 

(VMGB), central nucleus of the inferior colliculus (CNIC), cochlear nucleus, and A1 itself 

to become less sensitive to neighboring frequencies and/or more sensitive to the presented 

frequency, altering the underlying tonotopic map of these regions. This type of plasticity has 

also been observed for other sound features such as threshold, duration tuning, spatial 

tuning, and response latency (Suga et al., 2011; Xiong et al., 2009).

Pairing cortical stimulation with an acoustic stimulus to induce controlled plasticity may be 

relevant for treating various hearing disorders such as tinnitus. Tinnitus is a phantom sound 

percept that is annoying and/or debilitating for about 5% of the population (statistics 

provided by Centers for Disease Control and Prevention) and is a major health issue in our 

society (Moller et al., 2011). Tinnitus has been linked to abnormal tonotopic reorganization 

within the auditory system (Norena et al., 2003; Muhlnickel et al., 1998; Eggermont and 

Roberts, 2004). Pairing cortical stimulation with pure tones could potentially restore normal 

tonotopic coding in tinnitus patients and has recently been investigated in non-tinnitus 

subjects in a proof-of-concept study using transcranial magnetic stimulation (Schecklmann 

et al., 2011). However, other studies suggest that tinnitus may be coded as hyperactivity 

and/or hypersynchrony across neurons (Jastreboff and Sasaki, 1986; Bauer et al., 2008; 

Moller et al., 2011; Lanting et al., 2009; Chen et al., 2013; Middleton and Tzounopoulos, 

2012; Kaltenbach, 2011; Eggermont and Roberts, 2012) and that tonotopic map 

reorganization may not be a necessary biomarker for tinnitus (Langers et al., 2012). Thus, 

the ability to suppress neurons tuned to several different frequencies may more effectively 

treat tinnitus.

Therefore, we were interested if pairing cortical stimulation with other acoustic stimuli 

could alter ascending neural activity across more widespread neural populations that may be 

relevant for the treatment of tinnitus. Several animal studies have combined cortical 
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stimulation with acoustic clicks in order to alter subcortical auditory neurons (Torterolo et 

al., 1998; Amato et al., 1970; Watanabe et al., 1966; Massopust and Ordy, 1962). However, 

the extent of suppressive versus facilitatory effects varied across these studies, which may 

reflect differences in stimulation and recording locations across and within studies. It may 

also be attributed to the use of a click stimulus, which has strong spectral energy only within 

a limited bandwidth depending on its duration and may not have consistently activated 

neurons across the tonotopic map. There is one study by He et al. (He et al., 2002) that 

paired cortical stimulation with broadband noise in guinea pigs. Though the majority of 

neurons sampled in MGBv were facilitated when using an interstimulus interval of 100 ms, 

they presented data from three neurons suggesting that pairing cortical stimulation with 

broadband noise may achieve stronger suppressive than facilitatory effects with shorter 

cortical-to-acoustic-delays (10–30 ms; Figure 3 from (He et al., 2002)). However, questions 

remain as to whether this effect is observed consistently across a larger number of neurons 

throughout the ascending auditory system and whether delays shorter than 10 ms would 

produce an even stronger suppressive effect.

To address the questions described above, we investigated a new approach of pairing 

cortical stimulation approximately simultaneously with broadband noise, which we term 

PN-Stim, to potentially suppress ascending neural activity. We initially focused on changes 

in firing in the CNIC because a large proportion of studies investigating corticofugal effects 

from auditory cortex (AC) have focused on the CNIC (Suga et al., 2011; Xiong et al., 2009) 

and because the inferior colliculus (IC) has shown neural changes associated with tinnitus 

(Bauer et al., 2008; Melcher et al., 2009). We stimulated multiple subregions across AC and 

recorded from neurons fully spanning the CNIC. In our experiments, we observed that PN-

Stim elicited substantial suppression of neural activity throughout the CNIC, with the 

majority of stimulated AC regions inducing much greater suppressive than facilitatory 

changes in CNIC activity. The brain may be designed to reduce its neural/perceptual gain to 

noise-like and meaningless inputs and corticofugal activation reinforces this mechanism 

when precisely paired with that noise stimulus. Clinically, these findings open up the 

potential for a new neuromodulation paradigm of pairing cortical stimulation with an 

irrelevant/meaningless stimulus to induce extensive suppression across the auditory system 

for the treatment of tinnitus.

2. Methods

2.1. Animal surgeries and electrode implantation

Basic surgical procedures and methods for recording and stimulation are similar to those 

presented in previous studies (Markovitz et al., 2013; Lim and Anderson, 2007; Straka et al., 

2013) and are only briefly presented here. Experiments were performed on 16 young Hartley 

guinea pigs (282–541 g; Elm Hill Breeding Labs, Chelmsford, MA) in accordance with 

policies of the University of Minnesota Institutional Animal Care and Use Committee. Each 

animal was anesthetized with an intramuscular mixture of ketamine (40 mg/kg) and xylazine 

(10 mg/kg) with 0.1 mL supplements every 45–60 minutes to maintain an areflexive state. 

Atropine sulfate (0.05 mg/kg) was administered periodically to reduce mucous secretions in 

the airway. Heart rate and blood oxygenation were continuously monitored via a pulse 

Markovitz et al. Page 3

J Neural Eng. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



oximeter and body temperature was maintained at 38.0 ± 0.5°C using a heating blanket and 

rectal thermometer.

With the animals fixed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA), a 

craniotomy was performed to expose the right auditory and visual cortices and two 32-site 

electrode arrays (NeuroNexus Technologies, Ann Arbor, MI) were inserted via hydraulic 

micro-manipulators into the right AC and CNIC. The AC array consists of four 5 mm long 

shanks separated by 500 μm with eight iridium sites linearly spaced 200 μm (center-to-

center) along each shank. Before each experiment, AC electrodes sites were activated from 

iridium to iridium oxide via cyclic voltammetry for recording and stimulation capabilities 

(Lim and Anderson, 2007), lowering the site impedances to approximately 0.1–0.3 MΩ at 1 

kHz. The array was placed perpendicular to the cortical surface and inserted to a depth of 

approximately 1.6 mm. In eight experiments, the CNIC array consisted of two 10 mm long 

shanks separated by 500 μm with 16 iridium sites linearly spaced 100 μm along each shank. 

In the other eight experiments, the CNIC array had four 10 mm long shanks separated by 

500 μm with eight iridium sites linearly spaced 200 μm along each shank. In all experiments, 

the array was inserted 45° off the sagittal plane through the occipital cortex into the CNIC to 

align it along the tonotopic gradient of the CNIC (Snyder et al., 2004; Lim and Anderson, 

2006; Markovitz et al., 2012). CNIC site impedances ranged between 0.8–3.0 MΩ at 1 kHz. 

The recording ground wire was positioned in the neck muscles and the stimulation ground 

needle was implanted into the brain tissue near the intersection of the midline and bregma. 

After placement of the arrays, the brain was covered with agarose to reduce swelling, 

pulsations, and drying during the recording sessions.

2.2. Recording and stimulation

Experiments were performed within a sound attenuating, electrically-shielded room using 

custom software interfaced with TDT hardware (Tucker-Davis Technology, Alachua, FL). 

All acoustic stimulation was presented to the animal’s left ear canal via a speaker coupled to 

a custom-made hollow ear bar, which was calibrated using a 0.25 in condenser microphone 

(ACO Pacific, Belmont, CA). Multi-unit neural data were sampled at a rate of 25 kHz, 

passed through analog DC-blocking and anti-aliasing filters up to 7.5 kHz, and digitally 

filtered between 0.3 and 3.0 kHz for analysis of neural spikes. Spikes were determined as 

voltages exceeding 3.5 times the standard deviation of the noise floor.

2.3. Electrode array placement

Acoustic stimuli were presented to the animal’s left ear canal and acoustic-driven responses 

were used to guide and verify accurate electrode placement within the CNIC and AC. Pure 

tones (60 ms duration, 5 ms ramp/decay) of varying frequencies (0.6–40 kHz, 8 steps/

octave) and levels (0–70 dB SPL, 10 dB steps) were randomly presented for 4 trials/

parameter. The acoustic-driven spike rates were calculated for responses recorded in the 

CNIC (taken 5–60 ms after tone onset) and AC (5–20 ms after tone onset for most cortical 

regions; 35–50 ms for late onset response types) to create frequency response maps (FRMs) 

for each site. Best frequencies (BFs) were calculated from the FRMs as the frequency 

centroid at 10 dB above the visually determined threshold.
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2.3.1. CNIC properties—Array placement within the CNIC was confirmed by observing 

FRMs that systematically increased in BF with increasing depth (Markovitz et al., 2012; 

Lim and Anderson, 2007; Straka et al., 2014). FRMs for sites outside of the CNIC in 

external regions of the IC typically exhibited broad and weak tuning and/or multiple FRM 

peaks and were excluded from the analysis in this paper.

2.3.2. AC properties and subregions—The exposed cortical surface with an inserted 

electrode array was imaged using a microscope-mounted camera (OPMI 1 FR pro, Zeiss, 

Dublin, CA). Guinea pig cortical regions, based on response properties characterized in 

previous studies (Wallace et al., 2000; Redies et al., 1989), are labeled in Figure 1. Primary 

auditory cortex (A1) exhibited increasing BFs in the rostrolateral-to-caudomedial direction 

and short first-spike latencies of approximately 12–20 ms. The dorsocaudal area (DC) shares 

a high frequency border with A1 and continues with decreasing BFs in the rostrolateral-to-

caudomedial direction. A1 and DC, the largest cortical areas in the guinea pig, were split 

approximately in half perpendicular to the tonotopic gradient of these regions for analysis, 

creating medial A1 (mA1), lateral A1 (lA1), medial DC (mDC), and lateral DC (lDC) 

regions. The dorsocaudal belt (DCB) lies medial of DC and responds strongest to broadband 

noise, though weak responses to pure tones with BFs around 15 kHz were often observed. 

The dorsorostral belt (DRB) lies along the pseudosylvian sulcus, rostral of DCB and medial 

of A1, and shows variable responses to pure tones and broadband noise. The ventrorostral 

belt (VRB) is located lateral of A1 and has a similar tonotopic organization as A1 in the 

rostrolateral-to-caudomedial direction, but it is differentiated from A1 by its longer first-

spike latency of approximately 25–35 ms and more sustained firing patterns. The 

ventrocaudal belt (VCB) lies caudal of VRB and lateral of DC and responds strongest to 

broadband noise. The small field (S) and transition (T) regions previously described in the 

literature have been excluded from this study as it was difficult to differentiate these regions 

from neighboring cortical regions. Each placement of the cortical array was verified to have 

all four shanks within the same cortical region before proceeding to the stimulation 

paradigm, which enabled us to easily separate the cortical regions for offline analysis. 

Multiple AC electrode placements were made per experiment. The order in which the 

cortical regions were stimulated was randomized within and across experiments to minimize 

cumulative effects.

2.4. Stimulation protocol and analysis

The stimulation paradigm consisted of three blocks of trials presented sequentially but 

separated by 5–10 seconds in time. In Block 1, 50 trials of 70 dB SPL, 60 ms long 

broadband noise (flat spectrum from 0.625 to 40 kHz; same frozen stimulus for all trials and 

blocks across experiments) were presented to the animal’s left ear canal at a rate of 2/s and 

responses in the right CNIC were recorded.

In Block 2, we presented PN-Stim in which broadband noise was paired with AC electrical 

stimulation. Each trial consisted of the same broadband noise as in Block 1 paired with a 

single electrical stimulation pulse presented 4 ms after the onset of the noise stimulus. 

Previous studies in guinea pigs (Markovitz et al., 2013; Lim and Anderson, 2007) have 

shown that stimulation of A1 activates neurons projecting to CNIC with average first-spike 
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latencies between about 7–10 ms. The average first-spike latency for acoustic-driven 

responses within the CNIC of guinea pigs is about 13 ms (Syka et al., 2000). We selected 4 

ms to attempt to have spikes occur approximately simultaneously into the CNIC from 

acoustic and cortical stimulation (at least from A1), based on the findings presented in the 

Introduction for conditions that may cause more suppressive than facilitatory effects. 

Electrical stimulation consisted of a biphasic, charge-balanced pulse (205 μs/phase, 

cathodic-leading) at either 12, 16, 20, or 32 μA, with only one site being stimulated per trial. 

The presented results are generally based on data collected for stimulation of 32 μA, though 

lower levels were used for specific analyses when stated. We used a maximum of 32 μA 

because a previous study by our group demonstrated that this current level was low enough 

to locally activate specific frequency regions within AC in a similar animal model 

(Markovitz et al., 2013), which enables us to investigate frequency-specific changes in 

neural activity within the CNIC induced by AC activation. One cortical site located within 

the main output layer V in the guinea pig cortex was used from each of the four shanks for 

stimulation. Sites located in layer V were determined using current source density analysis, 

which calculates the second spatial derivative of the sound-evoked local field potentials 

recorded across the sites along each shank to obtain the current sources and sinks 

corresponding to the different cortical layers. Layer V sites were identified as those with a 

current source located at a depth of approximately 900–1500 μm (Wallace et al., 2000; Lim 

and Anderson, 2007). Further details on this current source density technique in guinea pig 

is provided in (Lim and Anderson, 2007). Each stimulus parameter was run for 50 trials and 

the stimulation was randomized across the four levels and four cortical sites, resulting in a 

total of 400 trials at a rate of 2/s for Block 2. The CNIC response to PN-Stim in Block 2 for 

each of the 16 stimulus parameters was then compared to the CNIC response to acoustic 

stimulation alone in Block 1, which allowed us to assess how PN-Stim directly alters the 

acoustic-driven activity.

Block 3 consisted of 50 additional trials of broadband noise also at a rate of 2/s. The CNIC 

response to acoustic stimulation alone from Block 3 was compared to the response to 

acoustic stimulation alone from Block 1, which allowed us to compare the residual changes 

caused from PN-Stim.

Spike counts for all conditions were measured over a 60 ms window starting from the 

beginning of the acoustic response. All statistical comparisons were performed using an 

unequal variance, two-tailed t-test on ranked data across trials with significance defined as 

p<0.01 (Ruxton, 2006). After performing all three blocks, the AC electrode was placed into 

a new location and the procedure was repeated after waiting at least 30 minutes to reduce 

cumulative effects.

2.5. Histology and electrode site reconstructions for CNIC

A detailed explanation of the computer reconstructions of the midbrain for identifying the 

locations of CNIC sites was presented in a previous publication (Markovitz et al., 2012) and 

is only briefly described here. The CNIC array was dipped in a red fluorescent dye (3 mg 

Di-I per 100 μL acetone; Sigma-Aldrich, St. Louis, MO) prior to its insertion into the brain. 

Immediately following each experiment, the animal was euthanized with an overdose (0.22 
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mL/kg) of Beuthanasia-D Special (active ingredients: pentobarbital sodium (390 mg/mL) 

and phenytoin sodium (50 mg/mL); Merck, Summit, NJ) into the heart and the animal was 

decapitated. The brain was immersed in 3.7% paraformaldehyde for approximately 10 days. 

The midbrain was then blocked, cryosectioned into 60 μm thick sagittal slices, and fully 

reconstructed along with the location of all of the electrode shank tracks (marked with the 

red Di-I stain) using computer software (Rhinoceros, Seattle, WA). To create computer 

models of isofrequency laminae, the midbrains were three-dimensionally normalized to each 

other based on the size and orientation of the IC surface across animals, and the electrode 

tracks were superimposed within one standard midbrain. A cut perpendicular to the 

tonotopic axis was made at a depth that corresponded to a specific frequency lamina based 

on our FRM data and previous studies (Markovitz et al., 2012; Markovitz et al., 2013; 

Straka et al., 2014). For plotting purposes, the distances in the caudal-to-rostral and medial-

to-lateral directions along an isofrequency lamina were normalized based on the most 

proximal site location in each direction. Though the actual laminae are curved and oriented 

at different angles between the medial-lateral and dorsal-ventral axes, we use the term 

“medial-to-lateral” to represent this dimension since this is what is commonly used in other 

physiological studies that have mapped properties across the isofrequency laminae of the 

CNIC (Ehret, 1997; Hage and Ehret, 2003; Langner et al., 2002; Schreiner and Langner, 

1988).

3. Results

Multi-unit recordings were made from a total of 1,012 CNIC sites after removing sites that 

did not show a strong response to broadband noise (<2%). The BFs of the recorded CNIC 

population ranged from 1.0–25.3 kHz and sites were distributed across the different 

isofrequency laminae. In AC, a total of 176 layer V sites were stimulated throughout the 

eight cortical regions. In the three tonotopic cortical regions, BFs ranged from 1.0–23.7 kHz 

for A1, 1.2–23.9 kHz for DC, and 1.5–28.3 kHz for VRB. Since multiple cortical sites were 

stimulated for each CNIC site, a total of 7,448 AC-CNIC site pairs were sampled to analyze 

the effects of PN-Stim on acoustic-driven activity (Table 1), and 1,862 AC-CNIC site pairs 

were sampled to analyze the residual effects of PN-Stim (Table 2).

3.1. PN-Stim induces extensive suppression of CNIC

Cortical stimulation caused a variety of effects on acoustic-driven neural activity in the 

CNIC, including suppressing activity (Figure 2: top panels), facilitating activity (Figure 2: 

bottom panels), and inducing no significant change in activity. Overall, cortical stimulation 

had a much stronger suppressive than facilitatory effect on neural firing in the CNIC. Of the 

7,448 AC-CNIC site pairs sampled, 34.6% (2,577) were significantly suppressed by PN-

Stim, while only 2.2% (167) were significantly facilitated. This analysis was performed by 

comparing the CNIC response during PN-Stim with the baseline response to acoustic 

stimulation alone (e.g., columns 2 and 1 of Figure 2). Figure 3 shows all of the magnitudes 

of significantly modulated CNIC sites in response to PN-Stim relative to their baseline 

response. Cortical stimulation typically suppressed CNIC neural firing to 0.750–0.900 of its 

baseline level, with an average magnitude for significantly suppressed sites of 0.824. Few 
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sites were suppressed to less than 0.500 or facilitated to greater than 1.500 of their baseline 

response.

3.2. Predominantly suppressive effects for all stimulated AC regions

To assess how stimulation of different cortical regions affects CNIC firing, we separated the 

AC-CNIC site pairs based on the stimulated AC region (Table 1). Electrical stimulation of 

each of the eight cortical regions caused primarily suppressive effects on CNIC sites (Figure 

4). Activation of mA1 suppressed the highest percentage of CNIC sites, with over half of all 

sites sampled being significantly suppressed, and nearly no sites were significantly 

facilitated. The magnitudes of suppression and facilitation for significantly changed sites 

based on the stimulated cortical region are shown in Figure 5. In addition to suppressing the 

highest percentage of sites, stimulation of mA1 also suppressed these sites to the strongest 

extent, with sites being suppressed to an average of 0.777 of its baseline response to acoustic 

stimulation alone (Figure 5). Based on Figures 4 and 5 and Table 1, there are some 

differences in the extent of suppressed versus facilitated CNIC sites depending on the 

stimulated AC region. However, all AC regions elicited much greater suppressive than 

facilitatory effects on CNIC activity.

3.3. CNIC distribution of suppression and facilitation

Direct pathways from A1 to the CNIC are glutamatergic and tonotopically arranged 

(Saldana et al., 1996; Markovitz et al., 2013; Lim and Anderson, 2007; Andersen et al., 

1980; Feliciano and Potashner, 1995; Bajo and Moore, 2005; Bajo et al., 2007). Therefore, 

we wanted to determine whether the facilitation and/or suppression of acoustic-driven 

activity were organized along the tonotopic gradient. We selected the three tonotopic 

cortical regions - A1, DC, and VRB - and plotted the BFs of the stimulated sites against the 

BFs of the CNIC sites that were significantly suppressed or facilitated. The medial and 

lateral portions of A1 and DC were combined for this analysis. As shown in the top panels 

of Figure 6, suppression of the CNIC was widespread across the tonotopic axis for all three 

stimulated AC regions. For instance, stimulation of an A1 site with a BF of 20.2 kHz 

suppressed CNIC sites with BFs ranging from 1.1 kHz – 24.3 kHz. Similarly, stimulation of 

the three tonotopic regions produced facilitation in the CNIC with no clear trend across the 

tonotopic axis, though these plots, especially for VRB, had fewer points for analysis (bottom 

panels of Figure 6). Similar trends were found using lower stimulation levels (data not 

shown).

We do not believe this lack of tonotopic trends is due to current spread since the highest 

level used, 32 μA, would typically activate a span within a few hundred microns (Lim and 

Anderson, 2007; Ranck, 1975), which is an order of magnitude smaller than the tonotopic 

span of A1 and DC. It is also unlikely to be caused by activation of passing fibers since we 

demonstrated the ability to focally activate frequency-specific corticofugal pathways from 

layer V of AC to CNIC using a similar stimulation and recording paradigm in a previous 

study (Markovitz et al., 2013). One possible confounding issue in the methods for this 

analysis was that four AC sites with different BFs were stimulated in a random order (see 

details for Block 2 in the Methods: Stimulation protocol and analysis section). For instance, 

if one of the four AC sites was truly suppressing a BF-aligned CNIC site, this suppression 
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may have accumulated during PN-Stim, making other BF-misaligned AC sites appear to be 

suppressing that CNIC site as well. However, a reanalysis of the data looking for this trend 

did not reveal evidence of this confounding effect.

In addition to investigating patterns across the frequency gradient, we were also interested in 

determining whether suppression could be induced throughout an isofrequency lamina. We 

did not investigate facilitation effects across a lamina due to the limited number of cases, as 

evident in Figure 6. In order to create a model of an isofrequency lamina, three-dimensional 

computer reconstructions of the midbrain were created for each animal, normalized to each 

other, and superimposed onto a standard midbrain as further described in the Methods: 

Histology and electrode site reconstructions for CNIC. A planar cut through the standard 

midbrain was then made perpendicular to the electrode tracks through the center of the 

CNIC, corresponding to an approximately 8 kHz lamina (Markovitz et al., 2013; Straka et 

al., 2014). In Figure 7, each plot is normalized in the caudal-to-rostral and lateral-to-medial 

directions based on the furthest point classified to be within the CNIC based on experiments 

done for this study and those performed for a previous study which mapped responses across 

the CNIC (Markovitz et al., 2013). The laminae are not perfect squares, but instead exhibit 

complex shapes across layers (Malmierca et al., 1995). Laminae responding to frequencies 

around 8 kHz are nearly elliptical with the long axis going from the caudomedial-to-

rostrolateral direction, most clearly shown in the panels with many points (e.g., mA1 and 

lDC) in Figure 7. Our recordings spanned most of the lamina with a caudal-to-rostral 

distance of 2.3 mm and a medial-to-lateral distance of 2.7 mm, which is larger than a 

previous study by Malmierca et al. (Malmierca et al., 1995) that obtained measurements of 

approximately 1.25 mm and 2 mm, respectively. The discrepancy in dimensions may be 

attributed to several factors: (1) We defined the CNIC border by functional response 

properties while Malmierca et al. used anatomical staining; (2) We combined results across 

several animals; and (3) Malmierca et al. were unsure of the precise CNIC borders due to a 

lack of distinction in staining density between the CNIC and outer IC regions. Regardless, 

our extensive mapping of the CNIC across multiple studies (Markovitz et al., 2013; 

Markovitz et al., 2012; Straka et al., 2014) confirms that we amply sampled the CNIC in all 

directions. Since no tonotopic trends in suppression were identified based on the analysis in 

Figure 6, we collapsed data across each electrode shank from different frequency regions 

onto this lamina. Therefore, if any site along an electrode shank was suppressed by PN-Stim, 

we counted this as suppression at the given shank location along our modeled lamina, 

signified by a filled circle in Figure 7.

As illustrated in Figure 7, CNIC suppression could be elicited throughout the lamina by 

stimulation of each cortical region. Of the few locations where suppression was not induced, 

it is possible that we simply did not stimulate the correct cortical location to elicit 

suppression for those specific sites. However, for the majority of CNIC locations that did 

exhibit suppressive responses, we did not observe any noticeable trends in their spatial 

arrangement. In other words, there does not appear to be a specific region of a CNIC lamina 

that exhibits more or less suppressive versus non-modulatory responses.
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3.4. Residual effects of PN-Stim

The data presented above indicates that PN-Stim induces a predominantly suppressive effect 

on acoustic-driven firing in the CNIC. We were further interested in whether this 

suppression is maintained in the auditory system after PN-Stim has ceased. Immediately 

after the PN-Stim paradigm was completed, an additional 50 trials of acoustic stimulation 

was presented and we compared its response to the baseline response (e.g., columns 3 and 1 

in Figure 2). Consistent with what was observed during PN-Stim, residual CNIC effects 

were primarily suppressive, as 33.1% (617) of the 1,862 sampled AC-CNIC site pairs were 

significantly suppressed while only 5.3% (99) were significantly facilitated. Figure 8 shows 

all of the magnitudes of AC-CNIC site pairs that were significantly changed residually. Sites 

significantly suppressed had an average spike count of 0.847 relative to their baseline 

response.

We separated the residual data based on the stimulated AC region, as shown in Table 2. 

Electrical stimulation of seven of the eight cortical regions caused primarily suppressive 

effects on CNIC sites (Figure 9), with only VRB causing a slightly greater percentage of 

sites being facilitated versus suppressed. While stimulation of mA1 suppressed the highest 

percentage of CNIC sites during PN-Stim (Figure 4), mDC caused the most sites to remain 

suppressed residually. Figure 10 shows the magnitudes of suppression and facilitation for 

significantly changed sites based on the stimulated cortical region. There are a few 

significant differences in suppressive distributions between different cortical regions (gray 

boxes in Figure 10). None of the cortical regions are statistically different when comparing 

the magnitude of residual changes in facilitatory responses. In addition, no location trends 

were apparent when investigating the residual results across an isofrequency lamina of the 

CNIC.

3.5. Relationship between the effects during and after PN-Stim

The magnitude changes in acoustic-driven CNIC responses during PN-Stim versus those 

residually after PN-Stim are shown in Figure 11. For the PN-Stim protocol, we electrically 

stimulated four cortical sites each at four different current levels (16 total parameters) paired 

with broadband noise in a randomized order across trials to minimize cumulative effects (see 

Discussion for further explanation). We also recorded acoustic-driven activity in the CNIC 

before and after each PN-Stim protocol. As a result, we only had one comparison (change in 

magnitude value) for the residual effect but 16 comparisons for the changes during PN-Stim. 

In Figure 11, we only plotted cases in which the residual changes were significant (along the 

ordinate). For each of those significant residual cases, we plotted the case with the strongest 

change during PN-Stim (out of the 16 parameters; along the abscissa). The vast majority of 

points were in the third quadrant, corresponding to suppression during PN-Stim and residual 

suppression after PN-Stim. The weak linear trend (R2=0.27) reflects the small number of 

scattered facilitatory points as well as the weak relationship between the magnitude strength 

of suppression during PN-Stim versus residually. However, Figure 11 clearly shows that AC 

stimulation causes suppression both during PN-Stim and residually to a much larger extent 

than facilitation.
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3.6. Strong suppression caused by PN-Stim is due to AC stimulation over time

To assess if and how repeated PN-Stim suppresses acoustic-driven CNIC activity which 

then leads to residual suppression after the PN-Stim paradigm, we further analyzed our data 

in two different ways. First, we needed to confirm that the suppressive effects were not 

simply caused by repeated broadband noise stimulation, independent of AC stimulation. In 

Figure 12, we present the PN-Stim data in comparison to a control condition using acoustic 

stimulation alone. For the control condition, we performed an identical protocol as with PN-

Stim except we removed the cortical electrical stimulation, using only acoustic stimulation. 

The number of trials, time periods, and stimulation parameters were otherwise similar. As 

shown in Figure 12, acoustic stimulation alone can induce facilitatory or suppressive 

changes in acoustic-driven CNIC activity in somewhat equal amounts both during 

stimulation and residually, which may partially reflect the inherent fluctuations in neuronal 

firing over time. However, to induce a strong suppressive effect during stimulation and 

residually, the broadband noise stimulus needed to be paired with AC stimulation.

Figure 12 demonstrates that PN-Stim, and not just acoustic stimulation alone, induces strong 

suppression of CNIC neurons. The question remains as to how this suppressive effect 

evolves over time. Based on Figure 11, it would be expected that the effects during PN-Stim 

are somehow driving the residual effects. In Figure 13, we plotted the spike counts trial by 

trial during the acoustic baseline, PN-Stim, and acoustic residual conditions. For Block 2 

(PN-Stim), we used all A1-CNIC site pairs which were significantly suppressed (n=2,577). 

For Block 1 (Acoustic baseline) and Block 3 (Acoustic residual), we used any CNIC sites 

(n=960) which were significantly suppressed during PN-Stim by at least one of the four AC 

stimulation sites. There were smaller n values for the Acoustic baseline and Acoustic 

residual conditions compared to the PN-Stim condition because there are multiple AC-CNIC 

site pairs for each CNIC site used in the Acoustic baseline and Acoustic residual conditions. 

The trial number plotted on the abscissa is generally related to time. Within each stimulation 

block, the trials occurred at 2/s (500 ms intervals). Between blocks, there was a delay of 

approximately 5–10 seconds. For the Acoustic baseline and Acoustic residual blocks, trial 

numbers correspond directly to the inter-trial separation of 500 ms. For the PN-Stim block, 

trial numbers don’t correspond directly to the inter-trial separation since the 16 stimulation 

parameters for PN-Stim were presented in a pseudorandom order, in which each parameter 

was presented on average every 8 seconds (500 ms times 16 parameters; each parameter 

presented once in a random order before being presented again). The critical point of this 

figure is not to reflect the exact time of changes but to demonstrate the general trend of how 

neural changes evolved across trials of stimulation and between blocks. Significant changes 

across trials within each block were determined by comparing the spike count of the last 

(50th) trial of a block to the first trial of that same block using Welch’s unequal variance, 

one-sided t-test with p<0.01. This procedure was then repeated, comparing the 50th trial to 

the second trial, third trial, and onwards until significance was no longer obtained, which 

assumes that the spike count stabilizes by the 50th trial (note that we did not find any 

significant differences among later trials, confirming this assumption).

There were several interesting observations from Figure 13. First, broadband noise 

stimulation alone (Block 1) caused the CNIC activity to immediately drop after the first trial, 
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which reflects some rapid acoustic-driven adaptive process. Second, pairing broadband 

noise with AC stimulation (Block 2, after a break of approximately 5–10 seconds) 

immediately suppressed the acoustic-driven CNIC activity below the level of Block 1, and 

the spike count continued to drop after the first trial during PN-Stim. However, this decrease 

in activity occurred to a slower extent than what was observed in Block 1 (note that the 

inter-trial time is longer for Block 2 compared to Block 1 as explained above). Third, 

approximately 5–10 seconds after the PN-Stim paradigm for Block 3, the acoustic-driven 

CNIC activity remained suppressed during broadband noise stimulation in comparison to the 

Acoustic baseline. It is interesting that the first trial in Block 3 partially recovered in spike 

count and then immediately dropped back down to the suppressed level observed in Block 2.

Overall, Figures 11–13 suggest that pairing broadband noise stimulation with AC 

stimulation is suppressing CNIC activity over time to a greater extent than what occurs to 

broadband noise stimulation alone and that this suppressive effect continues to last beyond 

the PN-Stim paradigm in concert with some adaptive mechanism(s) inherent within the 

auditory system for processing broadband noise stimuli.

4. Discussion

The presented results demonstrate that focal activation of all eight different cortical areas 

using our PN-Stim paradigm causes extensive suppression of acoustic-driven firing 

throughout the CNIC. This suppression occurs during stimulation and generally continues 

residually following the PN-Stim paradigm. The greater extent of suppressive versus 

facilitatory effects caused by PN-Stim is not possible with acoustic stimulation alone, and it 

appears to evolve over several trials during PN-Stim (tens of seconds; see Figure 13). The 

ability to induce plasticity and suppress activity within the ascending auditory system may 

open up a new method for treating tinnitus, which has been linked to hyperactivity and/or 

hypersynchrony across neurons throughout several central auditory nuclei (Mulders and 

Robertson, 2013; Jastreboff and Sasaki, 1986; Bauer et al., 2008; Moller et al., 2011; 

Lanting et al., 2009; Chen et al., 2013; Middleton and Tzounopoulos, 2012; Kaltenbach, 

2011; Eggermont and Roberts, 2012).

4.1. Methodological considerations

We cannot rule out the possibility that our use of ketamine-xylazine to anesthetize the 

animals may have modified the extent or type of plasticity observed within the CNIC 

associated with corticofugal activation. However, previous studies have generally shown no 

or minimal changes in spiking activity within the IC caused by ketamine or ketamine-

xylazine in different animals, including the guinea pig (Ter-Mikaelian et al., 2007; Suta et 

al., 2003; Astl et al., 1996). Previous studies have also demonstrated the ability to shift BF 

tuning of CNIC neurons using cortical stimulation paired with a pure tone in ketamine-

xylazine-anesthetized animals that is consistent with the effects observed in awake animals 

(Yan et al., 2005; Yan and Suga, 1998; Yan and Ehret, 2002; Zhang and Suga, 2000). 

Therefore, our results showing extensive suppression is likely related to the actual paired 

paradigm itself, especially since such drastic suppression was not observed in those previous 

studies regardless of the anesthetic condition or species used. Although ketamine may have 

limited the ability to induce plasticity within the auditory system since it is a noncompetitive 
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NMDA receptor antagonist (Leong et al., 2004), we still observed significant amounts of 

plasticity which may occur to a greater extent in an awake preparation.

For the PN-Stim protocol, we randomly presented 16 different parameters (four stimulated 

sites in a given AC region, each at four different levels). We were limited to four sites due to 

the design of our electrode array and the desire to only activate sites located in layer V. We 

used four different levels spanning 12–32 μA because we were not certain which level 

would be effective in modulating CNIC. Since we were concerned that there may be 

cumulative effects, we randomized the ordering of sites and levels for stimulation. Due to 

this protocol, we cannot rule out the possibility that there might have been fewer stimulation 

locations within a given AC region that cause suppression in the CNIC, and due to their 

long-lasting effects could make it appear that the other stimulated sites also caused 

suppressive effects. From our results, we can claim that there are at least some locations 

across each of the eight AC regions that can induce a greater extent of suppressive versus 

facilitatory changes in the CNIC.

The main objective of this study was to assess how AC stimulation modulates acoustic-

driven activity within the CNIC, in which we were able to show a strong and widespread 

suppressive effect both during and after the PN-Stim paradigm that did not occur with 

acoustic stimulation alone. Based on the previous AC stimulation studies described in the 

Introduction, especially the preliminary data presented by (He et al., 2002), we initially 

investigated PN-Stim in which AC stimulation and noise stimulation occurred 

approximately simultaneously since this condition was hypothesized to induce much greater 

suppressive effects than using other inter-stimulus delays. In future studies, we will need to 

investigate other inter-stimulus delays and even AC stimulation alone to confirm this 

hypothesis, which in turn would open up the potential for inducing different types of 

changes in the brain by varying the inter-stimulus delay for PN-Stim that is not possible by 

acoustic or AC stimulation alone.

4.2. Potential corticofugal mechanism for CNIC suppression via PN-Stim

One of the most studied pathways in terms of auditory corticofugal function and plasticity is 

the projection from A1 to the CNIC (Xiong et al., 2009; Suga et al., 2011; Malmierca and 

Ryugo, 2011). There are both direct and indirect projections between A1 and the CNIC, in 

which the direct projections have shown to be tonotopic and glutamatergic (presumably 

excitatory) while some of the indirect projections pass through the dorsal and/or external 

nuclei of the IC that then provide both suppressive and facilitatory inputs into the CNIC 

(Saldana et al., 1996; Markovitz et al., 2013; Lim and Anderson, 2007; Andersen et al., 

1980; Feliciano and Potashner, 1995; Bajo and Moore, 2005; Jen et al., 2001). Suppressive 

effects can also occur due to descending activation of GABAergic neurons that have 

extensive local axons within the IC (Nakamoto et al., 2013).

By activating (via electrical stimulation or drugs) or inactivating (via drugs, lesions, or 

cooling) A1 or AC in general, studies have shown a wide range of suppressive and 

facilitatory effects in the CNIC, with some results contradicting each other (Suga et al., 

2011; Malmierca and Ryugo, 2011). Through a series of studies using methods for precisely 

characterizing response properties of the activated and recorded neurons, it was possible to 
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more clearly demonstrate that A1 neurons are designed to residually increase the sensitivity 

of CNIC neurons that are tuned to similar acoustic features, such as BF (review and a few 

exceptions presented in (Suga et al., 2011)). This could be achieved, for example, by pairing 

A1 stimulation with a pure tone at the BF of the stimulated A1 neurons. In contrast, CNIC 

neurons tuned to different acoustic features (i.e., BF-misaligned or feature-misaligned) tend 

to be suppressed to their previously tuned feature and/or experience an increase in sensitivity 

to the features associated with the stimulated A1 neurons (e.g., Figures 4 and 7 in (Yan and 

Ehret, 2002)). It has been proposed that the A1-to-CNIC projections are part of a larger 

corticofugal network interacting with cognitive and limbic centers that may assign relevance 

to certain stimuli and activate corticofugal pathways to enhance ascending coding of those 

stimuli while suppressing the salience of other less relevant or feature-misaligned sound 

inputs (Xiong et al., 2009).

In contrast to this feature-specific gain control by the corticofugal system, we observed a 

widespread shut-down in acoustic-driven activity across the CNIC when pairing cortical 

stimulation, regardless of AC region, with broadband noise. While a pure tone activates a 

local region within each auditory nucleus due to the robust tonotopic organization of the 

auditory system, the broadband noise stimulus used in this study has no precise temporal or 

spectral structure and therefore activates neurons across the tonotopic gradient. Based on the 

pure tone studies described above, it could be expected that the non-specificity of the noise 

stimulus would cause widespread suppressive effects via corticofugal activation due to a 

greater number of BF-misaligned interactions versus BF-aligned interactions. In other 

words, we were electrically stimulating in only one AC or BF location but activating CNIC 

neurons across many BF locations that could result in a greater number of BF- or feature-

misaligned neurons.

From Figure 13, it also appears that broadband noise stimulation already induces a rapid 

adaptive process, after just one trial of presentation, which may relate to an automatic 

mechanism in which the brain decreases its gain to irrelevant or meaningless inputs. It will 

be interesting to investigate if this adaptive process occurs to a lesser extent for pure tones or 

more behaviorally-salient stimuli, such as speech, using a similar paradigm as in our study. 

It has been shown that stimulus-specific adaptation can occur to some extent in the CNIC for 

pure tones (Ayala and Malmierca, 2012; Malmierca et al., 2009), but it is unclear if this type 

of adaptation utilizes a similar mechanism as occurs for our broadband noise adaptation. In 

addition, AC stimulation of the corticofugal pathway may be reinforcing this proposed gain 

mechanism to a larger extent that further suppresses ascending activity to the noise input 

during PN-Stim and residually as observed in Figure 13. Future studies could assess whether 

paired cortical stimulation with more meaningful stimuli, such as speech, causes greater 

facilitatory effects due to its relevance to behavior, especially in an awake preparation.

4.3. Clinical implications for a new neuromodulation approach

Currently, cortical stimulation approaches for tinnitus treatment include transcranial 

magnetic stimulation (TMS), transcranial direct or alternating current stimulation (tDCS or 

tACS), and invasive cortical stimulation using epidural electrodes. All of these approaches, 

as is the case for the treatment of many other neurological or psychiatric disorders, have 
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shown quite variable results across tinnitus patients (Friedland et al., 2007; Vanneste and De 

Ridder, 2012; De Ridder et al., 2011; Song et al., 2012; Hoekstra et al., 2013; Kim et al., 

2014; Langguth and De Ridder, 2013; Piccirillo et al., 2013; Johnson et al., 2013; 

Engelhardt et al., 2014). Only a small proportion of patients obtain full suppression of their 

tinnitus, and across patients the tinnitus percept typically returns after the termination of the 

treatment on different time scales. Although there have been many studies performed in 

animals demonstrating the ability to induce precise and well-controlled plasticity using 

cortical stimulation paired with acoustic stimuli, there have not yet been any investigations 

to the best of our knowledge using cortical stimulation paired with an acoustic stimulus in 

tinnitus patients. There was one proof-of-concept study investigating TMS paired with pure 

tones in normal hearing, non-tinnitus subjects that demonstrated the ability to alter auditory 

evoked potentials (Schecklmann et al., 2011), which suggests a paired paradigm may enable 

therapeutic effects in tinnitus patients.

Assuming that tinnitus can be treated by reducing hyperactive auditory neurons, our findings 

suggest that pairing auditory cortical stimulation with broadband noise could be a potential 

treatment option for tinnitus. No previous tinnitus treatments have combined neural 

stimulation with broadband noise, which may activate the auditory brain with greater 

suppressive effects compared to pure tones. Furthermore, it appears that PN-Stim of 

multiple AC regions, particularly within their deeper output layers, may be effective in 

suppressing tinnitus.

A previous study by our group (Offutt et al., 2014) also combined brain stimulation with 

broadband noise, except that the stimulation location was the dorsal cortex of the IC (DNIC) 

in order to evaluate the potential for using an auditory midbrain implant to treat tinnitus. 

Although there were some differences in the stimulation protocol and analyses between the 

two studies, (Offutt et al., 2014) also showed a greater percentage of CNIC sites that were 

residually suppressed (15.5% of DNIC-CNIC site pairs) than were facilitated (9.0%) based 

on values presented in their Table 1. The average magnitude of residual suppression and 

facilitation in that study for the CNIC sites were 0.829 and 1.197, respectively, which are 

quite comparable to the values in this study (suppression: 0.847, facilitation: 1.214). Given 

these similarities and the lack of tonotopic or isofrequency location trends within the CNIC 

for both studies, it seems likely that the modulatory effects observed in our study for AC 

stimulation is largely mediated by a pathway to the CNIC that passes through the DNIC 

(Offutt et al., 2014; Jen et al., 2001; Nakamoto et al., 2013), which is known to have a weak 

or nonexistent tonotopic organization (Aitkin et al., 1975; Syka et al., 2000). It is important 

to note that the study by (Offutt et al., 2014) also observed modulatory effects when 

stimulating DNIC alone without acoustic stimulation, which suggests that AC stimulation 

alone may also induce modulatory effects. However, the study by (Offutt et al., 2014) 

showed greater suppressive than facilitatory effects and stimulation location trends within 

DNIC when using paired broadband noise and DNIC activation with an acoustic-to-DNIC 

delay of 18 ms that was not observed for an 8 ms delay or DNIC stimulation alone. We will 

need to perform additional experiments to further assess if greater suppressive effects and 

location trends across AC can be observed by using delays other than the acoustic-to-AC 

delay of 4 ms used in this study (e.g., much longer delays) as well as with presenting AC 
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stimulation alone. Nevertheless, AC stimulation with the parameters in this study still 

induced a much larger percentage of CNIC sites that exhibited suppression versus 

facilitation (33.1% versus 5.3%) compared to what was observed for DNIC stimulation. This 

difference in result may reflect the use of different stimulation protocols between the two 

studies and/or may reflect a truly stronger suppressive effect induced by AC stimulation 

which activates pathways and neural interactions not accessed by DNIC stimulation. If 

future studies can show that PN-Stim with AC stimulation more effectively suppresses 

tinnitus than DNIC stimulation, and considering that AC is more accessible than the DNIC 

and could be activated via noninvasive stimulation techniques such as TMS or tDCS/tACS, 

PN-Stim represents an approach that could be available to a much larger patient population.

In future studies, it will be important to assess how long the suppressive effects manifest and 

evolve over time after the termination of PN-Stim in order to determine the frequency of 

treatment needed in patients. These effects will likely vary based on the inter-stimulus delay 

used for PN-Stim, which needs to be systematically investigated in further experiments. It 

will also be important to assess the effects of PN-Stim on spontaneous activity and other 

patterns linked to tinnitus (e.g., hypersychrony or temporal firing patterns; (Bauer et al., 

2008; Moller et al., 2011; Eggermont and Roberts, 2004)) across the auditory system, 

especially within AC which is associated with tinnitus perception. In this study, we 

investigated the effects of PN-Stim on acoustic-driven activity because it was easier to 

monitor changes in activity compared to the weaker spontaneous activity and it was less 

prone to errors associated with multi-unit recordings compared to synchrony measures. It is 

possible that the suppressive effects of PN-Stim on acoustic-driven activity may be more 

relevant for treating hyperacusis, which is associated with hypersensitivity to different sound 

inputs and is also in need of an effective treatment. We are planning to investigate these 

different questions in further animal studies and eventually translate our approach to tinnitus 

patients using PN-Stim with different invasive and noninvasive cortical stimulation 

methods. It will be interesting to also investigate if other neurological or psychiatric 

disorders may benefit from the PN-Stim concept. For example, it may be possible to pair 

cortical stimulation of the auditory cortex and/or prefrontal cortex with broadband noise to 

treat auditory hallucinations or to pair somatosensory cortical stimulation with randomized 

stimulation across multiple body locations to treat phantom limb pain.
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Figure 1. Location of cortical stimulation sites across experiments
A dorsal view of the right auditory cortex is shown approximately perpendicular to the 

cortical surface. Cortical regions were separated based on anatomical locations and response 

properties to acoustic stimuli. Primary auditory cortex (A1) and the dorsocaudal area (DC) 

were separated into their medial and lateral portions (indicated by the dotted line) 

approximately parallel to their tonotopic gradients. Further details on the identification and 

separation of these regions are provided in Section 2.3.2. Electrode shanks were inserted 

approximately perpendicular to the cortical surface and one site along each shank near layer 

V output neurons was stimulated for the experiment. Each shank location is labeled with a 

colored marker corresponding to the best frequency (BF) of the layer V site shown in the 

scale bar. Black symbols represent sites that respond to pure tones but a single BF could not 

be determined. White symbols represent sites that respond stronger to broadband noise than 

pure tones. The high frequency region separating A1 and DC was generally avoided to 

prevent confusion between these regions. Abbreviations: mA1 (circles), medial portion of 

primary auditory cortex; lA1 (circles), lateral portion of primary auditory cortex; VRB 

(squares), ventrorostral belt; VCB (pentagons), ventrocaudal belt; lDC (triangles), lateral 
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dorsocaudal area; mDC (triangles), medial dorsocaudal area; DCB (stars), dorsocaudal belt; 

DRB (diamonds), dorsorostral belt; BF, best frequency; R, rostral; L, lateral; C, caudal; M, 

medial.
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Figure 2. Examples of CNIC responses to acoustic stimulation or PN-Stim
Post-stimulus time histograms for two CNIC sites are shown in response to acoustic 

stimulation (baseline response; left panels), during the PN-Stim paradigm (paired cortical 

and acoustic stimulation; middle panels), and in response to acoustic stimulation after the 

PN-Stim paradigm (residual response; right panels). In the top example, the site’s response 

to PN-Stim was suppressed to 0.791 of the baseline response to acoustic stimulation alone 

(comparing columns 2 and 1). This suppression continued residually, in which the response 

to acoustic stimulation after the PN-Stim paradigm was 0.648 of the baseline response 

(comparing columns 3 and 1). In the bottom example, a different CNIC site’s response to 

PN-Stim was facilitated to 1.273 of the baseline response, while the residual response 

remained elevated at 1.144 of the baseline response. The asterisks in the middle panels 

correspond to the electrical artifact. The acoustic stimulus used was broadband noise. 

Further details on the stimulation parameters are provided in the Methods: Stimulation 

protocol and analysis section.
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Figure 3. Magnitude of changes in CNIC responses during PN-Stim
The change in spike count during PN-Stim compared to the baseline response to acoustic 

stimulation is plotted for the 2,744 AC-CNIC site pairs (out of 7,448 total) that were 

significantly suppressed (black) or facilitated (gray). A value of 1 (dotted line) signifies 

equal spiking in both conditions, while data to the left (right) of the line signifies 

suppression (facilitation) of neural firing. Out of all AC-CNIC site pairs, 34.6% were 

significantly suppressed, while only 2.2% were significantly facilitated.
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Figure 4. Percentage of CNIC sites suppressed or facilitated during PN-Stim for different AC 
regions
AC-CNIC site pairs were separated based on the stimulated cortical region. The percentages 

are relative to the total number of AC-CNIC site pairs sampled for the corresponding 

cortical region. All eight cortical regions had a much stronger suppressive than facilitatory 

effect on acoustic-driven firing in the CNIC in response to PN-Stim. Abbreviations: mA1, 

medial portion of primary auditory cortex (n=1,548); lA1, lateral portion of primary auditory 

cortex (n=1,664); mDC, medial dorsocaudal area (n=1,136); lDC, lateral dorsocaudal area 

(n=972); DCB, dorsocaudal belt (n=664); DRB, dorsorostral belt (n=344); VRB, 

ventrorostral belt (n=584); VCB, ventrocaudal belt (n=536).
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Figure 5. Magnitude of changes in CNIC responses during PN-Stim for different AC regions
In the top panel, the change in spike count during PN-Stim compared to the baseline 

response to acoustic stimulation is plotted for the AC-CNIC site pairs that were significantly 

suppressed or facilitated based on the cortical region stimulated. Percentages indicated on 

the abscissa are relative to the total number of AC-CNIC site pairs for each cortical region. 

The bottom panel shows which cortical regions are statistically different from the others 

(gray boxes) based on the magnitude of changes in suppressed responses using a Bonferroni-

adjusted t statistic multiple comparison test with p<0.01. None of the cortical regions are 

statistically different when comparing the magnitude of changes in facilitatory responses.
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Figure 6. Lack of tonotopic organization of suppression and facilitation in CNIC during PN-Stim
The best frequency of a stimulated AC site used for PN-Stim is plotted against the best 

frequency of each CNIC site that was significantly suppressed (top panels) or facilitated 

(bottom panels) using an electrical stimulation level of 32 μA. Only tonotopically organized 

cortical regions (A1, DC, and VRB) were analyzed. Electrical stimulation of each of the 

three cortical regions caused suppression or facilitation across different CNIC sites with no 

clear tonotopic organization. Note that a single AC site could elicit suppression or 

facilitation of multiple CNIC sites. Abbreviations: A1, primary auditory cortex; DC, 

dorsocaudal area; VRB, ventrorostral belt, CNIC: central nucleus of the inferior colliculus.
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Figure 7. Distribution of suppression across the isofrequency laminae of CNIC during PN-Stim
Squares representing an isofrequency lamina of the CNIC are plotted for stimulation of eight 

cortical regions based on three-dimensional computer reconstructions of the midbrain. A 

planar cut was made through the midbrain reconstruction perpendicular to the tonotopic 

gradient at a location that represents a middle frequency of approximately 8 kHz. Each panel 

is normalized similarly in the caudal-to-rostral and lateral-to-medial directions based on the 

furthest point determined to be inside the CNIC across our mapping studies (Markovitz et 

al., 2013). Filled circles represent locations in which PN-Stim induced significant 

suppression on at least one site along the shank that passed through this lamina. Open circles 

represent locations in which no CNIC suppression was induced by PN-Stim. These plots 
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show that suppression could be induced across an isofrequency lamina by stimulating each 

cortical region. Scale bars in the bottom-right panel represent 0.5 mm. Abbreviations: mA1, 

medial portion of primary auditory cortex; lA1, lateral portion of primary auditory cortex; 

mDC, medial dorsocaudal area; lDC, lateral dorsocaudal area; DCB, dorsocaudal belt; DRB, 

dorsorostral belt; VCB, ventrocaudal belt; VRB, ventrorostral belt.
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Figure 8. Magnitude of residual changes in CNIC responses caused by PN-Stim
The residual change in spike count after PN-Stim compared to the baseline response to 

acoustic stimulation is plotted for the 716 AC-CNIC site pairs (out of 1,862 total) that were 

significantly suppressed (black) or facilitated (gray). A value of 1 (dotted line) signifies 

equal spiking in both conditions, while data to the left (right) of the line signifies 

suppression (facilitation) of neural firing. Out of all AC-CNIC site pairs, 33.1% were 

significantly suppressed, while only 5.3% were significantly facilitated.
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Figure 9. Percentage of CNIC sites suppressed or facilitated residually by PN-Stim for different 
AC regions
AC-CNIC site pairs were separated based on the stimulated cortical region. The percentages 

are relative to the total number of AC-CNIC site pairs sampled for the corresponding 

cortical region. All cortical regions, except for VRB, had a much stronger suppressive than 

facilitatory residual effect on acoustic-driven firing in the CNIC after the PN-Stim paradigm. 

Abbreviations: mA1, medial portion of primary auditory cortex (n=387); lA1, lateral portion 

of primary auditory cortex (n=416); mDC, medial dorsocaudal area (n=284); lDC, lateral 

dorsocaudal area (n=243); DCB, dorsocaudal belt (n=166); DRB, dorsorostral belt (n=86); 

VRB, ventrorostral belt (n=146); VCB, ventrocaudal belt (n=134).
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Figure 10. Magnitude of residual changes in CNIC responses caused by PN-Stim for different 
AC regions
In the top panel, the residual change in spike count after PN-Stim compared to the baseline 

response to acoustic stimulation is plotted for the AC-CNIC site pairs that were significantly 

suppressed or facilitated based on the cortical region stimulated. Percentages are relative to 

the total number of AC-CNIC site pairs for each cortical region. The bottom panel shows 

which cortical regions are statistically different from the others (gray boxes) based on the 

magnitude of residual changes in suppressed responses using a Bonferroni-adjusted t 

statistic multiple comparison test with p<0.01. None of the cortical regions are statistically 

different when comparing the magnitude of residual changes in facilitatory responses.
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Figure 11. Comparison of the magnitude changes for the CNIC responses during PN-Stim versus 
residually
Only AC-CNIC site pairs showing significant changes residually are plotted. For each of 

these AC-CNIC site pairs, we selected the one PN-Stim parameter (out of 16 total; see 

Methods: Stimulation protocol and analysis section for specific stimulation parameters) that 

exhibited the largest change in magnitude during PN-Stim. Filled circles correspond to AC-

CNIC site pairs that exhibited significant changes both during PN-Stim and residually. Open 

circles correspond to those that exhibited significant changes only residually, suggesting that 

some cases did not exhibit significant changes during the PN-Stim paradigm and there may 

be a build-up effect over time. The black line is a best fit line to the data, which has the 

equation y=0.57x+0.42 and an R2 value of 0.27. Percentages correspond to the number of 

points in each corresponding quadrant out of the 716 AC-CNIC site pairs that exhibited 

significant changes residually. It can be seen that suppression during PN-Stim generally 

leads to residual suppression, corresponding to quadrant III.
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Figure 12. Changes in CNIC activity from PN-Stim compared to an acoustic stimulation control
The PN-Stim data for the During Paradigm and Residual conditions from Figures 3 and 8 

are replotted here. The Control data had a similar protocol to that of PN-Stim except without 

cortical electrical stimulation (i.e., broadband noise stimulation alone). The percentages are 

relative to the total number of CNIC sites sampled for each condition for Control (n=49 for 

During Paradigm; n=241 for Residual). These data confirm that the strong suppressive 

changes caused by PN-Stim are due to pairing broadband noise stimulation with AC 

stimulation and cannot be achieved with acoustic stimulation alone.
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Figure 13. Suppression of neural firing in CNIC due to PN-Stim over time
The mean and standard error of spike counts per trial are plotted for the Acoustic baseline 

(circles; n=960), PN-Stim (triangles; n=2,577), and Acoustic residual (squares; n=960) 

conditions. Within each block, trials occurred at 500 ms intervals. Between blocks, there 

was a delay of approximately 5–10 seconds. For Block 1 (Acoustic baseline) and Block 3 

(Acoustic residual), we used the CNIC sites which were significantly suppressed during PN-

Stim by at least one of the four AC stimulation sites. For these blocks, trial numbers 

correspond directly to the inter-trial separation of 500 ms. For Block 2 (PN-Stim), we used 

all A1-CNIC site pairs which were significantly suppressed. For the PN-Stim block, trial 

numbers do not necessarily correspond directly to the inter-trial separation since the 16 PN-

Stim parameters were presented in a pseudorandom order. Instead the trial numbers of the 

PN-Stim block correspond to an average inter-trial separation of approximately 8 s (equal to 

500 ms times 16 PN-Stim parameters). Asterisks correspond to trials with spike counts that 

are significantly higher than that of the last (50th) trial within the same block using Welch’s 

unequal variance, one-sided t-test with p<0.01. The significant bracket in Block 2 

corresponds to trials 1 through 5.
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