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Abstract

Objective.—An increasing number of deaf individuals are being implanted with central auditory 

prostheses, but their performance has generally been poorer than for cochlear implant users. The 

goal of this study is to investigate stimulation strategies for improving hearing performance with a 

new auditory midbrain implant (AMI). Previous studies have shown that repeated electrical 

stimulation of a single site in each isofrequency lamina of the central nucleus of the inferior 

colliculus (ICC) causes strong suppressive effects in elicited responses within the primary auditory 

cortex (A1). Here we investigate if improved cortical activity can be achieved by co-activating 

neurons with different timing and locations across an ICC lamina and if this cortical activity varies 

across A1.

Approach.—We electrically stimulated two sites at different locations across an isofrequency 

ICC lamina using varying delays in ketamine-anesthetized guinea pigs. We recorded and analyzed 

spike activity and local field potentials across different layers and locations of A1.

Results.—Co-activating two sites within an isofrequency lamina with short inter-pulse intervals 

(<5 ms) could elicit cortical activity that is enhanced beyond a linear summation of activity 

elicited by the individual sites. A significantly greater extent of normalized cortical activity was 

observed for stimulation of the rostral–lateral region of an ICC lamina compared to the caudal–

medial region. We did not identify any location trends across A1, but the most cortical 

enhancement was observed in supragranular layers, suggesting further integration of the stimuli 

through the cortical layers.
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Significance.—The topographic organization identified by this study provides further evidence 

for the presence of functional zones across an ICC lamina with locations consistent with those 

identified by previous studies. Clinically, these results suggest that co-activating different neural 

populations in the rostral–lateral ICC rather than the caudal–medial ICC using the AMI may 

improve or elicit different types of hearing capabilities.

Keywords

auditory cortex; deep brain stimulation; enhancement; inferior colliculus; temporal integration; 
neural implant

Introduction

Hearing loss has been treated with auditory prostheses such as the cochlear implant (CI) or 

auditory brainstem implant (ABI) for decades. By stimulating along the tonotopic gradient 

of the auditory nerve within the cochlea, the CI is able to provide temporal and spectral cues 

that are sufficient to understand speech [1–3]. For people without an implantable cochlea or 

functioning auditory nerve, ABIs have been used as an alternative to the CI. The primary 

group targeted for ABIs are patients with neurofibromatosis type II (NF2), a genetic disorder 

in which bilateral tumors develop along the auditory nerves. Unfortunately, ABIs typically 

result in poorer performance than CIs, particularly for NF2 patients [4–6], though the 

performance levels of some recent ABI patients have neared that of CI patients [7–9]. As an 

alternative to the ABI, the auditory midbrain implant (AMI) was developed with an array of 

20 sites along a single shank for stimulating along the tonotopic gradient of the central 

nucleus of the inferior colliculus (ICC) [6, 10]. The AMI was implanted in five NF2 patients 

in 2006–2008. Although AMI stimulation has been shown to activate neurons in a 

frequency-specific manner and transmit spectral cues to higher auditory processing centers, 

the temporal coding abilities seem limited [11–15].

Calixto et al [16] investigated this AMI limitation by activating the ICC with the AMI array 

and recording the evoked activity in the primary auditory cortex (A1) of guinea pigs. They 

found that repeated stimulation of a neural population with a single AMI site within an 

isofrequency lamina of the ICC causes refractory and suppressive effects of local field 

potentials (LFPs) in layer III/IV of A1 on short (<10 ms) and long (>10–100 ms) time 

scales. These negative effects, which may have limited the temporal coding capabilities of 

AMI patients, could be overcome by stimulating multiple neuronal populations along an 

isofrequency lamina with dual site stimulation (DSS: two AMI sites within the same ICC 

lamina). Similar results were also seen for LFPs and spiking in supragranular, granular and 

infragranular layers across A1 in response to ICC stimulation with much smaller sites (413 

μm2 versus 126 000 μm2) [17]. In addition, co-activating sites with short delays at less than 

6 ms resulted in enhanced cortical activity (i.e., activity larger than the linear summation of 

activity induced by the individual sites), with the strongest enhancement in supragranular 

layers. Although cortical enhancement did not appear to be affected by the recording 

location across A1, preliminary data suggested that it was influenced by the stimulation 

location across an ICC lamina.
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The location of stimulation across an ICC lamina is expected to impact cortical responses 

because specific ICC regions differ in physiological responses as well as anatomical inputs 

and outputs. Maps for response properties have been found across an isofrequency lamina, 

including for best modulation frequency, spike latency, spike jitter, binaural properties, 

threshold and tuning properties [18–27]. These different response properties across an ICC 

laminae may arise from differences in input and output projection patterns. Anatomical 

studies have found functional zones that are spatially distinct within the ICC as a result of 

different projections from the brainstem [28–32]. For example, in the gerbil two specific 

zones have been identified in the ICC corresponding to its rostral–lateral and caudal–medial 

regions that project differentially to rostral and caudal regions of the ventral division of the 

medial geniculate (MGV), respectively [33].

Differences in function across an ICC lamina are further supported by an electrical 

stimulation study, which found that activation of the rostral–lateral regions versus the 

caudal–medial regions of the ICC elicit different responses in A1 [34]. In contrast to the 

rostral–lateral regions, stimulation of the caudal–medial regions of the ICC required higher 

activation thresholds and elicited evoked potentials in A1 that are smaller in magnitude, have 

longer latencies and exhibit larger discriminable level steps. Since these cortical activation 

properties are evident when stimulating with individual pulses across an ICC lamina, cortical 

activity is also expected to vary with ICC location when co-activating multiple neuronal 

populations.

In this study, we investigated the relationship between cortical responses and the location of 

co-activating ICC neurons with DSS at short inter-pulse intervals (IPIs). By using fewer 

delays than in our previous study [17], we had sufficient time to stimulate more locations 

across an ICC lamina per animal to create a more complete location map. We also re-

examined whether locations across A1 contributed to the differences observed in the extent 

of enhancement elicited with DSS. As with our previous study, we did not find a trend 

between the pattern of DSS-induced cortical activity and the recording location in A1. 

However, we found that stimulating rostral–lateral regions of the ICC with short IPIs led to 

stronger normalized cortical activity in contrast to caudal–medial regions, with the greatest 

enhancement occurring in the supragranular cortical layers.

Methods

Overview

Similar surgical procedures and methods for both stimulation and neural recording to 

previous work [12, 17, 35] were used and are briefly summarized below. Acoustic-driven 

responses were used to guide the placement of 32-site, silicon-substrate Michigan electrode 

arrays (NeuroNexus Technologies, Ann Arbor, MI) within the ICC and A1 of guinea pigs 

anesthetized with ketamine. We then used DSS by applying a single electrical stimulation 

pulse at each of two sites across a 10 kHz isofrequency ICC lamina, varying delays between 

the two pulses, and recorded corresponding LFPs and multi-unit spiking activity in A1. 

These experiments investigated how cortical activation throughout A1 varied when 

stimulating different neurons across an ICC isofrequency lamina.
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Surgery

Experiments were performed on 13 male and female Hartley guinea pigs (387 ± 57 g, Elm 

Hill Breeding Labs, Chelmsford, MA) in accordance with policies of the University of 

Minnesota’s Institutional Animal Care and Use Committee. An intramuscular injection of 

ketamine (40 mg kg−1) and xylazine (10 mg kg−1) was used to initially anesthetize the 

animals, and an areflexive state was maintained with periodic supplements. The animal was 

placed into a stereotaxic frame (David Kopf Instruments, Tujunga, CA) before the surgery, 

where the right side of the cortex was exposed from the rostral end of the temporal lobe to 

the caudal end of the occipital lobe. After removing the dura, the arrays were inserted into 

the ICC and A1 with micromanipulators. The exposed brain was then covered with agarose 

gel.

Stimulation and recording setup

All experiments were performed within a sound attenuating and electrically shielded 

chamber. Custom software written in MATLAB (MathWorks, Natick, MA) was used to 

control the computer interface with TDT System 3 hardware (Tucker-Davis Technology, 

Alachua, FL). Neural data was processed through analogue dc-blocking and anti-aliasing 

filters (1.6 Hz to 7.5 kHz). Acoustic stimulation was sampled at 195 kHz and neural 

recordings were sampled at 24 kHz. A speaker presented acoustic stimulation to the left ear 

through a hollow ear bar, and this system was calibrated with a 0.25 inch condenser 

microphone (ACO Pacific, Belmont, CA) and a short plastic tube that represented the ear 

canal. We electrically stimulated sites on the ICC array with current levels up to 100 μA 

using pulses that were biphasic, cathodic-leading, charge-balanced and 205 μs/phase. A 

monopolar configuration was used for electrical stimulation, with a ground return in the 

neck muscles. The ground needle for recording signals was placed either into the parietal 

lobe or under the skin ~2 cm rostral to the bregma, with no obvious differences in results 

between the two.

Placement of arrays

The position of the array within the ICC or A1 was confirmed online by plotting frequency 

response maps (FRMs) and post-stimulus time histograms (PSTHs) of spiking activity, 

similar to previous publications [12, 13, 36]. On each site, neural signals were bandpass 

filtered from 300–3000 Hz and spikes were detected when signals exceeded three standard 

deviations above the background activity. To create FRMs, pure tones of 1–40 kHz (8 steps/

octave) were presented at levels from 0–70 dB (in 10 dB steps), with four trials of each 

stimulus. To calculate the best frequency (BF), we first visually determined the threshold, or 

the smallest stimulus level that elicited consistent spiking responses, and then determined 

the centroid of frequencies eliciting spiking responses at 10 dB above this threshold.

All array placements into A1 were confirmed by observing tonotopic shifts of high to low 

BFs from the dorsal-caudal to ventral-rostral locations [37]. The A1 array comprised four 

shanks that were 5 mm long and were separated by 400 μm. Each shank consisted of eight 

177 μm2 sites linearly separated by 200 μm. In order to align each shank along a cortical 

column, we inserted the array approximately perpendicular to the cortical surface [37–39]. 

For each shank, the average difference of BFs (ΔBF) between sites in layers I/II, III/IV and 
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V was 0.08 ± 0.08 octaves (mean ± SD), which is less than the local critical frequency 

scatter of up to 0.4 octaves that can be seen in isofrequency bands of A1 [40, 41]. The 

similarity in BF suggests placements may have been in one cortical column, though this was 

not confirmed with histology.

Cortical location effects were investigated using reconstructions of site locations created 

with images of array placements taken with a microscope (OPMI 1 FR pro, Zeiss, Dublin, 

CA). Site locations across animals were normalized using landmarks including the middle 

cerebral artery, major vasculature and bregma and lateral suture lines, similar to previous 

studies [37, 40, 42]. Only recording sites in A1 with BFs similar to the stimulated sites in the 

ICC were used in data analysis (ICC-to-A1 ΔBF: 0.2 ± 0.1 octaves), and these locations are 

shown in figure 1(a).

Similar to previous publications [16, 17], we identified A1 layers with current source density 

analysis [43–45] of activity in response to 100 trials of 70 dB SPL broadband noise. The site 

with the shortest latency current sink corresponded to the main input layer, which is layer 

III/IV in guinea pig [46, 47]. Layer V was identified by a site as a current source and was 

typically two electrode sites (or 400 μm) deeper than layer III/IV. Corresponding to two 

electrode sites shallower than layer III/IV, we combined supragranular layers as layer I/II.

The ICC array consisted either of four 8 mm long shanks or of two 10 mm long shanks. For 

both arrays, each shank was separated by 500 μm and consisted of 700 μm2 sites that were 

linear separated by 100 μm. The ICC array sites were activated prior to the experiment with 

cyclic voltammetry, which enabled both recording and stimulation up to 100 μA [12, 48]. In 

order to align the array along the tonotopic axis, the array was inserted through the visual 

cortex [49, 50] at a 45° angle to the sagittal plane. The placements of arrays within the ICC 

were confirmed by observing FRMs with a consistent shift from high BFs at deeper sites to 

low BFs at superficial sites along a shank [12, 49]. In all placements, the shanks were 

aligned in the caudal to rostral direction.

Electrical stimulation parameters

We electrically stimulated two sites within the ICC that were 500 μm apart and responded 

with similar BFs, and characterized the corresponding LFP and spiking activity within A1 

for layers I/II, III/IV and V. For each ICC pair, the average ΔBF between the stimulated ICC 

sites was 0.08 ± 0.06 octaves. Across all animals, the ICC sites had an average BF of 10.3 

kHz ± 0.3 octaves. Both the 4BF between ICC pairs and the BF scatter across the lamina 

were less than 0.3 octaves, which has previously been shown to be the approximate 

bandwidth of an isofrequency lamina in cat [51] and rat [52]. Therefore, we analyzed how 

stimulation across the 10 kHz isofrequency lamina affected cortical activity, and the ICC 

locations were determined by histology (see Histological reconstructions section). Across 13 

animals, we recorded activity in 117 A1 locations in response to stimulation of 28 ICC site 

pairs for a total of 248 stimulation cases (i.e., ICC-A1 stimulation-recording site pairs).

Electrical stimulation was randomly presented at varying levels and IPIs, with 20 trials per 

stimulus. The IPIs included 0 (simultaneous stimulation), 0.5, 1, 2, 4 and 8 ms. We 

stimulated one site with up to ten levels across a 12 dB range. For the other site, only two or 
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three levels were chosen due to time restrictions. Only levels that elicited A1 activity above 

threshold but below saturation levels for all IPIs were analyzed, with an average of ten levels 

per stimulation case.

Histological reconstructions

Prior to placement, the ICC array was dipped in a red stain (Di-I: 1, 1-dioctadecyl-3, 3, 3′, 
3′-tetramethylindocarbo cyanine perchlorate, Sigma-Aldrich, St Louis, MO) to later identify 

array position within the ICC during histological analysis. Detailed description of the 

histological procedure, midbrain reconstruction, normalization, and approximation of 

frequency laminae is provided in a previous publication [53]. Briefly, the midbrain was fixed 

with 3.7% paraformaldehyde and cryosectioned into sagittal sections at 60 μm using a 

sliding microtome (Leica, Buffalo Grove, IL). Images of each slice were taken using a Leica 

MZ FLIII fluorescence stereomicroscope (Leica, Buffalo Grove, IL), a Leica DFC412 C 

Peltier cooled CCD camera, and Image-Pro software (MediaCybernetics, Bethesda, MD). A 

single reflection white light image using a variable intensity fiber optic light source (Fiber-

Lit-PL800, Dolan-Jenner Industries, Boxborough, MA) was taken to determine the outline 

of each slice. Fluorescence images were later superimposed on the white light images for 

visualization of the reference and array shank points. The brain was then reconstructed in 

three dimensions using Rhinoceros (Seattle, WA), and the positions of the arrays were 

estimated by creating best fit lines through the points on individual slices.

The reconstructions for each brain were normalized to one standard brain using the 

curvature of the IC and the reference needle point at the intersection of the superior 

colliculus, thalamus and lateral extension from the IC. The 10 kHz lamina was approximated 

by creating a plane orthogonal to the average insertion angle of all best fit lines of each array 

placement. The depth of the lamina was determined by calculating the distance from the 

surface of the IC, where neurons do not respond to broadband noise, to locations where 

neurons respond with specific BFs from previously published data [53]. This distance was 

multiplied by a scaling factor to account for tissue changes due to the histological process.

The reconstructions of each ICC array placement, as well as the 10 kHz lamina, can be seen 

in figure 1(b) within the normalized brain. Figure 1(c) shows the DSS locations across the 

10 kHz lamina. In order to provide information about the shape of the ICC, these DSS 

locations are shown along with locations found to be on the border or outside the ICC from 

other data acquired in the lab [20]. Locations were determined to be outside the ICC if the 

FRMs did not exhibit a systematic shift from low to high BFs for superficial to deeper sites 

along a shank. Locations were labeled ‘border’ if the FRMs showed broad tuning with 

orderly shifts, if tonotopic shifts were not observed across the whole shank, or if a 

neighboring shank (which was simultaneously recorded) was outside the ICC. From the 

border information shown here, we believe we have sufficiently stimulated throughout the 

ICC lamina while avoiding other subnuclei of the ICC. In order to analyze how cortical 

activity varied due to stimulation across an isofrequency lamina, we found the location of 

the midpoint between each pair of stimulated ICC sites, or the midpoint location. The 

midpoint locations for all DSS sites are shown with the border points in figure 1(d).
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Data analysis

Evoked potential activity.—Analysis of evoked potentials and spiking activity was 

similar to previous studies [17]. Briefly, only one response was present for the IPIs used (up 

to 8 ms). After the electrical artifact was removed from each trace, the LFP traces were 

averaged across trials and the area of the LFP was calculated. To calculate the area, we first 

formed a horizontal line connecting two points: the first on the baseline activity immediately 

preceding the deflection of the LFP and the second on the rising portion of the LFP (i.e., 

with the same y-value as the baseline activity). A trapezoidal function was used to calculate 

the area of the LFP underneath this horizontal line. To reduce variability, we removed trials 

where large sporadic activity was observed before the stimulus-driven activity (see [17] for 

details). Briefly, we compared each of the 20 traces to an averaged trace within 25 ms 

sliding windows. If the difference between the slope of an individual trace and the average 

slope within a window exceeded three standard deviations, the trial would be removed. For 

each stimulation case and level, at least 14 trials and an average of 17 trials were included in 

the LFP area calculation.

Spiking activity.—Spikes were detected offline by filtering signals from 300 to 3000 Hz 

after removal of the electrical artifact. For all trials analyzed in the LFP area calculation, the 

spiking rate was determined by summing spikes within a 45 ms window following the 

electrical stimulus onset. The driven spike rate (DSR) per trial was calculated by subtracting 

from this spike rate the spontaneous rate, which was determined using the 20 ms window 

preceding the electrical stimulus.

The first spike latency (FSL) was calculated by computing the mean latency of the first spike 

across all 20 trials. The minimum latency for a given trial was at least 3 ms after the onset of 

the electrical stimulus, which was the shortest latency based on visual inspection of all our 

data and is consistent with the difference between the minimal latency of ICC at ~4 ms [19, 

54] and of A1 at ~7 ms [ 55]. If the first spike for a given trial did not occur within 45 ms 

(i.e., the window also used for DSR calculation), it was counted as a ‘miss’ and that trial was 

not included.

Layer V often had putative antidromic spiking activity. Antidromic activity was determined 

due to its short latencies, low temporal jitter, isolated activity predominantly in layer V 

where output neurons originate and a sudden change from little to robust spiking with only a 

minor increase in current level above threshold [35]. Due to the difficulty of isolating 

antidromic spikes from the multiunit orthodromic activity, this paper includes analysis for 

LFP areas but not spiking characteristics (DSR or FSL) for layer V.

Normalization.—In order to normalize LFP and DSR responses at each IPI, we divided 

the responses to DSS by the algebraic mean of the responses to stimulation applied 

separately at each of the two sites comprising the DSS. Normalized values above one (i.e. 

activity greater than a linear summation of activity elicited at the two sites individually) were 

considered enhanced.

Statistical tests.—Normalized, level-averaged cortical responses were fit to a mixed 

model using the nlme library in R [56], where the factors included the IPI, ICC location, A1 
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location, A1 layer and stimulation order (whether the rostral ICC site or the caudal ICC site 

was stimulated first). The random variable for the model was the animal from which data 

were collected. Significance was determined when P < 0.05 after a Holm–Bonferroni 

correction. Comparisons within significant factors, such as between A1 layers or comparing 

specific IPIs to the 8 ms IPI, were made using Wilcoxon signed-rank tests after applying a 

Holm–Bonferroni correction, unless otherwise specified.

Two significant factors in the mixed model included the caudal-rostral and medial-lateral 

directions across the ICC. In order to quantify the directionality of this location effect, 

response properties were fit to the midpoint of the locations of ICC stimulation pairs using 

two-dimensional, linear multiple regression analysis. The model determined the slope 

parameter here called the steepest gradient axis (i.e., the vector of greatest increase) for each 

response parameter.

Results

Typical cortical responses to DSS

Cortical responses varied depending on the delay between two pulses delivered to two 

different neural populations within a single ICC isofrequency lamina. Figures 2(a) and (b) 

show that both LFPs and spiking across cortical layers increase as the IPI decreases in 

response to DSS at one stimulation level, as previously shown [17]. The extent of the 

increase in activity was greater for layer I/II compared to the other layers for LFPs and 

spiking. Responses were quantified as LFP areas or DSRs (figure 2(c)) and then normalized 

to the sum of individual responses (figure 2(d)) to determine IPI curves. These curves 

indicate the effect of IPI on normalized responses at a single stimulation level for one 

stimulation case (i.e., an individual A1-ICC pair from one animal). These IPI curves reveal 

that at short IPIs, DSS can elicit enhanced cortical activity greater than a linear sum of the 

individual responses, indicated by a normalized value of one. In addition, the normalized 

values in the IPI curves highlight the difference between layers, showing that the superficial 

layers elicit stronger activity at short delays than the deeper layers. Though many 

stimulation levels were used, obvious level trends were not observed for levels that were 

above threshold and below saturation. Therefore, we averaged across these levels to 

determine IPI-a curves, as shown in figure 3. Accurately capturing the response for each 

stimulation case, the IPI-a curves were used in the following section to compare activity 

across locations in A1 and ICC.

To determine which factors played a significant role in cortical enhancement, we fit all of the 

IPI-a responses to a linear mixed model. In this model, the factors included IPI, ICC 

location, A1 location, A1 layer, stimulation order (whether the rostral or the caudal ICC site 

from the stimulation pair was stimulated first) and the random variable was the animal used 

in the data. Significant factors in this model included the medial to lateral direction (P < 

0.004) and the rostral to caudal direction (P <0.002) across the ICC lamina, the IPI (P < 3 × 

10−16) and the cortical layer (P < 3 × 10−16). In addition, the stimulation order was 

significant (P < 0.003), and therefore we treated each order as independent stimulation pairs. 

Across A1, neither the medial to lateral nor the rostral to caudal direction was significant (P 
>0.05). In the following sections we further investigate these location effects across the ICC 
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and A1 in order to better understand potential mechanisms influencing the enhancement 

effect.

Responses vary between different cortical layers

Normalized cortical responses varied significantly across cortical layers. Figure 4 shows the 

IPI-a curves for DSR and LFP activity across each cortical layer averaged across A1 and 

ICC locations. For all curves, it is evident that activity increases as IPIs decrease. For LFPs 

and DSRs recorded at each layer, we found that normalized cortical activity at the 0–4 ms 

IPIs was significantly larger than the cortical activity recorded at the 8 ms IPI (P < 5 × 10−8) 

and exceeded a value of one (i.e., greater than the sum of individual pulses). Therefore, the 

average cortical activity is enhanced at shorter IPIs for all layers. When comparing between 

layers, normalized IPI-a curves for both LFP areas and DSRs appear larger in supragranular 

layers than deeper layers at shorter IPIs in figures 4(a) and (b), respectively. LFP activity in 

layer I/II was significantly greater than that recorded in layer III/IV or layer V for 0–4 ms 

IPIs (P < 0.005). No significant differences were detected between LFPs recorded in layer 

III/IV and layer V. In addition, DSR activity recorded in layer I/II was significantly larger 

than that recorded in layer III/IV for 0–8 ms IPIs (P <0.01). Therefore, enhancement was 

found at all layers, with a greater increase in cortical activity at short IPIs in the 

supragranular layer.

Responses vary across an ICC lamina

Next, we investigated how cortical responses vary depending on the stimulation location 

across the ICC lamina. Figure 5 highlights a case example of DSS on pairs of sites across 

the ICC eliciting different cortical responses when recording from one layer III/IV location 

in A1 in one animal. Figure 5(a) shows the midpoint location of four pairs of sites that were 

stimulated (symbols) along with the rest of the DSS stimulated sites (empty circles) for 

reference. Stimulation of the most caudal–medial pair of sites (pair #1) did not elicit activity 

at this cortical location within the current injection limits for safety and stability of our 

electrode arrays. The most caudal–medial region has previously been shown to require much 

higher thresholds to activate A1 [34], and therefore our inability to activate A1 was not 

unexpected. For the other stimulation pairs, we found electrical stimulation levels that 

elicited similar cortical activity at the 8 ms IPI and then plotted the IPI curves for those 

stimulation levels (figure 5(b)). Figure 5(b) shows that the cortical activity at shorter IPIs 

remains constant for pair #2, while it increases for the site pairs that are located in more 

rostral–lateral locations. The fact that the difference in cortical activity at short IPIs varies 

with ICC locations, despite the similarity in activity at longer IPIs, suggests that this is not a 

result of a threshold effect limiting cortical activity. Instead, this difference in activity at 

short IPIs is indicative of a property specific to the ICC stimulation location. The IPI-a 

curves in figure 5(c) further confirm that greater normalized cortical activity occurs due to 

stimulation of more rostral sites across all valid stimulation levels. This example shows that, 

when recording in a single cortical location, the ICC site pairs located in more rostral–lateral 

across the lamina elicited larger cortical activity at short IPIs than the site pairs located in 

more candal-medial regions.
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To investigate this location effect across all animals, we plotted how the cortical response at 

specific IPIs varied with the locations of the stimulated ICC site pairs (i.e., the midpoint 

location of the site pairs). Figure 6(a) shows that the normalized LFP responses to the 0 ms 

IPI are weakest in the caudal–medial region and strongest in the rostral–lateral region for all 

cortical layers. In order to quantify this directionality, we fit responses to ICC locations 

using two-dimensional, linear multiple regression analysis and found the steepest gradient 

axis (black lines in figure 6(a)), or the vector at which the responses increase the most. Next 

we plotted how the normalized LFP area varies across the steepest gradient axis (figure 

6(b)). We collapsed the data along the caudal–medial to rostral–lateral axis, with 0 

corresponding to the most caudal–medial point. Since several cortical locations could be 

recording activity from a single stimulation pair, cortical activity was averaged across all 

relevant recording locations. We found that the normalized cortical activity was smallest in 

the caudal–medial region of the ICC and increased towards the rostral–lateral regions. As 

shown in figure 7, similar trends were observed for normalized DSR across the ICC at the 0 

ms IPI. In this paper, we show the 0 ms IPI map because the greatest amount of normalized 

cortical activity and thus the clearest trends were observed. Similar trends were observed for 

the 0.5 ms IPI and more diverse maps were observed for longer IPIs (data not shown, see 

summary in supplementary table 1, available from stacks.iop.org/JNE/11/046022/mmedia). 

The angle of the steepest gradient axis for LFPs and DSRs at each layer and IPI as well as 

descriptive statistics can be found in supplementary table 1.

In summary, we found significant fits at the 0 and 0.5 ms IPI for LFP at all layers and DSR 

for layer I/II (P <0.05). For DSR at layer III/IV, significant fits were found for the 0 ms IPI 

(P < 0.05). The average steepest gradient angles were generally similar for DSRs and LFPs, 

with an average of 57 ± 31° for LFPs and 78 ± 20° for DSRs for both IPIs (where 90° would 

be aligned with the caudal to rostral axis and 0° would be aligned with the medial to lateral 

axis). Differences in angles between LFP and DSR activity could be due to the limited 

spatial resolution of LFPs, since LFP activity reflects a large neuronal population that can 

span a distance of hundreds of microns whereas multi-unit spiking activity corresponds to a 

spatial span of tens of microns [44, 57–59]. Despite these differences, we found consistent 

trends for both LFPs and DSRs, where normalized cortical activity was small in the caudal–

medial regions and much larger in rostral-medial regions. Combining LFP and DSR activity 

together, the average angle of the steepest gradient axis, or average steepest gradient angle, 

was 71 ± 20° across the 0 and 0.5 ms IPIs. Therefore, we conclude that DSS in rostral–

lateral regions of an ICC lamina results in greater cortical activity in comparison to caudal–

medial regions.

Responses in different A1 locations

Although the mixed model did not find significant trends that responses to DSS varied 

across A1 locations, we wanted to further investigate whether cortical locations played a 

subtle role. First, we determined whether responses to caudal–medial versus rostral–lateral 

ICC locations were evenly sampled throughout A1. With this aim, we found the line 

perpendicular to the average steepest gradient angle (i.e., perpendicular to the 71° line 

defined above). This line separated the ICC into rostral–lateral and caudal–medial regions, 

each with an equal number of stimulation locations (figure 8(a)). A1 locations for each 
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stimulated ICC location appeared to be evenly spread across A1 (figure 8(b)). This was 

further confirmed when comparison tests did not find a significant difference between the 

cortical locations recording activity elicited from caudal–medial versus rostral–lateral ICC 

regions (using a two-sided Wilcoxon rank sum test, P >0.05). Because these locations were 

similarly distributed across A1, we could further investigate trends across the cortex. Since 

several ICC stimulation locations were recorded per A1 site, we found the mean cortical 

activity for each delay at each A1 site by averaging across all relevant ICC stimulation 

locations. Figure 9 shows the mean LFP or DSR activity recorded in layer I/II, III/IV or V 

for each cortical location at the 0 ms IPI. Confirming the results from the statistical model, 

we did not find trends of increased or enhanced activity across the cortex for the 0 ms or 

other IPIs (data not shown).

Latency

The previous results showed that, in response to DSS at short IPIs, normalized cortical 

activity was greater in supragranular than granular layers of A1. In order to better 

understand the mechanism involved in this increased supragranular activity, we calculated 

the mean FSL of each stimulation case for both A1 layers. The mean FSL was determined 

by averaging FSL across the same stimulation levels as the normalized LFP areas and DSRs 

above. We found the mean FSL was ~8 ms across all layer III/IV sites and ~11 ms across all 

layer I/II sites, as shown by histograms in figures 10(a) and (b), respectively. For A1 

placements from which both layer I/II and layer III/IV sites were recorded, we calculated the 

difference between the FSL at layer I/II and layer III/IV and found this ΔFSL to be 3.3 ± 3.2 

ms for the 0 ms IPI, as shown in figure 10(c). This ΔFSL value was consistent for all IPIs, 

with no trends between ΔFSL and IPIs. Thus, the distribution of latencies for the 0 ms IPI 

(figure 10(c)) was similar to the distribution of latencies for all IPIs (figure 10(c)).

Discussion

Stimulation of two different neural populations across the same ICC lamina elicits increased 

A1 activity across layers I–V at IPIs shorter than 4 ms. This time window agrees with 

previous studies where a ~6 ms window was determined when using more IPIs [16, 17]. 

Here we also found that the increased A1 activity greatly depends on the stimulation 

location across an ICC lamina, in which caudal–medial regions corresponded to no or small 

increases in activity while rostral–lateral regions resulted in greater normalized activity and 

even enhancement. Finally, we found that the greatest normalized activity and enhancement 

was found in supragranular layers. We did not observe any trends between the extent of 

normalized cortical activity and enhancement and the recording location across a given layer 

of A1. These results support the existence of a mechanism for enhancement within the 

pathway from the ICC to A1 that can functionally integrate activity across different neural 

populations within ICC on a fast temporal scale of less than 6 ms and that varies depending 

on stimulation location across an ICC lamina.

Anesthesia effects

In our study, we used an anesthetized preparation in order to position the electrode array into 

multiple ICC locations for each animal. We selected ketamine as the anesthetic because it is 
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thought to suppress the auditory cortex to a lesser extent than other anesthetics, particularly 

pentobarbital [60, 61]. Ketamine has been shown to affect cortical activity by reducing 

spontaneous activity [62, 63], inhibiting sound-evoked responses [62–64] and altering 

temporal processing in response to electrical stimulation of the cochlea [65]. Particularly at 

medium anesthesia depths, ketamine induces strong oscillatory responses in the auditory 

cortex [66–68], which results in greater variability to sound-evoked responses [66]. While 

trials with aberrant activity were removed to minimize the effect of these bursts, some of our 

location analysis may have been confounded by the variability in cortical responses, 

especially at longer IPIs. Despite these cortical effects, ketamine is unlikely to be the 

primary cause of the increased normalized cortical activity or enhancement observed at short 

IPIs when stimulating two sites within the same ICC lamina with DSS, since neither were 

previously observed [17] when repeatedly stimulating a single site or when stimulating two 

sites in different isofrequency laminae of the ICC using a similar stimulation and anesthesia 

protocol as in our study.

Possible neural mechanisms of cortical enhancement

It is unlikely that current summation or antidromic activation caused the increased 

normalized cortical activity or enhancement effects observed with DSS. While overlapping 

current fields at short IPIs can result in current summation, increased activity at or longer 

than 0.5 ms IPI cannot be only due to current summation because increased cortical activity 

at these longer IPIs was not observed during co-activation of two sites in different frequency 

laminae with a protocol similar to DSS in a previous study [17]. Moreover, current 

summation would be expected to result in greater cortical activity when stimulating in 

caudal–medial regions, which had higher thresholds, and thus required greater stimulation 

levels than rostral–lateral regions. In contrast, we found that the caudal–medial regions 

elicited less cortical activity than rostral–lateral regions at short IPIs. In addition, it is 

possible that antidromic activity could contribute to or alter enhancement of cortical activity, 

since the antidromic activation of corticofugal axons in the ICC could possibly activate axon 

collaterals that project from layer V up to superficial layers [69]. However, we had 

previously shown [17] that weaker and not greater normalized cortical activity was observed 

in granular or supragranular layers when antidromic activity was detected in layer V, and 

therefore concluded that it is unlikely that antidromic activity is the primary cause of the 

enhancement to DSS.

When stimulating with short IPIs, increased and even enhanced activity in A1 was observed 

in layer III/IV LFPs and DSRs, which corresponds to the synaptic input from MGV and 

neural output from A1 layer III/IV, respectively. Enhanced activity was also observed in 

LFPs and DSRs throughout the other cortical layers. The fact that the enhancement was seen 

at inputs and outputs across cortical layers supports the hypothesis that responses across an 

ICC lamina may be integrated by tectothalamic, thalamocortical, and/or corticocortical 

pathways.

The increased and enhanced activity observed at the synaptic input into A1 layer III/IV 

could arise either from the excitation of a greater number of MGV neurons or individual 

MGV neurons firing in a burst mode [70, 71]. In the visual system, a much larger cortical 
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response compared to that elicited from a single activation of a thalamocortical neuron can 

be elicited if two thalamocortical neurons are activated within a ~7 ms window or if the 

same thalamocortical neuron is re-activated within a ~15ms window [72]. The similarity of 

time windows (~7 ms for two neurons versus ~5 ms in our study), as well as the fact that 

most MGV neurons in ketamine-anesthetized guinea pigs respond with individual spikes 

rather than bursting patterns [73, 74], suggests that the enhancement seen in layer III/IV 

LFPs may be due to activation of a larger population of MGV neurons through stimulation 

of a greater number of tectothalamic neurons using DSS.

The supragranular cortical layers exhibited the greatest amount of normalized cortical 

activity enhancement, which may be due to non-lemniscal thalamocortical lemniscal 

thalamocortical, or corticocortical projections. Non-lemniscal projections could prime or 

enhance activity in supragranular layers via fast, large axons that principally originate in the 

medial division of the MGV [46, 75]. However, since these axons are so large that they may 

provide the earliest information to the cortex [46], the longer spiking latencies (by ~3 ms; 

see figure 10) in supragranular layers as compared to granular layers suggest that these non-

lemnisical projections are unlikely to cause the increased cortical activity. In addition, the 

ΔFSLs were similar across all IPIs, despite the fact that greater normalized cortical activity 

was observed in supragranular versus granular layers only at short IPIs (i.e., less than 4 ms). 

The lack of IPI effects demonstrates that the ΔFSLs are independent of the amount of 

normalized cortical activity, at least at these suprathreshold levels. Instead, it seems likely 

that the transmission time between layer III/IV and layer I/II is on average ~3 ms, and that 

the increased enhancement in supragranular layers is due to mechanisms with longer 

latencies than the enhancement seen in granular layers. For example, the collaterals of 

tonotopic thalamocortical projections could prime the supragranular layers [46, 76, 77] or 

responses across granular layers could be integrated by the supragranular layers to lead to 

enhancement. Horizontal projections within supragranular layers [78] could also affect 

lateral inhibition even at distant cortical locations [79], and thus alter timing and integration 

of spiking activity. In addition, supragranular layers may incorporate multiple pathways, 

since supragranular layers are thought to integrate thalamocortical and corticocortical 

information before delivering it to corticofugal neurons in layers V and VI [77].

Differences in caudal–medial versus rostral–lateral regions in the ICC

We found little or no increased normalized cortical activity when co-activating sites with 

short IPIs in the caudal–medial region but strong cortical activity and even enhancement in 

the rostral–lateral region. When electrically stimulating single ICC sites and recording 

evoked responses in A1 in a previous study [34], the caudal-dorsal ICC region (which is 

equivalent to the caudal–medial region along a tilted ICC lamina in this study) achieved 

higher thresholds, larger discriminable level steps and smaller evoked potentials than the 

rostral-ventral region. However, it is unlikely that activation properties alone caused 

differences in cortical activity because rostral–lateral regions had much larger amounts of 

normalized cortical activity than caudal–medial regions at short IPIs even when both 

produced similar amounts of activity within A1 at the 8 ms IPI (figure 5(b)). Instead, it 

appears that the mechanism that results in increased cortical activity and enhancement, 

whether at the tectothalamic, thalamocortical, or corticocortical level, exhibits different 
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neural integration properties depending on the location of electrical stimulation across an 

ICC lamina.

In addition to differences in neural integration properties, several studies from our lab have 

shown systematic differences in response properties between the caudal–medial and rostral–

lateral regions across an ICC lamina. In response to pure tones, neurons in the rostral–lateral 

versus caudal–medial regions of the ICC responded with shorter first spike latencies, less 

spiking jitter, larger LFPs that occur earlier and PSTHs that are shorter in duration and have 

more predominant onsets [20]. In another study, electrical stimulation of A1 elicited 

descending excitatory activation in the caudal–medial ICC but with minimal activation 

within the rostral–lateral ICC [80]. Since these studies were performed with similar 

histological reconstruction techniques to this DSS study, we normalized all midbrains and 

array placements onto a common standard brain (figure 11) to determine if these regions 

were consistent across studies. We found that the rostral–lateral region, which elicited 

increased or enhanced cortical activity for DSS (figure 11(a)), responded to pure tones with 

shorter PSTH durations (figure 11(b)), and with differences in other response features 

corresponding to greater spatial and temporal synchrony. In addition, little to no activity was 

present in these rostral–lateral regions in response to electrical stimulation of A1 (figure 

11(c)). In contrast, caudal–medial regions, which elicited little or weak cortical enhancement 

in this study, typically responded to acoustic stimuli with weaker temporal and spatial 

synchrony, often responded to electric stimulation of A1.

In order to map locations across a given ICC lamina, we targeted only the 10 kHz lamina in 

this study and therefore cannot claim that these two identified regions exist throughout all 

ICC laminae, which roughly span 50 Hz-50 kHz in guinea pig [81, 82]. However, a previous 

study in guinea pig has shown similar spatial segregation of activation properties from the 

ICC up to A1 for different frequency laminae spanning 9–23 kHz [34]. In addition, 

segregated caudal–medial versus rostral–lateral ICC regions were anatomically 

demonstrated throughout low, middle and high frequency regions in gerbil [28, 33]. In 

response to electrical stimulation of A1, descending projections elicited activity in caudal–

medial but not rostral–lateral regions for low, middle and high frequency lamina spanning 

from 2 to 16 kHz [80]. Finally, caudal–medial versus rostral–lateral regions have been 

shown to exhibit differential properties in response to pure tones at the 10 kHz and 20 kHz 

laminae [20]. Considering the consistency in ICC location trends across frequency regions 

for these different studies, we expect that the different DSS activation properties between the 

caudal–medial and rostral–lateral regions would also occur in the other isofrequency 

laminae throughout the ICC.

Subprojection pathway hypothesis

We have found that DSS of the rostral–lateral and caudal–medial regions across an ICC 

lamina result in different degrees of normalized cortical activity. While the normalized 

cortical activity appears to vary somewhat linearly between these two regions, this is likely 

because the location analysis was performed on the midpoint locations between each pair of 

sites (i.e., one site on each shank) that were 500 μm apart along an ICC lamina, resulting in 

spatial smearing. A previous study analyzing cortical responses to individual pulses 
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presented to the ICC found nonlinear trends between these two regions [34], suggesting the 

existence of at least two distinct clusters between the caudal–medial versus rostral–lateral 

regions. Two distinct clusters corresponding to these regions were also observed for maps of 

spiking response features to pure tones [20] as well as differences in corticofugal responses 

to electrical stimulation of A1 (see figure 11(b)).

These differences between regions across an ICC lamina are likely due to differences in 

input and output projection patterns that are maintained through the ascending lemniscal 

system. Anatomical studies in gerbil have shown that the caudal–medial and rostral–lateral 

regions of the ICC receive different inputs from the brainstem and project differentially to 

the caudal and rostral areas of the MGV, respectively [28, 33]. The anatomical segregation 

of the MGV is also continued in thalamocortical outputs, as demonstrated by studies in the 

cat and rat, which found that the rostral MGV projects throughout the auditory cortex, 

including A1, whereas the caudal MGV projects to core cortical regions predominantly 

outside A1 [83–87]. These segregated thalamic and cortical areas reveal differences in 

acoustic response properties similar to those observed in the ICC. In comparison to caudal 

regions, the neurons in rostral MGV respond to acoustic stimuli with stronger excitatory 

activation, shorter latencies with less jitter, more precise timelocking to click trains, and 

stricter tonotopic organization with narrower tuning curves [83]. The cortical regions that 

receive inputs from caudal MGV neurons typically exhibit responses with longer latencies, 

greater spiking jitter, less excitatory activity and less precise tonotopic organization 

compared to A1 regions, which receive inputs from rostral MGV neurons [83–88].

The differences in projection patterns from the brainstem and up to the cortex have led to the 

hypothesis that at least two subprojection pathways exist in the lemniscal system. Across the 

lemniscal nuclei, these response properties of the ‘rostral’ pathway suggests it may be 

designed for stronger activation and more precise transmission of sound information to 

higher centers in comparison to the caudal pathway. At least in the ICC, electrical 

stimulation of the A1 results in excitatory activation only in the caudal–medial region [80]. 

Combined with the more robust and precise activation properties identified for the rostral 

pathway, these findings suggest that the rostral pathway may serve as the main ascending 

pathway for transmitting sound cues to higher perceptual centers while the caudal pathway, 

at least within the midbrain, may serve a more modulatory and integrative role with the 

rostral neurons.

Conclusion

In this study, we have shown that co-activating neural populations across an ICC 

isofrequency lamina overcomes suppressive neural effects observed when repeatedly 

stimulating an individual site. To utilize this strategy in patients with the goal of improving 

speech perception, the second generation of the AMI will consist of two parallel linear 

arrays in order to stimulate along as well as within the isofrequency axis. As shown by this 

study, stimulating the more rostral–lateral region will likely lead to better cortical activation 

at short IPIs than caudal–medial regions, and therefore the rostral–lateral region appears to 

be a favorable target for implantation. Although greater normalized cortical activity was 

elicited when co-stimulating the rostral–lateral region of the ICC, clinical trials will still 
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need to be performed to determine whether this stimulation strategy and implantation 

location actually leads to improved speech understanding. In addition, future research should 

explore co-activating across ICC laminae with other stimulating strategies. For example, 

using bipolar stimulation in a single shank AMI has been shown to alter cortical thresholds 

and dynamic range, depending on the spacing between the stimulation and reference 

electrodes [86]. Combining bipolar stimulation with co-activation of neurons along an ICC 

lamina may lead to improved discrimination of temporal and frequency features, which in 

turn could lead to improved speech understanding.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) The A1 recording locations, overlaid on a typical guinea pig cortex, with color 

representing the BF for each location averaged across layers I–V. Only sites that were BF-

matched to ICC pairs were included and analyzed. (b) The midbrain and array placements 

were reconstructed in three dimensions and normalized onto a single brain. Green shanks 

correspond to ICC placements which were electrically stimulated (in pairs). Black and red 

shanks are placements on the border of or outside the ICC, as determined by FRMs along 

the shank (see Results). The 10 kHz isofrequency lamina was approximated by a plane at a 

depth which corresponds to neurons with 10 kHz BF, the average BF of the stimulated ICC 

sites. (c) The locations of the stimulated sites in the ICC were plotted along with the border 

and outside ICC sites across the 10 kHz lamina. (d) Analysis of the location effects across an 

ICC lamina was performed by determining the midpoint between each stimulated pair of 

ICC neurons. Scale bars are 1 mm. A1, primary auditory cortex; BF, best frequency; ICC, 

central nucleus of the inferior colliculus; SC, superior colliculus; IC, inferior colliculus; D, 

dorsal; C, caudal; L, lateral; R, rostral.
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Figure 2. 
A comparison of LFP and spiking responses measured simultaneously across different layers 

of a single A1 shank for one stimulation case within one animal in response to one 

stimulation level. While greater responses at shorter IPIs were observed at all layers, the 

most enhancement for both LFPs and DSRs was observed in layer I/II. (a) Recorded in 

layers I/II (top), III/IV (middle) and V (bottom) of A1, LFPs increase in response to DSS as 

IPIs decrease from 8 to 0 ms (right to left columns). (b) PSTHs recorded in layers I/II and 

III/IV of A1 in response to DSS at IPIs from 0 to 8 ms. (c) LFP areas and DSRs were 

calculated for each layer of A1. (d) For the different layers, IPI curves were created by 

normalizing cortical responses to the sum of responses to individual pulses. The 

normalization factor 1 is indicated by the dashed line. Electrical artifacts were removed in A 

and B. Time is relative to initial stimulus onset. DSR, driven spike rate; LFP, local field 

potential; IPI, inter-pulse interval; PSTH, post-stimulus time histogram.
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Figure 3. 
The effects of different stimulation levels on the normalized LFP (a) and DSR (b) responses 

recorded in layer III/IV of A1 in response to DSS applied at a single ICC pair. One ICC site 

from the pair was stimulated at the level indicated in each plot while the other ICC site was 

stimulated at a constant level. The IPI curves were averaged across the stimulation levels to 

calculate the IPI-a curves, shown in black in each panel. Only levels that were above 

threshold and below saturation were analyzed. Though some differences could be observed 

between curves across levels, there were no obvious or consistent trends across levels for 

either the normalized LFP or DSR data.
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Figure 4. 
Summary of LFP (a) and DSR (b) responses across A1 layers, averaged across all 

stimulation cases and animals (N = number of stimulation cases). For IPIs between 0–4 ms 

for LFP areas and 0–8 ms for DSRs, activity in layer I/II was significantly increased above 

the deeper layers (marked by asterisks; see text for P-values).
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Figure 5. 
A case example of how stimulating different locations across an ICC isofrequency lamina 

alters IPI and IPI-a curves recorded in one cortical location from a single animal. (a) The 

midpoint locations of four pairs of ICC sites stimulated across the ICC lamina are shown 

with other ICC midpoint locations for reference. Elicited activity was recorded in one 

cortical location in layer III/IV. (b) For pair #2–4, we found stimulation levels that elicited 

similar cortical activity at the 8 ms IPI and found that LFP areas increased more at shorter 

IPIs with more rostral–lateral stimulation locations. Stimulating pair #1 did not result in 

reliable LFP areas for this cortical location within the threshold bounds of our electrode 

arrays. (c) When averaged across stimulation levels, the IPI-a curves confirm that more 

rostral locations reveal higher levels of cortical activity. Error bars are standard deviations 

across levels. The scale bar is 1 mm.
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Figure 6. 
DSS in rostral–lateral ICC elicits greater normalized LFP areas across cortical layers than 

caudal–medial regions. (a) The amount of elicited normalized LFP area (color) is shown for 

the midpoint location between each pair of stimulated ICC sites (dots) at the 0 ms IPI. 

Cortical activity was averaged across A1 locations within a specific layer if multiple 

locations recorded activity elicited from one pair of sites. Using multiple linear regression to 

fit the cortical activity as a function of the ICC midpoint location, the steepest gradient axis 

(line) was found. The angle of the steepest gradient is shown, where 0 would indicate 

alignment with the medial to lateral axis and 90° would indicate alignment with the caudal 

to rostral axis. The scale bar is 1 mm. (b) Normalized LFP area is shown as a function of 

midpoint location along the steepest gradient axis, where 0 is the most caudal–medial 

location and 1 is the most rostral–lateral location. SGA: steepest gradient axis.
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Figure 7. 
(a) Normalized DSRs (color) recorded in supragranular and granular layers of the cortex are 

shown for the midpoint between each stimulation location. (b) Normalized DSR is plotted as 

a function of the midpoint location across the steepest gradient axis ((a) black line). Similar 

to figure 6, DSS of rostral–lateral areas results in greater normalized DSR activity than 

caudal–medial areas. The scale bar is 1 mm.
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Figure 8. 
The ICC lamina was split into caudal–medial versus rostral–lateral regions (a) by the line 

perpendicular to the average steepest gradient axis, which is the average direction where 

cortical activity varies the most for the 0 and 0.5 ms IPI. The midpoint between each 

stimulation pair was determined to originate from one of those two regions. The A1 

locations, overlaid on the cortex with BF values (b), recorded activity elicited from the 

caudal–medial region similar to those of the rostral–lateral region (c). The scale bars are 1 

mm. Note that panels with A1 locations are boxed while ICC locations are open.
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Figure 9. 
The location of sites across A1 does not have a clear impact on the amount of normalized 

LFP area (top) or DSRs (bottom) recorded across different layers (columns). Indicated by 

color (no units), the normalized cortical activity for each location was averaged across 

stimulated locations in the ICC. The scale bars are 1 mm.
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Figure 10. 
Histograms of FSLs for all stimulation cases recorded in layer III/IV (a) and layer I/II (b) at 

the 0 ms IPI. When comparing sites recorded from the same A1 location, FSLs recorded in 

layer I/II were on average ~3 ms longer than those in layer III/IV at the 0 ms IPI (c) as well 

as all IPIs from 0–8 ms (d).
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Figure 11. 
Comparisons across different experiments show that caudal–medial regions exhibit different 

response properties than rostral–lateral ICC regions in locations which, when electrically 

stimulated, elicit different cortical responses. (a) Normalized LFPs recorded in layer I/II 

(color) were typically smaller in the caudal–medial region and enhanced in rostral–lateral 

region across the 10 kHz isofrequency lamina of the ICC. (b) In response to 10 kHz pure 

tones (0.5 ms), the duration of PSTHs were longer in the caudal–medial region and shorter 

in the rostral–lateral region across the 10 kHz isofrequency lamina of the ICCs (data 

originally presented in Straka et al [20]). (c) A1 stimulation caused excitatory responses in 

the caudal–medial but not the rostral–lateral region of the ICC for sites with BFs of 10–16 

kHz (data originally presented in Markovitz et al [80]). These excitatory responses could be 

present across a few or many frequency laminae (i.e., broadly tuned (BT) or narrowly tuned 

(NT), respectively). Locations from (a), (b), and (c) were normalized in the same standard 

brain and locations were taken across the 10 kHz lamina.
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