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Abstract—The inferior colliculus (IC) receives many corti-
cofugal projections, which can mediate plastic changes
such as shifts in frequency tuning or excitability of IC neu-
rons. While the densest projections are found in the IC’s
external cortices, fibers originating from the primary audi-
tory cortex (Al) have been observed throughout the IC’s cen-
tral nucleus (ICC), and these projections have shown to be
organized tonotopically. Some studies have also found pro-
jections from other core and non-core cortical regions,
though the organization and function of these projections
are less known. In guinea pig, there exists a non-core ven-
trorostral belt (VRB) region that has primary-like properties
and has often been mistaken for Al, with the clearest differ-
entiating characteristic being VRB’s longer response laten-
cies. To better understand the auditory corticofugal
descending system beyond Al, we investigated if there are
projections from VRB to the ICC and if they exhibit a differ-
ent projection pattern than those from Al. In this study, we
performed experiments in ketamine-anesthetized guinea
pigs, in which we positioned 32-site electrode arrays within
Al, VRB, and ICC. We identified the monosynaptic connec-
tions between Al-to-ICC and VRB-to-ICC using an antidro-
mic stimulation method, and we analyzed their locations
across the midbrain using three-dimensional histological
techniques. Compared to the corticocollicular projections
to the ICC from Al, there were fewer projections to the ICC
from VRB, and these projections had a weaker tonotopic
organization. The majority of VRB projections were
observed in the caudal-medial versus the rostral-lateral
region along an isofrequency lamina of the ICC, which is
in contrast to the Al projections that were scattered through-
out an ICC lamina. These findings suggest that the VRB
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directly modulates sound information within the ascending
lemniscal pathway with a different or complementary role
compared to the modulatory effects of Al, which may
have implications for treating hearing disorders.
© 2015 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Traditionally, anatomical tracer studies have found that
corticocollicular fibers from core and belt cortices
primarily terminate in the nonlemniscal external cortices
of the IC rather than the lemniscal ICC (Faye-Lund,
1985; Huffman and Henson, 1990; Herbert et al., 1991;
Winer et al., 1998). However, there has been growing
anatomical evidence that |ICC receives direct,
tonotopically-organized projections from core auditory
areas including the primary auditory cortex, Al
(Andersen et al., 1980; Feliciano and Potashner, 1995;
Saldana et al., 1996; Budinger et al., 2000; Bajo and
Moore, 2005; Coomes et al.,, 2005; Bajo et al., 2007;
Lim and Anderson, 2007a; Malmierca and Ryugo,
2011). Studies in rat (Saldana et al.,, 1996), cat
(Andersen et al., 1980), and ferret (Bajo et al., 2007) show
that these projections are bilateral, though studies in ger-
bil (Budinger et al., 2000; Bajo and Moore, 2005) and in
guinea pig (Coomes et al., 2005) found that the majority
of these projections are ipsilateral. These corticofugal pro-
jections may influence plastic changes within the ICC,
since there have been numerous studies showing that fre-
quency tuning of ICC neurons can be finely shifted toward
those of electrically stimulated Al neurons (Yan and Suga,
1998; Yan et al., 2005; Xiong et al., 2009). A more recent
study also showed that electrical stimulation of Al neurons
could cause extensive suppression of excitability of neu-
rons in the ICC when paired with broadband noise stimu-
lation (Markovitz et al., 2013). Less is known about
corticofugal fibers that originate from non-Al cortical
regions and target the ICC. In general, most studies have
shown that only primary or core cortical regions project to
the ICC (Winer et al., 1998; Bajo and Moore, 2005; Winer,
2005; Bajo et al., 2007), though one study found that the
ICC also receives projections from non-core fields
(Budinger et al., 2000). It is unknown whether these cor-
ticofugal projections from non-core regions are also tono-
topically or topographically organized to the ICC and if
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they serve a different descending functional role com-
pared to A1. Understanding the varying roles of the
descending pathways from different cortical regions will
improve our understanding of how the brain modulates
ascending coding of auditory information for perception
and learning. Clinically, it could also open up new targets
and improve neural stimulation devices for treating hear-
ing disorders, considering that patients are currently being
implanted with electrode arrays that stimulate non-core or
secondary auditory cortical regions for treating tinnitus
(Friedland et al., 2007; De Ridder et al., 2011; Vanneste
and De Ridder, 2012; Zhang, 2013; Engelhardt et al.,
2014) but with very little understanding of the modulatory
effects on the auditory system.

In the guinea pig, there is a non-core area called the
ventrorostral belt, (VRB) (Wallace et al., 2000) that exhibits
primary-like coding properties and was not differentiated
from Al in early studies (Redies et al., 1989a,b). Located
ventral and lateral to Al, neurons in VRB respond to fre-
quency tones with low thresholds and are organized in a
tonotopic pattern parallel to that of Al, thus causing the
tonotopy to appear as a continuum of Al (Wallace et al.,
2000). Originally distinguished from Al because of its long
latencies and poor responses to noise (Wallace et al.,
1999), VRB has also been shown to have the most units
of all cortical fields that can discriminate conspecific vocal-
izations using a rate code (Grimsley et al., 2012). In terms
of histological labeling, there are no clear transitions
between Al and VRB for either myelin or cytochrome oxi-
dase (CYO) staining (Wallace et al., 2000). VRB has mod-
erate staining of myelin, less than the dense labeling in Al
but similar to another core region called the dorsocaudal
area (DC) (Wallace et al., 2000). In addition, VRB has
dense labeling of CYO similar to that of Al and greater than
the moderate labeling in DC. A previous study found that
VRB does project to the inferior colliculus (IC) (Schofield,
2009), butitis unknown whether the VRB has direct projec-
tions to the ICC, or how they compare to those from Al.

In this study, we investigated the monosynaptic
projection pattern from VRB to ICC and compared it to
the pattern from Al to ICC within the anesthetized
guinea pig. Because the small size of the VRB limits the
ability to use tracer techniques for characterizing the
precise spatial and functional organization of its
corticofugal projections to the ICC, we used a previously
developed antidromic stimulation technique (Lim and
Anderson, 2007a), which allowed us to map descending
projections between and characterize the physiological
features of cortical and collicular neurons in the same ani-
mal. We found that both Al and VRB project to the ICC in
a tonotopic manner, though with distinct differences in
their projection pattern across and along the ICC laminae.
These results suggest that Al and VRB have varying roles
in processing both ascending and descending sound
information within the lemniscal pathway.

EXPERIMENTAL PROCEDURES
Overview

Basic surgical procedures and methods for neural
recording and stimulation were similar to those

presented in previous work (Lim and Anderson, 2006,
2007a; Straka et al., 2013). Ketamine-anesthetized gui-
nea pigs were used in accordance with policies of the
University of Minnesota’s Institutional Animal Care and
Use Committee. Silicon-substrate, 32-site Michigan elec-
trode arrays (NeuroNexus Technologies, Ann Arbor, MI,
USA) were used to electrically stimulate the ICC and
record the corresponding neural responses within the
auditory cortex (AC). Appropriate placement of the array
sites within the ICC and AC was guided by acoustic-
driven responses (Wallace et al., 2000; Snyder et al.,
2004; Lim and Anderson, 2007b). Array sites in the ICC
were individually stimulated and multi-unit spiking
responses were recorded in Al and VRB. When antidro-
mic activity was detected in Al or VRB, the minimal stim-
ulation threshold and location across the ICC was found
and analyzed to determine if there is a spatial distribution
across the ICC lamina for corticofugal projections.

Surgery

Experiments were performed on 23 Hartley guinea pigs
(380 + 53 g, EIm Hill Breeding Labs, Chelmsford, MA,
USA). Animals were initially anesthetized with an
intramuscular injection of ketamine (40 mg/kg) and
xylazine (10 mg/kg), and were given periodic
supplements to maintain an areflexic state. After fixing
the animal into a stereotaxic frame (David Kopf
Instruments, Tujunga, CA, USA), the right side of the
cortex was exposed from the caudal end of the occipital
lobe to the middle cerebral artery of the temporal lobe.
The dura was removed, micromanipulators were used to
insert the arrays into the ICC and AC, and the exposed
brain was covered with agarose gel.

Stimulation and recording setup

All experiments were performed in an acoustically- and
electrically-shielded chamber and controlled by a
computer interfaced with TDT System 3 hardware
(Tucker-Davis Technology, Alachua, FL, USA) using
custom software written in MATLAB (MathWorks,
Natick, MA, USA). For acoustic stimulation, sound was
presented via a speaker coupled to the left ear through
a hollow ear bar. The speaker-ear bar system was
calibrated using a 0.25-in. condenser microphone (ACO
Pacific, Belmont, CA, USA) connected to the ear bar via
a short plastic tube representing the ear canal.

All neural signals were passed through analog DC-
blocking and anti-aliasing filters from 1.6 Hz to 7.5 kHz.
The sampling frequency used for acoustic stimulation
was 195kHz and for neural recording was 24 kHz.
Electrical stimulation up to 64 pA was presented on
different sites on the ICC array in a monopolar
configuration with a ground return in the neck muscles.
The pulses were biphasic, charge-balanced, cathodic-
leading, and 205-pus/phase. The recording ground
needle was positioned either wunder the skin
approximately 2 cm rostral to bregma or directly in the
brain in the parietal lobe. No obvious differences in
results were observed when using the different
recording grounds.
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Placement of arrays

Post-stimulus time histograms (PSTHs) and frequency
response maps (FRMs) of spiking activity were plotted
online to confirm the array’s position within the AC and
the ICC. Details on these analysis methods and
example plots for similar types of arrays are presented
in previous publications (Lenarz et al., 2006; Lim and
Anderson, 2006; Neuheiser et al., 2010; Straka et al.,
2013). Briefly, the electrical artifact was removed by
inserting null values for 1.5 ms after stimulus onset, the
neural signals were bandpass filtered (300-3000 Hz),
and spikes were detected when the signal exceeded a
threshold of three standard deviations above the back-
ground activity. For FRMs, four trials were presented for
each pure tone (1-40 kHz, eight steps/octave) and level
(0—-70dB, 10-dB steps) stimulus. The best frequency
(BF) was taken as the centroid of frequencies that elicited
spiking responses at 10 dB above the visually-determined
threshold.

The AC array consisted of four 5-mm-long shanks
separated by 400 pm. Sites were linearly spaced at
200 um along the shank and each had an area of
177 um?. The array was inserted approximately
perpendicular to the cortical surface in an attempt to align
each shank along a cortical column in AC (Abeles and
Goldstein, 1970; Redies et al., 1989b; Wallace et al.,
2000). Placementinto Al or VRB was confirmed when tono-
topic shifts from low to high BFs were observed from
ventral-and-rostral to  dorsal-and-caudal locations
(Wallace et al., 2000). To investigate differences across
AC locations, we reconstructed the site locations on the
cortical surface based on microscope images (OPMI 1
FR pro, Zeiss, Dublin, CA, USA) taken of our array place-
ments and normalized based on various landmarks (e.g.,
middle cerebral artery, bregma and lateral suture lines,
major blood vessels) as successfully used in previous stud-
ies (Schreineretal., 2000; Wallace et al., 2000; Eggermont
and Roberts, 2004). These normalized locations and their
respective BFs can be seen overlaid on the AC in Fig. 1.

Data were analyzed on a total of 88 Al placements
from 20 guinea pigs and 20 VRB placements from four
guinea pigs, where multiple AC placements were made
in two guinea pigs. AC placements were determined to
be in Al or VRB by the location on the cortex seen in
Fig. 1, where VRB placements were more lateral and
ventral than Al placements. These locations are similar
to those previously determined in guinea pig (Wallace
et al., 2000; Grimsley et al., 2012). The identification of
locations was confirmed by differences in the first-spike
latency (FSL) responses, which are significantly longer
in VRB (Wallace et al., 2000). The FSL was calculated
by computing the mean latency of the first spike to noise
stimuli at 70-dB SPL across 100 trials, and the FSL for a
specific cortical shank was determined by averaging
across all sites that responded to noise. Across all the
AC locations, the mean FSL for Al was 21 +£ 5ms
(N = 85 sites), which was significantly different from the
mean VRB FSL of 33 +5ms (N=18 sites),
(P <3x107" using two-tailed, unequal variance t-
tests, sites that responded weakly to noise were not
included). Thus, we were confident that VRB and Al were

Fig. 1. The location and BF of each recording site in the auditory
cortex, overlaid on a typical guinea pig cortex. Sites were determined
to be in Al or VRB based on cortical location as well as FSL
responses (see Experimental procedures: Placement of arrays).
Black scale bar = 1 mm. R, rostral; M, medial.

appropriately differentiated. Given the relatively fewer
number of VRB sites, the results may not represent all
VRB neurons or completely map out the entire VRB.
However, given the relatively small size of VRB (see
Fig. 1), which extends about 2.5 mm rostral to caudal
and 1 mm medial to lateral, and the size of our electrode
array (1.2 mm between the first and fourth shank) each
placement spanned approximately half of the VRB. In
addition, we performed one experiment with two VRB
placements, as well as an Al placement, that had consis-
tent results as our pooled data across animals. Therefore,
we believe the results we found between Al and VRB are
representative of the two fields.

As seen in Fig. 2A, the identification of AC layers was
accomplished by performing current source density
(CSD) analysis (Muller-Preuss and Mitzdorf, 1984;
Mitzdorf, 1985; Kral et al., 2000) in response to 70-dB
SPL broadband noise (100 trials) using the finite differ-
ence formula:

O(z+Az) —2¢(2) + ¢p(z — Az)
(Az)?

CSD(z) = 0,

where ¢ is the averaged LFP across trials, z is the depth
location of each site along an AC array shank, Az is the
differentiation step size, and o, is the component of
conductivity in the z-direction. Az was equal to the AC
site spacing of 200 um and o, was set to one since
absolute CSD values were not required for analysis. The
one-dimensional CSD approximation provides a
consistent representation for the current sinks and
sources associated with columnar synaptic activity in the
guinea pig AC (Lim and Anderson, 2007a; Middlebrooks,
2008). The main input layer of AC, which is layer lll/IV in
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Fig. 2. An example identifying antidromic activation of an AC site along a cortical column. Responses to 70-dB SPL broadband noise were recorded
for all eight sites along a shank that was placed along a cortical column. Local field potential responses were averaged across 20 trials to find the
mean evoked potential (A). CSD analysis was performed across all of the sites (except channel 1 and 8, given that CSD analysis requires responses
in neighboring sites for the spatial derivative calculation). Channel 3 was identified as being in layer V, since it was two sites below channel 5, the
shortest latency current sink corresponding to the main input layers IlI/IV (see Experimental procedures: Placement of arrays for more information
on CSD analysis). Spiking activity in response to electrical stimulation of the ICC were recorded and summarized with PSTHs of activity (B). A
stimulation level of 25 LA did not evoke obvious antidromic activity on site 3 that could be considered above baseline. However, a suddenly strong
and temporally precise antidromic response (red arrow) could be observed on site 3 (i.e., layer V; thick outlined black box) with just a slight increase
of current level of 2 dB (i.e., at 32 pLA for threshold) and for higher levels. Neural data of all 20 trials recorded on channel 3 at threshold is plotted (C),
with the inlay showing temporally precise spiking indicative of antidromic activity. Note that the electrical artifact, denoted by the asterisk, was
removed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

guinea pig (Huang and Winer, 2000; Smith and Populin,
2001), corresponded to the site with the shortest latency
current sink (i.e., positive CSD peak). The main output
layer V was identified as being two or three electrode sites
(~400-600 um) deeper than the layer llI/IV site (Wallace
et al., 2000; Lim and Anderson, 2007a), typically having
a current source (i.e., negative CSD peak). For the exam-
ple in Fig. 2A, these criteria were used to determine that
channel 5 is in layer lll/IV and channel 3 is in layer V.

Since CSD analysis has not been well described in
VRB, we further verified the recording of layer V
neurons by comparing the cortical depth from sites in
layer Il to layer V to anatomical measurements. For
each shank, we first found the shallowest site along
each shank with spiking responses to 100 trials of
broadband noise at 70-dB SPL. Given that layer | has
few neurons while layer Il has ample pyramidal neurons
(Schofield and Coomes, 2006; Wallace and Palmer,
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2008), this shallow site was referred to as the layer Il site.
On average, sites identified as layer V were
920 + 160 um below layer Il for Al (N = 87 layer differ-
ences) and 860 = 170 um below layer Il for VRB
(N = 18). Note that our resolution was limited to the
200-pm sites spacing, and placements where shallow
sites were broken or did not respond to noise were not
included. Anatomical analysis using multiple staining
preparations in guinea pig found that the ventral (i.e., dee-
per) border of layer V is approximately 1190 pim below the
ventral border of layer Il for Al, though this value could
vary between 580 and 1470 im when comparing the dis-
tance between the closest and farthest borders of the cor-
tical layers (Wallace and Palmer, 2008). Though it is
unclear what depths correspond to specific layers in the
VRB, cortical thickness has typically been found to be
thinner in belt regions, though thickness could vary from
1.6 to 2.2 mm in comparison to the typical thickness of
2 mm in Al (Grimsley et al., 2012). The consistent range
of values in our study with these expected anatomical
depths supports that the CSD analysis is correctly identi-
fying sites in layer V.

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 pm and sites were
linearly spaced at 100 um along the shank. Each site
had an area of approximately 700 |,Lm2. Prior to the
experiment, the sites on the ICC array were activated
using cyclic voltammetry to enable both recording and
stimulation up to 100 pA (Anderson et al., 1989; Lim
and Anderson, 2006). The ICC array was placed at a
45° angle to the sagittal plane through the visual cortex
in order to be aligned along the tonotopic axis of the
ICC (Malmierca et al., 1995; Snyder et al., 2004).
Proper array placement in the ICC was confirmed by
observing FRMs that exhibited an orderly shift from low
to high BFs from superficial to deeper locations along a
shank (Snyder et al., 2004; Lim and Anderson, 2006).

Electrical stimulation and data analysis

For each ICC array placement, electrical stimulation was
presented individually on several sites at stimulation
levels from 16 to 36 dB in 2-dB steps (i.e., 6.3-64 LA),
while randomizing level and stimulation site. We did not
stimulate at higher levels in order to remain within the
threshold limits for safety and stability of our electrode
arrays. Stimulation evoked multi-unit spiking activity in
the AC, with antidromic activity often present in layer V.
As characterized in a previous publication (Lim and
Anderson, 2007a), antidromic activity was determined
when the spikes exhibited short latencies with low tempo-
ral jitter (<1 ms), the activity was predominantly isolated
in layer V, and a slight increase in current level above
the threshold resulted in a sudden increase from no activ-
ity to robust spiking per trial. Though more definitive tests
for antidromicity include spike collisions and high stimula-
tion following rates (Lipski, 1981; Mitani and Shimokouchi,
1985; Rose and Metherate, 2001), Lim and Anderson
(2007a) observed that these characteristics listed above
sufficiently identified the Al-to-ICC projections.

We used these characteristics to determine
antidromic activity in layer V, as shown in Fig. 2B,C.
Fig. 2B, C shows an example of short-latency,
temporally precise spiking in layer V (channel 3 based
on CSD in Fig. 2A) that had suddenly exceeded
threshold to robust spiking (for nearly all 20 trials) with
just a slight increase in current (i.e., our smallest step of
2 dB). It can be seen in Fig. 2C that the spike waveform
is similar in shape and timing across almost all 20 trials.
A few trials had a distorted or nonexistent spike, which
is possible due to external noise or if a spike normally
happened along that neuron’s axon at the same time we
electrically activated it antidromically to block the spike
propagation to Al (i.e., spike collision). Note that the
short latency, temporally precise spiking characterizing
the antidromic activity contrasts to the longer latency,
temporally broad spiking characterizing the orthodromic
activity, as seen in Fig. 2B (also see Fig 3A). For
comparison, we found the FSLs for the antidromic
activity and for the orthodromic responses at threshold
(i.e., when spiking was visually determined to be
stronger than background activity) in layer V sites.
Histograms for all FSLs for antidromic and orthodromic
evoked activity are shown in Fig. 3B. The mean FSL for
antidromic activity was 7.2 £ 3.0ms (N = 288 AC-IC
pairs), which was significantly shorter than the mean
FSL for orthodromic activity of 15.7 + 3.7 ms (N = 542
AC-IC pairs) (P < 1.8x 107" using the Mann-
Whitney U test). For each stimulation-recording ICC-AC
site pairs with antidromic activity, we obtained the
stimulation threshold for further analysis. Out of all 288
AC-IC pairs, we observed only three cases with two
distinct antidromic peaks in the PSTH, and all of these
were in A1l. In these cases, we analyzed the response
with the lowest threshold.

This method for identifying antidromic activity also
allowed us to detect some unusually long-latency
antidromic spikes. For example, the longest FSL for
antidromic activity was 24.2 ms (in Fig. 3B). Despite its
long latency, this activity had several features indicative
of antidromic activity, including occurring at a site in layer
V (channel 2 in Fig. 3C, D), having a drastic increase of
activity at threshold from no activity to robust spiking with
only a 2-dB increase in current (Fig. 3D), and being
extremely precise temporally (Fig. 3D, E). In addition, this
antidromic activity occurred when there was no
orthodromic activity at any other site, even at our highest
current levels. While most antidromic latencies are below
10 ms (Mitani and Shimokouchi, 1985; Schofield et al.,
1987; Lim and Anderson, 2007a), some very thin, slow con-
ducting axons have been shown to have latencies exceed-
ing 40 ms (Ferster and Lindstrom, 1983; Swadlow, 1998).
Given that the example in Fig. 3C-E followed our specific
characteristics for antidromic activity, it appears likely that
this monosynaptic projection may be a thin, slow conduct-
ing axon.

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,
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Fig. 3. (A) A typical PSTH response contrasting evoked antidromic activity and orthodromic activity on a site in layer V. While antidromic activity is
typically characterized by a short latency, temporally precise response, orthodromic activity has a longer latency and temporally broad response. (B)
The FSL of antidromic activity at threshold was found and compared to orthodromic activity at threshold. Antidromic activity was significantly shorter
than orthodromic activity (P < 1.8x107'%, see Experimental procedures: Electrical stimulation and data analysis). (C-E) Data for the antidromic
activity with the longest latency case observed in B. Local field potential responses to 70-dB SPL broadband noise were recorded across sites
placed along a cortical column and averaged across 20 trials (C). CSD analysis was performed and used to identify the shortest latency current sink
corresponding to the main input layers I11/1V to be between channels 4 and 5, and channel 2 as layer V, being two sites below channel 4 and having a
current source (see Experimental procedures: Placement of arrays for more information on CSD analysis). Spiking activity in response to electrical
stimulation of the ICC was recorded and summarized with PSTHSs of activity (B). A stimulation level of 40 HA did not evoke activity, but sudden,
strong, temporally precise antidromic activity (red arrow) can be observed in channel 2 (i.e., layer V; thick outlined black box) at 50 HA, the
threshold, and at 60 pLA. Neural data of all 20 trials recorded on channel 2 at threshold is plotted (C), with the inlay showing temporally precise
spiking indicative of antidromic activity. Note that the electrical artifact, denoted by the asterisk, was removed. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

USA) to later identify an 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 (Markovitz et al.,
2012). Briefly, the midbrain was fixed with 3.7%
paraformaldehyde and cryosliced into sagittal sections
of 60-pum widths using a sliding microtome (Leica,
Buffalo Grove, IL, USA). Images of each slice were taken
using a Leica MZ FLIII fluorescence stereomicroscope
(Leica, Buffalo Grove, IL), Leica DFC412 C peltier
cooled CCD <camera, and Image-Pro software
(MediaCybernetics, Bethesda, MD, USA). A single reflec-
tion white light image using a variable intensity fiber optic
light source (Fiber-Lit-PL800, Dolan-Jenner Industries,
Boxborough, MA, USA) was taken to determine the out-
line of each slice. Fluorescence images were later super-
imposed 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, USA), and the positions of the arrays were
estimated by creating best fit lines through the points on
individual slices.

Reconstructions for each brain were normalized to
one standard brain, guided by the curvature of the IC
and a reference needle point at the intersection of the
superior colliculus, thalamus, and lateral extension from
the IC. This reference point is consistent across animals
and serves as a critical landmark for normalizing and
aligning the different brains with each other (for further
details and images, see (Markovitz et al., 2012)).
Isofrequency laminae were approximated by creating a
plane orthogonal to the average insertion angle of all best
fit lines of each array placement. The depth of each lam-
ina was determined by calculating the distance from the
surface of the IC, where neurons do not respond to broad-
band noise, to locations where neurons respond with
specific BFs (Markovitz et al., 2012). This distance was
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multiplied by a scaling factor to account for tissue
changes due to the histological process.

A total of 437 ICC sites were stimulated. Given that
some ICC sites were paired with both Al and VRB sites,
141 ICC sites were paired with at least one Al site and
312 ICC sites were paired with at least one VRB site.
To analyze location effects across the ICC lamina, we
created four laminae that would include the majority of
sites at the following frequencies: 1.1-1.7 kHz (N = 51
ICC sites), 3.8-6.1 kHz (N = 44), 6.2-10 kHz (N = 107)
and 11-17 kHz (N = 72).We chose each lamina to have
a bandwidth of approximately 0.6 octaves, which
corresponds to two critical bands (Schreiner and
Langner, 1997; Malmierca et al., 2008), in order to have
sufficient points for analysis. If there was more than one
ICC site for a placement within the frequency lamina,
the site resulting in the lowest threshold antidromic activ-
ity was chosen for data analysis. Locations of all array
positions on the normalized brain can be seen in
Fig. 4A along with the four isofrequency laminae. ICC
locations within each laminae were determined and repre-
sented as circles or triangles dependent on the recording
sub-region in AC in Fig. 4B.

RESULTS
Overview of approach

We compared corticofugal projections to the ICC arising
from Al and VRB (Fig. 1) to determine if these
tonotopically organized cortical areas have different
projection patterns across the ICC. Corticofugal
projections were identified when layer V sites in the AC
had antidromic activity in response to electrical
stimulation of the ICC with the specific characteristics
described in Experimental procedures. In the following
sections, we characterize these corticocollicular

A B

Caudal to Rostral

projections by analyzing their tonotopic arrangement
and spatial distribution across the AC as well as across
the isofrequency laminae of the ICC.

Tonotopic arrangement of descending projections

The first goal of this project was to confirm tonotopically
organized corticofugal projections from Al to ICC found
previously and to assess the corticofugal organization
from VRB. We initially determined how the frequency
specificity of the fibers related to the current level was
used for stimulation. For each ICC-AC stimulation-
recording site pair where antidromic activity was
detected, we determined the threshold of stimulation
that elicited antidromic activity and compared it to the
difference in BF (ABF) between the two sites. We found
that as the stimulation threshold increased, the ABF
between Al and ICC also increased (Fig. 5A). A similar
trend for VRB and ICC can be seen in Fig. 5B, though
the BF mismatch was much larger with the VRB sites in
comparison to the Al sites, even at thresholds below
30 pA. Using a two-way ANOVA to fit ABF with a linear
model on the factors of threshold and AC placement
(i.,e., VRB or A1), we found that both threshold
(P < 0.002) and AC placement (P < 4 x 10~ '%) were
significant factors (N = 154 Al points, N = 134 VRB
points). Therefore, greater ABFs are often found at high
thresholds and when recording antidromic activity in VRB.

Considering that high stimulation levels could be
activating fibers from other laminae because of greater
current spread and neural activation, we only
investigated activity evoked by lower stimulation levels
in the second part of this analysis. The stimulation level
criterion was determined from our data as well as data
from Lim and Anderson (2007a), both demonstrating that
most AI-ICC antidromic thresholds occurred below
32 uA, which corresponds to a maximal spread of

1.5-1.9 kHz 8-10 kHz

4-5 kHz 12-15 kHz

v vve?av Ve, e
Recording Sites:
® Al
1000 um ¥V VRB

Medial to Lateral

Fig. 4. Histological reconstructions and placements of each stimulation location within the ICC and across isofrequency laminae of the ICC. (A) The
midbrains and array placements were reconstructed in three dimensions and normalized onto a single brain. Each placement was determined to be
in the ICC due to the presence of tonotopic shifts of increasing BFs with deeper sites for each shank (see Methods: placement of arrays). The four
isofrequency laminae (circular planes) were approximated as a plane at a depth where neurons respond at those BFs. (B) Each ICC site was
electrically stimulated and activity was elicited in either VRB (triangles) or Al (circles). C, caudal; D, dorsal; SC, superior colliculus.
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Fig. 5. ICC sites that evoke antidromic activity in the cortex have BFs
that are more similar to sites in Al than sites in VRB, especially at low
stimulation levels. For each AC-ICC site pair with a monosynaptic
projection, the ABF between each site pair was correlated to the
minimum amount of current necessary to evoke antidromic activity.
For both Al (A) and VRB (B), the higher stimulation thresholds
activate sites that have greater BF-mismatch, though neurons in Al
show more similar BFs to the ICC than do neurons in VRB. For
corticofugal projections where antidromic activity was observed in the
AC at low stimulation levels (<32 HA), the BF of the stimulation site in
ICC was correlated to the recording site in Al (C) or VRB (D). While a
strict tonotopy was found for corticofugal projections from Al, weak
tonotopy was observed for projections from VRB.

approximately 250 pm (Ranck, 1975; Lim and Anderson,
2007a). Using this level provided sufficient spatial discrim-
ination while limiting maximum current spread in our anal-
ysis. Since each frequency lamina is approximately
175 um in cat (Schreiner and Langner, 1997) and
150 pum in rat (Malmierca et al., 2008), which should be
similar to the lamina in guinea pig, a current level of
32 pA would activate one or two laminae. We decided
(demonstrated later in Fig. 5C) that this extent of spatial
discrimination along the tonotopic axis would be sufficient
for the objective of this study while still allowing enough
points for analysis: for site pairs with antidromic activity,
71% (110 out of 154 sites) of Al-ICC pairs and 45% (60
out of 134 sites) of VRB-ICC pairs occurred at stimulation
levels at or below 32 pA.

Next, we wanted to assess tonotopicity of corticofugal
projections at low stimulation thresholds, first for Al and
second for VRB. For cases where antidromic activity
was elicited at thresholds equal to or below 32 UA,
Fig. 5C shows that the BF of the Al recording site was
similar to the BF of the stimulating ICC site, with the
average ABF of 0.2 + 0.3 octaves for AI-ICC sites
(N =110 pairs). Since linear regression found a
significant correlation between the BFs (P < 2 x 10~%7),
we conclude that corticofugal projections from Al are
tonotopically organized. As mentioned above, even if

levels up to 32 HA cause some current spread of
activation, Fig. 5C demonstrates that the extent of
spread was not large enough to mask our ability to
detect the tonotopic pattern. Fig. 5D shows that the BFs
of VRB and ICC sites were also significantly correlated
(P < 5 x 1077), though the mismatch between the two
sites was greater at 0.8 + 0.9 octaves for VRB-ICC
sites (N = 60 pairs). This mismatch cannot be solely
due to current spreading onto other isofrequency
laminae in the ICC as confirmed by the Al results.
Instead, this mismatch is indicative of an anatomical
organization where a given isofrequency lamina in the
ICC contains antidromic projections from VRB areas
with more variance in BFs than that observed from Al.

Location effects of corticofugal projections

We first investigated whether any spatial distribution of
the corticofugal projections exists across Al and VRB.
We did not observe any clear spatial trends in
organization; antidromic activity fully spanned across Al
and VRB, as outlined in Fig. 1. We also determined the
minimum stimulation threshold across all relevant ICC
sites that evoked antidromic activity at each cortical
location, and found no correlation between the recording
location in Al or VRB and the minimum threshold value.
While we did not find location differences across the
cortex, we did find differences in the prevalence of
projections to Al versus VRB. Electrical stimulation of
60% (84 out of 141 sites) of ICC sites caused
antidromic activity of at least one site in Al at or below
our maximum stimulation level (64 HA). In contrast, 31%
(98 out of 312 sites) of ICC sites antidromically
activated at least one VRB site. In addition, we found
FSL of antidromic activity for fibers originating in Al and
VRB (Fig. 6). The mean FSL for VRB projections was
8.1 £ 3.5ms (N = 134 sites), which was significantly
longer than the mean FSL of Al, 6.5 £ 2.3 ms (N = 154
sites; P < 5.8 x 107° using the Mann-Whitney U test).
Notably, the long-latency example shown in Fig. 3 was
recorded in the VRB. The longer latency of VRB
projections is likely due to these axons being thinner,
having slower conduction, and/or traversing a longer
route than Al projections. Therefore, fibers from Al are
more prevalent and faster in latency than fibers from VRB.

Secondly, we examined location trends across the
isofrequency laminae of the ICC. ICC stimulation sites
were separated into four isofrequency laminae based on
their BF, and the minimum stimulation threshold for
each ICC site that evoked antidromic activity on any
relevant AC site was determined. The location of each
ICC stimulation site was determined within the
respective lamina using histological reconstructions of
each array placement and midbrain (see Experimental
procedures: Histological reconstructions). ICC sites with
BFs beyond the bandwidth for each lamina were
excluded from this analysis. For each ICC site, the
lowest threshold that evoked antidromic activity either in
Al or VRB was determined. Since we established that
these  descending projections  were primarily
tonotopically organized, we compared AC sites that
were BF-matched to each ICC site. Sites were
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Fig. 6. The FSLs for antidromic activity evoked in Al was significantly
shorter than antidromic activity evoked in VRB (P < 5.8 x 107> using
the Mann—Whitney U test).

determined to be BF-matched when ABF’s were less than
0.3 octaves (the standard deviation of the Al-ICC ABFs
at thresholds below 32 pA).

As shown in Fig. 7A, there was no obvious trend for
minimal Al stimulation threshold across any of the four
isofrequency laminae. Although the lower frequency
laminae had fewer points that did not fully span the
extent of the lamina, these data support the well-
sampled data at the higher frequency laminae, which
found that stimulation of a wide span of locations
throughout the ICC could result in cortical antidromic
activation.

While Al tonotopic corticofugal fibers were present
throughout the ICC lamina, VRB corticofugal fibers that
were BF-matched could be activated more frequently in
the caudal-medial region of all four laminae, as shown
in Fig. 7B. Each lamina was separated into a caudal-
medial and a rostral-lateral half as indicated by the line
in each pane, using the average location of all points as
the center of a line with a 45° angle (where 0° would be
the caudal to rostral axis and 90° would be the medial
to lateral axis). The percentage of sites within each half
that elicited antidromic activation in VRB was greater in
the caudal-medial half of each lamina, as indicated in
each pane in Fig. 7B. Across all laminae, corticofugal
projections were evident when stimulating 8% of the
sites in rostral-lateral regions as compared to 28% of
the sites in the caudal-medial regions.

Given that VRB corticofugal fibers in general had
greater mismatch in BF than Al fibers, we further
expanded the ICC location analysis for VRB corticofugal
fibers to include BF-unmatched sites. We plotted the
location of ICC sites with their minimum stimulation
threshold across all VRB sites, regardless of BF, in
Fig. 7C. In comparison to the BF-matched-only
connections in Fig. 7B, a greater percentage of sites
throughout each laminae had corticofugal projections to
at least one VRB site with any BF value. However, the
rostral-lateral regions still had a smaller percentage of
sites with corticofugal projections, with a total of 19%
versus 47% of sites responding in the rostral-lateral
versus caudal-medial regions, respectively. To further

test for significance in antidromic threshold differences
in VRB for the rostral-lateral versus caudal-medial ICC
regions, we also combined all of the ICC laminae
together and compared thresholds between these two
regions. Since thresholds were collected in 2dB
increments, we compared these thresholds on a dB
scale, and for locations where thresholds could not be
detected, we set the max threshold at 80 pA (i.e., 2dB
above our max stimulation level [see Experimental
procedures: Electrical stimulation and data analysis]).
We found the thresholds in the rostral-lateral region
were significantly higher than those in the caudal—
medial region (P < 3 x 1075 using the Mann—-Whitney U
test). Therefore, for antidromically activated projections
from VRB that are both well- and poorly-matched in BF
to ICC neurons, they are more frequently found in
caudal-medial rather than rostral-lateral areas of the
isofrequency laminae in the ICC. The sparsity of VRB
projections in the rostral-lateral region could have
resulted in the higher thresholds observed in that region,
requiring a greater current spread on average to
activate the nearest axon for a given ICC site.

DISCUSSION

Our results demonstrate that corticofugal fibers from Al
have a strict tonotopic organization that is distributed
throughout an isofrequency lamina of the ICC,
confirming a previous study (Lim and Anderson, 2007a).
In contrast to Al, fibers from VRB to ICC exhibit greater
mismatch in tonotopic organization and more heavily pro-
ject to the caudal-medial region within the ICC laminae.
Additionally, there are also fewer projections from VRB
than from Al to the ICC. The differences in corticofugal
projections from Al and VRB in relation to spatial distribu-
tion and frequency organization suggest these two corti-
cal areas have different roles within the descending
auditory system.

Methodological considerations of antidromic
stimulation

Using antidromic stimulation as a method to study the
spatial  distribution of monosynaptic corticofugal
projections allowed us to characterize the anatomical
and physiological properties of neurons with greater
spatial resolution in the cortex and ICC compared to
traditional tracer techniques. Specifically, tracer
injections into the small region of VRB would likely
diffuse into the lateral area of Al, and thus differentiation
between the two regions would be more difficult.

Though the antidromic stimulation method has many
benefits, caution must be used in the interpretation of
our results because of some important limitations. One
drawback is that stimulation of ICC regions may have
caused antidromic activity in cortical regions that were
not sampled since we could simultaneously record from
only four Al locations at a time with our specific
electrode array. This undersampling could have limited
the ability to observe spatial patterns across Al or VRB,
potentially obscuring more complex topographic patterns
of the corticofugal projections. Note that customized and
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Fig. 7. Comparing the locations of sites across ICC laminae shows differential maps of minimal thresholds for antidromic activity found in BF-
matched sites in Al, BF-matched sites in VRB, and all sites in VRB. At each location across the four ICC isofrequency laminae, the minimum
stimulation thresholds evoked from BF-matched Al sites (A), BF-matched VRB sites (B), or all VRB sites (C) were found. ICC sites that could not
elicit antidromic activity in any cortical site even at the highest stimulation threshold (64 HA) are marked as white. While no spatial trend was
observed across the ICC lamina for Al corticofugal projections, VRB fibers were typically found in more caudal-medial regions of the ICC. For VRB
projections (B and C), each lamina was split into a caudal-medial and rostral-lateral half (based on the average location of all measured sites), and
the percentage of sites that evoked antidromic activity was found for each half.

higher density electrode arrays can be used in future
studies to achieve a greater sampling of neurons and
locations in each animal. The second drawback is that
antidromic stimulation could have activated axon
terminals as well as passing fibers. Stimulation of a
given ICC location may have caused antidromic activity
in the cortex from corticofugal fibers directly innervating
that region or passing through that location en route to
other neurons. Therefore, we can conclude that Al
corticofugal fibers pass and/or terminate throughout an
ICC lamina in a strictly tonotopic organization, while
VRB corticofugal fibers pass andfor terminate within
more caudal-medial locations of an ICC lamina in an
approximately tonotopic pattern. Despite this limitation, it
is unlikely that these projections would exclusively
traverse across an entire ICC lamina without synapsing

onto any neurons, especially while maintaining a precise
tonotopic organization from AC, if there was not a
functional role for these projections within the ICC.

Tonotopic organization of corticocollicular
projections

These results confirm that Al corticofugal projections
generally exhibit a tonotopic organization. Of the
projections that could be activated with relatively low
current levels (<32 pnA), the average ABF was
0.2 + 0.3 octaves, similar to the bandwidth of an ICC
isofrequency lamina (Schreiner and Langner, 1997;
Malmierca et al., 2008). This suggests that frequency-
specific Al corticofugal fibers generally remain within an
isofrequency lamina of the ICC. Projections originating
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in VRB are loosely tonotopically organized, with an aver-
age ABF of 0.8 + 0.9 octaves for fibers with thresholds
equal to or below 32 HA. The weaker tonotopic organiza-
tion shown in Fig. 5 for VRB in comparison to Al could be
associated with a more diffused projection pattern to the
ICC and/or a weaker tonotopic organization directly within
VRB (Wallace et al., 2000).

Isofrequency organization of corticocollicular
projections

Our results provide evidence that corticofugal projections
from Al and VRB are present in the ICC. For corticofugal
fibers originating from both Al and VRB, antidromic
activation could be elicited even with low stimulation
thresholds of less than 12 pA, which corresponds to a
maximal current spread distance of ~150 um (i.e., a
distance smaller than the diameter of the circular
symbols in Fig. 4) (Ranck, 1975; Lim and Anderson,
2007a). With such low stimulation thresholds at central
regions of the lamina, it would be unlikely that current
could spread beyond the borders of the ICC and activate
the corticofugal projections in the cortices of the IC. Thus,
we conclude that corticofugal projections from both Al and
VRB exist within the ICC, with fibers originating from Al
being distributed throughout an ICC lamina and fibers
originating from VRB more frequently targeting the cau-
dal-medial versus rostral-lateral regions of an ICC
lamina.

Lack of spatial organization of Al corticofugal
projections along an ICC lamina was unexpected
considering that activation of Al resulted in excitatory
responses mainly in caudal-medial and not rostral—
lateral regions of an ICC lamina in a previous study
(Markovitz et al., 2013). This difference between the
anatomical projections found here and previous physio-
logical functional projections could be due to existence
of many polysynaptic projections from Al to the ICC: acti-
vating Al neurons could have resulted in the excitation of
neurons either in other cortical areas or in the cortices of
the IC. These regions could then excite the ICC mainly in
the caudal-medial regions while restricting activity in the
rostral-lateral regions. An alternative possibility in this
study is that the corticofugal projections from Al could
be passing through rostral-lateral regions of the ICC en
route to their target of the caudal-medial regions, and
electrical stimulation of the ICC with our antidromic
method activated these passing fibers. However, this
would not explain why more antidromic cases were not
observed in the rostral-lateral region of the ICC for
VRB, unless there is a different trajectory for VRB projec-
tions to reach the caudal-medial region of the ICC. It is
also possible that the corticofugal neurons from Al termi-
nate throughout the ICC but that inhibition plays a more
dominant role in the rostral-lateral portion that somehow
restricts excitatory responses.

Comparisons to other species

There have been mixed results across multiple studies
relating to the presence and organization of corticofugal
fibers targeting the ICC from Al. Several studies found

that corticofugal projections primarily or exclusively
target the external cortices of the IC (Faye-Lund, 1985;
Huffman and Henson, 1990; Herbert et al., 1991; Winer
et al., 1998). While it is clear that the presence of cortico-
collicular projections are more dense in the external cor-
tices, several other studies using larger injection
volumes of stable tracers have found evidence of tono-
topic projections to the ICC in cat, ferret, rat, guinea pig
and gerbil (Andersen et al, 1980; Feliciano and
Potashner, 1995; Saldana et al., 1996; Budinger et al.,
2000; Bajo and Moore, 2005; Coomes et al., 2005; Bajo
et al., 2007; Lim and Anderson, 2007a; Malmierca and
Ryugo, 2011). Our results provide further evidence that
these projections are present in the ICC and are strictly
tonotopic in nature. We also found Al projections to be
amply scattered throughout an isofrequency lamina, sim-
ilar to a previous antidromic stimulation study (Lim and
Anderson, 2007a).

In addition to the corticofugal projections from Al, we
discovered that VRB has monosynaptic corticofugal
projections to the ICC, which confirms a previous
study in guinea pig that used a retrograde tracer
injection into the IC and detected corticofugal
projections from layer V cells of the AC, including
cortical regions that correspond to VRB (Schofield,
2009). Due to similarities in long response latencies to
pure tones and tonotopic organization, VRB is likely
related to the ventral auditory field (VAF) in rat (Polley
et al., 2007; Storace et al., 2010) and either the dorso-
posterior or ventroposterior field in gerbil (Thomas
et al., 1993). VAF is thought to be a ventral margin of
Te1 (Polley et al., 2007), which has corticocollicular pro-
jections targeting the ICC (Saldana et al., 1996). In ger-
bil, Budinger et al. (2000) found that corticocollicular
projections from the dorsoposterior and ventroposterior
fields appear similar and have moderate projections tar-
geting the ipsilateral ICC, though a more recent study
found that corticocollicular projections from these fields
only target the external cortices and exclude the ICC
(Bajo and Moore, 2005). Within cats and ferrets, projec-
tions to the ICC were found from primary regions, but
not non-primary or non-core regions that would include
areas most similar to VRB (Winer et al., 1998; Winer,
2005; Bajo et al., 2007). Overall, it is still unclear
whether regions similar to VRB across species have cor-
ticofugal projections to the ICC. It may be that tracer
studies were unable to detect corticofugal projections
from VRB-like regions for three main reasons. First,
some corticocollicular mapping studies that did not
observe projections could have had tracers that were
not sufficiently detecting the thin VRB fibers.
Projections from VRB may have fibers that are even
thinner than those from A1, which is supported by the
longer latencies of antidromic activity in VRB versus Al
(Fig. 6). Second, these projections are even less preva-
lent than those from Al, and thus potentially more diffi-
cult to detect. Third, these projections are most often
observed in caudal-medial regions of the ICC (Fig. 7),
and differences in cytoarchitectonic criteria may have
resulted in different boundaries of the ICC across
studies.
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Conclusions and future directions

In this study, we found that, like Al, VRB has descending
corticofugal projections to the ICC that are organized
tonotopically, though those from VRB are fewer, have a
weaker tonotopic organization, and are found mostly in
the caudal-medial regions of the ICC. The role of these
corticofugal  projections is still not understood.
Corticocollicular projections originating from Al are
thought to modulate ascending auditory activity and
mediate plastic changes (Yan and Suga, 1998; Yan
etal., 2005; Xiong et al., 2009). Given that VRB is thought
to be important for speech understanding (Grimsley et al.,
2012), the projections from VRB to ICC could provide one
way in which the brain can directly modulate and enhance
coding to natural stimuli through the ascending lemniscal
pathway. Having shown that anatomical and physiological
differences exist between corticocollicular fibers from Al
and VRB in this study, future studies should investigate
the anatomical organization and functional role of corti-
cofugal fibers from VRB and other cortical regions beyond
Al that project to different subcortical targets. These stud-
ies will further our understanding of how the auditory brain
modulates ascending sound information. These studies
also have clinical implications for treating hearing disor-
ders such as tinnitus. To date, over 50 patients have been
implanted with electrode arrays that electrically stimulate
secondary cortical regions to treat tinnitus (Friedland
et al., 2007; De Ridder et al., 2011; Vanneste and De
Ridder, 2012; Zhang, 2013; Engelhardt et al., 2014). A
greater understanding of the functional organization of
descending and modulatory projections from these sec-
ondary or non-core cortical regions to the auditory system
could help identify more appropriate neural targets and
more effective stimulation strategies for treating tinnitus.
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