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Abstract

The inferior colliculus (IC) is unique, having both glutamatergic and GABAergic projections
ascending to the thalamus. Although subpopulations of GABAergic neurons in the IC have been
proposed, criteria to distinguish them have been elusive and specific types have not been associated
with specific neural circuits. Recently, the largest IC neurons were found to be recipients of somatic
terminals containing vesicular glutamate transporter 2 (VGLUT2). Here, we show with electron
microscopy that VGLUT2-positive (VGLUT2+) axonal terminals make axosomatic synapses on IC
neurons. These terminals contain only VGLUT2 even though others in the IC have VGLUT1 or both
VGLUT1&2. We demonstrate that there are two types of GABAergic neurons: larger neurons with
VGLUT2+ axosomatic endings and smaller neurons without such endings. Both types are present in
all subdivisions of the IC, but larger GABAergic neurons with VGLUT2+ axosomatic terminals are
most prevalent in the central nucleus. The GABAergic tectothalamic neurons consist almost entirely
of the larger cells surrounded by VGLUT2+ axosomatic endings. Thus, two types of GABAergic
neurons in the I1C are defined by different synaptic organization and neuronal connections. Larger
tectothalamic GABAergic neurons are covered with glutamatergic axosomatic synapses that could
allow them to fire rapidly and overcome a slow membrane time constant; their axons may be the
largest in the brachium of the IC. Thus, large GABAergic neurons could deliver IPSPs to the medial
geniculate body before EPSPs from glutamatergic 1C neurons firing simultaneously.
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INTRODUCTION

The inferior colliculus (IC) integrates virtually all auditory information ascending from the
brainstem to the medial geniculate body (MGB), but the output of the IC is unusual since both
GABAergic and glutamatergic neurons constitute the MGB projection (Winer et al., 1996;
Peruzzi et al., 1997; Bartlett and Smith, 1999; Oliver, 2005). The GABAergic axons in the
brachium of the IC (BIC) are large in diameter (Saint Marie et al., 1997b), and when the BIC
is stimulated electrically, IPSPs appear in the MGB before the EPSPs (Peruzzi et al., 1997).
These data suggest that there are large GABAergic cells in the IC that project to the MGB.
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Previous studies have implied the existence of more than one type of GABAergic neuron in
the IC. GABAergic cells have been classified according to their size (Roberts and Ribak,
1987; Oliver et al., 1994; Merchan et al., 2005). Dendritic morphology also may distinguish
different GABAergic neurons in the cat (Oliver et al., 1994), but such differences are less
apparent in the rat (Roberts and Ribak, 1987; Caspary et al., 1990; Caspary et al., 1995;
Merchan et al., 2005). Despite the implied existence of multiple GABAergic cell types, little
is known about their synaptic organization or axonal targeting.

Recently, it was found that IC neurons differ in the organization of their glutamatergic
presynaptic terminals. The vesicular glutamate transporters 1 or 2 (VGLUT1, VGLUT2)
identify glutamatergic terminals in the IC (Kaneko et al., 2002; Altschuler et al., 2008). This
suggests that glutamate releasing terminals (Fremeau et al., 2001) arise from different neuronal
populations in the lower auditory brainstem (Oliver, 2005). Altchuler et al (2008) found that
the cell bodies and proximal dendrites of large IC neurons are densely covered with VGLUT2
+ axonal terminals, but smaller IC cells lack this prominent input. Since GABAergic neurons
in the IC are larger than non-GABAergic neurons (Oliver et al., 1994; Merchan et al., 2005),
we hypothesized that GABAergic cells are the recipients of the dense populations of VGLUT2
+ axosomatic terminals.

In this report, we show that the VGLUT2+ axosomatic synapse is exclusive to the large
GABAergic neurons in the IC, a finding that provides a basis for defining two classes of these
neurons. Moreover, we show that these larger GABA neurons are the primary source of
GABAergic tectothalamic inputs to the MGB. Thus, two types of GABAergic neuron may be
distinguished in the IC based on both synaptic organization and axonal projections.

Thirteen Long Evans rats were used. Five rats received an injection of Fluorogold (FG;
Fluorochrome, Denver, CO). Three rats were used for immunoelectron microscopy. The other
animals (5 rats) were used for fluorescent immunohistochemistry. All experiments were
conducted in accordance with institutional guidelines at the University of Fukui and the
University of Connecticut Health Center and in accordance with NIH guidelines for the care
and use of laboratory animals. All efforts were made to minimize the number of animals used
and their suffering.

Survival surgery

Rats were anesthetized with ketamine (28 mg/kg i.m.) and xylazine (4.3 mg/kg i.m.) and
maintained in an areflexive state with isoflurane mixed with oxygen for the duration of the
surgery and recording. Surgery and sound recording were performed in a double-walled sound
attenuating chamber (IAC, Bronx, NY). Acoustic stimuli were generated by a TDT System 2
(Tucker Davis Technologies, Gainesville, FL) under the control of a PC computer, using
custom software. All sounds were delivered by Beyer earphones (DT-48, Hicksville, NY) via
sealed enclosures. Animals were fixed in a stereotaxic apparatus that used hollow ear bars to
deliver sound stimuli. The sound delivery system was calibrated for frequencies from 60 to
40,000 Hz, and calibration was performed at the end of the ear bar with a 1/8" microphone
(Bruel & Kjaer). A craniotomy opened the right parietal bone. Recordings of sound evoked
activity were used to locate the MGB, and injections into it were made with glass micropipettes
(4-7 pm tip, 0.5-5 MQ) filled with 3% FG diluted in saline. Electrodes were advanced with a
microdrive (Burleigh inchworm, Fishers, NY) mounted on the stereotaxic manipulator.
Acoustically driven responses of single or multiple units were amplified with a Dagan 2400
and subsequently amplified again (Princeton Applied Research, model 5113 amplifiers). MGB
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neurons were identified by responses to white noise bursts or pure tones. In 3 cases, FG was

iontophoretically applied with a 2-5 pA current for durations of 2-5 min with a 50% duty cycle
(7 s on/ 7 s off) (Precision Current Source 51413, Stoelting, Wood Dale, IL). In the other cases,
pressure injections of 0.5 pl FG were made with a Picospitzer (General Valve, Fairfield, NJ).

Pre-embedding immunoelectron microscopy

Rats were deeply anesthetized with chloral hydrate (400 mg/kg i.p.) and then perfused
transcardially with 4% paraformaldehyde & 0.05% glutaraldehyde diluted in 0.1M phosphate
buffer (PB; pH 7.4). Sections at a thickness of 50 um were cut with a Vibratome (Ted Pella
Inc., USA) and postfixed for 2 hours with the same fixative. Then, sections were immersed in
50% EtOH for 30 min to enhance antibody penetration (LIewellyn-Smith and Minson, 1992),
washed with PB, and incubated for 48 hours at 4°C in rabbit anti-VGLUT2 antibody (0.5 pg/
ml) (Hioki et al., 2003) diluted with incubation buffer which was composed of 1% normal goat
serum, 0.01M phosphate buffered saline (PBS; pH7.4), and 0.02% sodium azide. After the
wash, sections were incubated overnight at 4°C with goat anti-rabbit 1gG (1:200; BA-1000,
Vector Laboratories, Burlingame, CA) diluted in the incubation buffer. Finally, tissue was
incubated for 2 hours at room temperature with avidin-biotinylated peroxidase complex
(PK-6200, Vector) before bound peroxidase was visualized with DAB reaction. Sections were
postfixed with 1% OsO,4 in 0.1M PB for 45 min, stained en bloc overnight with uranyl acetate,
dehydrated with graded EtOH, substituted with propylene oxide, and embedded in Epok812
(Oken shoji, Japan). Ultrathin sections were made with an ultramicrotome (EM FCS, Leica
Microsystems, Germany) and inspected with an electron microscope (H7000, Hitachi, Japan).

Immunohistochemistry

Rats were deeply anesthetized with ketamine (56 mg/kg i.m.) and xylazine (8.6 mg/kg i.m.)
before being perfused transcardially with 4% paraformaldehyde in PB. After cryoprotection
by 30% sucrose in PB for 2 days, serial coronal sections were cut at a thickness of 20 pm using
a freezing microtome. Every 12t section was used for histology. For the analysis of the
colocalization of VGLUT1 and VGLUT2, sections were heated with 0.01M sodium citrate (pH
6) at 80°C for 2 hours to enhance the VGLUT signal (Nakamura et al., 2007). Sections were
incubated overnight with one or some combination of the following primary antibodies; rabbit
anti-VGLUT2, guinea pig anti-VGLUTZ2, guinea pig anti-VGLUT1 (0.5ug/ml, all from
Fujiyamaetal., 2001), rabbit anti-VGLUT3 (0.5 pg/ml, Hioki et al., 2004), mouse anti-GAD67
(1:1000; MAB5406, Millipore, Billerica, MA), mouse anti-MAP2 (1:200; MAB3418
Millipore), or rabbit anti-FG (1:2000; AB153, Millipore). All antibodies were diluted in
incubation buffer, which was composed of 1% normal goat serum, PBS, 0.3% Triton X-100,
and 0.02% sodium azide. The specificity of the VGLUT1, VGLUT2, VGLUTS3, and GAD67
antisera was demonstrated previously (Fujiyama et al., 2001; Hioki et al., 2003; Hioki et al.,
2004; Ito et al., 2007). The specificity of the FG antiserum was confirmed by the absence of
staining in tissues which did not contain FG. The specificity of the anti-MAP2 antiserum was
demonstrated by western blotting (according to manufacturer’s data sheet). It is also noted that
this antibody is used extensively (e.g. Varoqui et al., 2002; Blanchart et al., 2006) to visualize
dendrites and cell bodies. The next day, sections were washed and incubated with secondary
antibodies that were raised from goat and conjugated with AlexaFluor 488, 568, and 647
(Invitrogen, Carlsbad, CA). In some cases, Neurotrace488 (Invitrogen) was added to the
primary antibody solution. Sections were mounted on coated slides, air dried, rehydrated, and
coverslipped with DABCO.

Unless otherwise noted, all images were acquired with a laser scanning confocal microscope
(Zeiss 510 META, Carl Zeiss Microimaging, Géttingen, Germany). AlexaFluor 488 and
Neurotrace488 were excited by a 488 nm Ar laser, and the emitted fluorescence was filtered
with a 500-530 nm band-pass filter. AlexaFluor 568 was excited by a 543 nm He-Ne laser,
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and the emitted fluorescence was filtered with a 565—-615 nm band-pass filter. AlexaFluor 647
was excited by a 633 nm He-Ne laser, and emitted fluorescence was filtered with a 650 nm
low-pass filter. Images of each dye were taken sequentially to avoid bleed-through artifact.
Minimal adjustments of the fluorescence intensity levels were made in Photoshop CS3 (Adobe
Systems, San Jose, CA).

Analysis of VGLUT1 and VGLUT?2 colocalization in terminals

IC sections immunostained for VGLUT1, VGLUT2, and MAP2 were used for the
colocalization analysis. One section from the center of the central nucleus of the IC (ICC) was
analyzed in each rat. In each section, the ICC was divided into a 1x8 or 1x10 grid with each
cell of the grid measuring 142.9 x 142.9um. The long dimension of the grid was oriented
perpendicular to the tonotopic axis of the nucleus. Within each cell of the grid, there was at
least one neuron with a dense population of VGLUT2+ axosomatic endings. Within each cell
of the grid, we took at least two z-stacks of images (7 optical slices, 35.7 x 35.7 x 2.0 um, x63/
NAL.4 lens, x4 optical zoom). One z-stack contained the neuron with the dense VGLUT2+
axosomatic endings, while the second z-stack was from a location adjacent to the cell. The z-
stack images were deconvolved by Huygens software (Scientific Volume Imaging, Hilversum,
Netherlands). The fourth optical slice of the deconvolved z-stack was used for the analysis
using Image-Pro Plus software (Media Cybernetics, Bethesda, MD). A threshold for the
intensity of the immunostaining was set to define the VGLUT-positive objects, and these
objects were further divided by the watershed method, if necessary, to separate terminals. These
thresholds for VGLUT divided the terminals into 3 populations; terminals positive only for
VGLUT], those positive only for VGLUT2, and endings positive for both. Mean intensities
of VGLUT1 and VGLUT?2 pixels in a single object were plotted. The dense VGLUT2+
axosomatic endings in these optical slices were analyzed a second time in images where only
those endings were visible.

Analysis of VGLUT2 axosomatic terminal density on GAD67-positive (GAD67+) neurons

Sections were prepared for VGLUT2 and GAD67 immunofluorescence with a Neurotrace
counterstain. To collect GAD67+ cells in an unbiased way, we employed a stereological
sampling method. We divided IC sections into a 500 um x 500 um grid, with a 57.1um x 57.1
um x 20 um box in the center as a sampling frame. 1f we found nucleoli (stained by Neurotrace)
of GADG67+ cells inside the sampling frame, images of those GAD67+ cell bodies were
captured by a x63 oil immersion lens (NA 1.4) with x2.5 zoom at a z-plane which included
the nucleoli of the cells. Whole IC sections (6—9 from each animal) separated by 240 um were
examined. Additional, low magnification images (x10/NAQ.5) of the whole I1C were taken with
an Axiovert microscope, using the ApoTome optical sectioning system (Zeiss). Whole IC
images were reconstructed from these low magnification images. By using these tiled images,
we could identify the loci (including the subdivision) of the sampling frames. After sampling
the GADG67+ cells, we measured the area and perimeter of the cells, counted the number of
VGLUT2+ axosomatic terminals, and subjectively classified the cells into 2 categories: cells
with dense VGLUT2+ axosomatic endings and cells without such endings. Diameter was
calculated from the area of the cell bodies. Terminal density was calculated by dividing the
number of VGLUT?2 axosomatic terminals by the perimeter. To estimate the probability density
function between the diameter and the terminal density, we employed a kernel density
estimation (Parzen, 1962) with an optimal bandwidth (Silverman, 1986). Furthermore, we
modeled the estimated density with several bivariate Gaussian functions using the least square
method (MATLAB, Mathworks, Natick, MA). The probability density function of the bivariate
Gaussian distribution was provided by the following equation:
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where uy and uy are the mean of x and y, oy and oy are the standard deviation of x and y, and
p is correlation between x and y.

Analysis of the location of GAD67+ neurons in normal material and after retrograde labeling

with FG

RESULTS

To plot the locations of GAD67-immunofluorescent cells, we took high magnification (x40,
NA 1.3, oil-immersion) images with the help of a motor-controlled stage of the entire IC
sections, immunostained for GAD67 and VGLUT?2 and counterstained with Neurotrace, or
immunostained for GAD67, VGLUTZ2, and FG. These images were then assembled from each
section into a single tiled, montage image (e.g. Fig. 5a) with Illustrator CS3 (Adobe). Tiled
images from four, evenly spaced (480 pum) sections were collected from each animal. The
montage IC images were analyzed, and plotted with Neurolucida (MBF Bioscience, Inc.,
Williston, VT). Three subdivisions of the IC, namely the ICC and the dorsal and lateral cortex
(DC and LC), were identified by Nissl staining (Loftus et al., 2008). Furthermore, GAD67
immunostaining revealed all the IC subdivisions, as well as the modular immunopositive
structures in layer 2 of the LC, i.e. GABA modules (Chernock et al., 2004). In this paper, the
GABA modules were excluded from the LC and treated as a distinct nucleus. We plotted all
the GABAergic neurons and all the cells with dense VGLUT2+ axosomatic endings. Neurons
with visible nuclei were counted. In one section through the center of the ICC, we measured
the size of the cell bodies of GABAergic cells in which nucleoli labeled with Neurotrace could
be identified.

We first describe the localization of VGLUT2 in axosomatic synapses. Next, we demonstrate
that the correlation between VGLUT2+ axosomatic terminals and GABAergic neurons reveals
two classes of GABAergic neurons that differ in the prevalence of these terminals. Finally, we
provide evidence that the GABAergic neurons with VGLUT2+ axosomatic terminals form the
major GABAergic component of the tectothalamic projection.

Numerous glutamatergic axosomatic synapses on IC neurons

We investigated whether the VGLUT2-containing terminals surrounding large I1C neurons
(Altschuler etal., 2008) formed axosomatic synapses. IC neurons were examined at the electron
microscopic level after pre-embedding immunocytochemistry for VGLUT2. Many VGLUT?2
+ terminals were directly apposed to the cell bodies and primary dendrites of large neurons
(Fig. 1a). The neurons frequently had stacked, rough endoplasmic reticulum (Fig. 1a,
arrowhead) in the perikarya and a highly infolded nucleus (Fig. 1a, asterisks). Many VGLUT2
+ terminals made asymmetrical synaptic contacts on the somata with relatively thin presynaptic
but thick postsynaptic densities (Fig. 1b, arrows).

Axosomatic endings contain VGLUT2 but not VGLUT1

Both VGLUT2 and VGLUT1 proteins were present in the IC (Fig. 2a—d), while no VGLUT3
immunoreactivity was found. Some terminals may contain both VGLUT1 and VGLUT?2
(arrowheads in Fig. 2a—d). To analyze the colocalization of VGLUT1 and VGLUTZ2, the
intensity of immunofluorescence was measured in 13,976 ICC terminals from three rats. In
every case, the scatter plot of mean intensity of VGLUT1 and VGLUT2 immunoreactivity
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showed 3 clusters indicating three patterns of VGLUT localization in synaptic terminals (Fig.
2e): (1) VGLUT1-positive and VGLUT2-negative (VGLUT1+); (2) VGLUT1-negative and
VGLUT2-positive (VGLUT2+), and (3) positive for both molecules (VGLUT1&2). The size
of the clusters of VGLUT1&2 varied in each of the three cases depending on the methods used
to detect VGLUTL.

The most consistent finding was that the terminals that encircled cell bodies and the adjacent
proximal dendrites (e.g. Fig. 2b) were almost entirely localized to the VGLUT2+ category.
Indeed, axosomatic endings (1,874 terminals, N = 3) were 97.1% + 1.8 VGLUT2+ (mean
S.D) and lacked VGLUT1 (Fig. 2f). In contrast, the non-axosomatic terminals (12,102
terminals) could be VGLUT1+ or VGLUT2+. Within the non-axosomatic terminal population,
VGLUT1+ terminals represented 34.3% + 6.0, VGLUT2+ terminals constituted 59.1% + 2.4
and VGLUT1&2 terminals made up 6.6% + 4.1 (Fig. 2f). A chi square analysis of the
distributions of terminals shown in Figure 2f revealed a significant difference between
axosomatic and non-axosomatic terminals (P < 2.2 x 10716). Thus, VGLUT2 can be considered
a specific marker for the glutamatergic axosomatic endings on large IC neurons.

Only large GABAergic neurons receive VGLUT2+ axosomatic inputs

Since GABAergic neurons are larger than non-GABAergic, presumably glutamatergic neurons
(Oliver et al., 1994; Merchan et al., 2005), we hypothesized that it is the GABAergic neurons
that receive the VGLUT2+ axosomatic inputs. Since our GAD67 antibody is a reliable somatic
marker of GABAergic neurons (Ito et al., 2007), we examined VGLUT?2 axosomatic terminals
on GADG67-positive (GAD67+) cells in the IC. Only GABAergic neurons (Fig. 3a—h, white
arrows) were the postsynaptic recipients of the VGLUT2+ axosomatic endings in all
subdivisions of the IC (arrows in Fig. 3a, d, g). GABA-negative neurons lacked this input
(black arrowheads in Fig. 3c, f, g). However, not all of the GABAergic neurons received this
special input. Small GAD67+ cells lacked the VGLUT2+ axosomatic terminals (white
arrowheads in Fig 3b, e, h). Thus, two types of GABAergic neurons are suggested based on
differences in the density of VGLUT2+ axosomatic endings.

Using stereological methods, we sampled 279 GAD67+ cells from 4 rats, and measured the
perimeter and diameter of GADG67+ cell bodies and the density of VGLUT2+ axosomatic
terminals. The relationship of diameter and terminal density for each GAD67+ cell is shown
in the scatter plots of Figures 4a—c, Sla. In the ICC (Fig. 4a), a bi-modal distribution was
observed when the sample was analyzed with a kernel density analysis (Fig. 4, pseudocolor
and contour lines). Larger GABAergic neurons had a higher density of VGLUT2+ axosomatic
terminals, and smaller GABAergic neurons had a lower density of axosomatic terminals. A
cluster of smaller cells was evident in the DC (Fig. 4b), the LC (Fig. 4c), and in the samples
from all subdivisions combined (Fig. S1a).

The kernel density estimate was fitted with bivariate Gaussian distributions to divide the
GABAergic cells into two groups. Two-dimensional fits were possible for two populations of
GABAergic neurons in the ICC (Fig. 4d), DC (Fig. S1c), and entire IC sample (Fig. S1b).
Interestingly, for the larger GABAergic neurons, there is a positive correlation (p = 0.49)
between diameter and axosomatic terminal density (red contours in Fig. 4d). This unexpected
trend suggests that the axosomatic density actually increases with the size of the larger
GABAergic neuron. In contrast, there is no correlation (p = 0) between the somatic diameter
and axosomatic density for the smaller GABAergic cells (blue contours in Fig. 4d). A similar
tendency also was found in the DC (Fig. S1c) and entire IC (Fig. S1b).

We compared the two populations of GABAergic IC neurons defined by the Gaussian fit with
our subjective classifications of the neurons made at the time of data collection. Points where
the two Gaussian distributions for the ICC have the same probability density were aligned on
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aslopey =—0.0071 x + 0.41 (Fig. 4d). This line provides an objective criterion to separate
GADG7+ cells into 2 populations, neurons with and without VGLUT2+ axosomatic terminals,
and this criterion fits very well with the classification of neuron type made subjectively. For
example, in the ICC sample (92 cells), the subjective classification of GAD67+ ICC cells is
correct 91% of the time (Fig. 4e; Table 1). When the ICC criterion was applied to the whole
IC sample, 279 GADG67+ IC cells, 85% of the neurons were correctly identified (Fig. 4f; Table
2).

By using the objective criterion in Figure 4f, we can provide a guideline to identify the
GABAergic neurons based on somatic size alone. Ninety-five percent (154/162) of the
GABAergic cells with VGLUT2+ axosomatic endings have diameters larger than 10.7 pum,
and 95% (111/117) of the GABAergic cells without VGLUT2+ axosomatic endings have
diameters smaller than 16.5 um. Thus, large cells (defined as diameter > 16.5 um; Fig. S1d-g)
always have VGLUT2+ axosomatic endings, small cells (defined as diameter < 10.7um; Fig.
S1d-g) all lack the axosomatic endings, and medium-sized cells (defined as 10.7 — 16.5 um;
Fig. S1d-g) are a mixture of the 2 cell types. The perimeter measurements follow the same
trend (Fig. 4g—j) since neurons with perimeters over 60 um all have VGLUT2+ axosomatic
endings, neurons with perimeters under 30um always lack the axosomatic endings, and
medium-sized cells (perimeter 3060 um) are a mixture of 2 cell types.

Thus, the results strongly suggest that there are two classes of GABAergic cells, namely large
GABAergic cells with VGLUT2+ axosomatic endings and small GABAergic cells without
these endings. Our subjective classification of these cell types separates the two classes very
well with error rates of approximately 7%.

Distribution and sizes of two classes of GABAergic neurons in the IC

To determine the distribution of VGLUT2+ axosomatic endings on GAD67+ neurons among
the IC subdivisions, we investigated all GAD67+ neurons (3974 cells) and all neurons with
VGLUT2+ axosomatic endings in four serial sections of the complete IC from three rats. A
typical section assembled from 78 confocal images is shown at low magnification in Figure
5a. At higher magnification (not shown), the terminals on the somata appear as in Figure 3 (see
also Zoomify images available at http://doliver.uchc.edu/Whole-IC/). The neurons were
classified as “VGLUT2+ axosomatic” or “without VGLUT2+ axosomatic” using the
subjective criteria above. VGLUT2+ axosomatic terminals encircled 1664 of 3991 cells. Of
these, 98.9% + 0.34 were presynaptic to GAD67+ neurons. This confirms the nearly exclusive
association of VGLUT2+ axosomatic endings with GABAergic neurons shown above.

Neurons with VGLUT2+ axosomatic endings were found in all subdivisions of the IC (Fig.
5b). Over the entire I1C, 41.5% + 2.85 (mean = S.D.) of GABAergic neurons were encircled by
VGLUT2+ axosomatic endings. However, the ratio of GABAergic neurons with VGLUT2+
axosomatic endings was significantly higher in the ICC with approximately 50% of the neurons
receiving this input (Fig. 5b, c; Table S1). Fewer neurons with VGLUT2+ axosomatic endings
were present in the DC and LC (Fig. 5b, c; Table S1). The fewest were observed in the GABA
modules in layer 2 of the LC (Chernock et al., 2004) (Fig. 5b,c; Table S1).

We measured the diameter of GAD67+ cells at the focal plane of the nucleolus (N = 3, 635
cells). In this sample, there were also two populations of GABAergic neurons based on size.
Neurons with VGLUT2+ axosomatic endings (Fig. 3, white arrows) were always significantly
larger than ones without the terminals (Fig. 3, white arrowheads) in all subdivisions of the IC
(Fig. 5b,d; Table S2; P = 0.009; two-way ANOVA). The larger GABAergic neurons were
similar in size in each subdivision but those in the LC were the largest. Smaller GABAergic
neurons without axosomatic input were also similar in size in each subdivision.
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GABAergic cells with VGLUT2+ axosomatic endings project to the thalamus

Since IC projections to the MGB produce short latency inhibitory potentials (Peruzzi et al.,
1997), and the diameter of GABAergic axons in the BIC is larger than non-GABAergic axons
(Saint Marie et al., 1997b), we asked whether the large GABAergic neurons with VGLUT2+
axosomatic endings contribute axons to the tectothalamic projection. We injected FG, a
retrograde tracer, into the MGB (N = 5) and examined IC sections immunostained for FG,
GADG67, and VGLUT2. A substantial number of neurons showed positive immunoreactivity
for both GADG7 and FG (1404 cells from 5 rats), although, as expected, the majority of FG-
positive cells were GAD67-negative (Fig. 6a—d, arrowheads).

GADG67+ neurons with VGLUT2+ axosomatic terminals tended to project to the MGB more
often than GADG67+ cells without these endings in all subdivisions. In the ICC, the majority
(81.8% £ 12.4; mean + S.D.) of the GAD67+ projection neurons were encircled by VGLUT2
+ axosomatic terminals (Fig. 6a, d, arrows). The percentage in the DC and LC was slightly
lower (68.3% + 7.6 and 75.1% + 13.3, respectively), but not significantly different (Tukey’s
multiple comparison). In the GABA modules, VGLUT2+ axosomatic endings contacted 40.
3% + 18.4 of the GABAergic projection neurons, significantly fewer than in the ICC, DC, and
LC (Tukey’s multiple comparison, P = 0.016, 0.028, and 0.034, respectively). Since the
incidence of GABAergic cells with VGLUT2+ axosomatic endings is different in each
subdivision (Fig. 5c), the number of these cells contributing axons to the tectothalamic
projections is variable. To compensate for this variability, we calculated a preference ratio for
the tectothalamic projection and divided the percentage of FG-positive-GAD67+ cells with
VGLUT2 axosomatic endings (data above) by the percentage of GABAergic cells with
VGLUT2+ endings for each subdivision (data from Fig 5c). In the ICC, only 50% of the
GABAergic neurons have VGLUT2+ axosomatic endings, but 82% of the GABAergic
tectothalamic neurons had VGLUT2+ contacts, a preference ratio of 1.56. Likewise, the
preference ratio in the DC is 1.87, in the LC it is 1.97, and in the GABA module it is 2.13.
Thus, these data show that the GABAergic neuron with VGLUT2+ axosomatic terminals is
the predominant GABAergic cell type in the projection from the IC to the MGB.

DISCUSSION

The present data show that there are two types of GABAergic neurons in the IC with different
patterns of synaptic inputs and axonal projections. Large GABAergic cells (diameter >16.5
um) are densely innervated by VGLUT2+ axosomatic endings, and these neurons are the main
source of the tectothalamic GABAergic projection to the MGB in all I1C subdivisions (Fig. 7,
cell 1). In contrast, the smaller GABAergic cells (Fig. 7, cell 2) lack this specialized synapse
and are the more common cell type in the cortical areas, especially in the GABA modules. The
smaller GABAergic neurons must contribute to brain circuits other than the tectothalamic
pathway. The tectothalamic circuit formed by large GABAergic neurons is different from
excitatory tectothalamic projections provided by glutamatergic IC neurons (Fig. 7, cell 3), as
those neurons also lack the specialized excitatory axosomatic inputs.

Technical considerations

In the ICC, there was a clear separation into clusters of GAD67+ cells with or without dense
VGLUT2+ terminals. However, in the DC, LC, or whole IC separate clusters were not as
obvious (Figs 4b, c, and S1a). One explanation is that fewer GABAergic neurons with
VGLUT2+ axosomatic terminals are present in the DC and LC (Fig. 5¢), making clusters less
obvious in the scatter plots (Fig. 4b—c, S1a). GAD67+ neurons were still fit by two bivariate
Gaussian distributions in the whole IC and DC (Fig. S1b-c). These fits also show that the
variance of the terminal density on smaller GAD67+ cells was higher in the whole IC and DC
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with more potential overlap between the two groups. Nevertheless, the two types of
GABAergic cells were still separable on the basis of size.

A second complication was an overall higher density of VGLUT2+ terminals in the DC and
LC (Fig. 5a). At the light microscopic level, it is impossible to discriminate between terminals
with axosomatic synaptic contacts and terminals separated from cell bodies by thin glial
processes. This may lead to misidentification of a proportion of the non-axosomatic terminals
as axosomatic endings in the DC and LC, and increase the variability in the terminal density
measurement (Fig. S1c). Our error rate for misclassification in the whole IC sample was 14.7%,
while in the sample of the ICC alone our error rate was only 8.7%. So, accurate classification
of the two types of GABAergic neurons is easiest in the ICC. Although the error rate is already
low, the accuracy of classification may increase with analysis at the electron microscopic level
or with additional markers to identify postsynaptic membrane proteins.

IC cells with the dense axosomatic synapse

The results from the few available EM studies are consistent with those reported here. Oliver
(1984b) reported larger MGB-projecting IC cells had numerous axosomatic synapses in cats,
and these were identified by stacked rough endoplasmic reticulum and highly infolded nuclei.
That electron microscopic study concluded that large disc-shaped and stellate neurons were
the recipient of the dense axosomatic endings. In an electron microscopic study of the IC of
rats, Ribak and Roberts (1986) reported that larger neurons received dense axosomatic endings,
while small neurons received only a few symmetrical axosomatic synapses. They also reported
that the plexus of axosomatic endings extended to the primary dendrites. Roberts and Ribak
(1987) in a similar investigation of GABAergic neurons, suggested that there was more than
one type of GABAergic neuron in the ICC. They found further that the larger neurons were
more densely covered with terminals. Although there are minor discrepancies, these previous
reports all support our current findings of multiple classes of GABAergic neurons in the IC
with VGLUT2+ axosomatic terminals on the larger GABAergic neurons.

Source of dense VGLUT2+ axosomatic endings

At this point, we cannot positively identify the source of the glutamatergic axosomatic
terminals. Excitatory inputs in the I1C originate from the ventral and dorsal cochlear nuclei
(VCN and DCN) (Oliver, 1984a, 1987; Oliver et al., 1999; Malmierca et al., 2005b), the medial
and lateral superior olive (Oliver et al., 1995), intermediate nucleus of the lateral lemniscus
(suggested by Saint Marie et al. (1997a) and Riquelme et al.(2001)), auditory cortex (Feliciano
and Potashner, 1995), and the IC itself (Moore et al., 1998; Malmierca et al., 2003; Malmierca
et al., 2005a).

We can exclude the auditory cortex and VCN as potential sources of VGLUT2+ (and
VGLUT1-negative) axosomatic endings: Pyramidal cells in layer 5 of the cerebral cortex
express VGLUTL (Fremeau et al., 2001; Fujiyama et al., 2001), and these are the source of
neocortical inputs to the IC. The VCN is the primary source of glutamatergic terminals in the
superior olive including the calyx of Held, and these axons contain both VGLUT1 and
VGLUT2 (Billups, 2005; Blaesse et al., 2005). Expression of both VGLUT1 and VGLUT2
genes by VCN neurons is supported by both the Allen Brain Atlas database (Lein et al.,
2007) (http://www.brain-map.org/) and our preliminary results of in situ hybridization for
VGLUT1 and VGLUT2 (not shown). Since axosomatic endings on GABAergic neurons in IC
contain only VGLUT?2, it is unlikely that they originate in the auditory cortex or VCN.

On the other hand, collateral axonal branches of IC glutamatergic neurons and the axons of
fusiform cells in the DCN are likely sources of VGLUT2 axosomatic terminals. IC neurons
express VGLUT2 but not VGLUT1 (Herzog et al., 2001), and they make collaterals in the IC
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(Oliver et al., 1991; Malmierca et al., 1995; Malmierca et al., 2009). DCN fusiform cells are
a second possible source since they express VGLUT?2 but not VGLUT1 (unpublished data),
and DCN axonal terminals with round synaptic vesicles make axosomatic synapses on IC cells
along with other unlabeled terminals at the electron microscopic level (Oliver, 1984a).
Furthermore, tectothalamic IC neurons were observed at the light microscopic level to have
DCN axons in contact with their somata and dendrites (Oliver et al., 1999). We cannot exclude
olivary and lemniscal sources of VGLUT2+ terminals; however, some neurons in these nuclei
express both VGLUT1 and VGLUT?2 (unpublished data).

Functional questions

Our data clearly indicate that only large GABAergic IC cells receive dense glutamatergic
axosomatic endings. This finding raises some interesting questions about the circuitry of the
IC and the projections to the MGB.

What is the purpose of the axosomatic excitatory inputs?—In a passive membrane
model, the synapses on the proximal parts of the cell produce larger synaptic currents at the
initial segment with a faster rise time and a shorter latency compared to synapses on the distal
dendrites (Rall, 1967). This view suggests that, in the present case, the dense axosomatic inputs
may be more influential than distal inputs and help the neuron fire more quickly. This is
especially important for large neurons compared to smaller ones, since larger cells have more
surface area with greater membrane capacitance to overcome before they fire. These large IC
neurons are likely to be the pause-buildup and sustained regular neurons that have the slowest
membrane time constants (Ono et al., 2005; Sivaramakrishnan and Oliver, 2006). Therefore,
the axosomatic VGLUT2+ synapses may help the large GABAergic neurons to fire quickly,
despite their large size and slow time constants.

What is the purpose of the large GABAergic cell body?—The positive correlation
between size of the neuronal cell body, diameter of the axons, and the conduction velocities
(Cullheim, 1978; Lee et al., 1986; Sasaki, 1994) suggest that the large GABAergic cells have
large axons with relatively fast conduction velocities. Indeed, in the BIC, the GABAergic axons
had the largest diameter (Saint Marie et al., 1997b). Electrical stimulation of the BIC in the
brain slice showed that IPSPs arrive in the auditory thalamus before the EPSP (Peruzzi et al.,
1997). Thus, tectothalamic GABAergic cells may be larger to accommodate large axons with
a faster conduction velocity than the glutamatergic tectothalamic neurons.

What is the role of feed-forward inhibition in the MGB?—Separate channels of
auditory information from the auditory brainstem and IC may or may not converge in the MGB.
For example, separate on and off pathways have been observed in the MGB of the guinea pig,
where an inhibitory input from the IC could explain the off response (He, 2001). IC axons form
two types of glutamatergic terminals and one type of GABAergic terminal in the MGB (Bartlett
etal., 2000). These presumably emerge from at least three different IC neuron types. However,
it is unclear to what extent the segregation of inputs from different IC neuron types contributes
to the segregation of auditory information in the MGB. Whether the large GABAergic IC
neuron forms a segregated tectothalamic brain circuit remains an open question. Even if
tectothalamic excitation and inhibition are both found in the same channel, a fast IPSP from
the large GABAergic tectothalamic neuron may be important in the regulation of sound-evoked
activity in the auditory thalamus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Electron micrograph of large IC neuron with dense VGLUT2+ axosomatic endings. (a)
VGLUT2+ terminals contain an electron dense reaction product and surround the cell body of
a large 1C neuron which has highly folded (asterisk) nucleus and stacked rough endoplasmic
reticulum (arrowhead). The box shows the location of panel b. (b) Higher magnification view
of synaptic terminals (T) that form asymmetric synapses (arrows). Scale bars: (a) 5 um; (b) 1
um.
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Fig. 2.

Confocal, deconvoluted micrographs showing three populations of glutamatergic terminals in
the IC. (a—d) VGLUT2+ terminals (green) contact a neuronal cell body labeled with MAP2
(blue) and its proximal dendrites. VGLUT1+ terminals (red) and terminals that are both
VGLUT1+ and VGLUT2+ (arrowheads) are not associated with somata. (g) Scatter plot of
ICC terminals showing mean fluorescence of VGLUT1 and VGLUT2 immunoreactivities.
Blue dots indicate terminals which were not apposed to cell bodies or primary dendrites, while
red dots indicate terminals encircling cell bodies and primary dendrites. Terminals from one
animal are illustrated. (f) Percentage of terminals immunopositive for only VGLUT2, only
VGLUT], or both. Blue bars indicate proportions of terminals which were not apposed to cell
bodies or primary dendrites, while red bars indicate proportions of terminals encircling cell
bodies and primary dendrites. Scale bar: 10 pm.
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Fig. 3.

Confocal images that show two types of neurons immunopositive for GAD67 (red). (a, d, g)
Immunopositive cells with dense VGLUT2+ axosomatic endings (green) are indicated with
arrows. (b, e, h) GAD67+ cells without VGLUT2+ terminals (white arrowheads). (c, f, g)
GADG67-negative cells (black arrowheads) also lack VGLUT2+ axosomatic endings. These
three types were seen in all IC subdivisions (a—c: ICC, d—f: DC, g and h: LC). Scale bar: 10
um.
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50

Whole IC
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Analysis of GAD67+ IC cells based on cell diameter and density of VGLUT2+ axosomatic
endings and comparison to subjective classification. (a—c) Scatter plots of GAD67+ cells (blue
circles) in subdivisions of the IC and kernel density estimates of populations. Kernel density
estimates are visualized by both color depth (white and red indicate high and low probability
density, respectively) and contour plots. (d) Best fit of bivariate Gaussian distribution to the
kernel density estimate from the ICC with two bivariate normal distributions calculated by the
least square method. The distribution with lower terminal density (blue contours) shows no
covariance (p = 0) between diameter and density, while the distribution with higher terminal
density (red contours) shows covariance between these parameters (p = 0.49). Points where
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both distributions have the same probability density aligned with a slopey =—0.0071 x + 0.41.
(e) Scatter plot of the ICC GADG67+ cells (circles, 92 cells) is divided by slope (y) into two
populations. Neurons were classified subjectively, as VGLUT2-axosomatic positive (red, 61
cells) or VGLUT2-axosomatic negative (dark blue, 23 cells). Few cells were mis-categorized
and represent false positive (cyan, 2 cells) and false-negative (orange, 6 cells) choices. See also
Table 1. (f) Scatter plot of all GAD67+ cells in all IC subdivisions classified by our subjective
analysis and separated by slope (y) used in d—e. VGLUT2-axosomatic positive (140 cells; red
circles) and VGLUT2-axosomatic negative (98 cells; blue circles). Errors were 21 false
positive and 20 false negative cells. See also Table 2. (g—j) Histograms of perimeter show the
distribution of GADG67+ cells with or without VGLUT2+ axosomatic endings (red and blue
bars, respectively) classified objectively in the ICC (g), DC (h), LC (i), and entire IC (j). In all
cases, these 2 cell types make 2 distinct but overlapping populations of GAD67+ neurons.
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Fig. 5.

Distribution and size of GAD67+ IC neurons. (a) Composite image of whole IC section
immunostained for VGLUT2 (green), GADG67 (red), and counterstained with Neurotrace
fluorescent Nissl dye (blue) reconstructed from 78 confocal images using x40 lens (NA 1.3).
GADG67+ cells with VGLUT2+ endings were distributed throughout the IC. The ICC and
GABA modules (Chernock et al., 2004) are prominent at low magnification as red areas since
there is less dense VGLUT2 immunoreactivity in these locations. (b) Drawing of the section
in a showing the subdivisions of the IC and location of GAD67-immunopositive cells with and
without VGLUT2+ axosomatic endings (red and blue dots, respectively). GAD67-negative
cells with VGLUT2+ axosomatic endings were rare (green dots). (c) Percentage of GAD67+
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cells with VGLUT2+ axosomatic endings (red bars), GAD67+ cells without axosomatic
endings (blue bars), and GADG67-negative cells with axosomatic endings (green bars) in
subdivisions of the IC. N = 3. (d) Mean diameter of GAD67+ somata with VGLUT2+
axosomatic endings (red bars), and without such endings (blue bars) in subdivisions of IC. In
b—d, N = 3; error bars in b and c indicate standard error of the mean. See also Tables S1 and
S2. Scale bar: 500 pm.

J Neurosci. Author manuscript; available in PMC 2010 May 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ito et al.

Page 21

Fig. 6.

Identification of IC GADG67 neurons that project to the MGB. (a) One neuron with VGLUT2
+ axosomatic endings (white arrow). (b) Large GAD67+ with axosomatic endings (white
arrow) and a second GADG67+ neuron (black arrow) without axosomatic endings. (c) After a
FG injection into the medial geniculate body, retrogradely labeled FG-positive cells were found
in the IC (white arrows and arrowheads). (d) The large GAD67+ cells with VGLUT2+
axosomatic endings were labeled with FG (white arrow). GAD67+ neurons without VGLUT?2
+ axosomatic endings were not labeled with FG (black arrows). The majority of FG-positive
cells are negative for GAD67 (white arrowheads). Green: VGLUT2; red: GAD67; blue: FG.
Scale bar: 50 pm.

J Neurosci. Author manuscript; available in PMC 2010 May 4.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Ito et al. Page 22

GABA
B euron
Inhibito
B amino ac'i%s
m VGLUT2
|
m VGLUT1

Fig. 7.

Three types of neurons in the IC. Large GABAergic tectothalamic cells (1) are encircled by
VGLUT2+ endings. Small GABAergic neurons lack axosomatic glutamate inputs (2). Non-
GABAergic neurons (3) that presumably use glutamate as a transmitter express VGLUT2
(Herzog et al., 2001). There are 2 kinds of tectothalamic cells; inhibitory and excitatory, and
the vast majority of inhibitory tectothalamic neurons are large GABAergic cells with VGLUT2
+ axosomatic endings. All cell types receive inhibitory axosomatic inputs (i.e. GABA and
glycine) (Merchan et al., 2005). Note that distribution of terminals on dendrites is speculated.
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Table 1

Accuracy of classification of GAD67+ neurons in ICC

Classification Number of neurons Percentage
W\ VGLUT2+ classified correctly 61 cells 66%
w\ VGLUT2+ classified incorrectly 2 cells 2.2%
w\o VGLUT2+ classified correctly 23 cells 25%
w\o VGLUT2+ classified incorrectly 6 cells 6.5%
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Table 2

Accuracy of classification of GAD67+ neurons in entire IC

Classification Number of neurons Percentage
W\ VGLUT2+ classified correctly 140 cells 50%
w\ VGLUT2+ classified incorrectly 21 cells 7.5%
w\o VGLUT2+ classified correctly 98 cells 35%
w\o VGLUT2+ classified incorrectly 20 cells 7.2%
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