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Extracellular Molecular Markers and Soma Size of Inhibitory
Neurons: Evidence for Four Subtypes of GABAergic Cells in
the Inferior Colliculus

Nichole L. Beebe,> “Jesse W. Young,'? Jeffrey G. Mellott,! and Brett R. Schofield!>
Northeast Ohio Medical University, Rootstown, Ohio 44272, and ?Kent State University, Kent, Ohio 44240

Inhibition plays an important role in shaping responses to stimuli throughout the CNS, including in the inferior colliculus (IC), a
major hub in both ascending and descending auditory pathways. Subdividing GABAergic cells has furthered the understanding of
inhibition in many brain areas, most notably in the cerebral cortex. Here, we seek the same understanding of subcortical inhibitory
cell types by combining staining for two types of extracellular markers—perineuronal nets (PNs) and perisomatic rings of
terminals expressing vesicular glutamate transporter 2 (VGLUT2) —to subdivide IC GABAergic cells in adult guinea pigs. We
found four distinct groups of GABAergic cells in the IC: (1) those with both a PN and a VGLUT2 ring; (2) those with only a PN; (3)
those with only a VGLUT?2 ring; and (4) those with neither marker. In addition, these four GABAergic subtypes differ in their soma
size and distribution among IC subdivisions. Functionally, the presence or absence of VGLUT2 rings indicates differences in
inputs, whereas the presence or absence of PNs indicates different potential for plasticity and temporal processing. We conclude
that these markers distinguish four GABAergic subtypes that almost certainly serve different roles in the processing of auditory

stimuli within the IC.
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ignificance Statement

distinguishing inhibitory subtypes in many subcortical areas.

GABAergic inhibition plays a critical role throughout the brain. Identification of subclasses of GABAergic cells (up to 15 in the
cerebral cortex) has furthered the understanding of GABAergic roles in circuit modulation. Inhibition is also prominent in the
inferior colliculus, a subcortical hub in auditory pathways. Here, we use two extracellular markers to identify four distinct groups
of GABAergic cells. Perineuronal nets and perisomatic rings of glutamatergic boutons are present in many subcortical areas and
often are associated with inhibitory cells, but they have rarely been used to identify inhibitory subtypes. Our results further the
understanding of inhibition in the inferior colliculus and suggest that these extracellular molecular markers may provide a key to
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Introduction

Inhibition plays an essential role in neuronal processing. In many
brain areas, a key to understanding inhibition has been the
identification of subtypes of GABAergic cells (Bacci et al., 2005;
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Lawrence, 2008; Rudy et al., 2011; Kubota, 2014). Neocortical
GABAergic neurons can be divided into as many as 15 categories
based on immunostaining for molecules, such as calcium binding
proteins and receptors (for review, see Rudy et al., 2011). Identi-
fication of inhibitory cell subtypes in cortical areas has allowed
single subtypes to be tied directly to specific behaviors (for re-
view, see Lovett-Barron and Losonczy, 2014). In the inferior col-
liculus (IC), a major processing center of the auditory system,
approximately one-quarter of neurons is GABAergic (Merchan
et al., 2005). These cells are important in both ascending projec-
tions from the IC and local inhibition within the IC (Peruzzi et al.,
1997; Sivaramakrishnan et al., 2004; Kelly and Caspary, 2005;
Pollak, 2013). The extent to which GABAergic IC cells comprise
subtypes remains unclear. Up to four subtypes of IC GABAergic
cells have been distinguished on the basis of intrinsic physiology
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(Ono et al., 2005; Geis and Borst, 2013), whereas no more than
two subtypes have been distinguished with anatomical markers
(Ito et al., 2009; Foster et al., 2014). Given the breadth of func-
tions attributed to IC GABAergic cells, additional subtypes must
exist.

Ito etal. (2009) subdivided IC GABAergic cells based on soma
size in rats and found that the size of GABAergic somas is associ-
ated with their circuitry. Large GABAergic neurons (LG cells,
somatic diameter >16.5 wm) receive dense axosomatic inputs
from terminals containing vesicular glutamate transporter 2
(VGLUT2) and participate in the ascending projection to the
medial geniculate body (MG). Small GABAergic neurons (SG
cells, somatic diameter <10.7 wm) do not receive axosomatic
VGLUT2-containing inputs and are less likely to participate in
the MG projection. Although this study ties cell morphology to
circuitry, it distinguishes only two subtypes of inhibitory cells and
fails to give much information about inhibitory cells in the
medium-size range (10.7-16.5 um in diameter). Questions re-
main about whether the two main GABA subtypes in IC can be
further divided in a functionally meaningful way.

In the cerebral cortex, aggregates of the extracellular matrix
known as perineuronal nets (PNs) surround subsets of GABA-
ergic neurons (Hartig et al., 1992). PN affect plasticity and exert
neuroprotective effects (Beurdeley et al., 2012; Suttkus et al.,
2012; Cabungcal et al., 2013; de Vivo et al., 2013) and appear
throughout the CNS, including the auditory system (for review,
see Karetko and Skrangiel-Kramska, 2009; Sonntag et al., 2015).
We previously used PNs to subdivide IC GABAergic cells into
“netted” and “non-netted” categories and hypothesized that
combining VGLUT2 and PN staining would yield meaningful
subtypes of GABAergic cells that also differed in soma size.

To test this hypothesis, we used quadruple fluorescent stain-
ing to analyze a large population of neurons in the IC of guinea
pigs, a species used widely in auditory research. Similar to reports
in other species, the largest IC neurons are almost exclusively
GABAergic, whereas the remaining sizes include a combination
of both GABAergic and non-GABAergic cells. We combined
GABAergic staining with additional markers for PNs and
VGLUT2-containing terminals and identified four distinct sub-
types of GABAergic cells that differ in their association with PNs
and VGLUT2-positive (VGLUT2 *) terminals, as well as in soma
size and distribution within the IC.

Materials and Methods

All procedures were conducted in accordance with the Northeast Ohio
Medical University Institutional Animal Care and Use Committee and
National Institutes of Health guidelines. Results are described from four
adult pigmented guinea pigs of either gender (three from Elm Hill Labs
and one bred at Northeast Ohio Medical University). Animal weights
ranged from 390 to 780 g, corresponding to an approximate age range of
35 to >100 d. Two of the animals had bilateral injections of fluorescent
tracer into the MG as part of another study. Data from all four animals
were qualitatively similar, so all results are presented as one dataset.
Efforts were made to minimize the number of animals and their
suffering.

Perfusion and tissue processing. Each animal was deeply anesthetized
with isoflurane until breathing stopped and corneal and withdrawal re-
flexes were absent. The animal was then perfused transcardially with
Tyrode’s solution, followed by 250 ml of 4% paraformaldehyde in 0.1 m
phosphate buffer, pH 7.4, then 250 ml of the same fixative containing
10% sucrose. The brain was removed and stored in fixative containing
25% sucrose at 4°C overnight. The following day, the cortex and cerebel-
lum were removed, and the brainstem was frozen and cut into 50 wm
sections in the transverse plane on a sliding microtome. Sections were
collected in six series. One series was stained for brain nitric oxide syn-
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thase (bNOS) to identify IC subdivisions, and one or more remaining
series were stained with a four-color immunofluorescence procedure to
analyze GABAergic and non-GABAergic cells.

For four-color staining, tissue sections were washed in PBS (0.9%
NaClin 0.01 m phosphate buffer) and then permeablized in 0.2% Triton
X-100 in PBS for 30 min. Nonspecific staining was blocked by treating
sections with a 10% normal goat serum (NGS) solution containing 0.1%
Triton X-100 in PBS for 1 h. After blocking, PNs were stained with
fluorescein-labeled Wisteria floribunda agglutinin in PBS for 1 h (WFA;
1:100; Vector Laboratories). Sections were rinsed with PBS, and then a
mixture of primary antibodies was applied in a solution containing 1%
NGS and 0.2% Triton X-100. Sections were allowed to incubate at 4°C
for 48 h. The following antibodies were included in the mixture:
anti-GADG67 to label GABAergic neurons (1:250; MAB5406; Millipore),
anti-VGLUT?2 to label VGLUT2-containing terminals (1:2500; AB2251;
Millipore), and anti-NeuN as a neuron-specific stain (1:500; ABN78;
Millipore). All antibodies have been used previously in guinea pigs (Fos-
ter et al., 2014). After primary incubation, sections were rinsed in PBS
and treated with a biotinylated anti-guinea pig antibody to label the
anti-VGLUT2 primary antibody (1:100; Vector Labs). Omission of the
anti-VGLUT2 primary antibody revealed some staining resulting from
the anti-guinea pig secondary antibody; because this secondary staining
was restricted to cell bodies and we examined only VGLUT2-labeled
terminals here, it wasignored (Sergeeva and Jansen, 2009). Next, sections
were incubated in a mixture including an Alexa Fluor 594-tagged anti-
mouse antibody, an Alexa Fluor 750-tagged anti-rabbit antibody, and an
Alexa Fluor 647-tagged streptavidin (to reveal GAD67, NeuN, and the
anti-guinea pig secondary, respectively; each at 1:100; Life Technolo-
gies). Sections were mounted on gelatin-coated slides from 0.2% gelatin
solution, allowed to air dry, and then coverslipped with DPX mounting
medium (Sigma).

For bNOS staining, sections were treated as described above, except
the primary antibody was anti-bNOS (1:1000; N2280; Sigma). The tissue
was incubated in the primary antibody in PBS with 1% NGS overnight at
4°C, followed by an Alexa Fluor 488-tagged anti-goat secondary antibody
(1:505 Life Technologies) for 1 h. Sections were mounted on slides as
described above.

Data analysis. Two quadruple-stained transverse sections spaced 240
um apart were selected from each case. Sections were specifically selected
through the mid-rostrocaudal region of the IC in which all three major
subdivisions are present. Care was taken to avoid especially rostral or
caudal sections to avoid encroaching on other IC subdivisions (e.g., ros-
tral pole, intercollicular tegmentum). Each section was outlined using a
Neurolucida reconstruction system (MBF Bioscience) attached to a Zeiss
AxioImager Z2 microscope (Carl Zeiss). The outline was overlaid onto
an adjacent section stained for bNOS, and differential immunoreactivity
was used to draw borders between the central nucleus (ICc) and the
lateral (IClc) and dorsal (ICd) cortices of the IC (Coote and Rees, 2008).
Borders between the layers of the IClc were added using the NeuN stain
(Faye-Lund and Osen, 1985). The quadruple-stained section was then
remounted in the microscope, and a “virtual tissue” photomontage of
NeuN immunoreactivity was collected at 2-um-depth intervals with a
63X oil-immersion objective (numerical aperture 1.4). The montage was
displayed on a Cintiq 21UX interactive pen display (Wacom) attached to
the Neurolucida system. The Cintiq stylus was used to manually trace the
soma of every NeuN-reactive cell with a visible nucleolus within 4 um of
one cut surface of each section. We chose this depth as a criterion for
analysis because preliminary analysis showed that each of the fluorescent
markers penetrated the section at least this far; thus, lack of staining with
a given marker is unlikely to be attributable to inadequate penetration of
the staining reagents (Mellott et al., 2014). The section outline, with its
associated NeuN-stained soma outlines, was then aligned to the original
section, and each neuron was viewed with the appropriate fluorescence
filters to identify expression of the stained markers (a PN, expression of
GADG67, or a dense ring of axosomatic VGLUT2-expressing terminals). A
soma was considered to have a dense ring of VGLUT2-expressing termi-
nals if greater than ~75% of the perimeter was covered by VGLUT2 *
puncta. Each neuronal outline was color coded to indicate the marker(s)
with which it was associated. A total of 28,607 neurons were outlined and
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coded. Neurons with a profile area that overlapped a subdivision outline
were excluded from analysis, so as not to be counted twice.

Data were exported from Neuroexplorer (MBF Bioscience), including
the coded cell type (e.g., GAD T), perimeter, area, x and y coordinates of
the centroid, and minimum and maximum Feret diameters for each
neuron outline. Average soma diameter for each neuron was determined
by averaging the minimum and maximum Feret diameters. Throughout
the study, soma profile areas were used to represent cell size because this
measure is more complete than diameter. For example, diameter can be
affected by cell shape to a greater extent than profile area. Furthermore,
previous studies that use diameter as a measure of cell size are inconsis-
tent and often unclear regarding the type of diameter used and how it is
measured. In Discussion of this study, we use average Feret diameter as a
representation of cell size to facilitate comparisons with previous studies.
Data were imported into R (version 3.1.2 for Mac OS X; R Core Team,
2014) for all additional analyses. Packages used were “nlme” for model
construction (Pinheiro et al., 2014) and “multcomp” for pairwise com-
parisons (Hothorn et al., 2008). Soma profile area data were log-
normally distributed, so soma profile areas were log-transformed before
conducting statistical testing. Means were determined by finding the
mean of the log-transformed areas and computing the anti-log. For sta-
tistical testing, a linear mixed-effects model of the data was constructed
with case included as a random factor, and the model was compared with
a baseline model (a likelihood ratio test; Field et al., 2012). This accounts
for soma size differences that may occur between cases attributable to
variations in fixation. Correlation between the percentage of cells that

were GAD T and soma profile area was determined by computing Spear-
man’s rank correlation coefficient.

To overlay all eight sections to create composite plots, the x and y
coordinate for the centroid of each neuron outline was normalized. First,
the minimum coordinate for each section was subtracted from all other
coordinates within that section (so that the minimum x and y for each
section were 0), and then this value was divided by the maximum coor-
dinate for each section (to normalize values). These normalized x and y
coordinates were plotted in R, and the plotted markers were overlaid
onto a representative IC outline (chosen from one of the analyzed sec-
tions) in Adobe Illustrator (CS6; Adobe Systems). Bar graphs were cre-
ated using Microsoft Excel, and box and whisker plots and scatter plots
were created using R.

Photomicrographs were taken using a Zeiss Axiolmager Z1 micro-
scope with attached AxioVision software (Carl Zeiss). Adobe Photoshop
(CS6; Adobe Systems) was used to add scale bars, crop images, and col-
orize images. Brightness and contrast levels were adjusted globally when
necessary.

Results

GAD * and GAD ~ neurons are present throughout the IC
GAD " neurons (arrows) and GAD ~ neurons (arrowheads) were
readily distinguished in the IC (Fig. 1A). A schematic in Figure 2B
shows a representation of the subdivisions of the guinea pig IC.
Overall, 27% of NeuN ™ neurons in the guinea pig IC were
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Figure2.  Neurons of different profile areas differ in their distribution within the IC. 4, Composite plot with all NeuN * neurons
from eight transverse sections through the IC. Soma locations were normalized to overlay sections (see Materials and Methods).
Dorsalis up, and medial is left. Subdivision outlines from one representative section are shown for reference. On therightis alegend
showing the soma size categories represented by each marker color. Red markers indicate the smallest somatic profiles (<75
wm?), and purple markers indicate the largest somatic profiles (=275 1um ), with intermediate colors indicating groups with a
range of 50 m 2.1, 11, and 11l, Layers of the IClc; NLL, nuclei of the lateral lemniscus. B, Distribution of all NeuN * neurons (left
column), GAD ™ neurons (center column), or GAD ~ neurons (right column), separated by soma size categories: the smallest
neurons are represented at the top and the largest at the bottom. The background in row 3 was colored gray to enhance visibility
of the yellow markers.
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GAD ; this proportion varied in each IC
subdivision (Fig. 1C). Across cases, the
highest percentage of GAD * neurons was
found in layer II of the IClc (Fig. 1C; 53%
of IClc layer II NeuN™ neurons were
GAD ™, on average). The lowest percent-
age of GAD " neurons was found consis-
tently in the ICd (19% of ICd NeuN ™
neurons were GAD ¥, on average). In the
ICc, an average of 30% of NeuN " neu-
rons were GAD ™. Layer I of the IClc had
the largest variation (43 * 29% of NeuN *
neurons were GAD ). This is probably
attributable to the low number of neurons
in layer I (layer I contains only 10% of
IClc neurons), making percentages more
labile.

Neurons of different profile areas differ
in their distribution within the IC

The distributions of neurons of different
sizes in the guinea pig IC are similar to
descriptions in other species. Figure 2A
shows a composite plot of all NeuN * cells
in eight IC sections that have been over-
laid. Each marker represents one neuron,
with marker color indicating soma profile
area. For initial analysis, the size catego-
ries (both the number of categories and
the range of each category) were chosen
arbitrarily; later, we will present an ar-
gument and criteria for distinguishing
three size categories (small, medium,
and large). In Figure 2B, markers are
plotted separately based on soma size cat-
egory. The left column shows all IC neu-
rons. The smallest neurons are most
numerous in the ICd and the IClc (top,
red markers). Larger somas are more
common in the ICc. When GAD * (mid-
dle column), and GAD ™ (right column)
neurons are separated, it becomes clear
that, although the majority of IC neurons
are GAD ~, proportionally more of the
largest neurons are GAD .

GAD * neurons are larger than GAD ~
neurons, on average

Figure 3A shows the wide range of soma
sizes for both GAD * and GAD ~ neurons.
A linear mixed-effects model of the data
was constructed, and a likelihood ratio
test showed that soma profile area was sig-
nificantly larger for GAD ' neurons
(mean of 126 wm?) than for GAD ~ neu-
rons (mean of 98 um? X%l) = 1376,p <
0.001). The percentage of neurons that were
GAD ™" was significantly correlated with
soma profile area (p = 0.86, p < 0.001; Fig.
3B). Approximately 20% of neurons with
profile areas smaller than 150 um? are
GAD *, whereas almost 100% of neurons
larger than 500 wm? are GAD *.
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GAD * neurons surrounded by
VGLUT2 rings are larger, on average,
than those lacking VGLUT?2 rings

Ito et al. (2009) reported perisomatic
rings of VGLUT2 * boutons surrounding
agroup of GABAergic IC cells in rats. Sim-
ilar “VGLUT?2 rings” are present around
some IC cells in guinea pigs, in which a
majority (97%) of the ringed cells are
GAD™. Figure 4A shows examples of
“ringed” (arrows) and “nonringed” (ar-
rowheads) GAD * neurons. Although the
typical ringed neuron has a perimeter
outlined with VGLUT2 boutons, some
neurons have especially dense somatic
coverage that can extend onto proximal
dendrites (Fig. 4A, right). Nonringed
neurons may have some perisomatic
VGLUT2* terminals but are not densely
surrounded like ringed cells. Ringed neu-
rons are present in all subdivisions of the
IC considered here, but the proportion of
GAD ™ cells with rings varies. A higher
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Figure3. GAD " neuronsare larger, on average, than GAD ~ neurons. 4, Box and whisker plot showing the range and median
of soma profile area for GAD * (magenta) and GAD ~ (yellow) neurons. The box indicates the interquartile range (and thus
contains the central 50% of the values), a bold horizontal line in the box indicates the median, and the 95% confidence intervals are
indicated by the whiskers. Circles beyond the whiskers indicate outliers. Both GAD * and GAD ~ neurons represent arange of sizes,
but GAD ™ neurons are significantly larger, on average, than GAD ~ neurons. ***p << 0.001. Note that the y-axis is scaled
logarithmically. Sample sizes: 7575 GAD ™ neuronsand 21,032 GAD ~ neurons. B, Plot showing the percentage of neurons that are
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lacking PNs. ***p << 0.001.

percentage of GAD * neurons are ringed in ICc than in the other
subdivisions (on average, 16% of GAD " neurons are ringed in
ICcvs 7% in ICd, <1% in IClc layer I, 1% in IClc layer I1, and 7%
in IClc layer IIT). Figure 4B shows a composite plot of all ringed
GAD " neurons from eight transverse sections through the IC.
Ringed neurons are more numerous in the central regions of the
IC, and many of the ringed neurons are in the largest size category
(purple markers). A linear mixed-effects model of the data was
constructed, and a likelihood ratio test showed that soma profile
area was significantly larger for GAD * neurons with VGLUT2
rings (mean of 233 wm?) than for GAD " neurons without
VGLUT2 rings (mean of 102 um? x{;, = 2126, p < 0.001;
Fig. 4C).

GAD * neurons surrounded by PN are larger, on average,
than those lacking PNs

We reported previously that some neurons in the guinea pig IC
are surrounded by aggregates of extracellular matrix known as
PNs (Foster et al., 2014). These PN-surrounded neurons are most
often GABAergic (GAD *) and are most numerous in the ICc. In
the present study (which is based on a larger sample size than our
previous study), an average of 21% of IC GAD * neurons had
PNs. This proportion was highest in ICc (on average, 37% of
GAD * neurons had PNs) and lowest in IClc (on average, 2% of
GAD " neurons had PNs in layer IT and 13% in layer ITI; PNs were

never observed around GAD ™ neurons in layer I). Figure 5A
shows examples of GAD ¥ neurons with PNs (arrows) or without
PNs (arrowheads). All PN-surrounded GAD " neurons from
eight transverse sections through the IC are shown in Figure 5B.
As described previously, GAD * neurons with PNs are more nu-
merous in central parts of the IC. Many PN-surrounded GAD *
neurons have soma sizes in the largest category (purple markers).
A linear mixed-effects model of the data was constructed, and a
likelihood ratio test showed that soma profile area was signifi-
cantly larger for GAD ™ neurons with PNs (mean of 189 pum?)
than for GAD " neurons without PNs (mean of 100 um? x7,, =
3024, p < 0.001; Fig. 5C).

GAD * neurons can be divided into four distinct subtypes

Because of the similarities between VGLUT2-ringed GAD * neu-
rons and those with a PN (both VGLUT?2 rings and PNs are
associated with larger GAD " neurons more commonly located
in central IC), we examined the relationship between these two
markers. IC GAD " neurons fall into one of four groups. “GAD-
PN-VGLUT?2 ring” neurons have both a PN and a perisomatic
ring of VGLUT2 ™ terminals (Fig. 6A-C, arrows). “GAD-PN”
neurons have a PN but lack a VGLUT?2 ring (Fig. 6B, C, open
arrowheads). “GAD-VGLUT?2 ring” neurons have a VGLUT2
ring but lack a PN (Fig. 6D, double arrow). Last, “GAD-only”
neurons lack both a PN and a VGLUT?2 ring (Fig. 6 A, C, arrow-
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heads). As shown in Figure 6E, GAD-only
neurons make up the majority of GAD *
neurons throughout the IC (an average of
76% of IC GAD ™ neurons overall). They
constitute a smaller proportion in the ICc
(on average, 61% of ICc GAD ™ neurons)
but still represent a majority. GAD-PN
neurons make up the second largest group
throughout the IC and are present in the
highest proportions in the ICc. GAD-V-
GLUT?2 ring neurons make up the least
numerous group and are present in the
highest proportions in ICc.

Four subtypes of GAD * neurons differ
in distribution

These four subtypes of GAD* neurons,
distinguished on the basis of extracellular
markers, also differ in two additional
characteristics: (1) distribution within the
IC; and (2) soma size. GAD-only neurons
are the majority throughout the IC (Fig.
7A). They are densest in the IClc, particu-
larly in layer II. In both the ICd and the
ICc, they are denser in the dorsal part of
the subdivision. In contrast, the other
three types of GAD * neurons are present
at the highest relative density in ICc
(Fig. 7B-D). GAD-PN and GAD-PN-V-
GLUT?2 ring neurons follow the pattern of
staining described previously for PNs in
guinea pig: these types are most numerous
in central regions of IC, with an area of
highest density in the ventral ICc (Fig.
7C,D). GAD-VGLUT?2 ring neurons are
also located more centrally in the IC but
do not show the same clustering in ventral
IC (Fig. 7B).

Four subtypes of GAD * neurons differ
in soma size

Figure 8A shows the soma profile areas for
GAD ™ neurons and the four subtypes of
GAD* cells. GAD-only neurons have the
smallest profile areas (109 wm?, on aver-
age), followed by GAD-PN neurons (176
wm?, on average), GAD-VGLUT?2 ring
neurons (180 wm? on average), and
GAD-PN-VGLUT?2 ring neurons (254
wm?, on average). A linear mixed-effects
model of the data was constructed, and a
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Figure6. GAD ™ neurons can be divided intofour distinct subtypes. A-D, Photographs of four subtypes of GAD * neuronsinthe
IC. Eachimage row shows asingle field that wasimaged to reveal four markers. The first column shows an overlay of images stained
for GAD and PNs; the second column shows an overlay of images stained for NeuN and VGLUT2; the third column shows an overlay
of all four images. Some neurons have both a PN and a ring of VGLUT2 ™ terminals (GAD—PN-VGLUT2 ring; arrows in A-C), some
neurons only have a PN (GAD-PN; open arrowheads in B and €), some neurons only have a ring of VGLUT2 * terminals (GAD—
VGLUT2 ring; double arrow in D), and some neurons lack both a PN and a ring of VGLUT2 * terminals (GAD-only; arrowheads in A
and (). The complete lack of PN staining in D is attributable to a local lack of PNs rather than a staining issue, because other
photographs (not shown here) of PN-surrounded cells were collected from the same section, and a small amount of WFA labeling
of the extracellular matrix is present in the background. Scale bar, 20 wm. E, Bar graph showing the proportion of each GAD
subtype in each IC subdivision. GAD ™ neurons lacking both a PN and a ring of VGLUT2 ™ terminals (light blue) are the majority in
each subdivision but are a smaller majority in ICc. Overall and in each subdivision, most GAD * neurons with a PN (light and dark
green bars) lack a VGLUT2 ring (light green bars).

small, medium, and large categories. The lower border (i.e., the

likelihood ratio test showed that there was a significant relation-
ship between GAD type and soma profile area (x¢,) = 3805, p <
0.001). Pairwise comparisons using a Tukey’s HSD showed sig-
nificant differences between all groups (p < 0.001), except for the
GAD-PN and GAD-VGLUT?2 ring groups (p = 0.998). The size
distribution of GAD ™ cells is also shown for comparison (yellow
box: 98 um?, on average). Statistical analysis showed that each of
the GAD " subtypes is significantly larger, on average, than the
GAD ™ neurons (p < 0.001; Fig. 8A).

Figure 8B shows frequency distributions for soma profile area
for each of the GABA groups, as well as all GAD ~ neurons. Red
lines represent proposed borders to split IC GAD * neurons into

small-medium border) was drawn by taking the log-transformed
data and subtracting 2 SDs from the mean log-profile area of the
GAD-PN-VGLUT?2 ring group. This sets the lower border at 105
wm?, with ~98% of GAD-PN-VGLUT?2 ring neurons falling
above this criterion. Similarly, a medium-large border was set by
taking the log-transformed data and adding 2 SDs to the mean
log-profile area of the GAD-only group. This sets the upper
border at 318 um?, with ~98% of GAD-only neurons falling
below this criterion. Based on these borders, non-GAD and
GAD-only neurons fall mainly into the small- and medium-
size categories. GAD-VGLUT2 ring and GAD-PN neurons
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disparity between classification schemes is
immediately apparent, although possibly
with good reason. These eight studies each
examined different cell populations (e.g,
GABAergic cells only in the ICc vs GABAe-
rgic cells throughout the IC), and many
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ICc ICd ICicl IClcll ICicin The current study uses extracellular markers

to subdivide GABAergic neurons in the
guinea pig IC. The percentage of GABAergic
neurons in guinea pig IC (27%) is similar
to that in cats (20%; Oliver et al., 1994)
and rats (25%; Merchén et al., 2005). Four
subtypes of GABAergic neurons can be
distinguished based on the presence or ab-
sence ofa PN and a dense perisomatic ring
of VGLUT2-expressing terminals. Differ-
ences in soma size and distribution across
IC subdivisions further differentiate the
subtypes. These differences suggest that
these four subtypes of inhibitory neurons
serve different functions in the processing
of auditory stimuli.

ICIcIl ICIcIll

Identification of GABAergic subtypes

In addition to our use of a substantially
larger dataset (>7700 GABAergic cells),
our main advance over previous studies is

0.54
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Figure 7.

divided by the maximum) for each GAD subtype across IC subdivisions.

fall mainly into the medium category. Finally, GAD-PN—
VGLUT?2 ring neurons fall mainly into the medium and large
categories.

Classifications of IC cells based on soma size in other species
often use average diameter as the sole soma measurement. To
facilitate comparison, Figure 9 shows histograms representing
soma diameter for each of our neuron types, as well as classifica-
tion schemes from eight previous studies in four species. With
size criteria determined using the same strategy described above,
borders fall at 12 and 22 pum to distinguish small, medium, and
large categories (Fig. 9, vertical red lines). Across studies, some

ICIcl

0.00
ICIcl

Four subtypes of GAD ™ neurons differ in distribution. A-D, Composite plots showing all GAD * neurons from eight
ICsections, with each GAD subtype shown in a separate panel. For each, the composite plot shows all neurons of that subtype, with
subdivision outlines from one representative case for reference. GAD-only neurons (4) are denser in IClc, whereas GAD—PN and
GAD-PN-VGLUT2ring neurons (C, D) clusterin the ventromedial part of central IC. There is no definitive clustering of GAD-VGLUT2
ring neurons (B). To the right of each composite plot, a bar graph shows the normalized average density (cells per square millimeter

the use of two markers that likely have im-
portant functional implications. Ito et al.
(2009) were the first to distinguish IC
GABAergic cell types according to the
presence of perisomatic VGLUT2 " bou-
tons. These rings reflect differences in
sources of inputs to IC cells (Ito and Oli-
ver, 2012). Moreover, the target cell is
likely to integrate the soma-targeted ring
inputs differently from inputs targeting
dendrites. Thus, VGLUT?2 rings are likely
to reflect functional differences in the
ringed versus non-ringed cells. However,
rings appear to be insufficient for distin-
guishing the full range of GABAergic sub-
types; intrinsic membrane properties
suggest at least four GABAergic subtypes,
but VGLUT?2 rings distinguish only two
subtypes (Ono et al., 2005).

In combination with VGLUT2 rings,
PN allow distinction of four GABAergic
subtypes. PN, like the rings, are likely to distinguish cell types
according to functional differences (Sonntag et al., 2015; dis-
cussed below). As such, GABAergic cells distinguished by these
markers are highly likely to serve different functional roles in
hearing.

Soma size is also likely to affect integrative properties. Previ-
ous studies used arbitrary criteria to distinguish size groups,
whereas our criteria are based on differences between four sub-
types distinguished by other, objective criteria (i.e., the presence
or absence of PNs and VGLUT?2 rings). Our data suggest that
three size categories could account for the different distributions.

ICIcll ICIclll

ICIc1l ICIclll
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Four subtypes of GAD * neurons differ in soma profile area. 4, Box and whisker plot showing the soma profile area range and median for GAD ~ neurons (yellow), as well as each GAD

subtype. GAD-only neurons (light blue) are significantly smaller than GAD * neurons in the other groups, whereas GAD-PN-VGLUT2 ring neurons (dark green) are significantly larger than GAD *
neurons in other groups. GAD ~ neurons are significantly smaller than all four groups of GAD * neurons. ***p << 0.001. B, Frequency distributions of soma profile area for each of the GAD *
subtypes, as well as GAD ~ neurons. Vertical red lines indicate the soma size classification scheme proposed in this study for IC GAD * neurons (small, <105 wm % medium, 105-318 um? large,

>318 um?).

Despite technical differences and likely differences between spe-
cies, most previous studies also distinguished three sizes (Fig. 9).
In any case, the use of size criteria allows finer discrimination
of GABAergic cell types. Two subtypes—GAD-PN and GAD-
VGLUT?2 ring—are dominated by medium cells (Fig. 8B). The
GAD-PN-VGLUT?2 ring subtype is dominated by medium cells
but includes a substantial number of large cells. Finally, the GAD-
only subtype includes many medium and small cells. The possi-
bility of more than four GABAergic subtypes is consistent with
the numerous roles of GABA in the IC (Kelly and Caspary, 2005;
Pollak, 2013) and the recognition of many GABAergic cell types
in other brain areas (Lawrence, 2008; Kubota, 2014; Lovett-
Barron and Losonczy, 2014). Nonetheless, we believe that these
size categories should be considered putative until other charac-
teristics (for example, axonal projection patterns or other molec-
ular markers) corroborate the distinctions.

Physiological classifications of IC GABAergic cells
Ono et al. (2005) distinguished four subtypes of GABAergic IC
cells based on intrinsic response properties. Three subtypes were
heterogeneous in soma size, preventing a simple association of
these physiological subtypes with the present anatomical sub-
types. Their T, subtype (characterized by transient firing and a
depolarization hump after the action potential) was distributed
similarly to our GAD-only subtype and had a similar mean aver-
age diameter. It is possible that the Ty, cells described by Ono
and colleagues match our GAD-only subtype and therefore likely
lack PNs or VGLUT?2 rings. Ono et al. speculated that T currents
responsible for the depolarization hump in Ty, cells could com-
bine with low-threshold K currents to increase throughput of
synaptic transmission and that, because of their specific distribu-
tion pattern, this subtype is involved in integrative information
processing.

Geis and Borst (2013) examined physiological properties of
large (>30 wm diameter) GABAergic neurons in the ICd of mice

in vivo. They found that large cells have low input resistance and
fire action potentials with short delays and argued that these
neurons constitute a distinct physiological subtype. This specific
subtype had projections to the ventral and dorsal subdivisions of
the MG and the nucleus of the brachium of the IC. Geis and Borst
speculated that this group of GABAergic cells was specialized for
fast inhibitory signaling to the thalamus. Comparison with the
current data suggests a correlation with our GABAergic subtype
with PNs and VGLUT?2 rings. Interestingly, PNs are associated
with a voltage-gated potassium channel subunit important in
high-frequency firing both in the IC and other brain areas (Wang
etal., 1998; Hirtig et al., 1999; Hilbig et al., 2007), bolstering this
“fast inhibitory signaling” theory.

Functional implications

Previous investigators suggested that dense rings of axosomatic
VGLUT2 " terminals on large GABAergic cells in IC could allow
these cells to overcome slow membrane time constants or to
specialize in fast signaling (Ito et al. 2009, Geis and Borst 2013). In
the visual system, VGLUT?2 has been associated with driving in-
puts and feedforward circuits (as opposed to VGLUT1, which has
been associated with modulatory inputs; Balaram et al., 2013).
This same distinction may be present in the auditory system,
because VGLUT1 and VGLUT?2 are present in primarily separate
terminal populations in the IC (Altschuler et al, 2008).
VGLUT2 * axosomatic terminals on large GABAergic neurons in
the IC come, at least in part, from local and commissural IC
neurons (Ito and Oliver, 2014). These neurons also receive inputs
from the cochlear nuclei, the superior olivary complex, and the
nuclei of the lateral lemniscus (Ito et al., 2015). According to Ito
et al. (2009), large GABAergic neurons receiving VGLUT2-
expressing axosomatic terminals participate in the ascending
projection to the MG, whereas smaller neurons without axoso-
matic VGLUT2 ™ inputs participate in the ascending projection
less often. Because there appear to be very few GABAergic com-
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Average soma diameter of neuron types in this study compared with IC cell size classifications from previous studies. The top shows histograms of average soma diameters for each

GAD * subtype and for GAD ~ neurons from the present study. Vertical red lines indicate the soma size classification scheme proposedin this study (small, <<12 sum; medium, 12-22 um; and large,
>22 m). Inthe bottom, each row indicates a previous study that used soma diameter to classify IC cells. Filled boxes indicate finite ranges, and arrows indicate unbounded classification windows

(i.e., <or>).

missural neurons (Nakamoto et al., 2013), some GAD-only neu-
rons may represent true interneurons, with no projection to the
MG, the contralateral IC, or any other outside target. In con-
trast, GABAergic neurons surrounded by PNs and dense rings
of VGLUT2 * terminals are likely to project to the MG and
may have fewer local collaterals than small GAD-only cells
(Geis and Borst, 2013). Additionally, projections to different
MG subdivisions may have GABAergic subtype specificity, be-
cause the proportion of GABAergic cells in the IC-MG pro-
jection differs for the different MG subdivisions (Mellott et al.,
2014).

PNs may serve multiple functions in the IC (Foster et al.,
2014). The frequent co-occurrence of PNs and VGLUT?2 rings
around large GABAergic cells suggests several possibilities. PNs

inhibit axonal sprouting and spine motility (Corvetti and Rossi,
2005; de Vivo et al., 2013). By inhibiting structural plasticity, PNs
may serve to “lock in” this specialized synaptic structure (the
VGLUT?2 ring). PNs could also protect these large GABAergic
cells from glutamate excitotoxicity (Okamoto et al., 1994). Such
protection could be especially important because, unlike
VGLUT1, VGLUT?2 is upregulated with increased activity (De
Gois et al., 2005). This raises the question of whether PNs around
nonringed neurons serve a different function. PNs may regulate
excitability (Dityatev et al., 2007; Vigetti et al., 2008) and protect
neurons from oxidative stress (Cabungcal et al., 2013). PNs
also regulate synaptic plasticity and stability, including the
changes associated with closure of critical periods (Bukalo et
al., 2001; Balmer et al., 2009; Frischknecht et al., 2009). In fact,
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removal of PN restores juvenile-like plasticity in adults and
may represent a target for therapeutic intervention after CNS
injury (Bradbury et al., 2002; Pizzorusso et al., 2002; Gogolla
et al., 2009).

Conclusions
PN’ and perisomatic rings of VGLUT2 ™ terminals are preferen-
tially associated with GABAergic cells. These markers allow IC
GABAergic cells to be divided into four subtypes that also differ in
soma size and distribution within the IC. GAD-only neurons are
small or medium IC neurons lacking both a PN and a ring of
VGLUT2 " terminals. This category represents the majority of
GABAergic IC cells. GAD-PN and GAD-VGLUT?2 ring neurons
are surrounded by either a PN or a ring of VGLUT2 " terminals,
respectively, and are medium cells present in more central IC
regions. GAD-PN-VGLUT?2 ring neurons are medium and large
IC neurons surrounded by both a PN and a ring of VGLUT2 *
terminals. This group includes the largest GABA cells. We con-
clude that these groups represent four distinct inhibitory sub-
types that serve different functions in auditory processing.
PNsand VGLUT?2 rings may be particularly valuable for iden-
tifying GABAergic subtypes outside the IC and beyond the audi-
tory system. PNs are prominent in other areas of the brain,
including the cerebral cortex, subcortical forebrain, and many
brainstem centers (Hartig et al., 1992; Bertolotto et al., 1996).
Although numerous markers, including calcium binding pro-
teins and various neuropeptides, have been used to distinguish
GABAergic subtypes in some regions (Lawrence, 2008; Rudy et
al., 2011), the wide-ranging functions of PNs and VGLUT?2 rings
suggest that these extracellular markers may provide important
functional insights into the GABAergic subtypes.
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