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ABSTRACT 
Quantitative autoradiographic techniques were used to compare the distribution of 

GABAA, GABAB, and glycine receptors in the subcortical auditory pathway of the big brown bat, 
Eptesicus fuscus. For GABAA receptors, the ligand used was "S-t-butylbicyclophosphorothion- 
ate (TBPS); for GABAB receptors, 3H-GABA was used as a ligand in the presence of isoguvacine 
to block binding to GABAA sites; for glycine, the ligand used was 3H-strychnine. In the 
subcortical auditory nuclei there appears to be at least a partial complementarity in the 
distribution of GABAA receptors labeled with 35S-TBPS and glycine receptors labeled with 
3H-strychnine. GABAA receptors were concentrated mainly in the inferior colliculus (IC) and 
medial geniculate nucleus, whereas glycine receptors were concentrated mainly in nuclei below 
the level of the IC. Within the IC, there was a graded spatial distribution of 3sS-TBPS binding; 
the most dense labeling was in the dorsomedial region, but very sparse labeling was observed in 
the ventrolateral region. There was also a graded spatial distribution of Wstrychnine binding. 
The most dense labeling was in the ventral and lateral regions and the weakest labeling was in 
the dorsomedial region. Thus, in the IC, the distribution of "S-TBPS was complementary to 
that of 3H-strychnine. GABAB receptors were distributed at  a low level throughout the 
subcortical auditory nuclei, but were most prominent in the dorsomedial part of the IC. 
, 1996 Wiley-Liss. Inc. 

Indexing terms: inhibitory neurotransmitters, inferior colliculus, superior olive, cochlear nucleus, 
lateral lemniscus 

y-Aminobutyric acid (GABA) and glycine are the two 
major inhibitory neurotransmitters in the mammalian 
auditory system. Based on immunocytochemical studies, a 
number of investigators have shown that neurons, fibers 
and terminals containing GABA or its synthesizing en- 
zyme, glutamic acid decarboxylase (GAD) are present in 
auditory structures at every level from the cochlear nucleus 
to the thalamus (Adams and Mugnaini, 1984; Mugnaini and 
Oertel, 1985; Thompson et  al., 1985; Wenthold et al., 1986; 
Peyret et  al., 1986; Moore and Moore, 1987; Roberts and 
Ribak, 1987; Helfert et al., 1989; Dupont et al., 1990; Osen 
et al., 1990; Webster et  al., 1990; Covey, 1993) as well as in 
the auditory cortex (e.g., Winer, 1986). Neuron cell bodies 
containing glycine are present only a t  levels below the 
midbrain, but fibers and terminals containing glycine are 
present up through the level of the inferior colliculus (IC) 
(Wenthold et  al., 1987; Peyret et al., 1987; Aoki et al., 1988; 
Helfert et al., 1989; Adams and Mugnaini, 1990; Osen et al., 
1990; Webster et al., 1990). 

Several lines of evidence indicate that both GABA and 
glycine play a role in sensory processing in the IC. First, 
both GABAergic and glycinergic neurons in auditory cen- 
ters in the lower brainstem project to the IC (Adams and 
Mugnaini, 1984; Saint Marie et al., 1989; Glendenning et 
al., 1992). Second, neuropharmacological studies show that 
GABAergc inhibition alters a number of response proper- 
ties in the IC (Faingold et  al., 1991; Vater et al., 1992; 
Pollak and Park, 1993; Park and Pollak, 1993a,b, 1994; 
Casseday et  al., 1994). In the few instances where it has 
been studied, glycinergic inhibition occurs within the same 
neurons that receive GABAergic inhibition (Vater et al., 
1992; Johnson, 1993; Casseday et  al., 1994). 

The inhibitory effects of GABA are mediated by activa- 
tion of two different receptor subtypes, GABAA or GABAB. 
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GABAA receptors provide short-acting inhibition whereas 
GABAB receptors provide long-acting inhibition. Glycine- 
mediated inhibition occurs by activation of strychnine- 
sensitive glycine receptors (Curtis et  al., 1971; Young and 
Snyder, 1973; Zarbin et al., 1981). To understand the 
mechanisms by which these neurotransmitters produce 
inhibition in the auditory system, it is important to know 
whether the corresponding receptor types are located in 
structures that receive terminals containing GABA or 
glycine. Terminals containing GABA or glycine are distrib- 
uted alonggradients, with the highest densities of each type 
of terminal in different regions of the IC (Winer et al., 
1995). 

There have been only a few studies of the distribution of 
receptors for GABA and glycine within structures of the 
central auditory system. In most of these studies, the 
distribution of only one receptor type, either glycine (Zarbin 
et  al., 1981; Sanes et al., 1987; Wenthold et al., 19881, 
GABAA (Edgar and Schwartz, 1990) or GABAB (Chu et al., 
1990) has been examined. There has been only one study in 
which comparisons were made between the distribution of 
GABAA receptors and the distribution of strychnine- 
sensitive glycine receptors in the auditory brainstem nuclei 
(Glendenning and Baker, 1988). The results from strych- 
nine-sensitive glycine receptor distribution are somewhat 
contradictory. Sanes et  al. (1987) found a distinct gradient 
of "H-strychnine binding in the IC of the gerbil, with the 
highest glycine receptor density observed in the ventral 
part of the IC. Glendenning and Baker (1988) found a 
uniform distribution of 3H-strychnine binding sites in the 
IC of the cat. Furthermore, there are variations in binding 
distributions outside the auditory system and across spe- 
cies or across studies. For example, there is a high level of 
binding of '<H-strychnine in the cerebellum of the cat 
(Glendenning and Baker, 1988) but no :3H-strychnine bind- 
ing has been observed in the cerebellum of rodents (Zarbin 
et al., 1981; Sanes et  al., 1987). 

Axon terminals containing either GABA or glycine are 
present in different proportions and with different patterns 
of distribution in virtually every auditory structure in the 
brainstem, and in different parts ofthe IC (e.g., Winer et al., 
1995). In some parts of the IC, the binding to GABAA 
receptors is equal to or greater than any other part of the 
brain (Edgar and Schwartz, 1990). One purpose of the 
present study was to verify that a high density of GABAA 
receptors was also present in the IC of the bat. Because 
there has only been one study to compare the distribution 
of GABA and glycine receptors in the brainstem auditory 
system (Glendenning and Baker, 19881, we have conducted 
a systematic study to compare the patterns of distribution 
of GABAA, GABAB and glycine receptors throughout the 
structures of the brainstem auditory pathway in the big 
brown bat. The pattern of distribution of these three 
receptor types will aid in the mapping of functional topogra- 
phy of the auditory brainstem of the bat. 

METHODS 
Four big brown bats (Eptesicus fuscus) were used in this 

study. The animals were decapitated and the brains re- 
moved very quickly. Animals were not anesthetized prior to 
decapitation since anesthesia interacts with the receptor 
systems studied. The euthanasia protocol has been ap- 
proved by the Duke University Animal Care and Use 
Committee. Each brain was immersed in isopentane a t  

-35°C for a few seconds and then covered with dry ice for 
several minutes. Brains were stored at -70°C until they 
were sliced into 20 pm coronal or parasagittal sections. The 
sections were thaw-mounted onto gel-coated microscope 
slides and dried overnight under partial vacuum at 4°C. The 
slides were stored with desiccant at -70°C until used for 
autoradiography. Storage times ranged from three days to 5 
months. 

"S-TBPS autoradiography to visualize 
distribution of GABAA receptors 

GABAA receptor localization was examined autoradio- 
graphically by the binding of ?5-t-butylbicyclophosphoro- 
thionate (TBPS) to the GABA gated chloride channel as 
described by Edgar and Schwartz (1990). The "S-TBPS 
(112.8 Ciimmol) was purchased from Amersham (Arling- 
ton Heights, IL), and picrotoxin was purchased from Sigma 
(St. Louis, MO). Thawed sections were preincubated for 5 
minutes in buffer containing 50 mM NaiK-phosphate, 200 
mM NaCl, and 1 mM EDTA (ph 7.4) and 5 minutes more in 
buffer without EDTA, at room temperature. Sections were 
incubated with 2 nM 35S-TBPS for 3 hours at room 
temperature. Nonspecific binding was determined by incu- 
bating sections with "S-TBPS in the presence of 100 pm 
picrotoxin, which competes at the same binding site. Follow- 
ing incubation, slides were rinsed twice in fresh buffer and 
then dipped in distilled water to remove buffer salts. The 
slides were dried rapidly under a stream of air and stored 
overnight with desiccant in a vacuum container at  room 
temperature. Slides were placed in x-ray cassettes and 
exposed to Beta-ma film (Amersham, Arlington Heights, 
IL) for 3 days a t  room temperature. Films were developed 
in Kodak D-19 developer. 

"H-GABA autoradiography to visualize 
distribution of GABAB receptors 

Binding of WGABA to GABAn receptors in the presence 
of isoguvacine was carried out according to the method of 
Chu et  al. (1990). The 3H-GABA (89.92 Ciimmol) was 
purchased from New England Nuclear (Boston, MA). Isogu- 
vacine hydrochloride and baclofen were purchased from 
ICN Biochemicals (Costa Mesa, CA). Sections were preincu- 
bated for 15 minutes in buffer containing 50 mM Tris-HC1 
and 2.5 mM CaClz (pH 7.4) a t  4°C and then dried under a 
stream of cool air. Sections were incubated for 1 hour in 
buffer containing 25 nM 3H-GABA (4°C) and isoguvacine 
(10 pM) to inhibit binding to GABAA receptors. Nonspecific 
binding was determined in the presence of 100 pM baclofen. 
Isoguvacine and baclofen are agonists for GABAA and 
GABAB receptors, respectively. At high concentrations, 
isoguvacine and baclofen displace specific binding of 3H- 
GABA, revealing patterns of nonspecific labeling. To termi- 
nate binding, each slide was rinsed quickly 3 times with cold 
buffer and once with 2.5% glutaraldehyde in acetone. Slides 
were dried immediately with a stream of air. The slides 
were exposed to Hyperfilm-3H (Amersham, Arlington 
Heights, IL) for 3 weeks and developed as described above. 

3H-Strychnine autoradiography to visualize 
distribution of glycine receptors 

Binding to strychnine-sensitive glycine receptors was 
carried out using "-strychnine as a ligand according to the 
procedure of White et al., (1990). "-Strychnine (24.5 
Ci/mmol) was purchased from New England Nuclear (Bos- 
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ton, MA), and glycine from Sigma (St. Louis, MO). Sections 
were preincubated for 1 hour at room temperature in buffer 
containing 100 mM NaCl and 50 mM sodium phosphate 
(pH 7.4). Slides were then incubated for 1 hour in 5 nM 
:<H-strychnine in the same buffer a t  room temperature. 
Non-specific binding was assessed by incubating sections 
with Wstrychnine in the presence of 10 mM glycine, which 
displaced specific binding of 3H-strychnine. At the end of 
incubation the slides were rinsed 4 times for 15 seconds in 
fresh buffer, dipped in distilled water, and rapidly dried 
with a stream of air. Sections were exposed to H~per f i lm-~H 
for 8-12 weeks, and the films were developed in Kodak D-19 
developer as described above. 

Data analysis 
The films were scanned a t  600 dpi into a Quadra 950 

Macintosh computer. Nissl-stained tissue sections were 
used to identify the structures on the computer images. For 
each section of Figures 1 and 2, the sections were enlarged 
by the same factor. Optical density measurements were 
made on scanned sections using NIH Image software. 
Optical densities were converted into femtomoles based on 
calibration curves of standards with known radioactivity 
values. For T+TBPS, commercial standards for 14C were 
used (Miller, 1991), and for the tritiated ligands, brain 
paste standards were used (Edgar and Schwartz, 1990). 

Using the magnifying tool made it easier to select an area 
to measure from. For each value reported in Table 1, a t  
least 15 measurements were made per area of interest on 
sections from three animals. The measured values were 
averaged, and measurements made from corresponding 
sections treated to show non-specific binding were averaged 
and subtracted. 

In the case of "S-TBPS there was no nonspecific binding, 
so only the film background was subtracted from the 
measurements. For "H-GABA and Wstrychnine binding 
there was variance in film background even between slides 
exposed in the same cassette. Therefore the respective film 
background was subtracted both from specific and nonspe- 
cific bound sections before the difference between specific 
and nonspecific binding was calculated. 

RESULTS 
The distribution of GABA,, GABAB, and glycine recep- 

tors in the brain of the bat is shown in coronal sections in 
Figure 1 and in parasagittal sections in Figure 2. The 
sections exhibiting non-specific binding were indistinguish- 
able from film background except in the case of "-GABA 
(first row of sections on each page). 

GABAA receptor distribution 
Using :W-TBPS as a probe for GABA, receptors, the 

most densely labeled brainstem auditory areas were the IC 
and the medial geniculate body (MG). The dorsal nucleus of 
the lateral lemniscus (DNLL) was also densely labeled, but 
exhibited a spatially graded distribution of "S-TBPS bind- 
ing; the most dense label corresponded to regions that 
contained clusters of cell bodies. Nonauditory areas that 
contained dense label were the superior colliculus (SC), the 
granular cell layer of the cerebellum, and parts of the 
cortex, including auditory cortex. In contrast, there was 
little or no labeling in lower brainstem auditory areas such 
as the superior olivary complex (SOC), intermediate nucleus 

of the lateral lemniscus (INLL), ventral nucleus of the 
lateral lemniscus (VNLL), or cochlear nucleus (CN). 

GABAB receptor distribution 
Using WGABA in the presence of isoguvacine as a probe 

for GABAB receptors, the area of densest labeling was the 
interpeduncular nucleus (IP). The cerebellum was promi- 
nently labeled, especially the molecular layer. Parts of the 
cortex, including auditory cortex, also exhibited dense 
labeling. 

Among auditory structures, there was weak labeling of 
the MG and the IC, especially near the central commissure. 
The rest of the IC showed very low levels of binding for 
GABAB receptors. In the rest of the brainstem, GABAB sites 
appeared to be homogeneously distributed at very low 
levels. 

Glycine receptor distribution 
The distribution of labeling with 3H-strychnine as a 

probe for glycine receptors was restricted to the brainstem 
at and below the level of the IC. There was virtually no 
labeling anywhere in the cortex, MG or cerebellum. As 
illustrated most clearly in the parasagittal sections, 3HH- 
strychnine labeling was restricted to well defined areas 
within the caudal half of the brainstem, mostly within the 
auditory system. Areas densely labeled by "-strychnine 
were the VNLL, the lateral superior olive (LSO), medial olive 
(MSO), parts of the IC, and the CN. The dorsal cochlear 
nucleus (DCN) and the anteroventral cochlear nucleus 
(AVCN) were both densely labeled. By comparison, labeling 
in the posteroventral cochlear nucleus (PVCN) was sparse. 

Quantitative comparisons among areas 
Quantitation of ligand binding from selected regions of 

the brain is presented in Table 1. The absolute values are 
presented as specific femtomoles of ligand bound and have 
no direct relationship to the values for another ligand. The 
small size of the DCN in the bat made it difficult to obtain 
reliable quantitative density measurements. Thus, al- 
though the density levels in DCN and AVCN appeared to be 
similar, all measurements reported for the cochlear nucleus 
were obtained in AVCN. 

Inferior eolliculus. Because labeling in the IC was not 
homogeneous for any of the ligands examined, different 
regions were analyzed separately. Figure 3 shows areas 
within the IC that were chosen for analysis because they 
were the regions of high or low density labeling for one or 
more of the ligands. In Figure 3,  these areas are marked on 
a section with :Y-TBPS labeling. Measurements for all 
ligands were made in these same areas. For comparison, 
Figure 4 shows the cytoarchitectural and tonotopic organi- 
zation of the IC (Casseday and Covey, 1992). The quantified 
data for specific binding of each ligand in the auditory 
nuclei of the brainstem and the different areas of the IC are 
shown in Figure 5. Quantitative binding data from other 
selected brain regions were compared with the data ob- 
tained from the auditory brainstem and areas of the IC 
(Table 1). High levels of "S-TBPS binding to GABA, 
receptors occurred in most parts of the IC. In fact, the level 
of 35S-TBPS binding in the dorsomedial part of the IC (area 
5) was the highest measured in any part of the brain. In 
contrast, there was very little binding of "S-TBPS in the 
ventrolateral part of the IC (area 1). Thus, "S-TBPS bound 
to the IC with a highly differential labeling pattern. The 
areas of low density did not correspond to cell-sparse areas, 
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Fig. 1. Autoradiographic images showing the binding of "STBPS 
(left column), 3H-GABA in the presence of isoguvacine (middle 
column) and "H-strychnine (right column) in frontal sections through 
the bat brain. The darkest areas are the regions of greatest binding 
density. The most rostral sections are in the top row and the most 
caudal sections are in the bottom row. Cb, cerebellum; CN, cochlear 

nucleus; DNLL, dorsal nucleus of the lateral lemniscus; IC, inferior 
colliculus; INLL, intermediate nucleus of the lateral lemniscus; IP, 
interpeduncular nucleus; MG, medial geniculate; MNTB, medial nucleus 
of the trapezoid body; PG, pontine grey; SC, superior colliculus; SOC, 
superior olivary complex; VNLL, ventral nucleus of the lateral lemnis- 
cus. 

nor did they correspond exclusively to low-frequency parts 
of the tonotopic map. Throughout the center part of the IC, 
there was an incremental increase in binding density in a 
ventrolateral to dorsomedial direction as shown in Figure 1 
where the region of low density appears as a broad crescent- 
shaped band in the ventral and lateral portions of the 
central nucleus. In the most rostral and caudal parts, 
binding density was uniformly high. In the most lateral 
section of Figure 2, a region of high binding density can be 

seen as a continuous band that wraps around the rostral, 
dorsal and caudal surfaces of the IC, possibly corresponding 
to pericentral regions. 

The distribution of GABAB receptor sites within the IC 
resembled that for GABAA receptors in that the area of 
highest density was in the dorsomedial part (area 5, see Fig. 
4). However, the density of GABAB receptor sites was 
uniformly low throughout the remainder of the IC, includ- 
ing the most rostral and caudal parts. 
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'H-Strychnine (glycine) 

Figure 1 (Continued.) 

The densest labeling by 3H-strychnine was found in area 
2 of the IC, followed by area 1. Labeling was very light near 
the commissure of the IC in area 5. 3H-strychnine binding 
increased ventrally in contrast to the distribution of 
35S-TBPS and 3H-GABA binding sites, forming a broad 
crescent-shaped area of dense label as seen in Figure 1. 
Within the most ventral and lateral part of this area was a 
small region of low binding, corresponding to a cell-sparse 
region where ascending fibers from the lateral lemniscus 
enter the IC. The region of the IC that was most densely 
labeled with "H-strychnine partially overlapped with the 
area that contained little or no "S-TBPS labeling. 3H- 
strychnine binding was low in the most rostra1 and caudal 

parts of the IC, as can be seen in the most lateral section of 
Figure 2. 

Auditory brainstem nuclei and non-auditory structures. 
Compared to the IC, 35S-TBPS binding in lower brainstem 
auditory structures was very low. Levels of :j5S-TBPS 
binding were only slightly above background in all of the 
lower brainstem auditory structures, except for DNLL, 
where it was comparable to area 2 of the IC. In the cochlear 
nucleus, binding density was low, and there was no observ- 
able difference in the intensity of binding between the DCN 
and the AVCN. However, both were higher than PVCN, 
where little or no binding could be detected. In the medial 
geniculate complex, :j5S-TBPS binding levels were almost as 
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Fig. 2. Autoradiographic images showing the binding of ""S-TBPS 
(left column), ,"H-GABA in the presence of isoguvacine (middle 
column) and :'H-strychnine (right column) in parasagittal sections 
through the bat brain. The darkest areas are  the regions of greatest 
binding density. The most lateral sections are in the top row and the 
most medial sections are in the bottom row. Cb, cerebellum; CN, 

cochlear nucleus; DNLL, dorsal nucleus of the lateral lemniscus; IC, 
inferior colliculus; INLL, intermediate nucleus of the lateral lemniscus; 
IP, interpeduncular nucleus; MG, medial geniculate; MNTB, medial 
nucleus of the  trapezoid body; PG, pontine grey; SC, superior colliculus; 
SOC, superior olivary complex; VNLL, ventral nucleus of the lateral 
lemniscus. 

high as in area 5 of the IC. The superior colliculus, granular 
layer of the cerebellum and the auditory cortex all had high 
levels of " S T B P S  binding, although they were slightly 
lower than the medial geniculate or area 5 of the IC. 

The binding of "-GABA to GABAn receptors was ex- 
tremely high in the interpeduncular nucleus compared to 
all other parts of the brain. Other areas with relatively high 
binding for GABAB sites were the molecular layer of the 
cerebellum, auditory cortex and medial geniculate. None of 

the lower brainstem auditory nuclei including the three 
major divisions of the cochlear nucleus showed significant 
binding of WGABA. 

In contrast, every auditory nucleus in the lower brain- 
stem was densely labeled by 3HH-strychriine, indicating that 
these structures are rich with glycine receptors. Labeling 
was less dense in the medial nucleus of the trapezoid body 
(MNTB) than in other auditory nuclei. The highest values 
for "H-strychnine binding were found in the LSO, MSO, 
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TABLE 1. Binding of 3FS-TBPS, 3H-GABA and 3H-strychnine in auditory 
structures and selected non-auditorv areas of the bat brain.' 

GABA,, GABAn Glvcine 

IC 
area 1 
area 2 
area 3 
area 4 
area 5 

DNLL 
VNLL 
LSO 
MSO 
MNTB 
CN 
SC 
IPN 
MG 
Cer gr 
Cer mol 
Aud Cortex 

35S-TBPS 

0.87 i 0.29 
4.60 i 2.16 

16.29 ? 3 08 
14 53 ? 2.76 
32.89 i 1.79 

5.74 i 2.53 
0.53 i 0.18 
0.21 i 0.12 
0.36 i 0 11 
0.34 ? 0 06 
0.61 i 0.32 

23.35 ? 2.46 
3.42 i 0.85 

30.30 i 2.73 
22.28 i 2.59 

7.19 i 1 5 7  
22.42 i 2.16 

WGABA 
(fmol bound) 

1.61 i 0.27 
3.64 i 0.57 
6.24 i 0 53 
6.28 i 1.27 

17 50 ? 1.78 
4.18 i 0.56 
4.43 ? 1.32 
2.10 i 1.04 
4.05 i 0.02 
4.17 i 0 27 
2.07 2 1.57 
2 64 i 0.82 

129.60 i 10.28 
11.98 i 2 08 
12.80 i 1.91 
32.83 i 3.74 
15.57 i 2 25 

16.08 i 2.45 
25.25 i 0.34 
13 13 i 1.77 
6.96 i 2 11 
3.47 ? 0.43 

11.28 ? 1.07 
19.15 2 3.50 
23 66 i 1.29 
18 83 i 1.02 
8.26 ? 1.15 

17.62 ? 1.45 
8.80 i 1.50 

15.16 ? 1.60 

'Cer. gr, granule cell layer of cerebellum; Cer. mol., molecular layer of cerebellum; Aud 
Cortex, auditory cortex. 
Data are expressed as mean i S.E M. fmol bound (N = 4) 

Fig. 3. Autoradiographic image of a frontal section through the IC 
to illustrate differential distribution of binding of "S-TBPS. Optical 
density measurements were made within the areas marked. 

VNLL, DCN and AVCN. There was little or no binding of 
Wstrychnine in the PVCN, nor was there any discernible 
binding of "-strychnine in the cerebellum, thalamus or 
cortex. 

DISCUSSION 
The results reveal three main points. First, there is a 

distinct difference in the distribution of G A B A A  receptors 
and glycine receptors among thalamocortical, midbrain (IC) 
and subcortical auditory structures. G A B A A  receptors were 
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\ 

Fig. 4. Top: Nissl-stained frontal section through the right IC. 
Calibration bar = 500 p.m. Bottom: Tonotopic organization of the IC 
as described by Casseday and Covey (1992). Cells in each isofrequency 
contour have best frequencies within the range indicated in kHz. 

concentrated mainly in the IC and MG, whereas glycine 
receptors were concentrated mainly in nuclei below the 
level of the IC. Second, the IC differs from other auditory 
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3H-STRYCHNINE (glycine) 
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3H-GABA (GABA-B) 

Fig. 5. Optical density measurements made in brainstem auditory 
nuclei. Solid bars represent areas of the IC defined in Figure 3. Shaded 
bars represent auditory structures above and below the level of the IC. 
Cross-hatched bars show selected non-auditory areas for comparison. 
Error bars indicate standard error of the mean (SEM). CN, cochlear 
nucleus; DNLL, dorsal nucleus of the lateral lemniscus; IC, inferior 
colliculus; LSO, lateral superior olive; MNTB, medial nucleus of the 
trapezoid body; MSO, medial superior olive; VNLL, ventral nucleus of 
the lateral lemniscus. 

centers in that both glycine and GABAA receptors are 
present in high density, but with opposite distribution 
gradients. Within the IC, 3sS-TBPS binding was greatest in 
the dorsomedial region while 3H-strychnine binding was 
greatest in the ventrolateral region. I t  should be empha- 
sized that there are gradients that run in opposite direc- 
tions so that virtually no area is the exclusive domain of one 
receptor type. The distribution of GABAA and glycine 
receptors seen in this study is very similar to the distribu- 

tion of GABAergic and glycinergic terminals described in 
the mustached bat IC (Winer et al., 1995). Third, GABAn 
receptors labeled with WGABA in the presence of isogu- 
vacine were distributed at a very low level throughout the 
subcortical auditory nuclei, but were most prominent in the 
dorsornedial part of the IC. 

In the bat, the IC was the structure most densely labeled 
with "S-TBPS (present study). In the rat, 35S-TBPS bind- 
ing to the IC is also quite high (Edgar and Schwartz, 1990). 
However, in another study in the rat where WGABA was 
used as the ligand for GABAA receptors (Bowery et al., 
19871, binding in the IC was reported to be low. In the MG 
of the bat, the density of GABAA receptors was nearly as 
great as in the IC. However, in the rat, 35S-TBPS binding in 
the MG was much lower than in the IC (Edgar and 
Schwartz, 1990). Another study, in which 3H-GABA was 
used as a ligand for both GABAA and GABAB receptors 
reported that WGABA labeled the MG more strongly than 
the IC (Chu et al., 1990). In other auditory nuclei, the 
binding patterns in bat and rat were similar across studies. 
These results raise the possibility that there are species 
differences in the relative density of receptor types in the IC 
and auditory thalamus. 

Glycine receptor binding in the auditory system was 
observed in the same nuclei where there is a high density of 
terminals with glycine antibody immunoreactivity (the CN, 
LSO, MSO, and VNLL). In the IC, a more extensive area 
was labeled by 3HH-strychnine than was observed in the 
same species using antiglycine immunohistochemistry 
(Johnson, 1993). However, glycine receptor binding was not 
necessarily correlated with the distribution of glycine- 
immunoreactive cell bodies. For example, in the MNTB 
there was very dense labeling of cells by anti-glycine 
antibodies, but very light labeling with "-strychnine. This 
comparison suggests that the glycinergic neurons in the 
MNTB do not receive a significant glycinergic inhibitory 
input. On the other hand, neurons in the VNLL that are 
immunoreactive for glycine do appear to have a significant 
supply of glycine receptors. 

The pattern of 35S-TBPS binding in the IC can be 
compared to patterns of terminal distribution observed 
using immunocytochemical staining with antibodies against 
GABA and GAD. The distribution pattern is nearly identi- 
cal for the receptor binding and immunoreactivity. Using 
both methods, a crescent-shaped GABA-free region and 
GABAA receptor-free region is observed around the ventral 
and lateral parts of the IC (Edgar and Schwartz, 1990; 
Johnson, 1993; Winer et a]., 1995). Most lower brainstem 
auditory nuclei show little or no labeling for GABAA 
receptors, even though many brainstem structures that 
contain GABAergc cell bodies, such as the LSO, INLL, 
VNLLm, DNLL, and DCN, project to other brainstem 
nuclei as well as to the IC (Adams and Mugnaini, 1984; 
Mugnaini and Oertel, 1985; Thompson et  al., 1985; Wen- 
thold et al., 1986; Moore and Moore, 1987; Roberts and 
Ribak, 1987; Helfert et  al., 1989; Dupont et al., 1990; Osen 
et al., 1990; Webster et  al., 1990; Covey, 1993). 

There is very little literature on receptor autoradiogra- 
phy that focuses on the auditory system; therefore few 
comparisons can be made. In a study that compared the 
distribution of GABAA and glycine receptors (Glendenning 
and Baker, 1988) in the cat auditory system, the distribu- 
tion of GABAA receptors appeared to be very similar to that 
seen in our study. However, the distribution of glycine 
receptors in the IC as seen by "-strychnine binding was 
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somewhat different. In the cat, labeling was evenly distrib- 
uted whereas in the bat brain there was a pronounced 
dorsoventral to mediolateral gradient in the density of 
glycine binding sites in the IC. This difference might be due 
to species differences, but it could also be due to differences 
in technique. Glendenning and Baker (1988) showed high 
levels of "H-strychnine binding in the cerebellum, a result 
that has not been reported in other studies of glycine 
receptor distribution (Zarbin et al., 1981; Sanes et  al, 1987; 
present study). 

In a study of glycine receptor distribution in the mouse, 
the density of 3H-strychnine labeling in the central nucleus 
of the IC was found to be half of that in the LSO and DCN 
(White et  al., 1990). In the bat, we found 3H-strychnine 
binding in the IC comparable to that in the LSO, and higher 
than in the CN. The discrepancy in the level of binding in 
the IC, compared to the LSO, could be due to differences in 
measurement techniques, or it could be due to species 
differences in density of innervation. 

There is agreement that all auditory nuclei except the 
MG are labeled by "-strychnine with rather sparse label- 
ing in the MNTB. All the studies also show that there is 
very little or no GABAA receptor binding in auditory nuclei 
below the level of DNLL, except possibly in the CN. 

The role of inhibition in the IC 
The results are particularly significant for signal process- 

ing in the IC. Not only are receptors for two inhibitory 
transmitters present in the IC, the density of GABAA 
receptors is higher in the IC than in any other part of the 
brain. These observations indicate that signal processing in 
the IC is strongly influenced by inhibition, and that it is 
mainly mediated through short-acting GABA, and glycine 
receptors with a minor contribution from longer-acting 
GABAB receptor activation. 

There are a number of lines of evidence for the role of 
inhibition in shaping responses of IC neurons. For example, 
the majority of neurons in the IC respond in a transient 
manner, while neurons that provide most of the input to 
the IC respond in a sustained manner (for review see 
Casseday and Covey, 1996a,b). Recent evidence indicates 
that inhibitory input from lower auditory centers con- 
structs this response pattern by creating a temporal win- 
dow in which excitation can occur. For example, when 
GABAergic inhibition is antagonized with bicuculline, the 
latency of IC neurons decreases, and the response duration 
increases (Park and Pollak, 1993b; Johnson, 1993, Casse- 
day and Covey, 1996a). Similar effects occur when glyciner- 
gic inhibition is antagonized by strychnine (Johnson, 1993). 
Furthermore, the effects of GABAergic inhibition on re- 
sponse latency and response duration may be different from 
the effects of glycinergic inhibition. When the same cells are 
tested with both antagonists, strychnine is often more 
effective in reducing latency than is bicuculline, and bicucul- 
line is more effective in increasing response duration than is 
strychnine (Johnson, 1993; Covey et al., 1993; Casseday 
and Covey, 1996a). Thus, one important role of inhibition 
in the IC is to control the analysis of temporal features of 
sound. For example, a model for tuning to different sound 
durations can be constructed from sustained inhibitory 
inputs and transient excitatory inputs (Casseday et al., 
1994; Casseday and Covey, 1996a). The IC contains neu- 
rons that are filters for more complex temporal patterns of 
sound (Casseday et al., 1996a,b), and these may be con- 
structed from complex patterns of excitatory and inhibitory 

inputs that are offset in time from one another (Casseday et 
al., 1994; Casseday and Covey, 1996a). 

A second major role for inhibition in the IC may be 
modulation through input from nonauditory sources. In 
the big brown bat and other mammals, the substantia nigra 
projects to the IC (Olazabal and Moore, 1989; Covey and 
Casseday, unpublished data). Cells in the substantia nigra 
are GABAergic, and thus provide a potential source of 
non-auditory GABAergic inhibition to the IC. This inhibi- 
tory input could potentially modulate the response of IC 
neurons to sensory input depending on the behavioral state 
of the animal (Casseday and Covey, 1996b). 
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