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ABSTRACT

The distribution and morphology of neurons and axonal endings (puncta) immunostained
with antibodies to gamma-aminobutyric acid (GABA) and glycine (Gly) were analyzed in
auditory brainstem, thalamic, and cortical centers in the mustache bat. The goals of the study
were (1) to compare and contrast the location of GABAergic and glycinergic neurons and
puncta, (2) to determine whether nuclei containing immunoreactive neurons likewise have a
similar concentration of puncta, (3) to assess the uniformity of immunostaining within a
nucleus and to consider regional differences that were related to or independent of cytoarchitec-
ture, and (4) to compare the patterns recognized in this bat with those in other mammals.

There are nine major conclusions. (1) Glycinergic immunostaining is most pronounced in
the hindbrain. (2) In the forebrain, GABA alone is present. (3) Some nuclei have GABAergic or
glycinergic neurons exclusively; a few have neither. (4) Although there is sometimes a close
relationship between the relative number of immunopositive neurons and the density of the
puncta, just as often there is no particular correlation between them; this reflects the fact that
many GABAergic and glycinergic neurons project beyond their nucleus of origin. (5) Even
nuclei devoid of or with few GABAergic or glycinergic neurons contain relatively abundant
numbers of puncta; some neurons receive axosomatic terminals of each type. (6) In a few nuclei
there are physiological subregions with specific local patterns of immunostaining. (7) The
patterns of immunostaining resemble those in other mammals; the principal exceptions are in
nuclei that, in the bat, are hypertrophied (such as those of the lateral lemniscus) and in the
medial geniculate body. (8) Cellular colocalization of GABA and Gly is specific to only a few
nuclei. (9) GABA and glutamic acid decarboxylase (GAD) immunostaining have virtually
identical distributions in each nucleus.

Several implications follow. First, the arrangements of GABA and Gly in the central
auditory system represent all possible patterns, ranging from mutually exclusive to overlap-
ping within a nucleus to convergence of both types of synaptic endings on single neurons.
Second, although both transmitters are present in the hindbrain, glycine appears to be
dominant, and it is often associated with circuitry in which precise temporal control of aspects
of neuronal discharge is critical. Third, the auditory system, especially at or below the level
of the midbrain, contains significant numbers of GABAergic or glycinergic projection
neurons. The latter feature distinguishes it from the central visual and somatic sensory
pathways. © 1995 Wiley-Liss, Inc.
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inhibition (Boos et al., 1990; Vater et al., 1992b; Yang et al.,
1992), recurrent inhibition (Babb et al., 1989), disinhibition
(Adams and Mugnaini, 1990; Park and Pollak, 1993a),
spontaneous activity (Faingold et al., 1989), and feed-
forward inhibition (Shneiderman and Oliver, 1989; Bledsoe
et al., 1990), as well as modulating other facets of receptive
field organization (Alloway et al., 1988; Masland, 1988;
Pollak et al., 1992; Yang et al., 1992) and intrinsic inhibi-
tion (Saint Marie et al., 1991). With the development of
antisera specific for GABA and Gly conjugates, their particu-
lar pattern of localization in neuronal perikarya and axon
terminals has been investigated in some detail in many
parts of the central auditory pathway in several species
(reviewed in Aitkin, 1989). However, there has been neither
a systematic study nor a detailed comparison of their
distribution throughout the entire auditory system of a
single species. Such knowledge would be important in
understanding why more than one such transmitter might
exist, and whether they covary or are largely independent.
We present an overview of the immunocytochemical
profile of the mustache bat’s auditory system that is based
on the patterns of immunoreactivity in both neuronal
somata and axonal endings for GABA and glycine. We chose
the mustache bat for these studies because the remarkable
hypertrophy of its central auditory pathway encourages
precise architectonic distinetions within and between even
relatively minute nuclear centers, and the small absolute
size of the brain renders the processing and evaluation of
data more tractable than in larger animals. In its main
outlines, the central auditory system is readily compared
with that of other mammals (Pollak and Casseday, 1989;
Ross et al., 1988; Pollak et al., 1995). Moreover, neurophysi-
ological studies have revealed response features of neurons
in almost all auditory nuclei that clearly represent the
neural correlates for sound localization, target distance,
fine-frequency discriminations, and target recognition (Pol-
lak, 1988; Suga, 1988; Pollak and Casseday, 1989). It seems
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likely that many of the physiological operations that would
represent these attributes depend on inhibitory circuits
that remain to be defined with more precision.

In this report we describe the major patterns of immuno-
staining in auditory nuclei of the hindbrain, midbrain, and
forebrain, and compare them with one another. The study
presents a somewhat unusual perspective on the organiza-
tion of the auditory system that is difficult to obtain from
reports that address only one or two nuclei in particular or
that are limited to one transmitter or that are restricted
solely to considerations of neurons or puncta. This account
focuses on the relevance of the patterns of immunoreactiv-
ity for four main issues. The first issue concerns the spatial
distribution of GABAergic and glycinergic neurons and
puncta in the principal auditory nuclei, and the functional
implications that would follow from these arrangements. A
second question concerns the extent to which the distribu-
tion of GABAergic and glycinergic neurons in the hindbrain
auditory nuclei serve as predictors of and substrates for one
functional pattern or another. If one transmitter predomi-
nates in nuclei that are part of pathways with established
functions, then perhaps each has circuit-specific roles in
processing information. However, if GABAergic and glycin-
ergic neurons are more or less completely commingled
within each nucleus or pathway, then perhaps the two
transmitters are functionally equivalent, or they may be
segregated on a neuron-by-neuron basis. A third issue is the
differential degree to which each transmitter is represented
in the hindbrain, midbrain, and forebrain and the signifi-
cance of any differential concentrations for information
processing. The fourth question addresses the generality of
the immunostaining patterns in the auditory systems of
different species. We will show that the chemoarchitectonic
organization of the mustache bat’s brainstem and auditory
cortex is comparable in many (but not all) respects to that of
other mammals, although there are major differences in the
acoustic thalamus. These findings could suggest some
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principles of inhibitory organization that are relevant to
species differences in mammalian auditory forebrain func-
tion.

MATERIALS AND METHODS

Bats were captured at Mt. Plenty or Windsor Cave,
Jamaica, West Indies, transported to the United States, and
housed in a colony room under daily veterinary supervision.
All animal husbandry, anesthesia, and perfusion protocols
were reviewed and approved by a University Animal Care
and Use Committee and took place in an accredited facility.
For glycine and GABA immunostaining, adult mustache
bats ( Pteronotus parnellii) weighing 10-12 g were anesthe-
tized with intraperitoneal sodium pentobarbital to a point
sufficient to abolish nociceptive hindlimb withdrawal and
corneal reflexes. The bat was perfused transcardially with a
brief wash (2—-3 ml) of phosphate buffered saline, followed
by a mixture of paraformaldehyde (2-4%) and glutaralde-
hyde (0.25-3%) in 0.1 M phosphate buffer. For GAD, the
zinc-salicylate-formalin method (Mugnaini and Dahl, 1983)
was used (see Winer and Larue, 1988 for details). A
peristaltic pump delivered the perfusate at a uniform,
controlled pressure comparable to the rate and volume of
the circulation in a living animal.

The brain was blocked stereotaxically in the frontal plane
and then postfixed in 30% sucrose/0.9% saline (for GAD),
10% sucrose/0.1 M phosphate buffer (for GABA or glycine),
or 2% paraformaldehyde/3% glutaraldehyde (for plastic
embedding). For GAD, brains were sectioned on a freezing
microtome at 25 pm and collected in 0.5 M Tris at pH 7.6
(Mugnaini and Dahl, 1983). For GABA and glycine, sections
were cut on a Vibratome (Oxford) at 50 pm for free-floating
immunocytochemistry, or at 100-300 wm for plastic embed-
ding; the details are given in each figure legend. The
thinner sections were immunostained using avidin-biotin
peroxidase (ABC) kit (Vectastain®; Vector Laboratories,
Burlingame, CA). Sections were placed in rabbit-anti-
glycine antiserum (courtesy of R.J. Wenthold; typical dilu-
tions: Gly I, 1:400; Gly II, 1:1,500), or in rabbit-anti-GABA
antiserum (from R.J. Wenthold; 1:2,000; or INCstar, Clear-
water, MN; 1:5,000) overnight at 4°C, following a 60-
minute incubation in blocking serum (5% normal goat
serum) at room temperature. For postembedding, the
100-300-pm-thick slabs were first block stained in 0.5-2%
osmium tetroxide for 1-3 hours, then dehydrated in ascend-
ing ethanols to propylene oxide and an epoxy (Araldite
6005) modified with the plasticizer dibutyl phthalate, then
embedded flat and polymerized at 60°C for 16 hours.
Sections 1-1.5-pm thick were cut from blocks containing
either whole or hemibrain stems with 8-mm wide glass
knives on an LKB Ultratome III. The sections were heat
annealed onto uncoated glass slides, etched in ethanolic
sodium hydroxide for 1-2 hours, deosmicated in 0.3%
hydrogen peroxide in ethanol, then rehydrated, and incu-
bated on the slide in 5% normal goat serum; this was
followed by immersion in the primary antiserum as above
and at up to 5 times the concentration used in the free-
floating procedure. Immunoperoxidase staining was done
with ABC reagents at double their normal concentrations
or with the streptavidin-biotin (Histomark®) kit (Kirke-
gaard & Perry Inc., Gaithersburg, MD) at the ready-to-use
dilution. The chromogen was cobalt nickel-intensified diami-
nobenzidine (Adams, 1981). Controls for GABA or glycine
included omission of the primary antiserum or adsorption
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of the primary with the antigen conjugate and, for GAD,
incubation in preimmune serum. In both instances, specific
immunostaining was absent.

Material from 20 bats was studied. Most of the tissue was
prepared by the free-floating immunoperoxidase method
for GAD, GABA, or glycine. Semithin sections from four
brains flat-embedded in Araldite epoxy were processed for
postembedding immunocytochemistry.

The survey of immunostained structures shown in Table
1 (see also Figs. 1-3) was made at a dual-viewing micro-
scope and represented the consensus of both evaluators; it
included all the material available. Each value is an esti-
mate of the comparative level of immunoreactivity along a
qualitative, ordinal scale of intensity.

RESULTS

Immunoreacted sections of the mustache bat’s brain
demarcated many parts of the auditory system with a

Fig. 1. (appears on page 320) Global views of immunoreactivity for
gamma-aminobutric acid (GABA; panel A) and of glutamic acid decar-
boxylase (GAD; panel B} immunoreactivity for neurons and puncta in
the nuclei of the medulla and midbrain in the mustache bat. This shows
a regionally specific pattern of staining which should be compared with
the corresponding distribution of glycine immunoreactivity shown in
Figure 2; see also Table 1 and Figures 3 and 4 for summaries. For
abbreviations, see the accompanying list. Details of the immunostain-
ing procedure are noted at the end of each figure caption. Planapochro-
mat, N.A. 0.04, X 16. A: Among the medullary auditory nuclei, the
anteroventral cochlear nucleus (AVCN) had few GABAergic neurons
and a comparatively dense concentration of puncta, whereas the lateral
superior olive (LSO) had its densest GABA puncta immunostaining in
its medial limb and much sparser reactivity in the lateralmost part.
Even nuclei with rather modest levels of GABA immunostaining, such
as the medial superior olive (MSO), were demarcated clearly by their
immunoreactivity. B: GAD immunoreactivity in the trapezoid body
(MNTB, VNTB) and midbrain also revealed diverse and regionally
specific patterns, with the nuclei of the lateral lemniscus (DNLL, INLL,
VNLL) being especially noteworthy. Some nuclei (for example, INLL)
also had distinct, nonuniform internal concentrations of immunoreac-
tivity. Where the GAD immunostaining was the palest, such as in the
lateral lemniscal entry zone (LL), the glycinergic elements were often
most prominent (see Fig. 2B:LL). The artifact (ar) is a fiducial mark. A:
Vibratome section, 50-um thick; GABA (INCstar), 1:5,000 dilution,
ABC avidin-biotin (Vector Laboratories), free-floating. B: Frozen sec-
tion, 25-um thick; GAD 1440 (W. Qertel), 1:2,000 dilution, ABC
avidin-biotin, free-floating.

Fig. 2. (appears on page 321) Glycinergic immunoreactivity under
darkfield illumination in the brainstem at loci matching those in Figure
1. Each cochlear nucleus subdivision displayed a moderate level of
regionally specific immunostaining, and the level of glycine immunore-
activity in the principal olivary nuclei (LSO, MSO) included both
resident elements and the many immunopositive fibers traversing
them. At the level of the midbrain, many of the auditory nuclei showed
conspicuous immunoreactivity, with ascending glycinergic axons espe-
cially prominent in the lateral lemniscus (LL). Same scale and protocol
as in Figure 1. A: In the medulla, the glycinergic elements were
concentrated preferentially in auditory nuclei, and both the pretermi-
nal axons and the puncta were as prominent as the immunopositive
neurons (see Fig. 8). Some immunoreactive axons are visible just
beneath the floor of the IVth ventricle. Perhaps these represent
commissural glycinergic axons arising from neurons in the ventral
cochlear nuclei (Wenthold, 1987). B: All nuclei from the trapezoid body
to the inferior colliculus showed prominent Gly immunoreactivity,
especially the lateral lemniscal entry zone, where GAD-positive ele-
ments were rarer (see Fig. 1B:LL). A, B: Vibratome section, 50-um
thick; Gly I (R.J. Wenthold), 1:400 dilution, ABC avidin-biotin, free-
floating.
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Legend on page 319.

Figure 1.
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Figure 2. Legend on page 319.
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clarity that complemented and confirmed the results from
cytoarchitectonic preparations. The immunostaining re-
vealed the prominence of inhibitory components in this
pathway (Figs. 1, 2). The many immunopositive axons in
the major fiber tracts (Fig. 2B:LL) suggest that some cells
may participate in ascending projections rather than only
local circuits. We will consider the specific patterns of
immunoreactivity for each of the principal nuclei of the
auditory pathway, beginning with the cochlear nucleus and
extending to the auditory cortex. Schematic summaries of
the chief results appear in Figures 3 and 4 and in Table 1.
For purposes of economy, we have illustrated only the
principal and representative findings in the auditory path-
way, while in the interest of completeness the text contains
brief descriptions of nearly every nucleus or center whose
affiliations are primarily auditory (Aitkin, 1989).

The GABA and GAD material revealed virtually the same
distribution of immunostained elements (not illustrated;
see Winer et al. [1992] and Prieto et al. [1994a] for a more
complete discussion); for purposes of continuity in the
exposition, emphasis was placed on the GABA preparations
except as noted. Our criteria for assessing neuronal immu-
nostaining are presented in the legend to Figure 6.

Cochlear nucleus

Three cochlear nucleus subdivisions-—the dorsal, antero-
ventral, and posteroventral cochlear nuclei—were recog-
nized on cytoarchitectonic grounds (Zook and Casseday,
1982a). Immunostaining for GABA and Gly defined the
borders of each with equal precision (Figs. 1A, 24, 5). In
every subdivision, glycine-positive (Gly+) neurons were
more common than GABA-positive (GABA+) cells. The
puncta were comparable in density but had characteristic
patterns that were specific to each nucleus.

The dorsal cochlear nucleus had more GABA+ neurons
than the other subdivisions (compare Figs. 5A,C). Most of
these cells were dispersed in small clusters throughout
layers I and 11, and another group lay deep in the pyramidal
cell layer (Fig. 5A). The bulk of the immunoreactive cells
were oval or fusiform in shape and 8-10 um in diameter
(Fig. 6A:1-3). Most of these cells were also immunoreactive
for glycine (Figs. 5A,B, 6A,B). The posteroventral cochlear
nucleus had scattered, small GABA+ cells that also colocal-
ized Gly (Fig. 5B:PvCNp). In the anteroventral cochlear
nucleus, only a few very small neurons (less than 8 pm in
diameter) were GABA+ (Figs. 5C, 6E), as were some
slightly larger cells. Both populations were smaller than the
immunonegative spherical bushy cells.

Many more—up to half—of dorsal cochlear nucleus
neurons were Gly+ (Fig. 5B). These were heterogeneous in
shape and ranged from 8 to 12 um in diameter (Fig. 6B).
Both the posteroventral and anteroventral subdivisions
contained far fewer Gly+ cells (Fig. 5D). These represented
a broad range of shapes and sizes. The few smaller cells
usually colocalized GABA, whereas the more plentiful
larger cells, which ranged from 12 to 18 um in diameter,
showed no GABA immunoreactivity (Fig. 6D,F).

The distribution of immunoreactive puncta also distin-
guished the various subdivisions. These endings differed
primarily in density, form, their arrangement in the neuro-
pil, and their pattern of perisomatic terminals. In the
exposition that follows, we have used the terms puncta,
terminal, and ending interchangeably, always with the
proviso that we have not established a direct synaptic
relationship between their light- and their electron-
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microscopic identities (see Prieto et al. [1994b] for a more
complete treatment of this issue). We first compare the
configuration of GABA+ puncta among the three cochlear
nucleus subdivisions and then turn to Gly+ puncta.

The similarity in the pattern of the puncta between
cochlear nucleus subdivisions (Figs. 5C,D) should not ob-
scure important differences between them (Fig. 6). In the
dorsal cochlear nucleus, GABA+ puncta were especially
abundant: they were densest in the superficial layers and
decreased markedly in the deepest ones (Fig. 6A). The
endings were common on both neuronal perikarya and in
the neuropil, and they were granular and fine-to-medium
sized (Fig. 6A). In contrast, there were fewer GABA+
puncta in the posteroventral cochlear nucleus and these
were coarser and more globular. They formed perisomatic
rings about the somata of immunonegative neurons (Fig.
6C:2), much like those in the anteroventral cochlear nucleus
(Fig. 6E).

The dorsal cochlear nucleus alsoc had many Gly+ puncta
that, like the GABA+ terminals, were especially prominent
in the upper two layers, then diminished abruptly in layers
ITT and IV, although they were still present in considerable
numbers (Fig. 6B). Occasionally, Gly+ axosomatic endings
ringed Gly+ somata at the border between layers II and III;
such terminals were remote from the heaviest concentra-
tion of Gly+ neurons. Terminals apposing Gly+ somata
were often large and coarse, especially in the superficial two
layers, whereas puncta on Gly+ cells in layers III and IV
were smaller and much less common. This pattern con-
trasted with that in the posteroventral cochlear nucleus.
Here, both Gly+ and Gly— somata and proximal dendrites
had many more Gly+ endings, some larger than 1 pm in
diameter, and the number of terminals in the neuropil was
far less than that of GABA+ endings. The arrangement of
Gly+ puncta in the anteroventral cochlear nucleus recalled
that of GABA+ terminals, with many perisomatic endings
on immunonegative neurons (Fig. 6F). Gly+ neurons re-
ceived fewer such endings. A few much finer endings were
seen in the neuropil.

Olivary nuclei

Both the lateral and medial superior olives were promi-
nent in the mustache bat (Figs. 1, 2; see Zook and Casseday,
1982a). The most notable aspects of their chemical anatomy
were (1) regional heterogeneity of the GABA immunostain-
ing (Fig. 1A), and (2) the conspicuous concentration of
glycinergic neurons and puncta, as well as the many
preterminal axons that passed through the nuclei (Fig. 2A).

Lateral superior olive. The comparatively few GABA+
neurons were concentrated in the lateral one-third of the
nucleus and along the perimeter, rather than more cen-
trally (Fig. 7A). The most medial and central regions had
only rare GABA + cells, and these, too, lay along its margin,
interspersed among trapezoid body axons (Fig. 7TA:TB).
Typically, these neurons were 8-10 pum in diameter, with
an elongated soma that had little or no dendritic immunore-
activity. A few larger cells were immunopositive (Fig. 8A),
and such neurons were sometimes immunopositive for Gly
(Fig. 8B).

The Gly+ neurons, in contrast, were far more numerous,
and they comprised up to one-third of the cells. These lay
along the ventral aspect of the olivary limbs (medially) and
were still more numerous and evenly dispersed in the
lateral limb (Fig. 7B). These oval cells were among the
largest in our sample (15-18 pm in diameter), and they
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sometimes had an immunostained dendrite. They resembled
the immunonegative olivary neurons (Fig. 8B). Some of the
immunopositive neurons also colocalized GABA (Fig. 8A,B:3).

Despite the relative paucity of GABA+ neurons, there
was a robust plexus of intensely immunoreactive GABA+
preterminal axons mixed with puncta; this was concen-
trated in the central and medial limbs and sparser in the
more lateral parts (Figs. 1A, 7A). The arrangement of Gly +
puncta presented a rather different pattern. First, these
endings had a more homogeneous, predominantly axoso-
matic, organization throughout the nucleus (Figs. 7B, 8B).
Indeed, every lateral superior olivary neuron appeared to
receive Gly+ endings. Second, Gly+ endings encircled the
somatic membrane completely; these terminals, in turn,
were ringed by, or were interdigitated among, a fine-
textured plexus of GABA+ puncta (Fig. 8A,B:1,2).

Medial superior olive. The organization of GABA+ and
Gly+ cells in the medial superior olive was likewise distinc-
tive. GABA+ neurons were more common in the dorsome-
dial half (Figs. 1A, 7C). These cells were 15-18 pm in
diameter, and their slightly elongated somata were oriented
across the long axis of the nucleus. Sometimes, a large
dendritic trunk extended ventrolaterally. The distribution
of Gly+ neurons recapitulated that of the GABA+ cells,
aggregating along the dorsomedial aspect of the nucleus
(Fig. 7TD). Cells immunopositive for both GABA and Gly
were comparatively common.

The density of GABA+ medial superior olivary puncta
was substantially lower than in the lateral superior olive
(compare Fig. 8A and C). However, their distribution
within the nucleus was also nonuniform. There were
moderate numbers dorsomedially, both on somata and in
the neuropil, and even more ventrolaterally, where most
immunonegative somata received fine or medium-sized
endings (Fig. 8C). In contrast, the Gly+ puncta were much
more evenly distributed. As in the lateral superior olive,
both immunopositive and immunonegative neurons were
ringed with perisomatic endings (Fig. 8D), some of which
interdigitated with GABA+ axosomatic terminals (Fig.
8C,D:1).

Trapezoid body and associated regions

The most salient features of the medial nucleus of the
trapezoid body were the entirely glycinergic neuronal popu-
lation (Fig. 7F) and the striking paucity of Gly+ puncta,
especially those associated with neuronal somata, which
were almost entirely absent despite the exclusively Gly+
neuronal population. Gly+ endings, if present, were beyond
the resolution of the light microscope; all of these profiles
represent preterminal axons (Fig. 8F; compare Figs. 6B,D,F,
and 8B,D). However, almost every perikaryon received
GABA+ boutons of many different sizes and shapes, rang-
ing from tiny granular puncta (Fig. 8E: small arrowheads),
to coarse, globular endings (Fig. 8E: medium-sized arrow-
heads), to long, clasp-like terminals (Fig. 8E: large arrow-
heads), the latter resembling those immunopositive else-
where for glycine. Their preterminal portions could be
followed for appreciable distances within the sheets of
neuropil separating the cells. A similar arrangement of
puncta was noted in the GAD+ material, in which the
medium-sized, globular endings were most prominent.

The pattern of Gly+ neurons in the medial nucleus of the
trapezoid body resembled that so far reported for every
mammal: all of the neurons were immunopositive, includ-
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ing those with somata up to 12-18 pm in diameter, among
the largest Gly+ neurons we found (Fig. 8F). There was
considerable heterogeneity in size and shape among these
neurons, suggesting that they include several types (Ku-
wabara and Zook, 1991). The paucity of Gly+ puncta, in
both free-floating sections and in semithin material, was
noteworthy (compare Fig. 8B and F). Most Gly+ pretermi-
nal axons in the medial nucleus were of comparatively large
caliber and were probably in transit through the medial
nucleus.

The lateral nucleus of the trapezoid body (not illustrated;
see Table 1) had a very different pattern of GABAergic
organization. The few immunopositive neurons here were
stained lightly, and most such cells were small (about 8 pm
in diameter) and were dispersed among immunonegative
neurons. The Gly+ cells were far more numerous than the
GABA+ neurons. Moreover, they were clustered in small
groups between which the fascicles of immunonegative
axons passed. In contrast to the GABA+ cells, the Gly+
neurons included small, medium-sized, and large cells;
many had their long somatic axis oriented parallel to the
plexus of afferent axons. In the neuropil, linear arrays of
GABA + preterminal axons up to 50-pm long ran parallel to
the primary dendritic axis, although axosomatic endings
were sparse; these puncta were moderate in number.
However, there were comparatively few Gly+ puncta in the
lateral nucleus; the most conspicuous type was a large
globular ending found predominantly in the neuropil and,
occasionally, on Gly+ neurons. Many preterminal seg-
ments were evident; some were parallel to the long nuclear
axis, whereas others crossed it.

The ventral nucleus of the trapezoid body (Fig. 7E) had a
moderate number of GABA+ neurons with heterogeneous
shapes and sizes. Those in the most ventral, laminated part
were more uniform in size and their perikarya were elon-
gated mediolaterally; they were about 10-12 pm in diam-
eter, with a somatic axis up to 20-pm long, and they
dominated this part of the nucleus. A different pattern of
Gly+ cells was evident in more dorsal parts of the ventral
nucleus, where the neurons were dispersed and solitary
(Fig. 7F), with their perikarya separated by fascicles of
immunonegative trapezoid body axons. The number of such
cells was moderate, like that of the GABA+ neurons.
Whereas most of these cells had a similar orientation to
that of the Gly+ neurons located beneath them, others
were arranged orthogonally, and a few were much larger
than other ventral nucleus cells.

The disposition of GAD + puncta was largely independent
of the concentration of GAD+ and GABA+ neurons. The
prominence of the endings alone would have sufficed to
delineate the ventral nucleus (Fig. 1B:VNTB). Their den-
sity was highest dorsomedially and laterally, and lowest
centrally. Overall, they were moderately heavy in number,
and included axosomatic terminals on both immunoposi-
tive and immunonegative cells as well as endings in the
neuropil. The puncta ranged in size from small, dot-like
boutons to medium-sized, granular terminals, to large
globular profiles. Whereas the density of Gly+ puncta in
the ventral nucleus was comparable to that of their GABA +
counterparts, their distribution was consistent with the
concentration of Gly+ neurons. Just as the cells were
concentrated in the ventral half, so were the puncta. Many
of the preterminal fibers, like the Gly+ neurons, were
oriented mediolaterally. Those located more dorsally had a
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Fig. 3. Summary of immunoreactive neurons in the mustache bat’s  and others are presented in the text or in photomicrographs. See also
central auditory pathway. The neuronal density reflects their relative  Figures 1 and 2 and Table 1 for a summary of the primary patterns.
concentration. The principal, lemniscal nuclei are illustrated chiefly, Planapochromat, N.A. 0.14, x 80.
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Fig. 4. Schematic summary of immunoreactive axonal endings (puncta) in the mustache bat’s central
auditory pathway. See also Figures 1-3 and Table 1. Protocol as in Figure 3.
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TABLE 1. Summary of Patterns of GABAergic and Glycinergic Immunoreactivity in Auditory Centers in the Mustache Bat!
NEURONS PUNCTA  CONNECTIONS
GABA Gilycine GABA Glycine main target(s)

Ke
COCHLEAR dorsal (DCN) Y
NUGCLEI DD BC NEURONS PUNCTA
posteroventral (PvCN) none none
DpD D
anteroventral (AvCN) fow few
DpD
OLIVARY lateral superior olive moderate moderate
NUCLEI (LSO) DoD -
medial superior clive many many
(MSO) DoD
dorsal periolivary nucleus
(DPo) ICC
TRAPEZOID medial nucleus of the
BODY trapezoid body (MNTB) LSO/MSO
NUCLEI lateral nucleus of the =
. ICC, INLL,
trapezoid body (LNTB) VNLLY
ventral nucleus of the ]
trapezoid body (VNTB) | I\,?NCLLl-.f:JLL
nucleus of the central Sa
acoustic tract (NCAT)
LATERAL ventral nucleus, dorsal
LEMNISCAL part (VNLLd) DpD
NUCLE! ventral nucleus, ventral
part (VNLLv) IC
intermediate nucleus
(INLL) DpD
dorsal nucleus (DNLL)
DpD
INFERIOR external nucleus (Ex) MGBr
COLLICULUS ;q“ '
dorsoposterior division '
(DpD) MGBv
anterolateral division MGBv
(AID) Sq
dorsomedial division
(DmD) MGB
dorsal cortex (DC)
unknown
MEDIAL ventral division (V)
GENICULATE DSCF
BODY dorsal division (D) DSCF.
FM1-FM3
medial division {M) ayers |
VI; Am
AUDITORY Doppler-shifted corex:
CORTEX constant frequency MGEB: IC

area (DSCF)
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vertical configuration, again recapitulating the somatic
arrangement. The ventralmost puncta were more diverse in
size and shape and tended to be coarse and globular.
Endings apposed to the somata of Gly+ cells were more
spherical than clasp-like.

In summary, the patterns of GABA+ and Gly+ elements
in the trapezoid body nuclei were diverse, and Gly+ neu-
rons and puncta dominated the picture. Only the ventral
and lateral nuclei contained GABA+ neurons, and only in
the former were these numerous. The distribution of
puncta was more equal or even slightly favored GABA+
endings; indeed, no obvious Gly+ puncta were evident in
the medial nucleus, which was the only brainstem center in
this survey without them (Table 1).

The nucleus of the central acoustic tract is affiliated with
the extralemniscal auditory pathway, and it has prominent
connections with the medial geniculate body, through
which it influences the frontal lobes (Casseday et al., 1989).
It corresponds to the anterolateral periolivary nuclei recog-
nized in other species. It had one of the more unusual
neurochemical arrangements in this study, as it was devoid
entirely of GABA+ and Gly+ neurons, although it had a
comparatively large number of each type of puncta. Only
one other structure—the medial division of the medial
geniculate body—also lacked both types of neuron (Table
1). Like many other brainstem nuclei, however, almost
every neuron received both GABA+ (Fig. 9A) and Gly+
(Fig. 9B) endings. On balance, the GABA+ puncta were
finer and more granular, and they seemed to fill the
interstices between the much coarser Gly+ axosomatic
endings. Although the most conspicuous terminals were
axosomatic, others were present in the neuropil as well.

In summary, neurons in the nucleus of the central
acoustic tract received both GABA+ and Gly+ extrinsic
inputs, and the latter were apparently dominant; the
GABA + endings in the neuropil were somewhat sparser,
and the overall pattern of immunoreactivity was quite
distinct from the other trapezoid body components, and,
indeed, from almost all other nuclei of the central auditory
pathway.

!Schematic summary of patterns of GABAergic and glycinergic immunoreactivity in
auditory centers in the mustache bat. The table was constructed by evaluating the
patterns of immunostaining in all the material available for study. Two observers
examined each section and assigned to each nucleus an ordinal value. The most extreme
cases were given less weight than those in which the immunostaining was more
consistent and internally reliable. In practice, the experiments were virtually identical.
Where few refers to neurons, less than 10% of the cells were immunopositive; moderate,
10-40%; and many, more than 40%. At one extreme of the distribution (as seen in the
medial nucleus of the trapezoid body and the dorsal nucleus of the lateral lemniscus),
most or almost all of the neurons were immunopositive, whereas the other extreme, none,
implies that no immunopositive neurons were observed in any specimen. The same
procedure was followed for the puncta; in this instance, the scale refers only to an average
density and does not represent qualitative differences. For structures with further
subdivisions, such as the cerebral cortex and the intermediate nucleus of the lateral
lemniscus. the relative density included every layer and all regions; subdivisions of these
or other loci sometimes contained local concentrations or gradients of neurons or puncta,
which are averaged across the entire area. The column, CONNECTIONS, refers to one or
more principal projection targets that are summarized elsewhere and is not intended to be
exhaustive (Zook and Casseday. 1982b, 1987; Olsen, 1986; Frisina et al., 1989; Pollak and
Casseday, 1989; Pollak et al., 1992); the chemical identity of these output pathways may
include both excitatory and inhibitory components, of which some of the latter are
summarized in Figure 16.

The primary conclusions are that (1) each architectonic area has a unique arrangement of
immunoreactivity; (2) the relationship between the number of immunoreactive neurons
and the concentration of puncta in any nucleus was, at best, inconsistent; {3) almost every
possible pattern of immunostaining occurred; {4) no glycinergic neurons were present
above the level of the intermediate nucleus of the lateral lemniscus, although such puncta
were prominent throughout the inferior colliculus; and (5) the many mismatches between
immunoreactive neurons and puncta in a particular nucleus reflect the prominence of
ascending (see Fig. 16) or possible descending (not illustrated) inhibitory projection
neurons.
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Fig. 5. (appears on page 328) GABAergic (left-hand panels) and
glycinergic (right-hand panels) neurons and puncta in the subdivisions
of the cochlear nuclear complex compared in adjacent, semithin postem-
bedded sections at two caudorostral levels. The noteworthy features are
that (1) comparatively few neurons were immunostained except for the
substantial number of Gly+ cells in the dorsal cochlear nucleus
(B:DCN); (2) each subdivision had a specific arrangement of immunore-
activity, including the nucleus of the cochlear nerve root (D:VIIINT); (3)
within a subdivision, there were regional patterns, such as the concen-
tration of GABA+ neurons in the superficial layers of the dorsal
cochlear nucleus (panel A) or the population of Gly+ cells in the
anteroventral cochlear nucleus, posterior subdivision (D:AvCNp). The
small boldface numbers on these panels (and in subsequent illustra-
tions, respectively) refer to the approximate loci from which the
photomicrographs shown at higher power in Figure 6 (or in other
figures) were taken. The left-hand column represents GABA, the
right-hand column, glycine, in all figures except where noted otherwise.
A: In the caudalmost part of the cochlear nucleus, which was dominated
by the dorsal cochlear nucleus, a few GABA+ cells were concentrated
chiefly in layer II (see Fig. 6A). Other clusters of immunoreactive
neurons lay in the deepest part of the dorsal cochlear nucleus, abutting
the nerve root. A few GABA+ cells were scattered in the posterior part
of the posteroventral cochlear nucleus (PvCNp). Protocol for A-D:
planapochromat, N.A. 0.16, x 83. B: In Gly+ material, many more
neurons were immunostained, and these were found mainly in layers
II-IV (see Fig. 6B). C: The posteroventral cochlear nucleus (PvCNa)
contained only a few GABA+ cells, and in this section only rare
examples were present. The anteroventral cochlear nucleus (AvCNp)
also had a few such neurons, and these lay mainly in the ventrolateral
quadrant. D: Glycinergic anteroventral cochlear nucleus cells were
moderate in number; smaller cells were found chiefly in the dorsolateral
one-third of the nucleus, and larger neurons were scattered ventromedi-
ally. In contrast, those in the posteroventral cochlear nucleus were
larger and more evenly distributed. A and C: Plastic embedded section,
1.5-pm thick; GABA (INCstar), 1:2,000 dilution, streptavidin-biotin

.(Kirkegaard and Perry Inc.). B and D: Plastic embedded section, 1.5-um

thick; Gly II (R.J. Wenthold), 1:300 dilution, streptavidin-biotin.

Fig. 6. (appears on page 329) Higher power views of GABA (panels
A, C, and E) and glycine (panels B, D, and F) immunostaining in
cochlear nucleus subdivisions in serial semithin sections prepared
alternately for each transmitter. The specific loci from which these
photomicrographs were taken are shown in Figure 5. Neurons were
considered immunopositive if their cytoplasm was immunostained
darkly and uniformly (D:1-3), although some others were lighter (D:4);
very pale neurons were classified as immunonegative (A, C, E:1,2). See
Discussion for further analysis. A: In the dorsal cochlear nucleus, the
GABA+ neurons were fewer in number and smaller than their Gly+
counterparts (panel B). The fine, granular nature of the puncta was not
especially evident at this magnification, although their density imposed
a dusty quality upon the neuropil (compare with panel B). 1-3: Neurons
colocalizing GABA and Gly; see text for further discussion. Planapochro-
mat, N.A. 0.65, x 390. B: The Gly + neurons were heterogeneous in size
and shape, and most densely concentrated in the middle layers of the
dorsal cochlear nucleus; note the fine, discrete puncta and their
tendency to end in the neuropil and to avoid the perikarya of Gly+
neurons. C: The paucity of GABA+ posteroventral cochlear nucleus
neurons was evident, although some more lightly stained neurons were
seen (1-3; see above). Many cells, some of them Gly+ (D:1-3), received
substantial arrays of perisomatic GABA+ endings. D: The Gly+
neurons in the posteroventral cochlear nucleus were more abundant
than their GABA+ counterparts (panel C; Table 1: PvCN), the puncta
were numerous and comparatively coarse, especially in the neuropil,
and perisomatic endings were, as in the dorsal cochlear nucleus (B),
sparse. E: In the anteroventral cochlear nucleus, only a few small cells
were GABA +, and the puncta formed rosettes about immunonegative
somata (1, 2). F: The Gly+ neurons were larger and more varied in
staining intensity. The distribution of Gly+ puncta was similar to that
of the GABA+ endings (1, 2), indicating that most of the immunonega-
tive neurons of the anteroventral cochlear nucleus received both kinds
of axosomatic terminals or that these terminals might colocalize both
amino acids. A, C, E: Plastic embedded section, 1.5-pm thick; GABA
(INCstar), 1:2,000 dilution, streptavidin-biotin. B, D, F: Plastic embed-
ded section, 1.5-pm thick; Gly II (R.J. Wenthold), 1:300 dilution,
streptavidin-biotin.
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Figure 5. Legend on page 327.
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Lateral lemniscal nuclei

The lateral lemniscus contained three parts—the ven-
tral, intermediate, and dorsal nuclei—and each was excep-
tionally prominent and well developed in the mustache bat
(Zook and Casseday, 1982a). The ventral nucleus had two
cytoarchitectonic subdivisions, a dorsal and a ventral part,
and each had a particular pattern of immunostaining (Fig.
10B). The dorsal part was smaller and lacked the conspicu-
ous columnar neuronal organization that defined the ven-
tral part.

The lateral lemniscal nuclei embodied, collectively, the
most diverse patterns of GABA+ and Gly+ immunoreactiv-
ity in this series of nuclei (Table 1). The dorsal nucleus had
only GABA+ cells, whereas the columnar portion of the
ventral nucleus contained exclusively Gly+ neurons. All
subdivisions received moderate-to-large numbers of puncta,
and both GABA+ and Gly+ endings were almost always
present; sometimes (as in the intermediate nucleus) their
distribution was essentially identical.

Ventral nucleus. The arrangement of immunoreactive
neurons in the two subdivisions of the ventral nucleus was
different. Thus, the many Gly+ cells (Fig. 10B) in the
columnar (ventral) part were oriented in rows between
fascicles of lemniscal axons, which were dispersed through-
out the ventral region. The dorsal part had no apparent
columnar orientation and contained clusters of GABA+
cells intermingled with Gly+ cells. Some neurons in the
dorsal part colocalized both GABA and Gly in alternate
semithin sections; such colocalization did not occur in the
columnar part of the nucleus (Fig. 11A,B).

The organization of Gly+ and GABA+ puncta further
distinguished these subnuclei. The Gly+ puncta were more
concentrated in the dorsal part than in the columnar
region, and they were coarse and globular; some puncta
ended on somata, but most terminated in the neuropil and
onto the somata of immunonegative neurons. The plexus of
Gly+ puncta in the ventral part was appreciably lighter and
included finer and more delicate axosomatic contacts (Figs.
10B, 11B). The GABA+ puncta were also more prominent
dorsally (Fig. 10A). In the dorsal part, endings were mainly
in the neuropil, with some axosomatic and perisomatic
terminals. In the ventral part, GABA+ puncta were much
sparser, almost exclusively axosomatic, and, in contrast to
the dorsal part, most were small and medium-sized granu-
lar endings (Fig. 11A).

Intermediate nucleus. This structure was greatly hyper-
trophied and formed a prominent lobe on the surface of the
brainstem (Fig. 1B). Inmunostaining for GAD, GABA, and
Gly revealed striking, regionally specific, arrangements
both of neurons and puncta (Figs. 1B, 10C,D) that were not
immediately evident in normal cytoarchitectonic prepara-
tions. There was only a modest population of GABA + cells
and these occurred in small clusters, most often in the
central region (Figs. 10C, 11C). Gly+ cells, on the other
hand, were more common and widely dispersed, and they
had regional concentrations in the dorsolateral and ventro-
lateral parts (Fig. 10D: asterisk). Serial semithin sections
stained alternately for GABA and Gly revealed that most of
the GABA+ cells were immunopositive for glycine as well
(Fig. 11C,D:1,2).

The GABA+ puncta formed similar regional concentra-
tions in the dorsolateral and ventrolateral regions (Fig. 1B,
Fig. 10C: asterisk). They also ended as conspicuous periso-
matic rings on both immunonegative and immunopositive
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neurons, whereas in the puncta-poor central zone few such
axosomatic endings occurred. Gly+ puncta (Fig. 2B) had a
similar distribution, the dorsolateral and ventrolateral
areas receiving far more terminals than the central region
(Fig. 10D). Many perisomatic endings were coarse or clasp-
like, and among the largest Gly+ puncta in this survey.
They encircled both immunopositive and immunonegative
perikarya, whereas far finer terminals were plentiful in the
neuropil.

Dorsal nucleus. The dorsal nucleus had a prominent
columnar organization, and nearly all of the neurons were
GABAergic (Fig. 10E). These perikarya were interspersed
among fascicles of immunonegative axons, many of which
proved to be glycinergic (Fig. 10F; see below), especially
those outside the central part of the dorsal nucleus. Two
groups of GABA + cells could be distinguished by the degree
of their immunoreactivity: darkly stained and paler neu-
rons. The latter were somewhat larger than the more
heavily stained neurons (see also Figs. 10E,F, 11E). Connec-
tional and colocalization studies find that the paler cells
project to the contralateral inferior colliculus, whereas the
darker staining cells project ipsilaterally. In these experi-
ments a few retrogradely labeled cells were found bilater-
ally that appeared to be immunonegative, suggesting that
not all dorsal nucleus cells are GABA+ (G.D. Pollak, T.J.
Park, D.T. Larue, and J.A. Winer, unpublished observa-
tions).

The GABA+ puncta formed dense islands between the
pale columns of GABA-negative lateral lemniscal axons
(Fig. 10E). Delicate strands of preterminal axonal frag-
ments passed between these GABA-rich domains. These
aggregations contained a matrix of medium-sized and large
globular puncta that ended both upon somata and in the
neuropil (Fig. 11E), with the latter arrangement the most
common. Some axosomatic endings were quite large and
encircled much of the perikaryal membrane.

The organization of Gly+ puncta in the dorsal nucleus
was quite different (Figs. 10F, 11F). Their overall contribu-
tion to the cells and neuropil was far more delicate than
that of their GABA+ counterparts (Figs. 10E, 11E). Some
neurons received many Gly+ puncta, and others, very few.
Puncta-recipient neurons were found chiefly in the lateral
aspect of the nucleus. The puncta could represent endings
of collaterals of the large Gly+ axons that ascended in
conspicuous fascicles through the nucleus. The thicker,
vertically oriented Gly+ preterminal trunks were traced
directly into the inferior colliculus (Fig. 2B:LL).

No single picture or simple pattern can capture the
complexity and diversity of the GABAergic and glycinergic
arrangements in the nuclei of the lateral lemniscus. Like
the trapezoid body nuclei, the lateral lemniscus embodied
the widest range of patterns seen here. One nucleus was
predominantly GABAergic (dorsal nucleus), another was
purely glycinergic (ventral nucleus, ventral part), and oth-
ers contained both types of neurons (ventral nucleus, dorsal
part; intermediate nucleus). Neuronal colocalization of
GABA and glycine was not seen in the former, more
chemically homogeneous nuclei, whereas it was common in
the latter. The range of immunopositive endings was,
likewise, broad, ranging from large axosomatic terminals
(GABA in the ventral nucleus, Gly in the intermediate
nucleus) to far finer populations in the neuropil (GABA and
Gly in the ventral nucleus). Such richness in form supports
the idea of an equally specific regional segregation of
function within the lateral lemniscal nuclei.
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Inferior colliculus

The chief subdivisions of the inferior colliculus included
the dorsal cortex, the external nucleus, and the central
nucleus (Zook et al., 1985). Each has a unique set of
connections, physiological properties, and neurochemical
organization. The exposition that follows concentrates pri-
marily on the central nucleus because it is the principal
target of the ascending auditory pathway (Zook and Casse-
day, 1982b; Aitkin, 1986; Ross et al., 1988; Frisina et al.,
1989; Pollak and Casseday, 1989).

The immunostaining patterns here were very different
from those in other brainstem auditory nuclei in several
significant ways. First, the inferior colliculus had only
GABAergic neurons (Fig. 12A,C) and no glycinergic neu-
rons (Fig. 12B,D). Second, there was an abundance of
GABAergic (Fig. 13A,C,E) and glycinergic puncta (Fig.
13B,D,F) with close proximity to most, if not all, central
nucleus neurons. Third, the pattern of GABA+ and Gly+
puncta innervation was complementary: where GABA+
puncta were most abundant, Gly+ puncta were sparsest,
and where Gly+ puncta were most plentiful, GABA+
puncta were fewest (compare Fig. 12A and B:LL).

We estimate that about 20% of central nucleus neurons
were GABAergic (Fig. 12C), and there were no glycinergic
neurons nor or any somatic colocalization (Fig. 12D). The
GABAergic cells were distinguished by their diversity and
included small, medium-sized, and large neurons (Fig.
12C); in fact, the smallest and largest neurons in the
inferior colliculus were GABAergic. GABAergic cells may
therefore include both intrinsic neurons, many of which are
small cells, and projection or principal neurons, which
presumably are larger cells. Every part of the central
nucleus shared these traits.

The puncta were everywhere extremely abundant, and
each subdivision had among the heaviest concentration of
both GABAergic and glycinergic puncta (especially the
former) of any auditory region in this series. The GABAer-
gic puncta presented several patterns. There were promi-
nent axosomatic endings (Fig. 13A:1) as well as many
terminals in the neuropil (Fig. 13C), and both popula-
tions were variable in size. There was, moreover, a strik-
ing internal gradient such that the GABAergic puncta
were prevalent dorsally (Fig. 13A) and less pronounced
more ventrally, near the lateral lemniscal entry zone (Fig.
13E).

The Gly+ puncta in the central nucleus were equally
prominent. Their preterminal trunks were traced as a
massive glycinergic projection ascending with the lateral
lemniscus toward the inferior colliculus (Figs. 2B, 12B).
Like their GABAergic counterparts, the Gly+ puncta had
diverse sizes, shapes, and targets, including prominent
axosomatic endings in the dorsoposterior (Fig. 13D:DpD)
and dorsomedial (Fig. 13F:DmD) subdivisions, and fewer in
the dorsal cortex (Figs. 12B, 13B:DC). Delicate terminals
were present in the neuropil in each subdivision. The
spatial distribution of Gly+ puncta was the inverse of the
GABAergic pattern: they were much more numerous in the
ventral portion of the central nucleus and sparser dorsally
(Fig. 12B). Although still plentiful in the most superficial
parts of the dorsal cortex, there were progressively fewer
axosomatic endings (compare the upper and lower halves of
Fig. 13B).
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Fig. 7. (appears on page 332) Distributions of GABA (left side) and
glycine (right side) in the olivary complex and trapezoid body nuclei.
Planapochromat, N.A. 0.32, x 156. The small numbers refer to higher
magnification views shown in Figure 8. A, B: Lateral superior olive,
with GABA+ preterminal fibers and puncta pronounced in the medial
limbs and glycinergic neurons most conspicuous in the lateral one-
third. Many peri- and paraolivary neurons were immunoreactive; these
cells often abutted the margins of the olive (arrows), and their dendrites
followed or crossed the neuropil border. Few olivary neurons were
immunostained for GABA, and approximately one-third were glyciner-
gic. C, D: In the medial superior olive, where neurons positive for either
GABA or glycine were concentrated along the dorsomedial half, a
segregation especially marked in the glycine material. Many more
preterminal glycinergic fibers were immunostained, which imparted a
coarser texture to the neuropil. In other regions, such as in the inferior
colliculus, where the preterminal glycine immunoreactivity was not so
robust, the granular quality of the terminal plexus was much more
evident and readily comparable to the GABAergic puncta (see Fig. 12C,
D). A question arises about the correspondence between the structure
we have designated as the medial superior olivary nucleus and the
corresponding nucleus in other mammals. Although we have so denoted
it on the basis of prior, architectonic studies (Zook and Casseday,
1982a), the question of its identity is by no means resolved (see Grothe
et al. [1992] for further discussion; see also Irvine [1986] and Schofield
and Cant [1991] for comparative considerations). E, F: In the medial
nucleus of the trapezoid body, there were no GABAergic neurons but
many GABAergic puncta terminating upon the immunonegative peri-
karyal sithouettes, and few or no glycine-positive puncta among the
many intensely immunoreactive glycinergic neurons. All neurons re-
ceived a dense investment of somatic endings. There was a broad
distribution in neuronal somatic size. In contrast, the ventral nucleus
of the trapezoid body (VNTB) had both GABAergic (E) and glycinergic
(F) neurons; some of the GABAergic cells projected to the ipsilateral
inferior colliculus (D.T. Larue, T.N. Park, G.D. Pollak, and J.A. Winer,
unpublished observations). A, C, E: Vibratome sections, 50-pm thick,
GABA (INCstar), 1:5,000 dilution, avidin-biotin immunoperoxidase,
free-floating. B, D, F: Glycine (Gly I, R.J. Wenthold), 1:400 dilution,
avidin-biotin, free-floating.

Fig. 8. (appears on page 333) Higher magnification views of the
patterns of immunoreactivity in the lateral superior olive (A, B), medial
superior olive (C, D), and medial nucleus of the trapezoid body (E, F).
These photomicrographs were taken from semithin material. The
numbers in Figure 7 indicate their comparable locations on matching
sections only. Planapechromat, N.A. 1.0, x 825. Adjacent, serial
semithin sections prepared for postembedding immunocytochemistry.
A: GABA immunonegative neurons (1, 2) received more axosomatic
endings than immunopositive (3) cells. Many of the puncta were fine
and granular. B: All lateral superior olivary neurons (1-3) were the
target of glycinergic axosomatic endings, and these were comparatively
large and globular. Sometimes they ringed the cell almost completely
(2), and in other cases they were less concentrated (1). An occasional
neuron (3) was immunopositive for both GABA and Gly. C: In the
medial superior olive, all the GABA-negative neurons received some
axosomatic endings, many of which were larger than those terminating
on lateral superior olivary cells. Most cells (1, 2) received both GABA+
and Gly+ endings. D: Axosomatic glycinergic terminals in the medial
superior olive tended to be sparser than their counterparts in the lateral
superior olive. Some GABA axonal profiles were glycine immunoreac-
tive (3), and some coarse, presumptively preterminal, axons were also
immunostained. E: The medial nucleus of the trapezoid body was
devoid of GABA+ cells and had a moderate number of immunoreactive
axosomatic puncta, including small (small arrowheads), medium-sized
(medium-sized arrowheads), and large (large arrowheads) types. Like
the GABAergic endings in the lateral (A) and medial (C) superior olives,
these formed irregular perisomatic clusters, although their concentra-
tion was much lower than that elsewhere in the olivary complex. F: No
glycinergic puncta were seen in the medial nucleus, and only a few
preterminal segments were present. The resolution of the semithin
material was not adequate to detect whether any extremely small
axosomatic endings might have been present. A, C, E: Plastic embedded
section, 1.5-pm thick; GABA (R.J. Wenthold), 1:1,000 dilution, avidin-
biotin. B, D, F: Plastic embedded section, 1.5-pm thick; Gly II (R.J.
Wenthold), 1:300 dilution, avidin-biotin.
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Figure 7. Legend on page 331.
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Medial geniculate body

The principal auditory thalamic architectonic subdivi-
sions recognized in other studies (Olsen, 1986; Casseday et
al., 1989) also had patterns of GABA immunostaining that
were consistent with them. Since a more complete report on
GABA/GAD immunoreactivity is available (Winer et al.,
1992), only the principal features are summarized here and
some new observations are documented. While very few—no
more than 1%-—of the cells were GABAergic, abundant
immunoreactive puncta were found in every subdivision
(Fig. 14A). In a global sense, this pattern resembled that in
the rat medial geniculate body (Winer and Larue, 1988). No
immunoreactivity to glycine was observed.

Almost all the small number of GABAergic cells were
found in the dorsal division, which is considered as outside
the targets of the lemniscal auditory pathway (Winer and
Morest, 1983, 1984). There were none or only a very few
immunostained neurons in the medial division, whereas
the ventral division had an intermediate number. Such cells
were 8-10 pm in diameter with oval or drumstick-shaped
somata and little dendritic immunoreactivity.

Despite the overall paucity of auditory thalamic GABAer-
gic neurons, each division had a particular and robust
pattern of GABAergic puncta whose form and density were
specific and differentiated them on both numerical and
qualitative grounds (Fig. 14C-E). Thus, many ventral
division puncta (Fig. 14C) were medium-sized (1-2 pm in
diameter), with a few finer endings, many of which en-
circled immunonegative neuronal somata. In contrast, the
dorsal division puncta had a different arrangement (Fig.
14D). Numerically, they were about half as dense as those
in the ventral division, and they were mostly fine (ranging
from less than 0.5 to 1 pm in diameter) and granular (as
opposed to globular) in form. They appeared to end predomi-
nantly in the neuropil, although some immunonegative
perikarya also received a significant number; immunoposi-
tive neurons received few terminals, like cells in the ventral
division. The medial division puncta differed strikingly
from those in the other auditory thalamic regions. They
were the largest (2-3 pm in diameter) and coarsest in the
medial geniculate body (Fig. 14E), and their number was
about three-fourths of the value in the ventral division.
Their size and the density of the preterminal segments
imparted a highly reticulated texture onto the medial
division neuropil and enhanced the impression of its GAB-
Aergic nature. Most of the endings terminated freely in the
neuropil, and immunonegative cells received some as well.
In many respects, this pattern matched that seen in the rat
(Winer and Larue, 1988).

Fig. 9. Immunostaining in the nucleus of the central acoustic tract
in an adjacent pair of semithin sections. These large neurons were
immunonegative for either GABA or glycine; the small, stained soma
(lower right-hand corner) is a lemniscal neuron outside the nucleus of
the central acoustic tract. Planapochromat, N.A. 0.8, x 413. A: All
neurons received GABA+ axosomatic endings, and these extended, in
fortuitously sectioned examples, well onto the proximal dendrites (2);
similar observations also applied to the glycinergic puncta (B:2).
Although the GABA immunostaining was more punctate and delicate
than that for glycine, the number of axosomatic terminals was substan-
tial. B: An appreciable number of glycine immunoreactive puncta
virtually enveloped the somatic membrane of nonglycinergic neurons.
Glial profiles were occasionally immunostained (above 1, beneath 2). A:
Plastic embedded section, 1.5-um thick; GABA (INCstar), 1:3,000
dilution, streptavidin-biotin. B: Plastic embedded section, 1.5-pm thick;
Gly 11 (R.J. Wenthold), 1:300 dilution, streptavidin-biotin.
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In summary, the medial geniculate body had very few
GABAergic neurons—about 1% of the total number of
cells—and these were concentrated primarily in the dorsal
division, with few in the ventral division and none, appar-
ently, in the medial division. In contrast, each division
differed with respect to the GABA+ puncta, with the dorsal
division having a sparse number of fine endings, the ventral
division many medium-sized terminals, and the medial
division abundant coarse puncta. Subdivisions with the
most conspicuous puncta (the medial and ventral divisions)
had the fewest GABA+ cells, whereas the dorsal division,

Fig. 10. (appears on page 336) Immunostaining for GABA (panels
A, C, E) and glycine (panels B, D, F) in the lateral lemniscal nuclei.
Planapochromat, N.A. 0.65, x 390. A, B: Comparison of GABA and
glycine immunoreactivity. The dorsal part of the ventral nucleus had
many GABAergic neurons and a dense plexus of puncta and a compa-
rable number of glycinergic cells and terminals. In the ventral or
columnar part, however, rows of intensely glycinergic neuronal somata
(B) were ringed with axosomatic GABAergic terminals (A); see also
Figure 11A B. C, D: Immunostaining in the intermediate nucleus was
remarkably heterogeneous. Thus, both the GABAergic and the glyciner-
gic puncta were concentrated in the dorsolateral (presumptive 60 kHz)
and ventrolateral (presumptive 90 kHz) subregions (asterisks). How-
ever, the glycinergic cells were distributed widely and were numerous
(Table 1). In contrast, the GABAergic cells were less common and they
were scattered singly or formed small groups in the central part, where
they were concentrated. E, F: The dorsal nucleus contained almost
exclusively GABA+ cells and had a columnar organization resembling
that in other species (Adams and Mugnaini, 1984; Mugnaini and Oertel,
1985). The glycinergic axons were abundant and coursed among the
immunonegative lateral lemniscal fibers entering the inferior collicu-
lus, suggesting that many ascend from sublemniscal sources (see Table
1 and Fig. 16). A, C, E: Vibratome section, 50-pm thick; GABA
(INCstar), 1:5,000 dilution, avidin-biotin immunoperoxidase, free-
floating. B, D, F: Gly I (R.J. Wenthold), 1:400 dilution, avidin-biotin,
free-floating.

Fig. 11. (appears on page 337) Higher magnification views of
postembedded, adjacent pairs of semithin sections from the vicinity of
the lateral lemniscal nuclei. The approximate locus from which these
observations were taken is denoted by the small numbers in Figure 10.
Immunoreactivity in these nuclei of the lateral lemniscus encompassed
the full range of patterns encountered in this survey and included those
with almost entirely GABAergic (E:DNLL) or glycinergic (B:VNLLv)
neuronal populations, whereas others (C,D:INLL) contained intermedi-
ate concentrations of both types. The puncta, in contrast, were more or
less prominent throughout these nuclei (Table 1: LATERAL LEMNIS-
CAL NUCLEI). Planapochromat, N.A. 0.65, x 390. A: All neurons in
the ventral nucleus received axosomatic GABA+ endings, and there
were only sparse terminals in the neuropil. B: In contrast, the Gly+
endings were concentrated in the neuropil, with far fewer on the Gly+
perikarya. C: A cluster of GABA+ cells in the intermediate nucleus
received few axosomatic puncta compared with those ending on neu-
rons in the columnar part of the ventral nucleus, and there was an
appreciable number of large, coarse endings in the neuropil. See panel D
for the significance of the numbers. D: In contrast, Gly+ endings
covered much of the somatic surface and were equally abundant in the
neuropil. Both GABA+ and GABA— neurons received these endings.
Many neurons were immunopositive for both (1, 2), whereas others
were immunonegative for glycine (3) yet positive for GABA (C:3). E:
The dorsal nucleus had almost exclusively GABA+ cells and abundant
puncta (Table 1: BNLL) that ended both on neuronal somata and in the
neuropil. Note the larger, more lightly stained neurons and the small,
darkly stained cells. F: The Gly+ puncta also ended on perikarya and in
the neuropil, and fascicles of preterminal trunks (left-hand side)
ascended toward the inferior colliculus (Fig. 12B). A, C, E: Plastic
embedded section, 1.5-um thick; GABA (INCstar), 1:1,000 dilution in
A, 1:2,000 dilution in C and E. B, D, F: Plastic embedded section,
1.5-pm thick; Gly II (R.J. Wenthold), 1:300 dilution, streptavidin-
biotin.
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Figure 10. Legend on page 335.



Figure 11. Legend on page 335.
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with the preponderance of such cells, had far fewer puncta.
No glycinergic neurons or puncta were immunostained in
any subdivision.

Auditory cortex

As in the medial geniculate body, auditory cortical immu-
nostaining revealed only GABA+ neurons and puncta.
About 16% of cortical neurons were GABA +, ranging from
less than 10% in layer II to about 80% in layer I (J.A. Winer,
L.A. Bui, J.H. Hong, J.J. Prieto, and D.T. Larue, in
preparation). The present values are somewhat lower than
those reported in rat (Winer and Larue, 1989) and cat
(Prieto et al., 1994a,b) auditory cortex and in primate
sensory-motor cortex (Hendry et al., 1987).

The present survey includes characteristic patterns of
immunoreactivity in a region that probably corresponds
spatially to a subdivision in the primary auditory field, the
Doppler-shifted constant frequency area, which has been
defined in physiological mapping studies (Suga et al., 1983);
other landmarks included the cytoarchitecture and the
configuration of blood vessels in unperfused specimens.
Measurements from the dorsal and caudal poles of the
hemisphere confirmed that these observations were con-
fined to auditory cortex, without specifying their locus more
precisely.

Many GABA+ neurons were evident (Fig. 15A), and
there were no Gly+ cells (Fig. 15B). Layer I was distinct
from the other layers in that all or almost all of the neurons
were GAD+ or GABA+ (Fig. 15C:I). Only nonpyramidal
neurons were immunostained, a finding that was repeated
(with one possible exception) in the deeper layers. Layer I
was very thick, comprising 20% of the cortical depth (Fig.
15A:1) compared with about 11% in the rat (Winer and
Larue, 1989) and almost 10% in the cat (Winer, 1992). The
GABA+ neurons were found in both the superficial and
deep portions of layer I, although they were more common
in the latter, and cells with round somata as weil as neurons
with a vertical or horizontal somatodendritic arrangement
were seen. The puncta, however, had a different sublaminar
pattern: they were concentrated in the superficial half of
layer Ia and were appreciably less numerous elsewhere in
layer I (Fig. 15C:I). Most were medium-sized and globular
in shape, especially those in the deepest three-fourths of the
layer, whereas terminals in the upper one-fourth were finer
and more granular and tended to fuse with one another,
forming a lacy texture. Many of the endings were less than
0.5 wm in diameter and appeared less numerous on neurons
than in the neuropil. These patterns resemble those seen in
layer I in the rat (Winer and Larue, 1989).

In layer II the proportion of GABA+ neurons was much
lower, but these were equally diverse in form and included
cells 8-15 pum in diameter; some had a vertical somatoden-
dritic orientation (Fig. 15C:1), and others had lateral
processes stained extensively. Clusters of 2-5 GABA+
neurons were relatively common (Fig. 15A:11), and many of
these cells were immunostained darkly. The puncta like-
wise had an organization that alone would have defined this
layer: they were much larger than those in layer I and
formed conspicuous perisomatic baskets on the densely
packed immunonegative cells (Fig. 15C:2), with far fewer
endings onto GABA + neurons.

Layer III GABA + neurons also varied in size and shape
(Fig. 15A:1I1), ranging from 9 to 15 pm in diameter; their
perikaryon was oval and slightly elongated, vertically or
horizontally. Some of the largest such cells were compa-
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rable in size with the immunonegative pyramidal neurons.
These GABA+ cells appeared more dispersed than those in
layer II, perhaps as a result of the decreased packing
density. Layer III puncta were equal or slightly larger than
those in layer II, but sparser; although they were apparent
on both GABA+ and GABA- neurons, they formed less
often the globular axosomatic rosettes on immunonegative
neurons that were characteristic of layer II.

Layer IV was thin and its cytoarchitecture was domi-
nated by nonpyramidal neurons wedged between the pyra-
midal cell-rich populations above and below it (Fig. 15A:1V).
The range of sizes among GABA+ neurons was compar-
atively narrow, about 8-12 pm, but the cells were just as
diverse as those in other layers, and included small oval
neurons and larger cells with vertical or lateral orienta-
tions. The GAD+ puncta resembled those in layer III in size
and shape; perisomatic endings on immunonegative cells
were prominent,

Many layer V neurons were GABA+; such cells were
concentrated preferentially in the inner half and, as in
other layers, included small, medium-sized, and large types
(Fig. 15A:V). Among the larger cells, there was a variety of
somatodendritic arrangements, with both vertical (Fig.
15D:3) and horizontal (Fig. 15D:2) orientations. The
GABA+ puncta formed conspicuous endings about the
somata and dendrites of pyramidal cells (Fig. 15D:1) and
often outlined the apical trunks as they ascended.

Layer VI GABA + neurons had a unique arrangement. As
in layer II, they were relatively rare; they occurred mainly
in layer VIb and were comprised mainly of small or
horizontally oriented neurons at the expense of larger cells
(Fig. 15A:VI); such neurons could be seen far into the
underlying white matter. The GAD+ puncta were fine and
granular and resembled those in layer V, although promi-
nent axosomatic or peridendritic concentrations of these
endings were unusual. The puncta declined abruptly at the
border between layer VIb and the white matter.

In summary, the GABAergic organization of the auditory
cortex embodied a wide variety of patterns, ranging from
the overwhelmingly GABAergic neuronal population in
layer I to the comparatively smaller proportion of such cells
in layers II and VI. The puncta likewise had conspicuous
interlaminar differences, and those in the granule cell-
dominated layers were far larger and coarser than their
infragranular counterparts. As in the auditory thalamus,
no Gly+ neurons or puncta were present.

DISCUSSION
Technical considerations

Colocalization of GABA and Gly in some neuronal and
axonal populations. Postembedding immunostaining in
adjacent semithin sections reveals that certain areas of the
brain contain neurons and axons that are immunopositive
for both glycine and GABA, including the dorsal cochlear
nucleus (Wenthold et al., 1987; Osen et al., 1990; Kolston et
al.,, 1992), the cerebellum (Ottersen et al., 1987), the
perihypoglossal nuclei (Yingcharoen et al., 1989), and the
vestibular nuclei (Walberg et al., 1990). In the present
study, serial semithin sections incubated with antisera to
GABA or Gly conjugates contain many cell bodies that were
immunopositive for both in certain nuclei (such as the
dorsal cochlear nucleus, medial superior olive, ventral
nucleus of the lateral lemniscus [dorsal part], and the
intermediate nucleus of the lateral lemniscus), whereas in
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TABLE 2. Patterns of Neuronal Somatic Colocalization of GABA and
Glycine in the Mustache Bat Central Auditory Pathway!

Nuclei with no
colocalization

Nuclei with some
colocalization

Nuclei with significant
colocalization

medial nucleus of the
trapezoid body

dorsal cochlear nucleus lateral superior olive

ventral nucleus of the
lateral lemniscus,
dorsal part

ventral nucleus of the
lateral lemniscus,
ventral part

posteroventral cochlear
nucleus, posterior part

medial superior olive
intermediate nucleus of
the lateral lemniscus

dorsal nucleus of the
lateral lemniscus

inferior colliculus

1Summary and comparison of the nuclear distribution of neurons colocalizing GABA and
glycine in the mustache bat. The findings reported here were confirmed in several
specimens and were not contingent on a particular antiserum, specific dilutions, or
different periods of incubation. Significant means that more than 10% of the neurons
shared this feature; some, that 5-10% did; and none, that no neurons were ever
immunostained.

others, such colocalization was not observed (medial nucleus
of the trapezoid body, ventral nucleus of the lateral lemnis-
cus [columnar part], dorsal nucleus of the lateral lemnis-
cus, and the inferior colliculus; see Table 2). Axons positive
for both substances were seen occasionally in the neuropil
of various nuclei, usually where colocalized neurons were
present.

Interpreting such colocalization can be problematic. Gly-
cine, the smallest and structurally the simplest amino acid,
participates in several metabolic pathways in the central
nervous system (Daly and Aprison, 1982) and is likely to be
present at some level in all neurons. In addition, evidence
regarding glycine’s role as a potentiator of glutamate at
N-methyl-D-aspartate receptors underscores its importance
in the extracellular milieu (Daly and Aprison, 1982; Johnson
and Ascher, 1987). Despite its broad metabolic role, it was
the marked regional concentrations of glycine in the spinal
cord that first led to speculation about its neurotransmitter
function (Aprison and Werman, 1965). Neurons considered
to be glycinergic are thought to have a concentration
specific to the neurotransmitter pool several times, and
perhaps orders of magnitude, higher than the levels of
metabolic and structural glycine. The extraordinarily low
background staining seen in our material when using the
glycine antiserum at its proper dilution attests to the
validity of this precept. Fortunately, GABA has no known
role as a metabolic intermediate. Thus, in the medial
superior olive and the dorsal cochlear nucleus, where
glycine is often detected in the same cells that are also
immunopositive for GABA, a plausible interpretation is
that the glycine may be of metabolic origin, whereas GABA
probably has a transmitter-specific role. In areas such as
the intermediate nucleus of the lateral lemniscus, where
most GABA+ neurons are also strongly immunoreactive
for Gly, it is harder to dismiss the possibility that such cells
might use both as transmitters for specific neuronal signal-
ing. It is possible that certain classes of GABAergic neurons
contain high levels of metabolic glycine (see Burger et al.,
1991). In any event, it is noteworthy that no such neuronal
colocalization has been reported using immunostaining in
certain regions, namely the cerebral cortex, medial genicu-
late body, inferior colliculus, and the dorsal nucleus of the
lateral lemniscus, each of which has neurons and axons
marked consistently and only for GABA, nor in the colum-
nar part of the ventral nucleus of the lateral lemniscus, or
in the medial nucleus of the trapezoid body, both of which
are immunopositive for glycine exclusively. Thus, if the
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Fig. 12. (appears on page 340) GABA (A, C) and glycine (B, D)
immunoreactivity in the inferior colliculus, showing both complementa-
rity and segregation. Although there were GABAergic neurons through-
out the inferior colliculus, they were sparsest in the lateral lemniscal
(LL) entry zone, where the glycinergic puncta and preterminal axons
were especially prominent. A, C: All subdivisions had many GABAergic
neurons, a population that included a wide range of sizes and shapes
and some of the largest and the smallest cells. Box in A shows the
approximately comparable region for these observations. B, D: The
glycinergic puncta were most conspicuous in the basalmost one-third of
the inferior colliculus, where GABAergic elements were less common.
Concentrations of axosomatic endings occurred upon immunonegative
cells in the anterolateral division (AlD) and in the lateral lemniseal {LL)
entry zone; puncta were more dispersed and granular in the dorsome-
dial division (D:DmD). Glycinergic puncta were present in moderate
numbers to the limits of the dorsal cortex, although they declined in
prominence and they formed fewer perikaryal rings dorsal to the lateral
lemniscus. In contrast, the GABAergic neurons were concentrated
outside the lateral lemniscal entry zone (A, C). Comparatively few
GABA+ axosomatic endings were present on the GABAergic cells,
though this was not readily evident at this magnification. A: Planapo-
chromat, N.A. 0.04, X 63; B: as in A, darkfield illumination; C, D:
planapochromat, N.A. 0.32, X 156. A, C: Plastic embedded section,
1.5-pm thick; GABA (R.J. Wenthold), 1:1,000 dilution, avidin-biotin. B:
Vibratome section, 50-pm thick; Gly I (R.J. Wenthold), 1:1,500 dilu-
tion, ABC avidin-biotin, free-floating. D: Plastic embedded section,
1.5-pum thick; Gly II (R.J. Wenthold), 1:300 dilution, avidin-biotin. C
and D are adjacent sections; box in A denotes their approximate
location.

Fig. 13. (appears on page 341) Contrasting patterns of chemical
anatomic organization in subdivisions of the inferior colliculus. Each
photomicrograph straddles the border of two nuclear regions to illus-
trate the contrasting puncta patterns, which were most clearly evident
in the glycine immunostained material (B, D, F). The dorsal cortex (A)
had many more GABA + puncta than at the junction of the two central
nucleus subdivisions (B), whereas the border of the dorsomedial
division and the lateral lemniscus (E) had many preterminal fibers and
a few comparatively coarse puncta. Moreover, across nuclei (panels A,
C, E), there were clear differences in density (see Table 1: INFERIOR
COLLICULUS). Planapochromat, N.A. 0.65, x 390. A: At the border of
the dorsal cortex (DC) and the dorsoposterior division (DpD), the
GABA+ puncta were uniformly heavy, and many neurons were immu-
nopositive. 1: GABAergic cell receiving many GABA+ and sparse Gly+
(B:1) endings. 2: Immunonegative neuron targeted by many GABA+
and few Gly+ puncta. B: The Gly+ endings, in contrast, were fewer in
number, comparatively coarser, and concentrated in the neuropil
rather than on somata, as they did in the anterolateral division (D:AlD).
They became progressively finer toward the dorsal cortex. No glyciner-
gic cells were present, nor was there neuronal colocalization (Table 2).
C: Most GABA+ puncta in the dorsoposterior division were fine and
granular, both on cell bodies and in the neuropil. 3: A GABA-negative
neuron had few GABA+, and many Gly+, endings (D:3). 4: Other
GABA- cells received comparable numbers of GABA+ and Gly+
puncta. Within the central nucleus, there was a less marked difference
in the GABAergic than in the glycinergic organization (compare with
panel D). D: Neurons in both the anterolateral (AID) and dorsoposte-
rior (DpD) divisions were studded with axosomatic endings, and there
were many terminals in the neuropil as well. The puncta were most
conspicuous on anterolateral division neurons, and they were apprecia-
bly larger than GABA + boutons (C). The border between the anterolat-
eral and dorsoposterior divisions was distinct (dots). E: Endings in the
ventral part of the dorsomedial division (DmD) were large and coarse,
and abundant, thick, preterminal processes, perhaps ascending toward
other targets, were also evident. 5: Some GABA+ neurons received
both GABA+ and Gly+ axosomatic endings. 6: Other cells received
Gly+ puncta chiefly. F: At the border of the lateral lemniscal (LL) entry
zone and the DmD, there was an abrupt increase in the density of
glycinergic axosomatic endings that often encircled GABA+ cells, and
ascending immunopositive preterminal trunks were prominent. A, C,
E: Plastic embedded section, 1.5-um thick; GABA (INCstar), 1:5,000
dilution, avidin-biotin. B, D, E: Plastic embedded section, 1.5-um thick;
Gly II (R.J. Wenthold), 1:300 dilution, avidin-biotin.
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Figure 12. Legend on page 339.
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Figure 14
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glycine detected in some GABA-stained neurons is of
metabolic origin, the fact that the GABAergic elements in
other nuclei are consistently free of this metabolite under-
scores the marked heterogeneity we have observed in
GABAergic cell populations. Perhaps such colocalization
represents a functional, as opposed to a metabolic, phenom-
enon and might thus be relevant physiologically. This
seems to be the case in other such instances in the
vertebrate and invertebrate nervous systems (Ottersen et
al., 1987; Kupfermann, 1991).

With regard to the question of whether antisera to GAD
and GABA identify the same populations of neurons, the
evidence from biochemical studies suggests a high degree of
concordance between them (Katarova et al., 1990). In this
material, the results from GABA or GAD immunostaining
were virtually identical: each marked the same neuronal
group and types of cells, and the distribution of puncta
between them was indistinguishable in a section-by-section
comparison (material not illustrated; but see Prieto et al.,
1994b, Figs. 3, 4).

A second consideration is the technical variability inher-
ent to immunocytochemical studies. Many variables, includ-
ing appropriate fixation, adequate etching of embedment
during deplasticization, concentration of blocking serum,
incubation time and temperature, chromogen sensitivity,
and the osmolarity of buffer vehicles, all interact. Even with
standardized protocols, an empirical approach to the opti-
mal antiserum dilution is most appropriate. This is espe-
cially the case in postembedding immunocytochemistry,
where dilutions of the same antiserum were varied over a
fivefold range with similar results. The technical specifica-
tions included in each figure legend are intended to docu-
ment these procedures and to serve as a point of departure
and comparison.

A third technical issue is that some neurons are more
darkly immunostained than others. Such differences, espe-
cially in thicker, free-floating sections, could reflect the
vagaries of immunopenetration. Combined tract-tracing
and immunostaining studies suggest that in some struc-
tures these differences might reflect chemically specific
patterns of projection. Neurons in the dorsal nucleus of the
lateral lemniscus that project to the contralateral central
nucleus of the inferior colliculus are paler than ipsilaterally
projecting cells in the same nucleus (D.T. Larue, T.J. Park,
J.A. Winer and G.D. Pollak, unpublished observations).

Fig. 14. A: The distribution of GABAergic neurons and puncta in
the medial geniculate body was specific to each subdivision. Most of the
GABA+ cells were found in the dorsal division nuclei (D, DS), fewer
were seen in the ventral division (V1], Vm), and none were present in the
medial division (M). B: There were no glycinergic neurons or puncta
(the three stained profiles are red blood cells). Planapochromat, N.A.
0.32, x 156. C-E: The puncta were best seen in thick sections
immunostained free-floating for GABA. C: The ventral division had a
robust array of medium-sized endings more numerous than those in
the dorsal nuclei and far finer than those in the medial division. D: The
dorsal division puncta were comparatively sparse and delicate (except in
the suprageniculate nucleus; see also Fig. 4:Sg in Winer et al., 1992). E:
The medial division had extremely coarse puncta and large-caliber
preterminal processes. Semiapochromat, N.A. 1.25, x 984; differential
interference contrast (Nomarski) optics. A: Vibratome section, 50-pm
thick; GABA (INCstar), 1:5,000 dilution, avidin-biotin, free-floating. B:
Vibratome section, 50-pm thick; Gly II (R.J. Wenthold), 1:1,500
dilution, avidin-biotin, free-floating, C—E: Vibratome section, horizon-
tal plane, 50-um thick; GABA (INCstar), 1:5,000 dilution, avidin-
biotin, free-floating.
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Although this could reflect a metabolic rather than a purely
connectional phenomenon, it may still be germane to
questions of relative size of axon terminal domains or ipsi-
versus contralateral discharge rates.

Inhibitory neural elements are prominent
throughout the central auditory pathways

The most striking finding in our survey is the prominence
and the diversity of the inhibitory pathways and neural
elements recognized by these antisera. These features are
especially evident in the brainstem. The size and complexity
of the Gly+ pathway is confirmed by the many Gly+ axons
that form virtually a continuous network running from the
superior olivary and periolivary regions through the nuclei
of the lateral lemniscus and terminating in the inferior
colliculus. The GABAergic organization is almost certainly
as prominent and even more widespread than that of
glycine. However, as the GABAergic preterminal axons are
not always stained as fully as those for glycine, they are not
as evident (compare Figs. 8C,D, 9A,B, 11A,B) and, indeed,
they may not participate in as many remote projections as
do glycinergic neurons. Nevertheless, the net result is that
the glycinergic and GABAergic axons commingle with
immunonegative fibers to form a parallel, ascending (and
perhaps descending) pathway that comprises a substantial
component of the lateral lemniscus.

In addition to the prominence and breadth of inhibitory
substrates in this study, the sheer variety in these patterns
was equally striking. Almost every conceivable structural
arrangement is represented in one nucleus or another. This
is demonstrated both by the diversity of inhibitory neurons
among nuclei and by the distribution of inhibitory puncta.
Some nuclei have largely or only GABAergic neurons (for
example, the dorsal nucleus of the lateral lemniscus) or only
glycinergic cells (such as the columnar part of the ventral
nucleus of the lateral lemniscus). Other nuclei have GABA +
or Gly+ neurons as well as substantial numbers of immu-
nonegative cells. The inferior colliculus contains GABAer-
gic neurons, no Gly+ cells, and many immunonegative
cells, whereas the lateral superior olive has many Gly+
neurons, few GABAergic cells,and many GABA-Gly immuno-
negative neurons.

The concentrations of GABA+ and Gly+ puncta have an
equally diverse pattern among nuclei. Some centers were
dominated by Gly+ puncta with only few GABA puncta,
such as the medial superior olive. Others, such as the
ventral part of the ventral nucleus of the lateral lemniscus,
were dominated by GABA + puncta and had far fewer Gly +
puncta. Still others, like the inferior colliculus, had both
types of puncta in relative abundance. A few nuclei dis-
played a pattern of puncta immunoreactivity that was
nonuniform within the nucleus, even when the cytoarchitec-
ture did not reveal conspicuous intranuclear differences.
The most dramatic examples are the marked density of
GABA+ puncta in more medial sectors of the lateral
superior olive and the selective concentration of GABA and
Gly immunostaining in the dorsolateral and ventromedial
parts of the intermediate nucleus of the lateral lemniscus.
Such variations of immunoreactivity in these two nuclei
correspond to particular tonotopic subregions. In the lat-
eral superior olive, the GABA-rich zone represents cells
serving high frequencies. The analogous areas in the inter-
mediate nucleus of the lateral lemniscus are in regions
where previous studies find the 60- and 90-kHz components
of the mustache bat’s echolocation call are (Ross et al.,
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1988; Ross and Pollak, 1989). Such frequency-specific
subregions could subserve specialized local patterns of
inhibition. Analogous neurochemical variations have been
reported elsewhere in the nervous system (for example, see
Kondo et al., 1994).

The diversity of the inhibitory patterns among nuclei
suggest that inhibition plays a role in a range of functions
that may be different across nuclei or at various levels of the
auditory system. One such example of the spectrum of
inhibitory effects is found in the inferior colliculus, where
recent iontophoretic studies show that GABAergic inhibi-
tion shapes rate-level functions, maximum spike counts,
discharge patterns, thresholds, latencies, tuning curves,
and binaural properties (Faingold et al., 1989, 1991a,b;
Yang et al., 1992; Park and Pollak, 1993a,b; Pollak and
Park, 1993). Many of these features are effected by specific
circuits: thus, GABAergic influences that shape binaural
properties, for example, are distinct from those that modu-
late rate-level functions, which, in turn, differ from those
that influence discharge patterns. Such ubiquitous effects
of GABAergic inhibition are not shared by all nuclei. For
example, in the posteroventral cochlear nucleus, GABA
affects temporal discharge patterns but has little or no
impact on rate-level functions or on tuning curves (Palombi
and Caspary, 1992).

Substrates for disinhibition

In most of the nuclei we have studied, GABA+ or Gly+
neurons receive axosomatic puncta immunoreactive for
either GABA or glycine; both types of endings sometimes
interdigitate on the soma. These terminals may have a
disinhibitory effect in the cochlear nucleus, the superior
olivary complex, the nuclei of the lateral lemniscus, and the
inferior colliculus. The most prominent examples are in the
three nuclei whose neurons are essentially homogeneous
with respect to their neurotransmitter immunoreactivity:
the medial nucleus of the trapezoid body, the ventral
(columnar) part of the ventral nucleus of the lateral lemnis-
cus (both of which are Gly+), and the dorsal nucleus of the
lateral lemniscus (whose cells are GABA+). These three
nuclei consist largely, if not exclusively, of inhibitory princi-

Fig. 15. Immunoreactivity in the auditory cortex; the region chosen
for analysis came from an area that, in other experiments, contained
many corticocollicular projection neurons (unpublished observations
by T.J. Park, D.T. Larue, J.A. Winer, and G.D. Pollak). A: The number
of immunopositive neurons resembled more closely the proportion in
the inferior colliculus (Fig. 12A) rather than that in the medial
geniculate body (Fig. 14A). Planapochromat, N.A. 0.32, x 156. B:
There were no glycinergic neurons or puncta. C: Each layer had a
unique, definitive pattern of immunostaining. Thus, in layer I, nearly
all the neurons were immunopositive; in layer I, the proportion of such
cells was much lower, and these neurons had diverse sizes and shapes,
some with a vertical orientation and few axosomatic endings (1),
whereas other, immunonegative cells had far more puncta (2); in layers
IIT and 1V, the puncta were appreciably coarser than those in the
supragranular layers, and the form of the immunopositive neurons was
varied (see A). D: In layer V the most conspicuous population of
GABAergic neurons was the large multipolar cells (2), but immunoposi-
tive neurons with a more vertical somatic orientation (3) were present
as well. Many immunonegative pyramidal cell somata (1) were encircled
by puncta, a feature that aligned them with such neurons in the cat
(Prieto et al., 1994a, b). In layer VI the proportion of GABAergic cells
declined relative to that in other layers. Semiapochromat, N.A. 1.0, X
825. A, C: Vibratome sections, 50-um thick; GABA (INCstar), 1:5,000
dilution, avidin-biotin, free-floating. B, D: Vibratome sections, 50-wm thick,
Gly I (R.J. Wenthold), 1:1,500 dilution, avidin-biotin, free-floating.
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pal cells with targets up to several millimeters away (Covey
and Casseday, 1986; Bledsoe et al., 1990; Saint Marie and
Baker, 1990; Adams and Mugnaini, 1984, 1990). The first
two nuclei have a strikingly similar arrangement consisting
of rows of intensely Gly+ somata that are ringed with small
GABA+ puncta and, in the dorsal nucleus of the lateral
lemniscus, the GABA+ cells receive both types of axoso-
matic endings. Such axosomatic inhibition is a hallmark of
pyramidal cells and other excitatory projection neurons
(DeFelipe and Farinas, 1992). In the auditory hindbrain,
inhibitory projection circuits are far more common than in
the cerebral cortex. In the forebrain, GABA + medial genicu-
late body cells receive about one-sixth as many GABA+
axosomatic endings as do thalamocortical relay cells (Winer
et al., 1993). An analogous picture is seen in the auditory
cortex where, among GABA+ neurons, only the basket cells
receive abundant axosomatic inhibition from GABA+
puncta (Prieto et al., 1994b). Unlike most cortical GABAer-
gic interneurons, the basket cells project up to a millimeter
or more to adjacent cortical areas (reviewed in Prieto et al.,
1994a). Other examples of GABA+ projection neurons,
such as cerebellar Purkinje cells (Chan-Palay, 1982) and
thalamic reticular nucleus cells (Rinvik and Ottersen, 1988)
also receive extensive arrays of axosomatic puncta. Perhaps
all projection neurons require axosomatic inhibition to
regulate their excitability. In every nucleus in which GABA +
or Gly+ neurons receive GABA+ or Gly+ axosomatic
puncta, these inhibitory neurons seem to have a remote
projection. In the lemniscal auditory pathway, where long-
distance inhibitory projection neurons are common, axoso-
matic disinhibition must play a key role in modulation and
control of information.

Speculation on the significance of GABA
and glycine in the auditory brainstem

One significant feature of the auditory system is that
glycine-mediated processing appears to be largely complete
at the level of the inferior colliculus. This is manifest in the
lack of Gly+ somata rostral to the intermediate nucleus of
the lateral lemniscus and by the absence of Gly+ puncta
beyond the inferior colliculus. Both the dorsal nucleus of
the lateral lemniscus and the inferior colliculus are distin-
guished from lower auditory nuclei by their large popula-
tions of GABA+ neurons and the virtual absence of glycin-
ergic neurons, although both regions receive substantial
Gly+ puncta from ascending sources. The information
conveyed from glycinergic origins thus affects the ascending
projections that feed forward onto a GABAergic system in
the dorsal nucleus of the lateral lemniscus and the inferior
colliculus.

Another significant feature of the auditory system, which
follows from the discussion above, is that there appears to
be no substrate for glycinergic processing in the forebrain.
This distinguishes it from lower centers because the fore-
brain contains neither Gly+ neurons nor any substantial
populations of Gly+ terminals, although the literature is
not in complete accord with regard to glycinergic immuno-
reactivity (Pourcho et al., 1992) or the distribution of
postsynaptic receptors (see Probst et al., 1986; Naas et al.,
1991). The function of these forebrain glycine receptors
remains unclear. One hypothesis is that they are not
associated with chloride channels but are a subset of
N-methyl-D-aspartate receptors that might play a facilita-
tive role in glutamatergic transmission (Jansen et al., 1989;
Monaghan, 1990; see also Herkenham and McLean, 1986;
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Betz, 1991). The presence of so-called ‘“‘facilitative” glycine
receptors does not, in itself, confirm that glycine-mediated
neurotransmission is operative, nor can it resolve the
mismatch between immunocytochemical and receptor-
binding approaches. We propose that GABA is the principal,
and perhaps the sole, inhibitory transmitter in the thala-
mus and cerebral cortex, excluding, of course, peptidergic,
aminergic, or other neuroactive substances whose actions
may have a longer temporal duration than those attribut-
able to the actions of GABA, receptors (see Macdonald and
Olsen, 1994).

It is not intuitively obvious why more than one inhibitory
transmitter is used in the caudal parts of the auditory
system or why one apparently suffices rostral to the inferior
colliculus. One insight into the nature of glycinergic process-
ing comes from studies of two predominantly glycinergic
nuclei, the medial nucleus of the trapezoid body and the
columnar part of the ventral nucleus of the lateral lemnis-
cus. A cardinal feature of both centers is that they receive
excitatory drive from large calyciform synaptic endings that
originate in the cochlear nucleus. Calyciform synapses are
highly secure and result in a faithful transfer of informa-
tion from pre- to postsynaptic cells. In these pathways,
then, temporal information is preserved and relayed to
their postsynaptic targets as precisely timed inhibitory
inputs that appear to use glycine (Covey and Casseday,
1991; Finlayson and Caspary, 1991; Wu and Kelly, 1992a,b;
Grothe et al., 1992; Grothe and Sanes, 1993; Grothe, 1994).

Consistent with the notion that glycine is the inhibitory
transmitter used in circuits concerned with precise timing
are the tuberculoventral neurons, the neurons in the dorsal
cochlear nucleus that project to the ventral cochlear nucleus.
These neurons are also glycinergic and have been proposed
as constituting the inhibitory component of a pathway in
which the temporal control of inhibition plays a critical role
in monaural echo suppression (Wickesberg and Oertel,
1990; Wickesberg et al., 1991).

Functional differences almost certainly exist between the
GABAergic and glycinergic innervation of brainstem cen-
ters. One difference might be that much of the GABAergic
inhibition in several brainstem auditory nuclei is from
descending sources. The lateral superior olive and colum-
nar portion of the ventral nucleus of the lateral lemniscus,
for example, also receive GABAergic endings in abundance.

Fig. 16. Schematic view of several inhibitory ascending components
of the caudal auditory brainstem and midbrain, which terminate in the
inferior colliculus. This picture reflects the results from combined
tract-tracing and immunolocalization studies in the mustache bat and
other species, which revealed that multiple, independent sources of
inhibitory input converge upon the subdivisions of the central nucleus,
including the dorsoposterior division (DpDj; Larue et al., 1991; Park et
al., 1991). Intrinsic and descending, possibly inhibitory, connections
have been omitted for purposes of clarity. Some of these projections
follow lemniscal routes, whereas others do not. Whether and to what
degree individual midbrain neurons receive one or more such input
remains to be determined. The particular species and source for these
observations are documented below; the numbers correspond to these
keyed to the putative projection neurons illustrated. 1: Mustache bat
(Park et al., 1991); cat (Hutson et al., 1987; Saint Marie et al., 1989). 2,
3: Mustache bat (unpublished observations by T.J. Park, D.T. Larue,
G.D. Pollak, and J.A. Winer). 4-8: Mustache bat (Larue et al., 1991); for
VNLL in the guinea pig (Saint Marie and Baker, 1990). 9: Mustache bat
(Park et al., unpublished observations); cat (Hutson, 1988). 10: Mus-
tache bat (Park et al., unpublished observations); cat (Adams and
Mugnaini, 1984). 11: Mustache bat (Park et al., unpublished observa-
tions).
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The noteworthy feature is that there are no known lower
nuclei that provide substantial afferent GABAergic input to
either the lateral superior olive or the columnar part of the
ventral nucleus. The possibility remains that the innerva-
tion arises from intrinsic GABAergic cells. However, it
seems unlikely that the relatively few GABAergic neurons
present in the lateral superior olive could provide GABAer-
gic input that is so robust. The same reasoning applies to
the ventral nucleus. It is possible, then, that GABA puncta
in the olivary complex and lateral lemniscal nuclei have a
rostral origin and thus are descending, although the com-
bined tract-tracing and immunocytochemical studies are
not yet available. Such a prospect is consistent with the
connectional evidence in several species, which shows a
prominent array of descending projections toward the
olivary, periolivary, and associated tegmental regions. These
patterns of connectivity, furthermore, could affect the
excitability of cochlear nucleus neurons (Kane and Finn,
1977; Kane and Conlee, 1979; Spangler et al., 1987; Henkel
and Shneiderman, 1988; Caicedo and Herbert, 1993). At
present, the evidence for any descending connections in the
mustache bat is only circumstantial given the concentra-
tion of GABAergic cell populations in the dorsal part of the
ventral nucleus of the lateral lemniscus, the dorsal nucleus
of the lateral lemniscus, and in the inferior colliculus itself.
Although speculative, this hypothesis suggests a conver-
gence of glycinergic feedforward and GABAergic feedback
inhibition onto single neurons in the lateral superior olive.
However, several periolivary nuclei, such as the ventrome-
dial periolivary nucleus, and the lateral and ventral nuclei
of the trapezoid body, are also candidate sources for such an
input. In other systems, descending, pontospinal glyciner-
gic pathways may play an analogous role in the control of
motoneuronal excitability in the somatic sensory pathway
(Holstege and Bongers, 1991). Such an arrangement would
stand in sharp contrast to the organization embodied by
GABAergic forebrain neurons, whose projections are be-
lieved in most systems to terminate within a few hundred
micrometers of their origin, a pattern that virtually defines
the locus of action of so-called Golgi type II neurons
(Morest, 1971, 1975; Winer, 1992).

Neuronal targets of inhibitory projections

Because each auditory center in the present survey has so
specific an arrangement of GABAergic or glycinergic ele-
ments, it seems appropriate to ask whether this principle
might extend to include specific types of neurons, such as
pyramidal or fusiform cells, and whether an equally precise
pattern of inhibitory innervation is likewise particular to
them. Only for a few neuronal types in the auditory
brainstem does an adequate morphological profile exist that
would permit such comparisons (see Ostapoff and Morest,
1991). In what may be the most thoroughly documented
instance in the neuraxis—the cortical pyramidal cell—the
different kinds of inhibitory inputs seem to be segregated
spatially on one part or another of the axonal, perikaryal, or
dendritic membrane (for a summary, see DeFelipe and
Farinas, 1992). The axon initial segment receives specific
synaptic endings from presynaptic chandelier cells (Somo-
gyi, 1977). The perikaryon is the target of a particular set of
large inhibitory terminals whose source is large multipolar
basket cells (DeFelipe et al.,, 1986). Smaller GABAergic
boutons terminate in discrete clusters elsewhere on the
somatic surface, and even more circumscribed terminals
form tiny aggregates along dendritic bifurcations, often
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near the largest trunks (Somogyi et al., 1985; Somogyi and
Soltész, 1986). Much of the apical dendrite receives an
assortment of heterogeneous GABAergic endings along its
inter- and intralaminar course (reviewed in Prieto et al.,
1994a,b). These terminals are most numerous in layer I,
where the distal dendritic arbors divide and ramify among
the finest neocortical GABA+ endings (Winer and Larue,
1989). Although many of these different synaptic endings
probably represent GABAergic terminals, other varieties
also exist, and some have spatial arrangements that are
equally specific. For example, basket-like serotonergic axo-
somatic endings (Mulligan and T'6rk, 1988) complement the
patchy distribution of input from large multipolar cell
endings onto the perikaryon. Analogous patterns exist with
regard to the density of GABAergic axosomatic endings on
GABA-positive and GABA-negative medial geniculate neu-
rons, the former receiving more than six times the number
of puncta (Winer et al., 1993). There is spatial segregation
of inhibition that may be unique for each type of neuron.
How far this principle might apply to the auditory brain-
stem remains an open question.

Species-specific patterns of neuronal
organization

Many studies suggest that the primary features of audi-
tory brainstem organization are conserved among mamma-
lian species at least through the level of the inferior
colliculus. This concept is well illustrated by the lateral
superior olive. In all mammals, a stereotyped neuronal
organization is present; the chief connections arise from
spherical bushy cells of the anteroventral cochlear nucleus
(Cant and Casseday, 1986) and from principal cells in the
medial nucleus of the trapezoid body (Spangler et al., 1985).
The output of the lateral superior olive is directed bilater-
ally to the dorsal nucleus of the lateral lemniscus and the
central nucleus of the inferior colliculus (Irvine, 1986).
Superior olivary neurochemical organization is dominated
in mammals by a characteristic pattern of moderate num-
bers of glycinergic cells, few or no GABAergic neurons, and
many neurons that are immunonegative for GABA or
glycine (Saint Marie et al., 1989; Adams and Mugnaini,
1990); the guinea pig may be exceptional in having many
more GABAergic neurons (Helfert et al., 1989). The ipsilat-
eral projections to the central nucleus of the inferior
colliculus include both glycinergic and nonglycinergic com-
ponents, whereas the projections from the contralateral
lateral superior olive are all glycine negative and, presum-
ably, excitatory (Park et al., 1991; for data on the cat, see
Hutson et al., 1987; Saint Marie et al., 1989; Saint Marie
and Baker, 1990; Glendenning et al., 1992; see also Sanes,
1990). Finally, almost all lateral superior olivary cells,
regardless of species, are excitatory—inhibitory physiologi-
cally, and thus are the same binaural type (Caird and
Klinke, 1983; Covey et al., 1991). Although it would be
possible to propose a similar list of attributes for most
nuclei in our series, we do not intend to suggest that there
are no species differences (Covey and Casseday, 1991;
Grothe et al.,, 1992; Vater et al.,, 1992a). However, the
prevailing view is one of striking similarity and continuity
of organization across these and related dimensions.

The robustness of interspecific parallels should be evalu-
ated against the proposition that different behavioral func-
tions probably use both common and species-specific cir-
cuitry. It is difficult otherwise to account for the fourfold
differences between the guinea pig and cat in the proportion

J.A. WINER ET AL.

of dorsal cochlear nucleus tuberculoventral neurons colocal-
izing GABA and Gly (reviewed in Kolston et al., 1992). Such
species differences may have functional consequences that
remain to be characterized physiologically.

An entirely different picture emerges at the level of the
auditory thalamus. In the mustache bat, there is a precipi-
tous decline in the number of GABAergic neurons relative
to the proportion of such cells in the auditory midbrain or
cerebral cortex. This paucity of GABA+ medial geniculate
neurons (Winer et al., 1992) is a feature that this species
shares with many rodents but not with carnivores (Rinvik
et al., 1987) or primates (Smith et al., 1987), nor with
horseshoe bats (Vater et al., 1992a). Nevertheless, the form
and relative density of GABAergic puncta are largely con-
served across species. Comparative differences in the num-
ber of GABAergic neurons in the medial geniculate body
may be a pivotal evolutionary and functional feature rel-
evant to specie-specific signal processing. The disparate
immunochemical profile of the medial geniculate across
species stands in marked contrast not only to the brainstem
auditory nuclei, which are much more stereotyped in their
organization, but also to that of the auditory cortex; several
species have a similar (although not an identical) number of
GABAergic neurons in each layer of the auditory cortex (see
Winer, 1992). The widest range of differences seems to be in
the auditory thalamus (Winer, 1991; Pollak et al., 1995).
These species-specific patterns imply that the role of inter-
neurons in animals having many or few GABAergic intrin-
sic cells cannot be the same.

The pivotal functional role of the auditory thalamus is
manifest in a recent study showing that the medial genicu-
late is the first site where species-specific combination-
sensitive neurons are constructed in the mustache bat
(Olsen and Suga, 1991a,b). The physiological and anatomic
findings suggest that GABAergic local circuit neurons may
not have any substantial role in the genesis of combination
sensitivity because they are relatively few in number and
sparsely distributed, although they are most concentrated
in nuclei with the greatest number of combination-sensitive
cells. It suggests further that some type of connectional
convergence from the inferior colliculus (or elsewhere)
might be the decisive factor.

If, as seems plausible, the combination sensitivity of
auditory thalamic neurons is indeed generated by the
convergence of projections from the inferior colliculus, it
follows that the midbrain plays a pivotal role in processing
species-specific features. The projections to the mustache
bat’s inferior colliculus, its basic neuronal organization,
and almost all of the response properties of its neurons, are
comparable with those of other mammals (Zook and Casse-
day, 1982a,b; Frisina et al., 1989; Ross and Pollak, 1989;
Park and Pollak, 1993a; Pollak and Park, 1993). Moreover,
the pattern of immunoreactivity in the mustache bat’s
central nucleus is very similar, at least in its broad outlines,
to that of the cat (Oliver et al., 1994) and rat (Moore and
Moore, 1987; Aoki et al., 1988), and to other species that
have been studied (Thompson et al., 1985; Roberts and
Ribak, 1987). It can plausibly be asserted that the central
nucleus of the inferior colliculus, as well as many of the
auditory nuclei below it, are largely conserved among
mammals in terms of their major cell types, the primary
inputs, their gross patterns of immunocytochemical organi-
zation, and the response properties of their neurons. One
prospective source of evolutionary plasticity is the projec-
tions of the inferior colliculus; in the mustache bat, collicu-
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lar projections from two or more isofrequency contours (or
from other sites) could converge on thalamic cells (Olsen,
1986; Wenstrup et al., 1994). In conjunction with the
arrangement of the intrinsic circuits, this could underlie
species-specific features, such as combination sensitivity
and delay tuning.

The hypothesis that the brainstem auditory system is
highly conserved and that species-specific features emerge
initially in the targets of the inferior colliculus from a
unique combination of projections can be extended further
because this pattern seems to occur in other bats as well as
in nonmammalian species. The little and big brown bats
and the horseshoe bat also have combination-sensitive
neurons, but these cells have properties that are different
from those of the mustache bat (Sullivan, 1986; Berkowitz
and Suga, 1989; Schuller et al., 1991). In owls, the space
map emerges in the neurons of the external nucleus from
the appropriate convergence and integration of projections
from the central nucleus of the inferior colliculus (see
Konishi et al., 1988). This map in the barn owl, in turn, is
different from that of the great horned owl (Volman and
Konishi, 1990), although both representations are formed
from the projections of the central nucleus of the inferior
colliculus. Similar processes also occur in the amphibian
auditory system. The so-called ‘“‘mating-call detectors,”
which require the combination of appropriate frequencies,
occur not in the midbrain, but arise only in the diencepha-
lon, due, presumably, to the convergence of projections
from the torus semicircularis, the amphibian homologue of
the inferior colliculus (Fuzessery and Feng, 1983).

GABA and glycine in central auditory,
somatic sensory, and visual systems

The present findings also bear on the differences and
similarities in the internal organization of inhibitory cir-
cuitry within nuclei in other sensory modalities. The abun-
dance of inhibitory projections suggests that the auditory
system is singular among the special senses (see Fig. 16); no
such analogous arrangement could be proposed for the
visual, somatic sensory, vestibular, olfactory, gustatory, or
nociceptive modalities, nor in the reticular system. Thus,
the auditory brainstem has a series of massive parallel
inhibitory projection pathways that must be as important
for neural processing as are the classically defined and
much better known excitatory parallel pathways. Neither
the dorsal column nuclei nor the retina appear to contain
appreciable numbers of GABAergic or glycinergic neurons
that project to either the ventrobasal complex or lateral
geniculate body, respectively. The spinal cord, however,
contains both GABAergic and glycine-immunoreactive ele-
ments (Todd and Sullivan, 1990), some of which appear to
modulate motoneuronal excitability (Schneider and Fyffe,
1992); whether any of these inhibitory projections arise
remotely is unknown.

The forebrain auditory system, in contrast, departs from
this brainstem pattern and in doing so shares a fundamen-
tal continuity of organization with other sensory systems.
Indeed, only in the forebrain is there a conspicuous parallel
between modalities with respect to a GABAergic projection
of extrinsic origin. In this instance, the thalamic reticular
nucleus—all of whose neurons are GABAergic in every
species so far studied (Mugnaini and Oertel, 1985; Winer et
al., 1992)—oprojects to every part of the medial geniculate
complex (Conley et al., 1991), on the ventrobasal complex
(Ohara et al., 1989), and onto the dorsal nucleus of the
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lateral geniculate body (Ohara et al., 1980, 1983), and even
to the hypothalamus (Barone et al., 1994). Another feature
in common is the neurochemical pattern of thalamocortical
connectivity. No GABAergic diencephalic special sensory
neurons project to the cortex in any sensory modality or
species so far examined. Forebrain and retrothalamic
GABAergic circuits thus differ in that the telencephalic
GABAergic circuits must represent more or less intrinsic
connections, as in the auditory thalamus, whereas some
retrothalamic circuits project remotely, as in the case of the
dorsal nucleus of the lateral lemniscus or more caudal brain
stem centers.

This is not to say that the medullopontine auditory
pathway is the only neural system that has inhibitory
projection neurons, but only that this feature distinguishes
it from the pathways of the other special senses. Long-
distance inhibitory projections are shared with other cen-
tral neural systems, such as the cerebellar Purkinje cell
GABAergic projection (Mugnaini and Oertel, 1985) and the
dopaminergic nigrostriatal system (Bolam and Smith, 1990),
and there is a substantial GABAergic projection from the
inferior colliculus to the medial geniculate body (Paydar et
al., 1994), to mention just three. Although these circuits
have in common with the auditory system the feature of
inhibitory projection neurons, this attribute does not ap-
pear to represent a common or simple template of inhibi-
tory circuitry, but rather denominates many patterns, each
unique to a particular nucleus and, presumably, subserving
specific functions.

The preceding account should be viewed as a preliminary
attempt to articulate a general framework for the actions of
GABA or Gly. It should be noted, however, that the
emerging multiplicity of subtypes for GABA, receptors
(Burt and Kamatchi, 1991; Fritschy et al., 1992) and the
complexity of glycine-modulated postsynaptic receptor do-
mains (Zucker and Ehinger, 1992) suggest that this initial
effort may be too limited to capture completely the diversity
of the neural substrates for inhibition.
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