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Patterns of GABAergic Immunoreactivity
Define Subdivisions of the Mustached Bat’s
Medial Geniculate Body
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ABSTRACT

The anatomy and the spatial distribution of neurons and axonal endings (puncta)
immunoreactive for glutamic acid decarboxylase (GAD) or gamma-aminobutyric acid (GABA)
were studied in the medial geniculate body of the mustached bat (Pferonctus parnellii). The
principal findings are that: 1) most GABAergic neurons are present in the dorsal and ventral
divisions with few, if any, in the medial division; 2) only a small fraction, about 1% or less, of
auditory thalamic neurons are immunopositive; 3) the density of immunoreactive puncta is
independent of the number of GABAergic neurons in the thalamic divisions, with the ventral
division having the largest number/unit area, the medial division about 75% of this value, and
the dorsal division only about 50%; and 4) the form of the puncta was unique to each division,
those in the ventral division being medium-sized and comparatively simple, those in the medial
division predominantly large, coarse, and complex, while dorsal division endings were finer and
more delicate. These patterns recapitulate, with some significant exceptions, those found in the
rat and cat.

The puncta could originate from several sources; while many may arise from intrinsic
GABAergic Golgi type II local circuit neurons, these cells may not be the only or even the
principal source. Thus, the dorsal division contains comparatively many immunopositive cells
though fewer puncta than might be expected if the bulk of these were to arise from auditory
thalamic interneurons. This suggests that other, extrinsic sources, such as the thalamic reticu-
lar nucleus, may be the source of such endings. A second point is that the form and density of
the puncta is regionally specific within the medial geniculate complex. These local patterns
might have a significant and regionally specific role in controlling the differential excitability of
auditory thalamic neurons. The distribution of presumptive synaptic endings also has implica-
tions for the number and arrangement of glomeruli or synaptic nests. Thus, these circuit ele-
ments, which are common to the thalamic nuclei in other species, might play an important role
in local synaptic circuits between different types of cells. If so, then the structural variations
embodied in these patterns could subserve functional arrangements that differ among species.
Such patterns might reflect concomitant physiological differences in the organization of local
circuits within the microchiropteran medial geniculate body.  © 1992 Wiley-Liss, Inc.
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Gamma-aminobutyric acid (GABA) is one of the principal
inhibitory neurotransmitters at virtually every synaptic
station in the central auditory pathway, in neurons and in
synaptic endings ranging from the cochlear nucleus to the
cerebral cortex (Aitkin, ’89). As such, it is localized both in
neurcnal perikarya and in axon terminals (puncta) whose
distribution does not always covary (Winer and Larue, ’88,
’89). Iontophoretic studies of single neurons have shown
that GABA agonists or antagonists can profoundly alter
receptive field structure in rodent auditory brain stem
neurons and may thus modulate local circuitry (Caspary et
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al., ’85; Faingold et al., ’91). Whether analogous morpholog-
ical substrates for such effects exist in the auditory thala-
mus of a microchiropteran species is the primary question
addressed by this study.

The mustached bat is an aerial predator that relies on
echolocation to acquire its prey, accomplishing this task
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with an auditory system enormously expanded and highly
differentiated relative to other sensory pathways. While
there is a considerable body of anatomical and physiological
data on brain stem and cortical neurons and circuitry
(reviewed in Suga, ’84; Pollak and Casseday, *89), the same
cannot be said for the medial geniculate body, for which the
literature is much more limited and has concentrated
largely on single unit studies (Olsen, '86; Olsen and Suga,
91a,b) or on combined physiological-connectional ap-
proaches (Frisina et al., ’89; J.J. Wenstrup, D.T. Larue, and
J.A. Winer, in preparation). This work has demonstrated a
rich variety in auditory thalamic neuronal responses to
acoustic input and a pattern of tectothalamic connections
that in its main outlines resembles that found in other
mammals, with certain significant exceptions. However,
there are only sparse data on the intrinsic organization of
the highly developed auditory thalamus.

The function(s) of GABAergic neurons and axon termi-
nals in the auditory thalamus is unknown. The plentiful
number of such elements in most other thalamic sensory
and motor nuclei (Jones, '85) suggests that they play some
fundamental role. The present study is the first of an
interrelated series, and it is devoted to the arrangement of
GABAergic neurons and puncta in various auditory tha-
lamic subdivisions. Such data would be helpful in discern-
ing whether GABA is a universal constituent in the mamma-
lian auditory thalamus (Winer, 91, ’92). It bears also on the
question of how this distribution matches or differs from
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that in other species, and whether the mustached bat
embodies homologous neuronal arrangements or reflects a
significant departure from such a pattern (Morest and
Winer, ’'86; Winer and Larue, '87). A second goal is to
compare and reconcile the subdivisions derived on the basis
of neuronal form (Winer and Wenstrup, '92a) and cytoarchi-
tectonic grounds (Winer and Wenstrup, *92b) with those
suggested by patterns of midbrain connectivity (Olsen, '86;
Kobler et al., ’87; Frisina et al., ’89).

MATERIALS AND METHODS
Tissue preparation and immunocytochemistry

Adult mustached bats (Pteronotus p. parnellii) of either
sex and weighing 10-15 g were captured at Windsor Cave,
Jamaica. After acclimatization, they were anesthetized
with sodium pentobarbital (60 mg/kg) and perfused through
the heart preparatory to either glutamic acid decarboxylase
(GAD) or GABA immunocytochemistry. For GAD, a peristal-
tic pump delivered the wash of about 25 ml of normal saline
that preceded fixation, which used up to 125 ml of unbuf-
fered 10% formalin with 0.5% zinc salicylate, pH 6.5, and at
20°C. The details of the procedure were similar to those in
prior work (Mugnaini and Dahl, ’83; Winer and Larue, ’88).
Briefly, pairs of 25-pm-thick frozen sections were collected,
from which alternate GAD and Nissl series were prepared.
Primary antiserum, sheep anti-GAD 1440 (developed by

Abbreviations
AD anterodorsal thalamic nucleus MCP middle cerebellar peduncle
ALD anterolateral division of the central nucleus of the inferior MD medial division of the central nucleus of the inferior collicu-
colliculus lus
AM anteromedial thalamic nucleus MRF mesencephalic reticular formation
Am amygdala MZ marginal zone of the medial geniculate body
APt anterior pretectum PIN posterior intralaminar nucleus
BIC brachium of the inferior colliculus PL posterior limitans nucleus
Ch cerebellum Pt pretectum
CIC commissure of the inferior colliculus Py pyramidal tract
CN cochlear nucleus Ra raphe
Ccp cerebral peduncle Ret thalamic reticular nucleus
CPu caudoputamen RN red nucleus
D dorsal nucleus or dorsal division of the medial geniculate RP rostral pole subdivision of the medial geniculate body
body Sag sagulum
DC dorsal cortex of the inferior colliculus SC superior colliculus
DMN deep mesencephalic nucleus Sg suprageniculate nucleus of the dorsal division of the medial
DNLL dorsal nucleus of the lateral lemniscus geniculate body
DPD dorsoposterior division of the central nucleus of the inferior SN substantia nigra
colliculus Spf subparafascicular nucleus
DS dorsal superficial nucleus of the dorsal division of the medial SpN suprapeduncular nucleus
geniculate body v ventral nucleus or ventral division of the medial geniculate
EpN entopeduncular nucleus body
Ex external nucleus of the inferior colliculus Vi lateral subdivision of the ventral division of the medial genic-
Fim fimbria ulate body
GP globus pallidus Vm medial subdivision of the ventral division of the medial gen-
Ha habenula iculate body
Hip hippocampus Vpl ventral posterolateral thalamic nucleus
Hyp hypothalamus Vpm ventral posteromedial thalamic nucleus
IC inferior colliculus VTA ventral tegmental area
INLL intermediate nucleus of the lateral lemniscus wm white matter
Int intralaminar thalamic nucleus I, II, 111 cortical layers
Ip interpeduncular nucleus IIlv third ventricle
L limitans nucleus Vv fourth ventricle
LD lateral dorsal thalamic nucleus Planes of section:
LGBv ventral nucleus of the lateral geniculate body C caudal
LL lateral lemniscus D dorsal
LMN lateral mesencephalic nucleus L lateral
Lp lateral posterior thalamic nucleus M medial
LV lateral ventricle R rostral
M medial division of the medial geniculate body A% ventral
MB mamillary body
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Fig. 1. Patterns of GAD immunoreactivity in the mustached bat
midbrain and medial geniculate complex and in a control section. A-C:
GAD immunoreactivity. A: At the caudal third of the auditory thala-
mus, showing moderately dense ventral division puncta (V), fine and
sparse dorsal division puncta (D), and light immunostaining in the
medial division (M). At this magnification, the few immunopositive
medial geniculate neurons (see Fig. 3A-F) are not visible. Long
segments of strongly immunoreactive dendrites are visible near the
substantia nigra (SN). Protocol for panels A-D: planapochromat, N.A.
0.14, x50. B: GAD immunoreactivity midway through the medial

Oertel et al., ’81, ’83) was used at 1:2,000 dilution. Controls
were incubated either in preimmune serum or in buffer
omitting primary antiserum. Immunoperoxidase labeling
was accomplished with the peroxidase-antiperoxidase
method (Sternberger and Joseph, 79) or the avidin-biotin

J.A. WINER ET AL.

geniculate body, showing a lateral-to-medial gradient of decreasing
ventral division immunostaining, the pale dorsal division pattern, and a
concentration of prominent medial division puncta among immunoneg-
ative fiber fascicles. C: Near the rostral one-third ,of the auditory
thalamus, showing distinct lateral (VI) and medial (Vm) territories
within the ventral division, continuation of the characteristic dorsal
division pattern with an obvious regional specialization within the
suprageniculate nucleus (Sg), and conspicuous, coarse medial division
immunoreactivity. D: Control incubated in pre-immune serum and free
of immunostaining.

technique (Hsu et al., ’81); the latter proved most effective,
and used the Vectastain avidin-biotin immunoperoxidase
(ABC) kit ([Vector Laboratories, Burlingame, CAJ; see also
Roberts et al., ’85). To enhance the contrast of the diami-
nobenzidine staining, the osmium-thiocarbohydrazide-
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osmium method was used (Willingham and Rutherford,
’84: see also Winer and Larue, ’88 for details).

For the GABA immunocytochemistry, the animals were
perfused with .01 M phosphate-buffered saline (PBS) for
about 2 minutes followed by 4% paraformaldehyde and
0.1-0.25% glutaraldehyde in 0.1 M phosphate buffer, pH
7.4, at room temperature for 15 minutes. After immersion
in 10% buffered sucrose overnight at 4°C, serial transverse
or horizontal sections were cut on a Vibratome at 50 pm.
From each set of three, two were incubated in rabbit-anti-
GABA (1:5,000; Incstar, Clearwater, MN) and processed by
the ABC technique, followed by the osmium intensification
described above, while the third was stained for Nissl
substance.

Data analysis

Neurons. Only cells that were indisputably GAD-
immunoreactive (GAD+) or GABA-positive (FABA+) were
included. Assignment of neurons to a particular architec-
tonic subdivision was made independently from the Nissl
preparations. These data were related to the disposition of
neuronal populations identified in Golgi studies, and corre-
lated with the results of tract-tracing studies of patterns of
terminal input from physiologically identified inferior colli-
culus subdivisions upon the medial geniculate complex.

Puncta. Axon terminals were studied with oil-immer-
sion, planapochromatic objectives. To be classified as puncta,
the profiles must be oval or round; processes resembling
dendrites were excluded. Size, shape, and concentration
were noted, and also when possible, location, that is,
perisomatic or in the neuropil. All observations were made
in zones remote from architectonic borders. Densities were
determined by using a grid with 25 X 25 pm squares on
representative areas whose architectonic borders were veri-
fied in the adjoining Nissl preparation. Each average in-
cluded four such 625 pm? samples; the standard deviation
within a set was +5%.

Quantitative analysis. Perikaryal areas were mea-
sured by using SigmaScan on a digitizing tablet (Jandel
Scientific; Numonics) whose output was used to generate
histograms and as the basis for statistical comparisons on
an IBM PC AT computer.

RESULTS

The pattern of immunostaining was readily comparable
in the GAD (Figs. 1A-C, 2A-F, 3A,CE, 4-6, 10) and GABA
(Figs. 2G-L, 3B,D,F,G-I) material. In both preparations,
comparatively few neurons were immunoreactive (Figs. 1,
2) and their locus within the medial geniculate complex was
virtually identical. A second, independent index of the
comparability between the antisera was the form and locus
of immunoreactive terminals (puncta) in the neuropil,
where distinct patterns were readily distinguished in the
ventral (Figs. 3G, 4), dorsal (Figs. 3H, 5), and medial (Figs.
31, 6) divisions, and where regional variations were evident
[for example, the high concentration of GAD+ axon termi-
nals in the rostral pole of the suprageniculate nucleus (Fig.

1C:Sg)]. Control material had no specific immunostaining
(Fig. 1D).

Neurons

Surveys of the medial geniculate complex revealed that
single sections had only a few immunostained neurons (Fig.
2), even when many immunopositive extrathalamic neu-
rons were present. Immunostained medial geniculate neu-
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rons were found in declining numbers in the dorsal, ventral,
and medial divisions (Fig. 2B,dJ), respectively. The borders
of thalamic subdivisions were defined from the adjoining
Nissl preparations (Figs. 2A,C, 7A,B; cf. Winer and Wen-
strup, '92b).

Single sections rarely had more than 15 GAD+ or
GABA+ medial geniculate neurons. Most sections had at
least one to two neurons; in some sections with otherwise
excellent neuronal immunostaining in nonauditory centers,
there were no immunopositive auditory thalamic neurons.

The morphology of GAD+ or GABA+ neurons within
each medial geniculate subdivision in different experiments
was comparable (Fig. 3A-F). In the ventral division, these
neurons had a spindle- or drumstick-shaped perikaryon
whose width was about half of their length, and from whose
somatic pole(s) sparse, slender dendrites 1-3 pm thick
issued. There was little dendritic immunoreactivity past the
initial 30—40 pm. While their branches could sometimes be
followed farther in favorable preparations, they were never
immunostained to the extent routinely achieved in the rat
(Winer and Larue, ’88) and cat (Winer, ’91). Some immuno-
positive dendrites had beaded profiles (Fig. 3C: left side),
while others were much smoother (Fig. 3F). The modest
degree of dendritic immunoreactivity does not permit any
conclusion about cellular orientation of the GABA+ cells
relative to the arbors of the tufted, immunonegative neu-
rons. However, the long somatic axis of GABA+ neurons
often followed a dorsomedial-to-ventrolateral arc, parallel
to the main dendritic arbors of the larger, non-GABAergic,
presumptive thalamocortical relay neurons (Winer and
Wenstrup, '92a).

Three features—number, orientation, and size—distin-
guished immunopositive dorsal division neurons from their
counterparts in the ventral division. Thus, such neurons
were comparatively common in various nuclei of the dorsal
division, and sometimes formed small clusters of two to
four cells. Their relative number was accentuated by the
modest size of mustached bat dorsal division nuclei (Winer
and Wenstrup, ’92b) compared to those in other species
(Winer, ’84, '85, 91, ’92; Winer and Larue, 87, ’88). Few
immunopositive cells were noted in the suprageniculate

Fig. 2. Distribution of GAD- or GABA-immunoreactive somata in
and near the medial geniculate body. A—F: In transverse sections, many
GAD+ somata occur in the dorsal division (D), fewer are evident in the
ventral division (V), and the medial division M is virtually devoid of
such neurons. While the rostral pole nucleus (RP; E,F) is included here
within the territory of the ventral division, it may actually belong to the
dorsal division on the basis of its connections with the inferior colliculus
(Wenstrup and Winer, '87) and cytoarchitecture (Winer and Wenstrup,
'92b). If so, then there is a relative paucity of GAD-positive (E,F) or
GABAergic neurons except in its most superficial aspects (H-L), which
contrasts with their comparatively higher density in the dorsal nuclei
proper. The inset (black figurine) shows the approximate anteroposte-
rior locus of the six sections imposed on a horizontal silhouette of the
auditory thalamus. Slight inconsistencies between the plane of section
and the absolute position of a nuclear border reflect individual varia-
tions in the thalamic nuclear configuration or plane of section in the
two bats from which this and the other figurine were derived. G-L: In
horizontal sections, the number of GAD+ neurons is greatest in the
dorsal division, smallest in the medial division, and intermediate in the
ventral division. More ventral sections contain progressively fewer
immunopositive neurons. Compared to the thalamic intralaminar
nuclei (J: Int) or the thalamic reticular nucleus (K: Ret), few medial
geniculate neurons are immunopositive. Planapochromat, N.A. 0.32,
x85. The inset shows the approximate dorsoventral locus of the six
sections projected on a transverse silhouette.
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nucleus (Fig. 2B,C,I,J), with most in the superficial dorsal
and dorsal nuclei proper (Fig. 2D,G). The prevailing soma-
todendritic orientation was medial to lateral (Fig. 3C—F),
which aligned them with the long dendritic axis of immuno-
negative tufted (but not radiate) cell dendrites (Winer and
Wenstrup, '92a). Finally, in GAD preparations, perikarya in
the dorsal nuclei were significantly smaller in area (about
12%) than immunostained ventral division neurons (Table
1), save for rare suprageniculate immunopositive neurons
with somatic areas exceeding 100 um?, which is as large as
that of principal cells.

Few or no immunopositive medial division neuronal
perikarya were seen (Fig. 2). Such cells were often located
near the borders of adjoining nuclei, so that their type(s)
and disposition could not be determined with confidence.

Puncta: general pattern

The relatively few immunopositive neurons (Fig. 1A—C)
and the fine caliber of immunostained puncta (Fig. 3G-I)
could contribute to a misleading impression that the medial
geniculate complex as a whole was only weakly GABAergic,
especially in contrast to other, more conspicuously immu-
nopositive areas such as the substantia nigra (Fig. 1A:SN)
or the hippocampal formation (Fig. 10A:Hip). While many
immunoreactive cell bodies and far more pronounced den-
dritic immunostaining occurred in the latter areas, the
density and distinctive pattern of immunopositive puncta
imparted a characteristic texture that differentiated each of
the major auditory thalamic subdivisions (Figs. 4-6), along
with the pattern of neuronal immunoreactivity.

Ventral division. The number, distribution, and size of
puncta distinguished the ventral division from adjoining
nuclei. For example, the marginal zone, which forms the
free surface of the medial geniculate complex, was virtually
free of immunolabeled profiles (Fig. 4:MZ). This was not a
consequence of inconsistent immunostaining since the
neuropil in layer I of auditory cortex from nearby sections
in the same experiments had many puncta in even the most
superficial parts (Fig. 9D).

Besides the qualitative differences in the form of the
puncta, there were important quantitative differences as
well. Thus, puncta in the lateral part of the ventral division
were almost twice as numerous as those in the dorsal
division, and one-third more common than those in the
medial division (Table 2). A broad range of sizes was
evident, including small, fine ones (less than 0.5 pm in
diameter; Fig. 4:1), medium-sized terminals (about 0.5-2

Fig. 3. GAD+ (A,C,E) or GABA+ cells and puncta (B,D,F,G-I) in
the mustached bat. A,B: Ventral division, showing typical flask-shaped
immunopositive neurons among clusters of puncta or near immunone-
gative somata, some of the latter receiving GABA+ endings (arrows on
soma in B). The immunopositive neurons are similar in each auditory
thalamic subdivision, with their small oval or drumstick-shaped so-
mata, sparse perikaryal cytoplasm (E), and a few thin, sometimes
beaded, primary dendrites. Protocol for all panels: semi-apochromat,
N.A. 1.25, x 787. C—F: Dorsal nucleus GABAergic cells, with a character-
istic medial-to-lateral orientation, and generally fewer puncta than in
the ventral division (compare A,C). G-I: GABA+ puncta in, respec-
tively, the ventral (G), dorsal (H), and medial (I) divisions. In each,
perisomatic baskets ring immunonegative cells, and the plexus of
GABA+ preterminal branches has a preferred orientation, with a
superior-to-inferior arrangement in the ventral and medial divisions,
and a medial-to-lateral dorsal division configuration. Single puncta are
more obvious in the dorsal division, and less so in the ventral and
medial divisions, where the heavy immunostaining of preterminal
elements obscures them.

J.A. WINER ET AL.

pwm; Fig. 4:2), and large, coarse profiles (exceeding 2 wm;
Fig. 4:3). Their numbers were comparable to those in the
rat (with one exception; see Table 2) and they were in
general uniformly distributed, although some immunoneg-
ative neurons clearly received more such terminals than did
others (Fig. 4: stippled outlines). Occasional, much longer
and thicker immunoreactive endings, some relatively smooth
(Fig. 4:4), others coarser and beaded (Fig. 4:5), occurred.
Some of these may represent preterminal axonal frag-
ments, while others resembled immunopositive dendrites
(Fig. 3A) and were consequently excluded from any quanti-
tative analysis.

Within the ventral division, there were regional differ-
ences in the density of puncta. Thus, they decreased (from
119.3 t0 81.1/625 pm?) and then increased slightly (to 84.7)
along sampling tracks running laterally-to-medially (Figs.
7, 8). While thalamoperforating vessels (Fig. 7A,C: open
spaces) sometimes confounded attempts to construct per-
fectly straight tracks through the sampling space, the
relatively modest standard deviations among these samples
(range: 4.9-24.1; median: 12.5) suggested that puncta
density was homogeneous along a line but differed among
tracks as well as between divisions (Table 2). No consistent
departure from these numerical values was observed along
the caudorostral axis (Fig. 8).

Dorsal division puncta. The density of immunoreactive
dorsal division puncta was clearly lower both in GAD- (Fig.
3C,E) and GABA-immunostained (Fig. 3D,F) preparations
relative to the ventral division, despite the fact that the
dorsal division contained the bulk of immunolabeled medial
geniculate neurons (Fig. 2). The comparatively small size
and fine, granular appearance of dorsal division puncta
contributed to the impression of modest immunoreactivity
compared to the ventral and medial divisions (Figs. 1A, 3H).
Quantitatively, there were about half as many puncta per
sample as in the ventral division (Table 2; Fig. 7D). Along a
posterior-to-anterior axis, the number of dorsal nucleus
puncta varied while gradually increasing (Fig. 8), although
the present sample is too limited to reveal other, finer local
patterns. While this quantitative analysis was limited to the
dorsal nucleus proper, other subdivisions, notably the
suprageniculate nucleus, had a much different arrange-
ment, with aggregates of many coarse and strongly immu-

Fig. 4. Ventral division GAD immunoreactivity. All of the neurons
(stippled outlines) are immunonegative and receive varying numbers of
immunopositive axon terminals, and the distribution of puncta in-
cludes fine, small elements (1), medium-sized ones (2), and large
profiles {(3); moderately thick, smooth preterminal axonal fragments (4)
as well as much larger, beaded axonal segments () are also present.
Some zones of rarefaction are attributable to thalamoperforating
vessels (Fig. 1), while other areas (for example, beneath VI) have above
average local concentrations whose significance is unknown. The
marginal zone (MZ ) has little immunoreactivity. Planapochromat, N.A.
1.32, x2,000.

Fig. 5. Dorsal division immunoreactivity, spanning the superficial
dorsal (DS) and dorsal (D) nuclei (see also Fig. 7D). The number of
immunopositive neurons is greater than in the ventral division (see Fig.
2), while the puncta are far fewer (Table 2). Small, delicate puncta (1)
predominate, and these are often finer than their ventral (Fig. 4:1) or
medial (Fig. 6:1) division counterparts. Many rather long (50-100 pm)
preterminal segments are visible (beneath DS), and the thinnest of
these (4) are thread-like, approximately 0.3 pm in diameter and with
tiny beads, while thicker segments (5) have coarser swellings. Some
immunonegative neurons have few axosomatic endings, while others
have many more, though their number rarely approaches that of
ventral or medial division cells. Planapochromat, N.A. 1.32, x2,000.
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TABLE 1. Somatic Size Comparisons of GAD Immunoreactive Neurons® in
the Ventral and Dorsal Divisions of the Mustached Bat

J.A. WINER ET AL.

TABLE 2. Number of Puncta/625 pm? in Different Subdivisions of the
Mustached Bat’s Medial Geniculate Complex,

Medial Geniculate Body and Comparison With the Rat
Division Mean area?* SD Range No. Division Mustached bat!? Rat3 Ratio (%)
Ventral éiyi_sion 38.3 6.9 28.7-62.7 46 Ventral division
Dorsal division* 334 7.1 18.7-56.6 65 (lateral part) 119.3 + 17.4 (97-151) 113.1 = 36.2 (31-200) 105
: . - - - N Dorsal division 65.0 = 14.8 (39-96) 28.7 + 18.7 (0-87)4 226
Too few medial division neurons were immunostained to permit their inclusion; see the Medial division 88.9 + 18.1 (43-141) 114 + 31.9 (31-206) 8

text for details.
2All measurements in pm?2,
*P < 0.001, t-test; df = 110,

noreactive puncta (Fig. 1C:Sg). Puncta density also in-
creased along the dorsoventral axis (Figs. 5, 7D).

GAD-immunoreactive dorsal division puncta (Fig. 5)
appeared on average smaller than those in the ventral
division (Fig. 4). Nonetheless, classes of small, medium-
sized, and large puncta were readily noted (Fig. 5:1-3,
respectively). As in the ventral division, where many puncta
formed apparent axosomatic endings upon immunonega-
tive neurons (Fig. 4: stippled outlines), some dorsal nucleus
neurons received a moderate number of terminals (Fig. 3F:
arrows; Fig. 3H: soma; Fig. 5: stippled outlines), while
others had far fewer. Besides these endings, very fine,
thread-like, presumably preterminal profiles were seen
(Fig. 5:4). Much thicker, beaded elements (Fig. 5:5) also
occurred, some perhaps of dendritic origin (Fig. 3C) and up
to 50-100 pm long (Fig. 5, below DS).

Medial division puncta. GAD+ medial division puncta
were three-fourths as numerous as those in the ventral
division (Table 2) and, despite considerable variability in
their number along dorsoventral tracks running through
the long axis of the medial division (Fig. 7C,D), the antero-
posterior gradient (Fig. 8) was more uniform.

Aithough the density of puncta was intermediate to that
in the ventral and dorsal divisions (Table 2), the appearance
of medial division immunostaining was different, and many
puncta were coarser and larger and had complex shapes
(Fig. 6). The three primary size classes—small, medium-
sized, and large—were seen (Fig. 6:1-3, respectively). The
small puncta were as fine as the most delicate dorsal
nucleus puncta (compare Figs. 5:1, 6:1), but the largest
profiles were much bigger and more complex than their
counterparts in the ventral (Fig. 4:3) and dorsal (Fig. 5:3)
divisions. Thin, delicate profiles were present, some with
trajectories that recapitulated those of axons of brachial
origin (Figs. 31, 6:4; see also Winer and Wenstrup, '92b).
Given the relatively few intrinsic immunopositive medial
division neurons (Fig. 2), it is probable that such profiles
represent extrinsic axons (Fig. 6). Many puncta terminated
freely in the neuropil, while others formed axosomatic
endings (Figs. 31, 6).

DISCUSSION

The present results have three main implications. First,
they independently validate and extend the plan for subdi-

Fig. 6. Medial division GAD immunoreactivity, showing a numeri-
cal pattern comparable to the ventral division (Table 2; Fig. 4) but with
much coarser and more complex puncta. Small (1), medium-sized (2),
and large (3) endings occur among a population chiefly of immunonega-
tive perikarya (stippled profiles; see also Fig. 2:M), upon which varying
numbers of puncta (lower left) terminate. The many prominent puncta
(5) are the largest and most elaborate in the auditory thalamus, and a
few scattered, beaded profiles occur (4) among the often lengthy
preterminal segments. Planapochromat, N.A. 1.32, x2,000.

'Mean = SD (range).

2Total = 10,538.

3Modified from Winer and Larue (’88).

4Since these values were interpolated from the 100 um? sampling grid used in an earlier
study (Winer and Larue, '88), the zero value is certainly an underestimate given the
present, larger sampling zone.

viding the mustached bat medial geniculate complex de-
rived from studies of neuronal architecture (Winer and
Wenstrup, '92a) and cytoarchitecture (Winer and Wen-
strup, '92b), and from investigations of midbrain (Wen-
strup and Winer, '87; Frisina et al., ’89) and cortical (Olsen,
’86) connections. Second, they provide a context for consid-
ering comparative aspects of sensory thalamic organiza-
tion, with particular reference to homologous and non-
homologous elements in the evolution of thalamic circuitry.
Finally, the patterns of immunostaining are specific to
particular nuclei and consistent with the idea that GABAer-
gic elements, either of interneuronal or extrinsic origin,
might play an important physiological role whose precise
nature remains to be defined. However, before considering
these implications, it is appropriate to assess first the
reliability of the method since our conclusions depend in
part on a negative result, viz., the relative paucity of Golgi

Fig. 7. Quantitative analysis of concentrations of GAD + puncta. A:
Nissl preparation showing the track (1) along which the puncta counts
were made in an adjoining, immunostained section. Tracks were
selected to avoid thalamoperforating vessels, and the anteroposterior
position of the section is comparable to that of Figure 1B. Planapochro-
mat, N.A. 0.32, x200. B: Cytoarchitectonic subdivisions and schematic
view of puncta concentration along the track in A. Many lie in the
lateral part of the ventral division (see also D:1), and the absolute value
is rarely less than 60 puncta/625 pm?2 The values for the medial
division are somewhat underestimated due to the many fibers (see also
D:4). C: Puncta concentrations at an architectonic level near that of
Figure 1C. D: Four dorsal-to-ventral tracks (I—4) show that the lateral
part of the ventral division has the highest concentration, followed by
the medial part of the ventral division, the medial division, and then the
dorsal division (2,3), respectively; exact values from other counts are
shown differently in Figure 8.

Fig. 8. Number of GAD+ puncta/625 pm? within and along a
caudal-to-rostral sequence in the auditory thalamus. A-F: The number
to the right of each black box identifies each of the 30 sampling
distributions; every numerical value is the mean of four samples (see
also Table 2). Most of the trends confirm the patterns shown in Figure
7, for example, the lateral part of the ventral nucleus (VI) consistently
has the highest values, the medial division (M) and the medial part of
the ventral division (Vm) are comparable, and the dorsal division (D)
generally has the fewest puncta. G-K: Puncta counts arranged accord-
ing to architectonic subdivisions and across posterior-to-anterior se-
quences through different medial geniculate body subdivisions. The
italic numbers in panels A-F identify the locus of the sample. G: From
the lateral part (VI) of the ventral division. H: From the intermediate
part of the ventral division. E: From the medial part (Vm) of the ventral
division. J: From the dorsal division. K: From the medial division (M).
L: Three-dimensional surface view of the spatial distribution of puncta
from panels A-F. For purposes of illustration, each point has been
represented as two lines to generate a contour map. The orientation for
this figure is drawn as if the reader were viewing the left medial
geniculate body from a caudomedial perspective.
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type II neurons, and the reliability of GAD or GABA
immunostaining as a probe for such neurons.

Methodological considerations

Many different strategies might be used to identify local
circuit neurons within the medial geniculate body. Thus,
Golgi or Nissl preparations show small cells with sparse,
pale cytoplasm, a locally ramifying axon, and slender den-
drites with a few elaborate appendages; each of these
features is suggestive, though not diagnostic, of such
interneurons. Unfortunately, in the adult specimens avail-
able, the extent of axonal impregnation was insufficient in
these Golgi-Cox preparations to warrant any conclusion
that more than a few such cells are present (Winer and
Wenstrup, '92a), nor could these classes of neurons be
differentiated reliably on the basis of somatic size (Winer
and Wenstrup, '92b).

Another approach to identifying medial geniculate body
interneurons would entail the study of retrogradely labeled
thalamocortical relay cells in semi-thin plastic sections for
post-embedding immunocytochemistry using a variety of
antisera to mark neurons through a sequence of semi-serial
sections. The latter method has successfully identified
GABAergic intrinsic neurons in the primate lateral genicu-
late body (Montero and Zempel, '85, ’86) and glycinergic
superior olivary neurons in the cat (Saint Marie et al., ’89)
and mustached bat (Park et al., ’91) whose axons project to
the inferior colliculus. Since the present study used immu-
nostaining only, several questions arise. These are: 1) how
specific and veridical are the antisera for identifying
GABAergic elements? 2) with so few immunopositive neu-
rons, how reliable are quantitative estimates of puncta? 3)
could other neuroactive compounds besides GABA fulfill a
role in the operation of local thalamie circuits? and 4) what
is the concordance between GAD and GABA?

Relatively few, and approximately the same proportion,
of medial geniculate neurons were immunostained for GAD
or GABA in every experiment. Despite the comparatively
sparse auditory thalamic immunoreactivity, many non-
auditory structures, either remote from or adjoining the
medial geniculate complex, were robustly immunopositive
for both in GAD and GABA preparations, including the
substantia nigra (Fig. 1A—C), the subparafascicular nucleus
(Fig. 2E), certain hippocampal neurons (Figs. 2G, 10A), and
cerebellar Purkinje cells (Fig. 2K). Neural populations
known to be immunoreactive for GAD or GABA in rodents
(see Mugnaini and Oertel, ’85) were always positive in the
present study, whereas structures known to be GABA-
negative were likewise free of immunoreactivity, as were
both omission controls (not shown) and sections incubated
in pre-immune serum (Fig. 1D). GAD-immunoreactive
auditory neurons and puncta were consistently and darkly
immunostained in the inferior colliculus (Fig. 9A,B), audi-
tory cortex (Fig. 9C,D), and cochlear nucleus (not illus-
trated). Their number and locus were always consistent
within an experiment and between cases (J.A. Winer, G.D.
Pollak, and D.T. Larue, in preparation).

A parallel argument supports the reliability of the numer-
ical observations on puncta. First, the variability between
sections within an experiment was low, approximately
10-15%, and between cases it was rarely as much as 30%. In
making quantitative estimates (Fig. 8) nuclear boundaries
were avoided, further reducing the standard deviation. The
concordance between independent observers in the puncta
count was greater than 90%.
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The consistency and continuity among these independent
variables suggest that the present results faithfully reflect
the arrangement of GABAergic cells and puncta in the
mustached bat auditory thalamus. However, the functional
implication of regionally specific GABAergic arrangements
remains to be explored physiologically.

In contrast to other studies, in which antisera to GAD or
GABA appear to identify somewhat different neuronal
populations (see Hurd and Eldred, '89), the same propor-
tion of cells, with a similar morphology, was marked in the
present experiments. However, it should be stressed that
our entire sample of immunolabeled auditory thalamic
neurons (about 110) is too small to permit the careful
scrutiny that a larger population of such cells would
encourage, and we are therefore unable to make definitive
quantitative statements about differences between the an-
tisera. Moreover, since immunopenetration is superior in
the GAD preparations, even quantitative comparisons would
of necessity be indirect. The only appreciable qualitative
difference was related to the puncta: longer preterminal
bouton-free axonal segments were marked by GABA, while
the punctate character of the boutons and perhaps the

intensity of the immunostaining was more prominent in
the GAD material.

Possible sources of GABAergic input

If the mustached bat medial geniculate complex contains
as few GABAergic neurons as estimated in this study—
perhaps 1-2% of such cells in the dorsal nucleus, less than
1% of ventral division cells, and only a rare medial division
neuron—then what is the origin of the comparatively rich
plexus of GABAergic endings? Two known sources are
Golgi type II cells in the medial geniculate body and
GABAergic thalamic reticular nucleus neurons. Other po-
tential contributors, which remain to be demonstrated
experimentally, are GABAergic cells in or near the ventral
nucleus of the lateral lemniscus or the lateral tegmental
projection neurons in the midbrain, and/or inferior collicu-
lus cells.

The proportion of local circuit neurons in the bat audi-
tory thalamus is unknown, and few such cells have been
impregnated in Golgi preparations (Winer and Wenstrup,
'92a). Since these neurons appear to comprise only a
minute proportion of the population, they would presum-
ably require relatively enormous local axonal branches to
generate the formidable GABAergic terminal plexus com-
mon in these experiments. Thus, while they probably
contribute to local thalamic circuits, they are unlikely to be
the largest or even the principal source. A second possible
avenue of influence is that their dendrites might participate
in dendro-dendritic glomerular complexes or synaptic nests
that are one hallmark of medial geniculate body ultrastruc-
tural organization in carnivores (Morest, 71, *75; Ohara et
al., ’89), though such arrangements are considered to be

Fig. 9. Characteristic patterns of GAD immunostaining in auditory
structures outside the medial geniculate complex. A: GAD+ inferior
colliculus neurons. For analysis of subdivisions, see Zook et al. (85).
Protocol for panels A,C: planachromat, N.A. 0.50, x500. B: GAD+
inferior colliculus neuron with many immunopositive axosomatic end-
ings (solid black, lower left) among immunonegative neurons (stippled
profiles). Compare with Figures 4-8. Protocol for panels B,D: pla-
napochromat, N.A. 1.32, x2,000. C: GAD+ cells in layers I-III of
auditory cortex. D: View of layers I-II at higher power showing small
GAD + cells and fine, numerous puncta.
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Fig. 10.

Identification of the presumptive thalamic reticular nu-
cleus. A: Overview of the rostral thalamus. The inset (dotted square)
frames the putative reticular nucleus in this GAD-immunostained
section. Planachromat, N.A. 0.04, x20. B: At higher magnification, the

quite rare in many small mammals (gpa(':ek and Lieberman,
74).

The overwhelmingly GABAergic neuronal population in
the thalamic reticular nucleus of many species (Houser et
al., ’80) is a probable source of much of the GABAergic
input to the cat medial geniculate body (Rouiller et al., ’85).
Many of these neurons, which are heavily GAD- or GABA-
immunoreactive in the mustached bat (Fig. 10), are also
retrogradely labeled after auditory thalamic injections of
horseradish peroxidase (E. Covey, personal communica-
tion; J.F. Olsen, personal communication). Presumably,
they could represent some of the synaptic endings contain-
ing flattened vesicles, profiles thought to arise from extra-
geniculate sources in other thalamic nuclei (Montero and
Scott, ’81). This hypothesis has been confirmed in recent
studies, which have demonstrated precise patterns of con-
nections between particular sectors of the reticular nucleus
and subdivisions of the prosimian medial geniculate com-
plex (Conley et al., ’91).

Many neurons in the ventral nucleus of the mustached
bat’s lateral lemniscus (Pollak and Winer, ’89) and others
in the lateral tegmental system of the midbrain (J.A. Winer,
unpublished observations) are GABAergic. Whether some
of these cells project to the medial geniculate body remains
to be demonstrated in bats. If the mustached bat auditory
thalamus resembles the cat’s, this projection should be
heaviest in the dorsal division (Morest, ’65). Since the
proportion of GABAergic cells is greatest in the bat dorsal
division (Fig. 2), while the relative number of GAD + puncta
is lowest among the three primary divisions (Table 2), this
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GAD+ neurons and the characteristic lamellar configuration of the
reticular nucleus (Ret) are evident. See text for further discussion.
Planapochromat, N.A. 0.32, x156.

suggests 1) that GABAergic thalamic interneurons are
unlikely to account for the bulk of the immunopositive
puncta; and 2) that multiple sources of extrinsic GABAergic
input (besides the thalamic reticular nucleus) may exist for
each auditory thalamic subdivision, and that these remain
to be identified. Another potential origin for such a projec-
tion is the neurons of the nucleus of the central acoustic
tract whose axons terminate within the suprageniculate
nucleus (Casseday et al., ’89), although the identity of their
transmitter remains uncertain. In the cat, neurons in the
posteromedial region of the ventral nucleus of the lateral
lemniscus, as well as cells in every subdivision of the
inferior colliculus, in the superior colliculus, and from the
vicinity of the brachium conjunctivum, all send axons to the
medial geniculate body (Henkel, ’83; Hutson, '88). Some of
these neurons, too, may be GABAergic.

Once the sources of GABAergic projections and the
functional role of intrinsic inhibitory neurons can be estab-
lished with more precision, it should then be possible to
draw parallels and specify differences with other, chemi-
cally distinct auditory thalamic components. Thus, in ro-
dents and carnivores, monoamines (Fuxe, '65; Fitzpatrick
et al., ’89) and enkephalins (Covenas et al., ’86) each have a
particular regional distribution whose function is unknown
but that overlaps spatially with the GABAergic territories
defined here, as does the pattern of glutamate immunoposi-
tive neurons (Winer, ’91). Iontophoretic application of
acetylcholine alters the firing pattern of thalamic sensory
neurons (McCormick and Prince, ’87), and there is a
substantial cholinergic axonal plexus in subregions of the
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rat (Levey et al., '87) and cat (Fitzpatrick et al., ’89) medial
geniculate body whose functional role is unknown.

Comparative aspects of GABAergic
organization in the auditory thalamus

Are the immunocytochemical patterns described in the
present study unique to the mustached bat, or do they
embody trends common to other mammals? With some
exceptions, the major features of medial geniculate body
GABAergic organization are remarkably conserved in ro-
dents, in carnivores, and possibly in primates. As a rule, the
numbers and types of immunopositive puncta have a
relatively consistent interspecific organization: the ventral
division invariably has a dense concentration of small and
medium-sized puncta and some large ones, the dorsal
division has far fewer puncta, most of which are more
delicate, while the density in the medial division is compara-
ble to that in the ventral division, and the puncta are
generally larger and coarser in appearance. Species differ-
ences include the relative ratios between divisions (see
Table 2) as well as certain extremely dense aggregates of
puncta in the macagque monkey auditory thalamus (J.A.
Winer, unpublished observations).

There are substantial species differences in the number
of immunopositive neuronal perikarya. Thus, in rats and
mustached bats, only a comparatively few neurons, on the
whole, are immunopositive, and in the rat (Winer and
Larue, '88), most of these were in the ventral and medial
divisions, respectively. In the bat, the dorsal division con-
tained the preponderance of such cells, followed by the
ventral division, with rare immunopositive medial division
neurons. In the cat (Huchton et al., ’91) and monkey (J.A.
Winer, unpublished observations), every auditory thalamic
subdivision has many GABAergic neurons, including more
than one such type in some nuclei. In the opossum and
rabbit, the proportion of GAD-immunoreactive medial ge-
niculate neurons appears greater than in the mustached
bat (Penny et al., ’84), though still much lower than in the
cat (Rinvik et al., ’87) and squirrel monkey (Smith et al.,
’87). Of course, the observation that comparable types of
neurons are immunostained in different species or that the
numbers of immunopositive puncta are comparable (or
different) is only indirect evidence of any functional relation-
ship, and, without a physiological frame of reference, it is of
limited value. Nevertheless, some inferences are possible.
Thus, the relative density of puncta is comparable in species
with many synaptic nests or glomeruli, such as the cat
(Morest, '71, ’75) and perhaps in the monkey (J.A. Winer,
unpublished observations), and in species with fewer such
local arrangements; however, rigorous guantitative ultra-
structural studies are incomplete (see Spacek and Lieber-
man, '74) and the synaptic dispositions within, not to
mention the absolute number of, putative glomeruli in the
bat, remain unknown. However, if they exist their targets
might well include postsynaptic sites outside the glomeruli,
while in the cat and monkey the density of these arrange-
ments is consistent with the hypothesis that both glomeru-
lar and extraglomerular synaptic targets are involved. This
raises the intriguing comparative question of the physiolog-
ical role of GABAergic Golgi type II cells in the auditory
thalamus of mammals with few or many such neurons,
respectively. If a large number of GABAergic neurons in a
given nucleus is a mark of advanced function, their overall
rarity in the bat medial geniculate body constitutes some-
thing of a paradox. Perhaps another transmitter has sub-
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sumed the role of GABA in the bat, or the auditory thalamic
circuitry represents an important departure from the pat-
tern in carnivores and primates and aligns the mustached
bat more closely with rodents and lagomorphs.

The species differences and parallels in auditory thalamic
GABAergic organization could support the conclusion that,
even among the principal nuclei of the lemniscal acoustic
pathway, there may be significant differences in the num-
ber and arrangement of local neuronal circuits. Since
different patterns of neurochemical architecture distin-
guish the main sensory thalamic nuclei, perhaps each
modality has a unigue pattern of intrinsic organization. For
example, in rodents, the lateral geniculate body has a
comparatively large number of GABAergic neurons and
axon terminals (Ottersen and Storm-Mathisen, ’84; Mug-
naini and Oertel, ’85), the medial geniculate complex
possesses only a few such cells and distinct local variations
of puncta (Winer and Larue, '88), while the ventrobasal
complex has no apparent GABAergic neurons and a moder-
ate number of puncta (Barbaresi et al., ’86; Harris and
Hendrickson, ’87; Williams and Faull, ’87). The presumably
unique functional role of these different patterns of organi-
zation remains to be studied and could belie the claim that
the various nuclei differ only with respect to their modality-
specific input.

Speculation on function

GABAergic inhibition is likely to play multiple roles in
auditory thalamic signal processing, much as it does in
other brain stem regions (Caspary et al., ’85; Faingold et al.,
’91). Various inhibitory effects have been described in other
species that could plausibly reflect GABAergic mechanisms
integrated within the medial geniculate body (Aitkin et al.,
’66; Aitkin and Dunlop, '69; Whitfield and Purser, '72;
Aitkin, ’73; Aitkin and Prain, '74; Ryugo and Weinberger,
’76; Calford and Webster, ’81; Rodrigues-Dagaeff et al,,
'89). In the mustached bat’s medial geniculate, many
neurons display frequency tuning curves with inhibitory
sidebands and upper thresholds (Olsen, '86). While these
inhibitory response features could reflect local thalamic
GABAergic mechanisms, the inferior colliculus also dis-
plays such features (Bodenhamer and Pollak, ’83; O’Neill,
’85). Nonetheless, thalamic inhibition could contribute to
what is thought to be a progressive sharpening of frequency
tuning curves from the level of the auditory nerve or
cochlear nucleus to the auditory cortex in the mustached
bat (Suga and Tsuzuki, '85).

GABAergic mechanisms may contribute to another inhib-
itory phenomenon related specifically to the mustached
bat’s analysis of biosonar information. Olsen and Suga
(’91b) have recorded delay-tuned, combination-sensitive
neurons in the medial geniculate body. These neurons
respond preferentially to the fundamental, frequency-
modulated (FM) downsweep of the biosonar signal followed
by a higher harmonic frequency-modulated sweep pre-
sented at a particular delay. Such delay tuning is believed to
represent a neuronal analysis of sonar target range. Of
particular interest to the present study is that neurons
tuned to long best delays (more than 4 ms) appear to depend
on inhibitory mechanisms for at least part of their delay
tuning. These mechanisms are likely to be integrated in the
medial geniculate body, since it is the first station of the
ascending auditory system to demonstrate such responses
(O’Neill, '85; Olsen, ’86).
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