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Immunoperoxidase immunocytochemistry was employed to examine the distribution of y-aminobutyric acid (GABA)- and glycine
(GLY)-immunoreactive cells, fibers, and terminals in the guinea pig superior olivary complex. The nuclei studied were the lateral
superior olive (LSO), medial superior olive (MSO), superior paraolivary nucleus (SPN), and the medial, ventral, and lateral nuclei
of the trapezoid body (MNTB, VNTB, and LNTB, respectively). The majority of LSO neurons exhibited GABA-immunoreactive
(+) labeling. These same neurons were also lightly GLY+. Extensive perisomatic punctate GLY+ labeling was observed on most
LSO neurons; these puncta most likely correspond to synaptic terminals. A very small number of MSO fusiform neurons were
GABA+, and none were GLY+. The GLY positive perisomatic punctate labeling around most MSO neurons, although abundant,
was not as profuse as that observed in the LSO. The MNTB neurons corresponding to the principal and elongate types were intensely
GLY+ and were contacted by small numbers of GLY+ puncta. There was extensive GLY+ punctate labeling in the SPN that
surrounded the cell bodies of most of its large, radiate neurons and many of the smaller, fusiform neurons. The few large, radiate
neurons that were lightly GLY+ possessed far fzwer GLY+ puncta on their perikarya. The distribution of GABA+ puncta was
generally diffuse and scattered throughout the nuclei described above. In the VNTB and LNTB, several large neurons of various
shapes were GLY+ as were the small, oval neurons. The extent of GLY+ punctate labeling was quite variable in both nuclei. The
majority of perikarya in the VNTB and LNTB were GABA+. A light distribution of GABA+ puncta was observed on most cell
bodies in both nuclei. Peridendritic GABA+ punctate labeling was dense in the VNTB neuropil. Two small populations of GLY +
neurons were observed outside of the named nuclei of the SOC; one was located dorsal to the LSO, near its dorsal hilus, and the
other was identified near the medial pole of the LSO. The somata of both populations possessed extremely sparse GLY+ punctate
labeling. In general, these results agree with and expand on findings in rodents from previous studies. There appears, however, to
be differences between the guinea pig and cat with regard to the proportions of GABA+ neurons in the LSO and GLY+ punctate
labeling in the MSO.

INTRODUCTION 467993 and the evidence supporting GABA and

In recent years, substantial effort has been de-
voted to localizing and determining the functional
roles of y-aminobutyric acid (GABA) and glycine
(GLY) in nuclear complexes of the auditory
brainstem3’9’10’13'25’26'30’43’44’65’71’72’76’81’89’91‘101’102.
This effort evolved from physiological studies de-
scribing the extensive involvement of inhibition in
the processing of acoustic information’27-28:37:45.

GLY as major transmitters mediating inhibition in
the central nervous system?!#2%:75:90:103

The goal of this study is to describe, in detail, the
patterns of GABA- and GLY-immunoreactive cells,
fibers, and puncta in the nuclei composing the
superior olivary complex (SOC). The mammalian
SOC, which contains major relay nuclei of the
auditory system*®->*7>% is composed of 3 principal
nuclei: the lateral superior olive (LSO), medial
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superior olive (MSO), and medial nucleus of the
trapezoid body (MNTB). They are surrounded by
smaller aggregates of neurons known, collectively,
as the periolivary nuclei (PON). In rodents, the
PON have been named according to their location in
the superior olivary complex as follows: the ventral
nucleus of the trapezoid body (VNTB) is ventral to
the MNTB, the lateral nucleus of the trapezoid body
(LNTB) is lateral to the VNTB and ventrolateral to
the LSO, and the superior paraolivary nucleus
(SPN) is dorsal to MNTB. The LSO and MSO are
initial sites for the convergence of binaural input’®%®
and are probably involved in localizing sounds®”
62:63.93.107. the MNTB assists in this function by
providing the LSO with input from the contralateral
ear’28688.98 The projection from the MNTB to the
LSO is considered to be inhibitory®>. The PON
possess complex patterns of neural connectivity, and
contain elements of both the ascending and de-
scending auditory pathways to be discussed below.

Several immunocytochemical studies have de-
scribed the distribution of GABA- or GLY-immu-
noreactivity in selected nuclei in the SOC as a part
of a broader examination of the auditory brainstem
of rats!® and guinea pigs’"""21%2 In doing so, the
evaluation of several SOC nuclei, in particular the
PON, was either not attempted or only briefly
described. The present study examined the immu-
noreactive labeling of GABA and GLY in all of the
nuclei composing the guinea pig superior olivary
complex.

MATERIALS AND METHODS

Thirty NIH-strain guinea pigs, 200-300 g, were
used in this study. All of the animals were deeply
anesthetized with pentobarbital, exsanguinated trans-
cardially with 50 ml of physiological saline contain-
ing 0.01% sodium nitrite, and perfused with 750 ml
of mixed-aldehyde fixative in 0.1 M sodium caco-
dylate buffer (pH 7.3-7.4) delivered over a 15-min
time period. The fixative contained 1.25% glutaral-
dehyde and 1.0% paraformaldehyde for the 14
animals used in GLY immunocytochemical studies;
4.0% paraformaldehyde and 0.2% glutaraldehyde
for those 14 evaluated for GABA immunoreactivity;
and 3% paraformaldehyde and 0.5% glutaraldehyde
for 2 animals whose tissues were examined for

possible co-localization of GABA and GLY antibod-
ies. The brainstems were then removed, immersed in
their respective fixatives for an additional 2-4 h, and
stored overnight at 4 °C in 300-310 mOsm phos-
phate-buffered saline (PBS), pH 7.4.

Serial transverse sections of the brainstems from
9 animals of each of the GABA and GLY groups
were cut at 60 um on a Vibratome. After washing in
PBS, the free-floating sections were pre-incubated 1
h in a blocking solution of 5% normal goat serum
(NGS) in PBS. They were then transferred to
affinity-purified polyclonal rabbit antisera to either
GLY!?, diluted 1:1000-1:1250, or GABA'", di-
luted 1:1500-1:1750, and incubated overnight at
4 °C with gentle agitation. The antisera dilutions
were made using blocking solution as the diluent.
Control sections were incubated in blocking solution
that did not contain the primary antisera. Subse-
quent steps followed the avidin—biotin method of
Hsu et al.>® using the Vectastain ABC kit (Vector
Labs), and the peroxidase activity was visualized by
exposing the sections to 0.05% diaminobenzidine
and 0.0075-0.001% hydrogen peroxide in PBS for
5-15 min. The sections were finally washed in
distilled water (dH,O), mounted onto gelatin-
subbed slides, and coverslipped with Krystalon
mounting medium (Harleco).

For post-embedding immunocytochemistry the
brainstems from the remaining animals were Vibra-
tome-sectioned at 100-150 um in the transverse
plane. The tissue was post-fixed in 0.2% osmium
tetroxide in 0.15 M sodium cacodylate buffer (pH
7.4) for 2 h, dehydrated through a graded ethanol
series and propylene oxide, and embedded in EM-
bed 812-based resin (Electron Microscopy Supplies).
The embedded tissue was sectioned at 1 gm with an
ultramicrotome (Reichert Ultracut or LKB Ultra-
tome) and mounted onto glass microscope slides. To
allow the antiserum better penetration into the
tissue, the plastic was removed from the sections by
an 11 min immersion into saturated sodium ethoxide
(absolute ethanol saturated with sodium hydroxide)
diluted 1:1 with absolute ethanol, followed by dH,O
washes. To restore antigenicity, osmium was
bleached from the tissue by two S-min submersions
into 1% aqueous sodium m-periodate, separated by
a brief dH,0 wash. Following additional dH,O
rinses, the tissue was pretreated in blocking solution



(5% NGS in PBS) and incubated in a humidified
chamber, at 4 °C, for 48 h in the appropriate primary
antibody dilution. GLY and GABA antisera were
diluted in blocking solution 1:400 and 1:500, respec-
tively. Control sections were incubated in blocking
solution only. The procedures for visualizing the
immunoreactivity were the same as in the preceding
paragraphs, except that the Vectastain reagents were
prepared at twice the recommended concentration.

For the tissue prepared for evaluation of GABA
and GLY co-localization, adjacent 1 gm plastic
sections through the SOC were processed immuno-
cytochemically as described in the preceding para-
graph. One section was incubated in GABA anti-
sera, the other in GLY antisera. The coincidence of
GABA and GLY immunoreactivity within a given
SOC profile was assessed by comparing photo-
montages of the adjacent sections. From this meth-
od, evidence for GABA and GLY co-localization
could be obtained.

The material for this study was examined with a
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Leitz Dialux equipped with both bright-field and
differential interference contrast optics.

RESULTS

Each of the two immunolabeling methods em-
ployed offered distinct advantages in terms of inter-
preting immunoreactive labeling. Processing the
tissue as free-floating sections produced better im-
munolabeling of perikarya and dendrites (e.g. Fig.
1) than that observed in the 1 4m plastic-embedded
sections due, perhaps, to the greater tissue depth
available in the thicker free-floating sections. How-
ever, the labeling of small perisomatic and periden-
dritic puncta was more intense in the plastic-
embedded tissue (e.g. Figs. 2, 3).

No immunoprecipitate was observed in the con-
trol tissues regardless of whether they were pro-
cessed as free-floating sections or by the post-
embedding technique. In sections exposed to the
primary antisera, a range of labeling intensities

Fig. 1. GLY and GABA immunolabeling in the LSO. A: the neuropil of the LSO is rich with GLY immunolabeled fibers and puncta.
Arrows indicate examples of LSO neurons that are lightly GLY immunopositive. B: arrows indicate LSO neurons that are intensely

GABA immunoreactive. Bar = 20 um.
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Fig. 2. Co-localization of GLY and GABA immunoreactivity in LSO neurons. The same field is seen in adjacent 1 um section
immunolabeled with GLY (A) or GABA (B); arrows indicate immunopositive somata, arrowheads indicate unlabeled ones. Note
that the GLY immunopositive neurons in A are the same as those that are GABA immunoreactive in B. In A note also that both
labeled and unlabeled perikarya are encrusted with GLY immunopositive puncta. Bar = 20 zm.

occurred that presumably corresponded, qualita-
tively, to the amount of antigen (GLY or GABA)
contained within the labeled profiles. Axons were
typically the most intensely immunostained struc-
tures. While synaptic terminals cannot be unambig-
uously identified at the light microscopic level, the
labeled puncta observed most likely corresponded to
terminals or axons en passant. When labeled puncta
were encountered on somata or dendrites, it was
assumed that those with immunoreactivities similar
to nearby longitudinally-sectioned labeled axons

were indeed axonal, while puncta more lightly
stained were presynaptic terminals (Fig. 4A).

For the sake of convenience, GABA- and GLY-
like immunoreactivity will be referred to as GABA+
and GLY+, respectively.

Lateral superior olivary nucleus

Two-thirds to three-quarters of the LSO neuronal
population exhibited light GLY immunoreactivity;
the rest were unlabeled (Fig. 1A). Similar propor-
tions of I.SO neurons were distinctly GABA + while

—>

Fig. 3. Punctate GLY and GABA labeling in the LSO. A: the profiles of most LSO neuronal somata are surrounded by GLY
immunoreactive puncta (examples of which are indicated by the arrows), most of which are probably presynaptic terminals. B:
punctate GABA immunoreactive labeling in the LSO is sparse. Arrows indicate examples of GABA immunopositive puncta on the

cell bodies of GABA immunostained LSO neurons. Bar = 20 um.






274

Fig. 4. GLY and GABA immunolabeling in the MSO. A: the MSO contains abundant GLY immunoreactive fibers and puncta. The
large arrowheads indicate examples of punctate labeling, the intensity of which is typical for axons; the arrows indicate examples
of punctate labeling that are presumed to correspond to presynaptic terminals. B: arrow indicates an intensely GABA
immunopositive MSO neuron; arrowheads indicate GABA negative neurons in the MSO. Bars = 20 um.

the remainder were negative for GABA immunore-
activity (Fig. 1B). All of the GLY+ and GABA+
perikarya within the LSO neuropil were fusiform or
oval in shape, and their size, measured along the
major axis of the perikaryon, ranged from 16 to 26
um. The somal shapes of the unlabeled neurons
varied from fusiform to polygonal. Roughly one-half
of the marginal neurons (neurons that lie immedi-
ately within the margins of the LSO, parallel to its
transverse curvatures) labeled with GABA antisera;

likewise with GLY antisera. Small LSO neurons (<
15 gm in length), scattered throughout the medial
and middle limbs, were negative for both GABA
and GLY immunoreactivity. Examination of the
adjacent 1 um sections prepared to assess co-
localization of GABA and GLY indicated that most,
if not all, of the GABA+ LSO neurons were also
weakly GLY+, and vice versa. GABA and GLY
immunoreactivity appeared to occur in the same
neuronal population (Fig. 2).

-

Fig. 5. GLY and GABA immunolabeling in the MNTB. A: perisomatic GLY immunoreactive punctate labeling (arrows, for
example) is sparse in the MNTB. A, inset: the vast majority of MNTB neurons are intensely GLY immunoreactive (arrow, for
example). B: several GABA immunopositive puncta (arrows) can be observed on MNTB neurons. B, inset: while most MNTB
neurons are not GABA-immunolabeled (small arrows) a moderately GABA immunoreactive polygonal MNTB neuron is

occasionally observed (large arrow). Bars = 20 um.






Fig. 6. GLY and GABA immunolabeling in the SPN. A: the neuropil of the SPN contains an abundance of GLY immunopositive
fibers and puncta. While a few of the large, polygonal SPN neurons exhibit light GLY immunoreactivity (large arrow), most are
unlabeled (short arrows). B: GLY +punctate labeling surrounds the somata of the non-GLY-immunoreactive polygonal SPN neurons
(short arrows), while it is sparse on the cell bodies of these polygonal neurons that exhibit light GLY immunolabeling (long arrow).
C: most of the large, polygonal SPN neurons are lightly GABA immunoreactive (smaller arrows); a few smaller SPN neurons are
more intensely GABA immunostained, as indicated by the larger arrow. Bars = 20 um.




The neuropil of the LSO was rich with intensely
GLY + fibers and puncta (Figs. 1A, 3A). While the
profiles of most LSO perikarya were surrounded by
> 10 GLY+ puncta, most of which appeared to be
non-axonal, several of the GLY+ somata were
apposed to noticeably fewer of them. The LSO
neuropil contained far fewer GABA+ structures
(Fig. 3B), many of which appeared to be either
dendritic profiles or cross-sections of axons. The cell
bodies of the vast majority of the LSO neurons were
contacted by only one or two GABA+ puncta.

Medial superior olivary nucleus

No immunolabeling for GLY was observed in any
of the MSO neurons. However, the vast majority of
the perikarya of central cell band neurons and
marginal neurons were contacted by 5-10 GLY+
puncta (Fig. 4A). A similar density of punctate
GLY +labeling was observed on the proximal den-
drites of MSO neurons. Coarse, GLY+ fibers
appeared to pass from the MNTB, through the
MSO, en route to the LSO. These fibers may, at
least in part, give rise to the puncta seen on the MSO
cells.

A very small percentage of MSO neurons were
intensely GABA+ (Fig. 4B) and were scattered
throughout the rostrocaudal extent of the MSQO); the
remainder of the cells were unlabeled. Typically,
only one GABA-labeled neuron could be identified
in a given transverse section through the MSO. They
share similar size, shape, and orientation with the
majority of the unlabeled MSO neurons in that they
are fusiform, 20-25 um in length, with long, tapering
dendrites oriented in a horizontal plane. Adjacent
GLY-immunostained 1 um sections reveal that
GABA -+ MSO neurons have patterns of perisomatic
and peridendritic GLY punctate labeling similar to
those of unlabeled MSO neurons. Like the LSO, the
distribution of GABA+ fibers and puncta was
sparse; usually 1-4 puncta contacted each neuron.

Medial nucleus of the trapezoid body

A great majority of the MNTB neurons were
intensely GLY+. The shape of these neurons was
most often globular, corresponding to the shape of
the principal neurons (Fig. 5A, inset). In addition,
GLY-labeled neurons were identified with somal
shapes similar to those described by Morest®® as
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elongate neurons. Unlabeled cell bodies were only
rarely encountered in this nucleus; these were
typically polygonal in shape. The MNTB appeared
to be the source of the large, GLY+ axons that
passed out of the nucleus and coursed around or
through the MSO and SPN to approach the LSO and
neighboring nuclei. Small numbers (1-5) of GLY +
puncta were observed on the perikaryal surfaces of
MNTB neurons (Fig. 5A).

Most neurons in the MNTB were unlabeled by
GABA antibodies. Occasionally, a polygonal neu-
ron was observed to be lightly immunolabeled for
GABA (Fig. 5B, inset). Of the principal SOC
nuclei, the MNTB possessed the most abundant
punctiform labeling; 5-10 GABA+ puncta were
seen on the perikarya of most MNTB neurons (Fig.
5B).

Superior paraolivary nucleus

Large, GLY+ fibers coursed through the SPN
toward the LSO, giving off branches that appeared
to ramify to provide the SPN with extensive punc-
tiform GLY labeling (Fig. 6A). Several unlabeled
large (25-35 um), polygonal, SPN neurons were
surrounded by perisomatic GLY labeling, > 10
puncta per soma, while lightly GLY+ perikarya of
similar size and shape were contacted by =< 5 puncta
(Fig. 6B). In addition, smaller oval or fusiform
neurons (20-25 um in length) were lightly GLY
labeled and were apposed to GLY puncta whose
numbers varied from zero to > 10. Perikaryal
immunostaining of the large neurons with GABA
antisera was light, while a very small number of
12-20 um fusiform or oval neurons were moderately
GABA+ (Fig. 6C). As in the LSO and MSO,
perisomatic and peridendritic labeling with GABA +
puncta was sparse.

Ventral and lateral nuclei of the trapezoid body

In the VNTB, GLY+ fusiform and polygonal
neurons, 20-30 xm in length, were identified among
unstained neurons of similar shapes and dimensions
(Fig. 7A). Smaller (12-15 um) GLY + oval neurons
were also observed in the VNTB. The LNTB
appeared to contain a few subpopulations of GLY +
neurons. The most distinct of these was located
ventromedially in the LNTB and contained neurons
that were oval or polygonal with sizes ranging from
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Fig. 8. GLY immunoreactive neurons (arrows) can be identified dorsal to the LSO (A) as well as between the LSO and SPN (B).
M, middle limb of the LSO; L, lateral limb of the LSO. Bar = 20 um.

16 to 20 um (Fig. 7B). Two other subpopulations
were located adjacent to the lateral limb of the LSO,
one ventrolaterally, and the other more dorsal,
nearer the pole of the lateral limb. The extent of
punctate GLY labeling was variable in both the
LNTB and VNTB; 0-5 puncta per somal profile was

typically observed on both GLY + and GLY-negative
profiles.

In the sections prepared for GABA immunostain-
ing the entire VNTB, as well as the medial portion
of the LNTB, characteristically exhibited diffuse
background staining. Superimposed on this back-

<

Fig. 7. GLY immunoreactivity in the VNTB and LNTB, GABA immunolabeling in the VNTB. A: arrows indicate examples of GLY
immunoreative VNTB neurons. B: arrow indicates a population of GLY immunopositive neurons located in the medial LNTB. C:
arrows indicate areas in the VNTB that contain a great abundance of GABA immunoreactive punctate labeling; stars indicate

GABA immunolabeled neurons. Bar = 20 um.
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ground were dendritic profiles surrounded by
GABA+ puncta (Fig. 7C). The GABA+ puncti-
form labeling was more abundant in the neuropil of
the VNTB than in neuropil anywhere else in the
SOC. A majority of the perikarya in both the VNTB
and LNTB were moderately GABA-positive, with
variable perisomatic labeling of 1-5 GABA+ puncta
per labeled or unlabeled somal profile.

Neurons located outside of the ‘defined’ SOC nuclei

A small number of GLY+ neurons was observed
near the dorsal hilus of the LSO (Fig. 8A). They
were oval- or fusiform-shaped and 20-25 um in
length. There was also a small population of GLY +
cells immediately outside of the medial limb of the
LSO, near the dorsal pole of the MSO and the
lateral tip of the SPN (Fig. 8B). These two popula-
tions fell outside of the boundaries of the named
rodent SOC nuclei, but were confined within the
superior olivary complex. GLY+ punctate labeling
on these neurons was extremely sparse.

DISCUSSION

The results of the present study, obtained using
two different immunoperoxidase immunocytochem-
ical techniques, expand upon the previous findings in
the rodent SOC for patterns of immunolabeling with
GLY37212 GABA™!, and glutamic acid decar-
boxylase (GAD), the synthesizing enzyme for
GABA®7®, However, there is some disparity be-
tween the patterns of GLY and GABA immunola-
beling observed in the rodent LSO and those
recently described in the cat®!. While the results of
the present study augment our knowledge regarding
the presence of GABA and GLY in the SOC, they
also raise several questions that pertain mostly to the
function of these inhibitory neurontransmitters in
circuits involving the periolivary nuclei.

Lateral superior olive

A major role for inhibition has been defined in the
LSO, a nucleus that is a primary site for the
convergence of binaural input. The majority of its
neurons are excited by ipsilateral sound stimuli and
are inhibited by the simultaneous presentation of a
contralateral tone of similar frequency!®?37:46:93,
These ipsi-excitatory and contra-inhibitory (EI) units

are well suited to function as comparators of inter-
aural intensity differences'® and as such may be
employed to localize sounds. ’

Several lines of evidence support the contention
that GLY is the neurotransmitter mediating contra-
laterally-induced inhibition in the LSO. In the
chinchilla, iontophoretic application of GLY to LSO
neurons during an ipsilateral tone presentation mim-
ics binaural inhibition, while the simultaneous ap-
plication of the GLY antagonist, strychnine, abol-
ishes this effect’>. High affinity uptake of tritiated
GLY by synaptic terminals has been observed in the
cat LSO®. The somata of most LSO neurons are
surrounded by GLY-immunoreactive puncta as ob-
served in this study and by others using guinea
pigs'? and cats®'. This GLY labeling appears to be
primarily in presynaptic terminals. Ultrastructural
studies indicate that a large percentage of LSO
perikarya appose numerous flat vesicle terminals in
the cat?->! and gerbil®2, while their dendrites contact
large, round vesicle terminals in cats?? and rats'®. In
the cochlear nuclei and superior olive, synapses with
flat vesicle terminals appear to contain the inhibitory
transmitter, GLY*>*. The large, round vesicle ter-
minals in the LSO possibly contain an excitant amino
acid neurotransmitter. Using colloidal gold immuno-
electron microscopy, we have recently observed
intense glutamate immunoreactivity associated with
this synaptic type*®. This finding would be consistent
with the evidence in the ventral cochlear nucleus that
excitant amino acids may be associated with spher-
ical cells®12%!, The ipsilateral afferents to the LSO
are supplied primarily by the small spherical cell
region of the anteroventral cochlear nucleus’*8
9799 and may be a major source of the large, round
vesicle axodendritic synapses in the LSO,

The majority of guinea pig LSO projection neu-
rons are GABA+. This observation is supported by
previous investigations in guinea pig and gerbil using
GABA and GAD antibodies’®®'. Moore and
Moore®* also identified GAD+ neurons in the rat,
but they were typically smaller than the principal
neurons and therefore were categorized as small
neurons. In the guinea pig, GABA+ LSO neurons
also appear to co-contain GLY. While this may also
be the case in the cat, major differences do exist.
Saint Marie et al.®! found a very small percentage (<
3%) of cat LSO projection neurons to be GABA+;



and while they did co-label with GLY, a much larger
population of GLY+ LSO neurons did not co-label
with GABA. In addition, at least two-thirds of the
guinea pig LSO neurons appear to be GABA+
and/or GLY+ while only ~40% of the cat LSO
neurons are such®!. These discrepancies between the
cat and rodent LSO in their GABA and GLY
immunocytochemistry lack an immediate explana-
tion beyond the fact that they may reflect interspe-
cies differences. LSO projection neurons send axons
rostrally and bilaterally to the dorsal nucleus of the
lateral lemniscus®*~*#:3% and the central nucleus of the
inferior colliculus'?*¢%79-88  Because most of the
guinea pig LSO neurons are likely to be GABAergic
they, along with the GAD+ neurons of the dorsal
nucleus of the lateral lemniscus>®*7®, would contrib-
ute significantly to the extensive GABA+ punctate
labeling observed in the central nucleus of the
inferior colliculus®-’S, It remains to be seen whether
or not the rodent LSO sends facilitatory output to
the contralateral inferior colliculus and mixed faci-
litatory and inhibitory projections ipsilaterally as
proposed in the cat®!.

The density and distribution of GABA+ puncta
in the LSO can be described as light and scattered.
It should be stated here that this is also the case in
most other SOC nuclei. The pattern of GABA
punctate labeling has been examined in the guinea
pig SOC using immuno-electron microscopy>*.
GABA + terminals have a limited distribution in the
LSO, MSO, MNTB and SPN. These terminals can
be distinguished from GLY+ ones in that they are
typically smaller, contain pleomorphic oval vesicles
with scattered dense core vesicles, and possess
broader active zones than those found in GLY+
terminals. GABA synapses of similar morphology
have also been described in the guinea pig cochlear
nucleus'®®. Several potential sources of GABA
input to the SOC exist in the auditory brainstem
since GABA+ and GAD+ neurons have been
identified in nuclear complexes known to project to
the rodent SOC: the ventral cochlear nucleus”®°111,
the inferior colliculus®*7%-°!, the nuclei of the lateral
lemniscus®*+7%, as well as the SOC itself®*7>°!, The
role GABA plays in the processing of binaural input
or in any other function is unclear because the source
providing GABA input to morphologically or func-
tionally distinct entities in the SOC has not been
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positively identified. Elucidation of the GABAergic
pathways and/or loops affiliated with the SOC will
be necessary to fully understand the functional
significance of GABAergic input to this area.

Medial nucleus of the trapezoid body

The vast majority of guinea pig MNTB neurons
are GLY+. These cells correspond to the principal
neurons and possibly to the elongate neurons de-
scribed in the cat by Morest®. MNTB cells are
contacted by small numbers of GLY immunoreactive
puncta. It is not known whether these puncta
originate from recurrent collaterals arising within the
MNTB itself, from elsewhere in the SOC or,
perhaps, from the cochlear nucleus.

The MNTB receives excitatory input from the
globular cell region of the contralateral ventral
cochlear nucleus*’-**® and in turn projects ipsilat-
erally to the LSO, MSO, SPN, LNTB, and the nuclei
of the lateral lemniscus'’-%-861%  Based on the
immunocytochemical findings of this study and
others™®72192 these projections that represent input
from the contralateral ear are probably glycinergic,
and thus inhibitory. Taking into account the projec-
tion of MNTB to LSO7:40:7486.10% " legioning the
guinea pig MNTB with the excitotoxin, kainic acid,
produces a subsequent loss of perisomatic GLY
immunoreactive labeling in the LSO, where, in the
chinchilla, the iontophoretic application of glycine is
known to inhibit the activity of most of its neurons®”.

Medial superior olive

The MSO plays a role in low frequency sound
localization by detecting interaural time or phase
differences®”+#1:42:46.67.107  Most MSO neurons are
configured so that their lateral dendrites receive
input from the ipsilateral anteroventral cochlear
nucleus (AVCN) while their medial dendrites are
contacted by terminals from the contralateral
AVCN8-8.98 This binaural input is excitatory and
evokes maximal facilitation of MSO units when the
input to both ears arrives exactly in phase*!42:46,
However, many MSO neurons are inhibited when,
at higher sound intensities, the binaural inputs arrive
180° out. of phase*!**>%6. For over one-half of the
MSO units tested, the inhibitory responses can be
elicited by both ipsilateral and contralateral sound
stimuli'?6-198,
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Inhibition in the MSO could be mediated by
glycine. Pleomorphic (oval or flat) vesicle synaptic
terminals similar to the inhibitory ones observed on
the LSO perikarya have been observed on the soma
and proximal dendrites of MSO neurons®**7°. In
the guinea pig, most of the flat vesicle terminals have
been demonstrated to be GLY+>*, and their distri-
bution parallels the perisomatic punctate GLY la-
beling on most MSO neurons observed in this study.
No obvious differences exist between marginal neu-
rons and central cell band neurons in the guinea pig
with regard to relative numbers and distribution of
GLY+ puncta. A species-related difference may be
found in the cat, where central cell band neurons
appose few terminals exhibiting high affinity GLY
uptake®>®3 when compared to marginal neurons.
There are two probable sources of GLY input to the
MSO from within the SOC. First, a small number of
axon collaterals from the MNTB appear to terminate
on MSO neurons in guinea pigs!” and cats®*®®. These
fibers may be glycinergic if they originate from
MNTB principal or elongate neurons; if so, they
would represent a source of contralateral inhibition
to the MSO. Second, the LNTB projects to the
ipsilateral MSO?. This nucleus contains GLY+
neurons as observed in this study and by Peyret et
al.”?. Most GLY+ LNTB neurons appear also to
contain GABA and it is not certain what effects
co-containment of these compounds would have on
the labeling characteristics of the LNTB-MSO pro-
jection. Nevertheless, the possibility remains that
the LNTB is a potential source of ipsilateral GLY-
mediated inhibitory input to the MSO.

The vast majority of MSO neurons project ipsi-_

laterally to the inferior colliculus'2%32-35-79-88 and the

nuclei of the lateral lemniscus®®>°. Because the vast
majority of MSO neurons are not labeled with
GABA or GLY, it is conceivable then that this
projection could be facilitatory. The very small
numbers of GABA+ neurons observed in the MSO
may serve, at least in part, either as interneurons
providing other MSO neurons with GABAergic
input, or they may possibly project outside to an as
yet unidentified auditory nucleus. It is also conceiv-
able that these GABA+ neurons may correspond to
the equally small number of MSO neurons observed
to project to the contralateral inferior colliculus in
the cat®® and gerbil®®.

The periolivary nuclei

The remaining subnuclei of the SOC together
compose the PON. These nuclei contain heteroge-
neous populations of neurons of potentially great
structural, physiological, and biochemical diversity.
The potential for the PON to possess an abundant
variety of neurotransmitters or neuromodulators has
been suggested in the cat VNTB*. Neurons of the
PON receive input from and, in turn, project to
virtually every major brainstem auditory center.
They receive ascending input from the cochlear
nucleus®®’ descending projections from the inferior
colliculus'** and lemniscal nuclei®®'% as well as
input from within the SOC!-6%8%19 The PON
project to the cochlea (for a review of the literature,
see Warr et al.!%), cochlear nuclei®®-*'#"_ principal
nuclei of the SOC*’, nuclei of the lateral lemniscus®,
and inferior colliculus!->'5:20:7%,

To date, little is known about the functional
significance of inhibition associated with the PON.
Few inferences can be made without knowledge of
the connections to and projections from the
GABA+ and GLY+ elements. GABA+ efferent
fibers and terminals have been identified beneath
both inner and outer hair cells®**%2. In addition,
selective high affinity uptake of tritiated GABA and
one of its analogues, nipecotic acid, by efferent
endings beneath outer and inner hair cells has been
observed in gerbils®>®. The nipecotic acid-labeled
efferents were traced back to cells of origin in the
VNTB, LNTB, and between MSO and MNTB®. In
the guinea pig as well, these nuclei contain olivo-
cochlear neurons’’ and are also areas where the
present study shows that GABA+ neurons exist.
GLY, on the other hand, does not appear to be a
major neurotransmitter candidate in the olivocochle-
ar system>>%,

The guinea pig SPN receives major glycinergic
input that originates mostly from the MNTB. An-
terograde tracing studies using the plant lectin
Phaseolus vulgaris-leucoagglutinin demonstrate an
extensive topographical projection from the MNTB
to the SPN'7. These studies also indicate a smaller
projection from MNTB to the LNTB that may be
glycinergic. Known projections from the guinea pig
SPN probably include those of medial olivocochlear
neurons’’ as well as axons that ascend to the dorsal
nucleus of the lateral lemniscus™.



Neurons from all of the cat periolivary nuclei
project to the cochlear nucleus®*'#’; this may also
be the case for the guinea pig. Most of these neurons
are probably either GABAergic or glycinergic, and
their projections could account for a large portion of
the widespread GABA and GLY punctate labeling
identified in all divisions of the cat and rodent
cochlear nucleus®13:6476:91.102

Reciprocal connections have been identified be-
tween the PON and the central nucleus of the
inferior colliculus in the cat!!. Because of the
extensive GABA+ and GAD+ somatic and punc-
tate labeling in these nuclei®’®! it would be
plausible to assume that the reciprocal connections
may, in part, be GABAergic. However, it should be
noted that such reciprocity has not been observed in
the rat; its colliculo-olivary fibers apparently do not
project to the PON neurons that, in turn, send axons
to the inferior colliculus™.

Further knowledge of the roles GABA and GLY
play in the PON will rely upon a thorough under-
standing of its connections. The acquisition of this
knowledge will be challenging because, often, indi-
vidual neurons belonging to a population of interest
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