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ABSTRACT

The goal of this study was to correlate synaptic ultrastructure with transmitter specificity
and function in the lateral superior olive (LSQO), a nucleus that is thought to play a major role in
sound localization. This was accomplished by means of postembedding immunogold immunocy-
tochemistry. Four classes of synaptic terminals were identified in the LSO. They were
distinguishable from one another both morphologically and on the basis of their different
patterns of immunolabeling for glutamate, glycine, and y-aminobutyric acid (GABA). The
highest level of glutamate immunoreactivity was found in terminals that contained round
vesicles (R) and formed synaptic contacts with asymmetric synaptic junctions. Round-vesicle
terminals predominated on small caliber dendrites by a ratio of at least 2:1 over the other
classes combined. The thinnest dendrites were typically contacted by R terminals only. The
ratio of R terminals to the other types decreased as the caliber of the dendritic profiles they
apposed increased so that on the soma, R terminals were outnumbered by at least 2:1 by the
other types. Terminals containing flattened vesicles (F') exhibited intense immunoreactivity for
both glycine and glutamate, although the glutamate immunolabeling was not as high as that in
the R terminals. Flattened-vesicle terminals formed symmetric synaptic contacts with their
targets and their distribution was the reverse of that described for R terminals; i.e., they were
most abundant on LSO perikarya and fewest on small caliber dendrites. Two terminal types,
both containing pleomorphic vesicles and forming symmetric synaptic junctions, were found in
far fewer numbers. One group contained large pleomorphic vesicles (LP) and was immunoreac-
tive for both glycine and GABA. The other group contained small pleomorphic vesicles (SP)
along with a few dense-core vesicles and labeled for GABA only. The LP terminals were
preferentially distributed on somata and large-caliber dendrites, while the SP terminals most
often contacted smaller dendrites. Previous work suggests that a large percentage of the R
terminals arise from spherical cells in the ipsilateral cochlear nucleus and are excitatory in
action. This pathway may use glutamate as a transmitter. Many of the F terminals are thought
to originate from the ipsilateral medial nucleus of the trapezoid body and appear to be the
inhibitory (glycinergic) terminals from a pathway that originates from the contralateral ear.
The origins and functions of LP and SP terminals are unknown, but a few possibilities are discussed
along with the significance of cocontainment of neurocactive substances in specific terminal
types. o 1992 Wiley-Liss, Inc.
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With the advent of postembedding immunocytochemical
techniques, has come the opportunity to reassess in finer
detail the correlation between structure and transmitter
specificity of synapses in the central nervous system. At the
ultrastructural level, the postembedding immunogold pro-
cedure permits quantitation of immunoreactive labeling so
that semiquantitative and statistical comparisons can be
made between different terminal types (e.g., Somogyi et al.,
’86; Montero and Wenthold, ’89; Maxwell et al., ’90). The
ability to quantify immunolabeling is particularly impor-
tant when attempting to elucidate a transmitter role for
putative excitatory amino acids such as glutamate or
aspartate, because their high metabolic levels tend to
obscure their transmitter pools. When combined with
knowledge of the sources of individual terminals, synaptic
relations can be resolved to the level of simple networks,
circuits or individual neurons. The benefits to be derived
from this capability are clear: a better understanding of the
synaptic organization as it pertains to circuit function and,
ultimately, a better comprehension of the operation of
whole neural systems.

Because of its uncomplicated cytoarchitecture and synap-
tic organization, the lateral superior olive (LSO) is an
excellent system in which to evaluate and compare the
cytochemical substrates of function among different anatom-
ically defined synaptic terminals contained in a single
nucleus. Behavioral studies suggest that the LSO, along
with the neighboring medial superior olive (MSO), func-
tions to determine the azimuth of sounds (Masterton et al.,
’79; Jenkins and Masterton, *82). The connectional, neuro-
chemical, and electrophysiological data correlate well with
this functional assignment. Most LSO neurons are sensi-
tive to interaural intensity differences in that they are
excited by ipsilateral sounds and suppressed by the simulta-
neous presentation of contralateral sounds (Tsuchitani and
Boudreau, '66; Goldberg and Brown, ’68; Guinan et al.,
’72a,b; Tsuchitani, *77; Brownell et al., ’79; Caird and
Klinke, '83; Moore and Caspary, '83; Finlayson and Cas-
pary, '89). In addition, most LSO units are sensitive to
interaural time differences, with maximal excitatory re-
sponses to ipsilateral time leads (Caird and Klinke, ’83).

Recent studies have indicated that the excitation and
inhibition of LSO neurons is mediated by synapses using
amino acid transmitters (Moore and Caspary, '83; Schwartz,
’85; Wenthold et al., ’85; Sanes et al., ’87; Glendenning and
Baker, '88; Godfrey et al., ’88; Helfert et al., ’89a; Caspary
and Faingold, ’89; Finlayson and Caspary, '89; Wu and
Kelly, ’91), and preliminary work has suggested that at
least four morphologically distinct classes of synaptic termi-
nals exist in the LSO and each may contain amino acid
transmitters (Helfert et al., ’88b, ’89a).

This study was undertaken to correlate the structure and
neurotransmitter specificity of the inputs to LSO neurons
with their function in sound localization. To accomplish
this, postembedding immunoelectron microscopy was used
to detect and quantify immunolabeling for the three amino
acids (glutamate, glycine, and GABA) that are likely to be
involved in neurotransmission at LSO synapses. The re-
sults reveal the presence of four classes of synaptic termi-
nals in the LSO. Each can be distinguished from the others
morphologically and by a distinct pattern of immunolabel-
ing for glutamate, glycine, and GABA. In addition, each
exhibits a characteristic distribution on LSO neurons. The
relationships between morphology and transmitter immu-
nolabeling in the synaptic terminals providing input to the
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LSO observed here are similar to those described in other
areas of the brain. The synaptic architecture of the LSO
correlates well with its function, as discussed below.

MATERIALS AND METHODS
Tissue preparation

Five pigmented guinea pigs (200-300 g, NIH strain) were
used in this study. They were deeply anesthetized with
pentobarbital, exsanguinated transcardially with 0.01%
sodium nitrite in physiological saline, and perfused over a
15 minute time period with 750 ml of fixative containing
1.25% glutaraldehyde and 1.0% paraformaldehyde in 0.12
M sodium phosphate buffer, pH 7.4. The brainstems were
removed, stored overnight at 4°C in 0.12 M phosphate
buffer and then sectioned at 150 wm in the transverse plane
with an oscillating tissue slicer (Vibrotome®). After washes
in 0.15 M sodium cacodylate buffer, pH 7.4, the sections
containing auditory nuclei were postfixed for 45 minutes in
0.2% osmium tetroxide, stained en bloc with uranyl acetate
(Karnovsky, ’67), dehydrated through a graded ethanol
series and propylene oxide, and flat-embedded in EMbed
812-based resin (Electron Microscopy Sciences, Fort Wash-
ington, PA).

Postembedding immunocytochemistry

Under a stereomicroscope (Wild M8), the LSO was
dissected from the embedded tissue and mounted on blank
resin blocks. Sections of the LSO were cut at 85 nm with an
ultramicrotome (Reichert Ultracut) and collected serially
on 400 mesh nickel grids (1 or 2 sections per grid). To
unmask antigenicity, osmium was bleached from the sec-
tions by placing the grids in aqueous 1% sodium metaperio-
date for 20 minutes, followed by a distilled water (dH0)
rinse. The sections were then pretreated with a blocking
solution of 25% normal goat serum (NGS) in 300-310
mOsm phosphate-buffered saline (PBS) with 0.3% Triton
X-100 (PBS-TX) and incubated in a humidified chamber at
room temperature for 18-24 hours in a primary antibody
solution. The antibody solution contained one of the follow-
ing affinity-purified, polyclonal rabbit antisera to amino
acid conjugates: anti-glycine (Wenthold et al., ’87) diluted
1:100-1:200, anti-GABA (Wenthold et al., ’86) diluted
1:250-1:300, or anti-glutamate (Montero and Wenthold,
’89) diluted 1:200-1:300. The antibody dilutions were made
using 5% NGS in PBS-TX as the diluent. To assess coimmu-
nolabeling for glutamate, glycine and/or GABA in individ-
ual synaptic terminals, each of three serial sections were
incubated in a different one of the three antisera dilutions.
After a PBS rinse, the primary antibody was tagged by
treating the sections with goat anti-rabbit IgG-coated 15
nm colloidal gold (Amersham, Arlington Heights, IL) di-
luted 1:10 in PBS-TX. Finally, the sections were rinsed with
dH,0, stained with uranyl acetate and lead citrate, and
examined with a JEOL 1200 electron microscope.

For morphological classification, the size and shape of the
synaptic terminal profiles, the shapes of their vesicles and
the symmetry of their synaptic specializations were deter-
mined on electron micrographs at x20,000 to x50,000
magnification. The size of synaptic vesicles and the synaptic
clefts were measured in 25 representative synaptic terminal
profiles at x 200,000 magnification. Vesicles were assigned
to one of three shape categories based on ratios of the
lengths of their minor and major axes. Vesicles with minor
axes equal to or less than one-half the length of their major
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Fig. 1.
particles tag the immunoreactive sites. Round-vesicle terminals (R) possess a higher density of colloidal gold
label than terminals containing small pleomorphic vesicles (P). Bar = 0.5 pm.

axes (ratio < 0.5) were categorized as flattened, while those
that were as wide as they were long (ratio = 0.9~1.0) were
considered to be round in shape. Vesicles classified as oval
had ratios between those of round and flattened vesicles
(0.5-0.9). Round vesicles could be further classified on the
basis of electron density. They were either clear (electron
lucent) or granular (contained an electron-dense core). Flat
and oval vesicles were exclusively clear. Terminals were
classified as round vesicle types when they contained
almost exclusively round vesicles, pleomorphic vesicle types
when they contained vesicles that ranged from round to
oval (1.0-0.5) and flattened vesicle types when they con-
tained vesicles that varied in shape from round to flat
(1.0-<0.5). In the latter type, typically > 20% of the
vesicles were flattened. For the assessment of symmetry,
synapses with paramembranous thickenings of similar
thickness were classified as symmetric, while those in
which the postsynaptic densities were at least twice as thick
as the presynaptic ones were categorized as asymmetric.

Quantitation of immunoreactive labeling

In two of the five animals, immunocytochemical labeling
was evaluated quantitatively to determine if the perceived

Electron micrograph of immunogold labeling for glutamate. The electron-dense colloidal gold

differences in glutamate, GABA, or glycine immunogold
labeling densities among the different synaptic terminal
types were statistically significant. In each of the animals,
three serial grids were assessed. One grid contained sec-
tions immunolabeled for glutamate, while the other two
possessed sections immunolabeled for GABA and glycine,
respectively. Quantitative comparison of the density of
colloidal gold particles in different terminal types was
performed on montages constructed from electron micro-
graphs enlarged to a final magnification of x37,500. Two or
3 montages were obtained from each grid. Typically, each
montage represented approximately 1,350 um? of uninter-
rupted LSO field. The density of colloidal gold particles was
measured over synaptic terminals classified into different
morphological types based on several criteria, including size
and shape of the synaptic terminal types, size and shape of
their synaptic vesicles and, when available, number and
morphology of their synaptic zones. Terminals that could
not be classified using at least two of these criteria (e.g.,
terminals with very few vesicles and no discernible synaptic
specialization) were omitted from the study. Perimeters of
the defined terminal or glial profiles were traced on a
digitizing tablet and all gold particles (including those over
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Fig. 2.

mitochondria) were counted by an observer unaware of the
purpose of the experiment. Gold particles located over
plasma membranes were not counted, and when aggregates
of two or more gold particles were encountered, they were
counted as a single particle. The area of each profile and its
density of colloidal gold labeling (expressed as particles/
wm?) was determined from the digitized images using
software designed in-house. The mean densities and stan-
dard errors of the means for each synaptic type were
calculated and compared statistically with those obtained
from the other types by running ANOVAs with pairwise
comparisons, using Bonferroni’s correction for multiple

groups.
Immunocytochemical controls

As controls for the specificity of the antisera, sections
were incubated in the different primary antisera pread-
sorbed with the amino acid conjugate against which each
was raised. Immunolabeling was abolished in each instance.
However, preadsorption of each antisera with the other

Electron micrograph of immunoreactive labeling for glutamate. Presynaptic terminals contain-
ing flattened vesicles (F) have a higher density of immunogold label than those containing small
pleomorphic vesicles (e.g., P). R, round-vesicle terminals. Bar = 0.5 um.

conjugates (i.e., preadsorption of anti-glutamate with gly-
cine or GABA conjugates, anti-GABA with glycine or gluta-
mate conjugates, or anti-glycine with GABA or glutamate
conjugates) had no noticeable effect on its specificity. To
evaluate the specificity of the detection method, sections
were processed as described above, except that they were
incubated in 5% NGS in PBS-TX without primary antisera.
Colloidal gold immunolabeling was absent in these cases.

RESULTS

Synaptic terminal types and their distribution
on LSO neurons

Four types of synaptic terminals were distinguishable
from one another morphologically and on the basis of their
unique patterns of immunolabeling for glutamate, GABA,
and glycine. These patterns could be identified both subjec-
tively (Figs. 1-11) and quantitatively (Fig 12, Table 1).
Because they could be identified with relative ease by
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Fig.3. Electron micrograph showing the distribution of synaptic terminals on an LSO principal neuron.
The terminals contacting this neuron were classified at a higher magnification. Terminals containing
flattened vesicles (f) predominate over those that contain round (r) or pleomorphic (p) vesicles. Bar = 2 um.
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Fig. 4. Electron micrograph showing the distribution of glycine-
immunolabeled synaptic terminals on a large dendrite (d). Terminals
containing flattened (F) vesicles possess a higher density of immu-
nogold labeling for glycine than those with round (R) vesicles. Both

differences in the size, shape and electron density of their
synaptic vesicles, the terminal types were named according
to their vesicle type as round-vesicle (R), flattened-vesicle
(F) and pleomorphic-vesicle (P) terminals. The P terminals
were further categorized by vesicle size as either small (SP)
or large (LP).

Round-vesicle terminals varied in size from 1-1.5 pm in
height and 1-5 pm in length. They were typically round or
dome-like in shape and possessed a single active zone when
observed on somata and cross-sectioned dendrites (Figs 1,
2, 4-8, 10, 11). Occasionally they were elongated and
formed multiple synaptic contacts, particularly when ob-
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types occupy most of the surface of d. Typically, R and F terminals
contact dendrites of this size in roughly equal proportions, as shown
here. Bar = 0.5 pm.

served on obliquely or longitudinally sectioned dendrites.
The vesicles in R terminals were clear and uniform in size,
with the vast majority measuring 40 nm in diameter. A very
small number were either smaller (~ 35 nm) or larger (up
to 50 nm). The paramembrancus densities associated with
the active zones of R terminals were asymmetric, and their
pre- and postsynaptic membranes were separated by a
distance of between 25 and 30 nm.

Flattened-vesicle terminals (Figs. 2, 4-6, 8, 10, 11) were
1-1.5 pm in height and 2-5 um in length. In general, they
were a little longer than R terminals and each formed one or
two synaptic contacts. The widest variety of vesicle shapes
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Fig. 5. Electron micrograph illustrating the distribution of glycine-immunolabeled synaptic terminals
on thin dendrites (d, d'). The immunolabeling for glycine is greater over the terminals containing flattened
vesicles (F) than over those that contain round vesicles (R). On thin dendrites, R terminals outnumber F

terminals. Bar = 0.5 um.

and dimensions were encountered in F terminals. The
flattened vesicles possessed major axes ranging from 50 to
60 nm in length. The remainder of the vesicles were either
oval, measuring 40-50 nm in length, or round, 35-45 nm in
diameter. The pre- and postsynaptic densities were symmet-
ric and were separated by a synaptic cleft measuring 20 nm.

The profiles of most of the perikarya and dendrites were
surrounded by presynaptic terminals, and the R and F
terminals were the types most frequently encountered. The
only somal profiles that appeared to be devoid of synaptic
contacts were those belonging to small neurons, which were
probably neurons of the lateral olivocochlear system (Helf-

ert et al., ’88a). The distribution of R and F terminals on
most LSO neurons appeared to follow gradients that ran
opposite to one another. On the perikarya of principal
neurons, F terminals predominated over both R and P
terminals by a ratio of > 2:1 (Fig. 3). On dendrites with
calibers greater than 3 pm, F and R terminals were found in
roughly equal proportions (e.g., Fig. 4), while on dendrites
of diameters approaching 1 wm, R terminals prevailed over
the others by a ratio of approximately 2:1 (e.g., Fig. 5). The
smallest dendrites (diameters < 0.5 pm) were normally
contacted by R or SP terminals, but not by F or LP
terminals.
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Fig. 6. Electron micrograph of immunolabeling for glycine. The presynaptic terminal with flattened
vesicles (F) contains a higher density of immunogold labeling than that found over both round (R)- and

small pleomorphic (P)-vesicle terminals. Bar = 0.5 pm.

Pleomorphic-vesicle terminals were encountered less fre-
quently than R and F terminals. The LP and SP terminals
were similar to each other in that they typically contacted
the postsynaptic membrane with a single synaptic junction,
their synaptic specializations were symmetric, their synap-
tic clefts measured 25 nm in width and most of the vesicles
contained in these terminals were either oval or round.
However, the two types differed in three ways. First, LP
terminals (Figs. 7, 9, 11) were larger, usually 1 to 2 um in
both height and length, while SP terminals (Figs. 1, 2, 6,
8-10) were usually < 1 pm in either dimension. Second,
the agranular vesicles in LP terminals were significantly
larger (40-50 nm) than those of SP terminals (30-35 nm).
Third, SP terminals usually contained several granular
vesicles 75-110 nm in diameter in addition to the clear
ones. Granular vesicles were normally absent in the LP
terminals and, if present, were few in number.

Both LP and SP terminals were similar in that both were
scattered in small numbers throughout the LSO. However,
while there was some overlap in their distribution on LSO

neurons, LP terminals were most frequently observed
contacting somata, dendritic trunks and dendrites with
diameters greater than 1 um, while SP terminals normally
contacted smaller caliber (< 1 wm) dendrites, often in
pairs.

Glutamate, GABA, and glycine
immunolabeling patterns in the four
terminal types

With few exceptions, R terminals labeled intensely for
glutamate (Figs. 1, 2), but not for GABA or glycine (Figs.
4-11). Flattened-vesicle terminals exhibited strong immu-
noreactivity for both glycine (Figs. 4-6, 10) and glutamate
(Figs. 2, 10), but not for GABA (Figs. 8, 10). Both LLP and
SP terminals shared in common intense GABA immunore-
activity (SP terminals, Figs. 8-10; LP terminals, Figs. 9,
11), and reduced glutamate immunolabeling (SP terminals,
Figs. 1, 2, 10; LP terminals, Fig. 11). However, the latter
two terminal types differed in that LP terminals also



Fig. 7. Electron micrographs of a presynaptic terminal containing large pleomorphic vesicles (LP)
immunolabeled for glycine, while in a semi-adjacent section (inset), the same terminal is immunopositive
for GABA. The terminal with round vesicles (R) does not label above background for either antigen. Bar =
0.5 pm.



R.H. HELFERT ET AL.

314

Fig. 8. The terminals containing small pleomorphic vesicles (P) are immunopositive for GABA, while

the terminals with round (R) and flat (F) vesicles are not. Bar = 0.5 um.
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Fig. 9. Electron micrographs of immunolabeling for GABA. The terminals containing small pleomor-
phic vesicles (SP) and large pleomorphic vesicles (LP) exhibit enriched immunolabeling for GABA. The
terminal with small, round vesicles (r) is not labeled. Bar = 0.5 pm.



Fig. 10. Electron micrographs of the same three synaptic terminals
taken from serial sections immunolabeled for glutamate (A), glycine (B)
and GABA (C). Terminals 1, 2 and 3 contain round, flattened, and small
pleomorphic vesicles, respectively. Terminal 1 shows enriched immuno-
reactivity for glutamate (A), but not for glycine (B) or GABA (C).
Terminal 2 labels intensely for both glutamate (A) and glycine (B), but
not for GABA (C). Terminal 3 is immunopositive for GABA (C), but
exhibits low levels of immunolabeling for glutamate (A) and glycine (B).
GLU, glutamate; GLY, glycine. Bar = 0.5 um, and applies to A-C.
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labeled intensely for glycine (Figs. 7, 11), while SP termi-
nals did not (Figs. 6, 10).

The quantitative immunocytochemical data supported
the descriptive observations. Figure 12 shows the mean
densities of immunogold labeling for glutamate, GABA, and
glycine over the different terminal types in two animals,
while the statistical comparisons of these means can be
found in Table 1. Because of the close similarity in their
levels of glutamate and GABA immunogold densities, the
data from LP and SP terminals were combined to form a
single group (P terminals) on the graphs representing
glutamate and GABA.

In both animals, the density of immunogold labeling for
glutamate in R terminals was approximately four and
one-half times that measured over glial cytoplasm. The
density of glutamate immunolabeling in F terminals was
approximately three times that in glia, and in P terminals,
two times greater. The levels of glycine immunoreactivity
were approximately three times higher in F and LP termi-
nals than in R terminals, SP terminals or glia. Immunogold
labeling for GABA over P terminals was at least 20 times
greater than that over any of the other types. The level of
GABA immunolabeling over P terminals appeared high
because of the uniformly low levels measured over R
terminals, F terminals and glial cytoplasm.

In general, the colloidal gold labeling over all immuno-
positive terminals was high over mitochondria as well as
extravesicular spaces. This was not the case with terminals
that exhibited little or no immunoreactive labeling. While it
is conceivable that the labeling over these areas in immuno-
labeled terminals may reflect actual disparities in amino
acid content in the mitochondria and extravesicular space
among the different terminal types, a more plausible possi-
bility relates to changes that may be associated with the
methodology. The antibodies, which were raised against
amino acids conjugated to a large protein (bovine serum
albumin) with glutaraldehyde, could have recognized anti-
gens that were displaced from the vesicles during fixation
and subsequently linked to large proteins in the extravesic-
ular space, including mitochondrial proteins, by the glutaral-
dehyde contained in the fixative.

Colocalization of immunolabeling for
neuroactive amino acids in ¥ and LP ferminals

That two of the terminal types could be tagged by more
than one antisera was confirmed in the colabeling experi-
ments. In the sections evaluated for coimmunolabeling of
the antigens, high levels of both glutamate- and glycine-like
immunoreactivity were found in the same population of F
terminals. An example is shown in Figure 10, which
consists of micrographs of three adjacent or semiadjacent
sections immunolabeled for glutamate, glycine and GABA,
respectively, and each containing profiles of the same three
synaptic terminals. The F terminal in this figure labels
intensely for glutamate (Fig. 10A) and glycine (Fig. 10B),
but not for GABA (Fig. 10C). The R terminal exhibits
strong immunoreactivity for glutamate, but not glycine or
GABA, and the SP terminal immunolabels for GABA, but
not for glutamate or glycine.

LP terminals cocontain glycine and GABA-like immuno-
reactivity. The LP terminal shown in Figure 11 is immuno-
positive for both GABA (Fig. 11B) and glycine (Fig. 11C),
but contains a lower level of glutamate immunolabeling
when compared to both R and F vesicle terminals (Fig.
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11A). As described in the previous paragraph, SP terminals
were immunolabeled intensely for GABA only.

DISCUSSION

This study has identified four classes of synaptic termi-
nals in the lateral superior olive. They differed from one
another morphologically and cytochemically. Each morpho-
logical type possessed a characteristic distribution on LSO
neurons. With few exceptions, each possessed a distinctive
pattern of enriched glutamate, GABA, and glycine immuno-
labeling. Two of the terminal classes appear to cocontain
two amino acid transmitters. One coimmunolabels for
glutamate and glycine while the other is coimmunoreactive
for glycine and GABA. Thus, this study provides evidence
linking these neuroactive amino acids to specific popula-
tions of synaptic terminals, lending further support for
their roles as neurotransmitters or neuromodulators medi-
ating excitation and inhibition in the LSO.

Two of the types, the glutamate-immunoreactive R termi-
nals and the glycine/glutamate-immunopositive F termi-
nals, predominated and most probably function to mediate
the binaural input to LSO principal neurons. The remain-
ing two types, the GABA-immunoreactive SP terminals and
LP terminals, the latter cocontaining glycine immunoreac-
tivity, were found in fewer numbers. The sources of the
perikarya from which they arise and their roles in LSO
function are unknown. Overall, the distribution of R, F, and
P terminals in guinea pigs is remarkably similar to that
described for their counterparts in cats (Cant, ’84).

Comparison of the synaptic classes with those
described in other areas of the brain

The ultrastructural features of all the synaptic classes
described in this study are comparable to synaptic classes
with similar immunolabeling patterns described elsewhere
in the brain. The morphology of the R terminals observed in
this study resemble that of the intensely glutamate immu-
nolabeled terminals described in the cerebellum of cats
(Somogyi et al., ’86) and rats (Clements et al., '90), lateral
geniculate nucleus of macaques (Montero and Wenthold,
'89), hippocampus, spinal cord, and spinal trigeminal nu-
cleus of rats (Clements et al., ’90), cochlear nucleus of
guinea pigs (Juiz et al., ’89), periaqueductal gray-raphe
magnus projection in rats (Beitz, '90), and spinal cord,
cuneate nucleus and ventroposterolateral thalamic nucleus
in rats (De Biasi and Rustioni, ’20). They are similar to one
another in that their vesicles are of the same size and shape;
the synaptic specializations are asymmetrical (or type I as
described in Gray, ’59), and multiple synaptic contacts are
often formed by a single terminal. In addition, the above
studies suggest that glutamatergic terminals typically form
axodendritic synapses, which is the case for R terminals.

The quantitative results obtained from this study are
comparable to those from investigations where the density
of colloidal gold immunolabeling for glutamate was as-
sessed over synaptic profiles. In the LSO, the density of
glutamate immunolabeling over R terminals is twice that
for P (GABA) terminals and four times that for glia. In the
lateral geniculate nucleus, the excitatory retinogeniculate
and corticogeniculate terminals contain round vesicles and
form asymmetric synapses, and the immunolabeling for
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Fig. 12. Mean densities of immunogold labeling for glutamate,
GABA, and glycine over the different terminal types and glia in two
animals (R48 and R58). R, round-vesicle terminals; F, flattened-vesicle
terminals; LP, large pleomorphic-vesicle terminals; SP, small pleomor-

glutamate over these terminals is 2 to 4 times greater than
that over glia or pleomorphic vesicle (GABAergic) terminals
{(Montero and Wenthold, '89). In the cat cerebellum, the
level of glutamate immunoreactivity over the excitatory,
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phic-vesicle terminals; P, SP and LP combined because of close
similarities in glutamate and glycine immunolabeling. The statistical
comparisons of these means can be found in Table 1.

presumably glutamatergic mossy and parallel fiber termi-
nals is at least twice that of the GABAergic Golgi cell
terminals and 4 to 5 times greater than glutamate immuno-
labeling over glia (Somogyi et al., ’86).

Fig. 11. Electron micrographs of the same synaptic terminals from
serial sections immunolabeled for glutamate (A), GABA (B), and
glycine (C). Terminal 1 contains large pleomorphic vesicles, terminals 2
and 3 have round vesicles, and terminal 4 possesses flattened vesicles.

Terminals 2—4 exhibit higher levels of immunoreactive labeling than
terminal 1. However, terminal 1 is immunopositive for both GABA (B)
and glycine (C). GLU, glutamate, GLY, glycine. Bar = 0.5 pm.
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TABLE 1, Statistical Comparison of Immunoreactive Synaptic Terminals
Profile Mean particle density Number of
Animal Antigen type! (particles/nm? = SEM)? profiles Statistical comparison (P)
R48 Glutamate R 40.93 + 1.04 52 R
F 30.89 = .76 67 <.0006 F
P 19.19 £ 1.07 17 <.0006 <.0006 P
G 8.58 + (.68 24 <.0006 <.0006 <.0006 G
R58 Glutamate R 47.93 + 0.92 67 R
¥ 31.33 = 0.84 52 <.0006 ¥
P 20.38 = 1.81 20 <.0006 <0006 P
G 10.94 + 0.89 23 <.0006 <.0006 <.0006 G
R48 GABA R 0.78 = 0.42 38 R
F 047 = 0.18 22 * F
P 2437+ 1.06 33 <.0006 <.0006 P
G 0.86 > 0.22 25 * * <.0006 G
R58 GABA R 0.69 = 0.14 32 R
F 0.56 = 0.19 19 * F
P 16.71 = 1.30 29 <.0006 <.0006 P
G 0.47 = 0.12 21 * * <.0006 G
R48 Glycine R 3.37 £ 048 47 R
F 11.27 = 0.52 42 <.001 ¥
LP 10.30 = 1.00 6 <.001 * LP
SpP 312+0.74 7 * <.001 <.004 SP
G 2.77 2 0.11 12 * <.0Mm <.001 * G
R58 Glycine R 1.66 + 0.15 51 R
F 6.03 = 0.31 60 <.601 F
LP 5.94 + 0.75 9 <.001 * LP
Sp 2.06 = 0.53 8 * <.001 <.01 SP
G 147 + 0.19 25 * <.001 <.001 * G

IR, round vesicle terminals; F, flat vesicle teeminals; LP, large, pleomorphic vesicle terminals; SP, small pleomorphic vesicle terminals; P, Jarge and small plevmorphic vesicle terminals

combined; G, glia.
2SEM, standard error of the mean.
*Not significant (P > .20)

Morphologically, terminals that contain glycine appear to
form a more heterogeneous population in the central
nervous system. In the guinea pig LSO, two populations of
glycine-immunoreactive synaptic terminals can be identi-
fied: F (glycine/glutamate) and LP (glycine/GABA), both
contacting perikarya and proximal dendrites with symmet-
ric (type II) membrane specializations. Three different
types of glycine-immunopositive boutons have been identi-
fied in the guinea pig cochlear nucleus (Altschuler et al,,
’89), all of which form symmetric junctions with the
postsynaptic membranes. The types include flattened- and
pleomorphic-vesicle terminals immunolabeled for glycine
only, and pleomorphic-vesicle terminals cocontaining gly-
cine and GABA. In the spinal trigeminal nucleus of rats,
glycine-immunoreactive terminals synapse only on den-
drites and axons (Clements et al., ’90). They are small and
contain round-to-oblong vesicles and either symmetric or
asymmetric synaptic specializations. In the rat spinal cord,
roughly one-half of glycine-immunoreactive terminals con-
tain round vesicles and contact large dendrites with asym-
metric membrane specializations, while most of the remain-
der possess flattened vesicles and synapse on perikarya with
symmetric synaptic junctions (Clements et al., *90).

The SP terminals immunoreactive for GABA only are
similar morphologically to those described in other areas of
the brain (see Ribak and Roberts, '90 for review) in that
they contain pleomorphic vesicles with or without dense-
core vesicles, and usually form symmetric synaptic junc-
tions with their targets. They are also similar in appearance
to terminals containing neuropeptides or catecholamines.
The latter types contain pleomorphic and dense-core vesi-
cles as well, but they typically form asymmetric synaptic
specializations (see Maley, '90; Maley et al., ’90 for reviews).

Functional considerations

As described above, LSO units are excited by ipsilateral
sounds and are inhibited by the simultaneous presentation
of similar contralateral sounds. Hence, they are thought to

function in sound localization as comparators of interaural
intensity and time differences. Indeed, the principal sources
of input to the LSO reflect this function. The LSO derives
most of its ipsilateral input directly from the bushy cells of
the ipsilateral ventral cochlear nucleus (VCN) (Warr 66,
’82; Cant and Casseday, ’86). This pathway would convey
the ipsilateral excitatory input to LSO neurons described in
the electrophysiological studies. Most of the contralateral
input to the LSO arises from bushy cells as well. However,
this input is not direct. The medial nucleus of the trapezoid
body (MNTB) is interposed between the VCN and the LSO
in this pathway so that axons from bushy cells cross in the
trapezoid body to terminate on the principal cells of the
contralateral MNTB (Harrison and Warr, ’62; Harrison
and Irving, '64; Warr, ’72; ’82; Morest and Jean-Baptiste,
’75; Tolbert et al., ’82; Friauf and Ostwald, '88; Spirou et
al., ’90), which, in turn, project to the LSO ipsilateral to
them (Rasmussen, '46; Harrison and Warr, *62; Elverland,
’78; Glendenning et al., ’85; Spangler et al., ’85; Zook and
DiCaprio, '88). The projection from the MNTB to the LSO
is inhibitory (Sanes, '90; Wu and Kelly, '91) so that, in
effect, the contralateral VCN inhibits LSO neurons by way
of the MNTB. It has been proposed that this inhibition
arrives via axosomatic synaptic terminals containing flat-
tened vesicles (Cant, ’84).

Evidence for glycine, glutamate, and GABA as neuro-
transmitters in the LSO. The observation of glycine-like
immunoreactivity over F and LP terminals in the LSO
lends further support to the role of glycine as an inhibitory
neurotransmitter in the LSO, as previously suggested in
several studies. In chinchillas, the iontophoretic application
of glycine on LSO neurons mimics contralaterally induced
inhibition (Moore and Caspary, ’83). Similar results have
been obtained from in vitro studies with brain slices taken
through the mouse lower auditory brain stem (Wu and
Kelly, ’91). The inhibitory effect is abolished by the applica-
tion of the glycine antagonist, strychnine (Moore and
Caspary, '83; Wu and Kelly, ’91). Sodium-dependent, high-
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affinity uptake of tritiated glycine has been demonstrated in
two populations of terminals in the cat LSO (Schwartz,
’85). Large terminals forming axosomatic synapses on
principal cells comprised one population, while the other
consisted of smaller terminals located in the neuropil.
Immunocytochemical investigations with antibodies raised
against subunits of the strychnine-sensitive glycine (gly-
ciney) receptor (Wenthold et al., ’85) and binding studies
with tritiated strychnine (Sanes et al., ’87, Glendenning
and Baker, ’88) indicate the presence of an abundance of
glycine; receptors in the LSO of cats, gerbils and guinea
pigs. Glycine,; receptor-like immunoreactivity has been
observed in LSO somata and dendrites postsynaptic to F
terminals (Helfert, Juiz and Altschuler, unpublished obser-
vations in guinea pig). Quantitative neurochemical assays
indicate that the cat LSO is enriched with glycine (Godfrey
et al., ’88). That the high levels of glycine in the LSO may be
transmitter-related has been proposed by several immuno-
cytochemical studies at the light microscopic level, which
have shown that the LSO contains an abundance of punc-
tate glycine-immunoreactive profiles surrounding many of
its neural elements (in guinea pigs: Peyret et al., ’87;
Wenthold et al., '87; Helfert et al., ’89a; in rats: Aoki et al.,
’88). The present study confirms that the glycine-immuno-
labeled puncta correspond to F and LP synaptic terminals,
along with glycine-enriched axons.

Glutamate or a closely related substance may function in
the LSO as an excitatory transmitter. The fast excitatory
postsynaptic potentials evoked in the LSO by ipsilateral
tone-burst stimuli are consistent with non-N-methyl-D-
aspartate (NMDA) excitatory amino acid receptor-mediated
responses (Finlayson and Caspary, ’89). The iontophoretic
application of the non-NMDA receptor excitant amino acid
(EAA) agonist quisqualate elicited a response in the LSO
that mimics that induced by ipsilateral excitation (Caspary
and Faingold, '89). EAA antagonists cis-2,3-piperidine-
dicarboxylic acid (PDA) and 6,7,-dinitroquinoxaline-2,3-
dione (DNQX) effectively blocked ipsilateral tone-evoked
excitation in the chinchilla (Caspary and Faingold, '89) and
electrically evoked ipsilateral excitation of the LSO in the
mouse brain slice preparation (Wu and Kelly, '92). Binding
studies using tritiated 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) and CGS 19755, the latter an NMDA antago-
nist, indicate the presence of substantial populations of
excitatory amino acid receptors in the LSO (Baker and
Glendenning, ’91). The possibility that glutamate may be
the EAA-mediating ipsilateral excitation in the LSO is
supported by the observation of heavy glutamate immuno-
labeling over R terminals by this study, and the demonstra-
tion of enriched glutamate-like immunoreactivity over
spherical cells in the cochlear nucleus (Ottersen and Storm-
Mathisen, '84; Madl et al., ’86), the major source of R
terminals, as suggested by Cant ('84).

Uptake and immunocytochemical evidence suggest that
GABA is present as a transmitter in the LSO. Incubations
in tritiated GABA result in the labeling of a small popula-
tion of synaptic terminals in the cat LSO (Schwartz, '85).
Equally small numbers of GABA-immunoreactive puncta
were observed scattered throughout the guinea pig LSO
(Helfert et al., ’89a) and similar patterns were observed in
the rat LSO using antibodies raised against glutamic acid
decarboxylase, the synthetic enzyme for GABA (Roberts
and Ribak, ’87). The results of the present study support
our preliminary observations that GABA immunoreactivity
over synaptic terminals in the guinea pig LSO is confined to
the small number of P terminals (Helfert et al., ’88b).
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Ipsilateral excitation of LSO neurons may be driven by
“glutamatergic’ R terminals originating from the ipsilat-
eral cochlear nucleus. Both the LSO and MSO receive
direct excitatory input by way of the spherical cells of the
anteroventral cochlear nucleus (Warr, ’82; Glendenning et
al., ’85; Cant and Casseday, ’86; Finlayson and Caspary,
’89; Sanes, '90; Cant, ’91; Wu and Kelly, ’91). Studies in the
MSO have shown that this input contacts the dendrites of
MSO neurons with synaptic terminals containing round
vesicles and forming asymmetric synaptic contacts (Per-
kins, ’73; Lindsay, '75; Kiss and Majorossy, '83; Schwartz
'84). The R terminals observed in this study possess a
similar morphology, which relates well to the high probabil-
ity that many arise from the ipsilateral spherical cell
population (Cant, '84, *91). If this is so, then spherical cells
may use glutamate or some other excitant amino acid as
their neurotransmitter because of the high levels of gluta-
mate immunolabeling associated with their R terminals.

Contralaterally induced inhibition of LSO neurons is
driven by glycinergic F terminals from the MNTB. The
results of this study and others support the supposition
that most of the F terminals originate from glycinergic
MNTB neurons, and thus convey inhibitory input to the
LSO representing the contralateral ear. It is known that
electrical stimulation of axons from the MNTB evokes
inhibitory postsynaptic potentials from ipsilateral LSO
neurons (Sanes, ’90). The vast majority of MN'TB neurons,
the presumptive source of these axons, exhibit intense
glycine-like immunoreactivity and are thought to use gly-
cine as an inhibitory neurotransmitter (Wenthold et al.,
’87; Acki et al., ’88; Helfert et al., ’89a). That these neurons
are a major source of glycinergic input to the LSO is
supported by lesion studies in which ablation of the guinea
pig MNTB with the excitotoxin kainic acid resulted in a
profound decrease in the number of perisomatic glycine-
immunoreactive puncta in the LSO (Bledsoe et al., 90). The
MNTB is a major source of F terminals in the LSO, as
suggested by Cant ('84) and a preliminary study in which
the injection of the anterograde tracer biocytin into the
MNTB of guinea pigs results in the labeling of F terminals
contacting the somata and dendrites of LSO neurons
(Helfert, Altschuler and Bledsoe, unpublished observa-
tions). That F terminals are glycinergic is implied by this
study.

The distribution of F terminals in guinea pigs is similar
to that observed in cats (Cant, ’84). They are positioned to
mediate effective control over all excitatory currents enter-
ing the soma. They contact the surfaces of somata and
proximal dendrites in large numbers, while most of the R
terminals are distributed further distally on the dendritic
trees; i.e., the majority of the contralaterally induced
inhibitory input occurs proximal to the ipsilaterally induced
excitatory input. The strong, hyperpolarizing chloride cur-
rents resulting from the interaction of the glycine released
by the F terminals with glycine, receptors would shunt the
depolarization originating more distally. Such hyperpolariz-
ing currents have been observed in several studies (Finlay-
son and Caspary, '89; Sanes, '90; Wu and Kelly, '91). The
synaptic organization of the F and R terminals on LSO
neurons would be consistent with their ability to respond to
small changes in interaural intensity so that their firing
rate is steadily reduced as the sound source moves along the
azimuth away from the ipsilateral side (Boudreau and
Tsuchitani, *70; Caird and Klinke, '83; Guinan et al., "72a,
b; Sanes and Rubel, '88; Tsuchitani, ’88; Caspary and
Finlayson, '91).
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Possible functions of P terminals. Little is known
about the P terminals located in the LSO, and nothing is
known of the role GABA plays in LSO function. This study
suggests that most of the P terminals are located on
dendrites, either individually or in pairs, where they can
mediate control over the spread of excitation locally within
dendritic trees. Thus, they may make modulatory adjust-
ments in the excitatory responses of LSO units.

The sources of the perikarya that give rise to the P
terminals have yet to be identified, although potential ones
can be discussed. In rats, gerbils, and guinea pigs, a large
number of neurons exhibit GABA- or GAD-like immunore-
activity in the ventral nucleus of the trapezoid body (VNTB)
(Thompson et al., '85; Moore and Moore, ’87; Roberts and
Ribak, ’87; Helfert et al., ’89a). This periolivary nucleus
sends topographical projections bilaterally to the LSO in
rats (Warr and Spangler, '89), as well as to other sites in the
lower auditory brainstem, including the cochlear nucleus
(of cats: Spangler et al., ’87; and guinea pigs: Winter et al.,
’89; Ostapoff et al., '90; Shore et al., "91). Studies in rats
show that the VNTB receives substantial tonotopic input
from the inferior colliculus (Faye-Lund, '86; Saldafia, '90).
Therefore, the VN'TB may be an essential link in a descend-
ing pathway controlling neural activity in the LSO and
cochlear nucleus. It is not known whether the projections
from the VNTB to the LSO contact the principal neurons,
whose axons ascend to terminate bilaterally in dorsal
nucleus of the lateral lemniscus and inferior colliculus
(Stotler, '53; Elverland, ’78; Adams, ’79; Brunso-Bechtold
et al., ’81; Glendenning and Masterton, ’83; Nordeen et al.,
’83; Saint Marie et al., ’89), lateral olivocochlear neurons,
which project to the inner hair cells beneath the organ of
Corti (Liberman et al., ’80; Schwartz and Ryan, '86; Ryan et
al., '87), or both. If the projection from the VNTB to the
LSO is GABAergic, our results suggest that its GABA
would be released by P terminals.

A second supply of GABAergic input to LSO neurons may
originate from intrinsic sources. In gerbils, guinea pigs, and
rats, a large percentage of LSO neurons are immunoreac-
tive for GABA or its synthetic enzyme glutamic acid
decarboxylase (GAD) (Moore and Moore '87, Roberts and
Ribak, ’87; Helfert et al., ’89a). In guinea pigs, the GABA-
immunoreactive principal and marginal neurons coimmuno-
label for glycine (Helfert et al., ’89a). In the cat LSO,
marginal neurons, and perhaps principal neurons, send
intrinsic collaterals to neurons located nearby (Helfert and
Schwartz, '86). If these collaterals arise from GABAergic
neurons, then they may provide a source of ipsilateral
inhibition and their terminals would be of the P type. Such
inhibition has been demonstrated in the form of ipsilateral
inhibitory sidebands recorded from LSO units in decere-
brate cats (Brownell et al., '79). However, the cat LSO
appears to possess a lower percentage of GABAergic neu-
rons than that of rodents (Saint Marie et al., ’89) and the
functional significance of such a difference is presently
unclear.

Distribution of terminals on different cell
types in the LSO

In rodents as well as cats, the LSO is comprised of several
cell types (Ollo and Schwartz, ’79; Cant, ’84; Helfert and
Schwartz, ’86, °87). For this reason it was not possible to
determine the actual distribution of terminals on LSO
neurons from the material generated for this study because
most of the dendritic profiles observed in the electron
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micrographs were not connected to perikarya, thus they
could not be assigned to specific cell types. Further studies
using specific markers will be required to elucidate the
distribution of the four terminal classes on individual cell
types in the LSO. However, based on the patterns of
axosomatic synaptic input, it is likely that the synaptic
organization is similar among the different LSO cell types,
with the exception of one, the lateral olivocochlear (OC)
neuron.

In a study using gerbils, the synaptic organization of the
inputs to tritiated D-aspartate-labeled lateral OC neurons
was addressed (Helfert et al., ’88a). A large percentage of
the terminals contacting these neurons contained electron-
lucent, pleomorphic vesicles as well as granular vesicles.
These terminals, which were sparsely distributed on the
dendrites of lateral OC neurons, may correspond to SP
terminals. If this is the case, then these terminals may be
GABAergic and would play an important role in shaping the
response characteristics of lateral OC neurons. Also contact-
ing these neurons were a very small number of terminals
that were similar morphologically to the F type. No other
terminal types were observed, which would suggest that the
lateral OC neurons do not receive excitatory input. Similar
observations have been made in the cat (Spangler et al., '86)
and rat (White, '86). However, the possibility should not be
excluded that R terminals or other excitatory elements
located distal to the inhibitory input escaped detection due
to the inadequate labeling of the smallest caliber dendrites.

Significance of cocontainment of amino acid
transmitters

The observation that GABA and glycine coexist within a
subpopulation of synaptic terminals is not an isolated one.
Numerous nonprimary endings coimmunolabel for GABA
and glycine in the guinea pig cochlear nucleus (Altschuler et
al., '89; Juiz et al., '89) as do type I Golgi endings in the rat
cerebellum (Ottersen et al., ’88; Hamori et al., 90). These
terminals contain oval/pleomorphic vesicles and form axo-
dendritic and axosomatic synapses with symmetric junc-
tional specializations. Glycine receptor immunoreactivity
has been observed postsynaptic to GABA and GAD-
immunolabeled presynaptic terminals in projection neu-
rons of the guinea pig ventral cochlear nucleus (Oberdorfer
et al., ’87; Wenthold et al., ’88) and in spinal motorneurons
of rats (Triller et al., 87, 90). It is not known if the same
synaptic arrangement occurs in the LSO, but since immuno-
cytochemical and binding studies indicate that glycine
receptors are abundant in this nucleus (Wenthold et al., '85;
Sanes et al., '87; Glendenning and Baker, ’88), the possibil-
ity exists.

The functional implications of the corelease of GABA and
glycine from a single terminal presynaptic to glycine recep-
tors are not well understood, but several hypotheses have
been advanced. First, glycine may act on a postsynaptic
target while GABA acts presynaptically to suppress trans-
mitter release (Thompson and Gahwiler, ’89). This hypoth-
esis is supported by studies which indicate that presynaptic
inhibition of transmitter release is mediated by GABAg
receptors (Bowery, '89; Raiteri et al., ’89; Baumann et al.,
’90; Chu et al., '90). Second, if GABA receptors are also
postsynaptic to this terminal type, or at least located nearby
on the postsynaptic membrane, then both glycine and
GABA could act postsynaptically (for a review, see Triller et
al., ’90). Finally, GABA may interact allosterically with the
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glycine receptor, thereby modulating its binding character-
istics as demonstrated in Mauthner cells (Werman, ’80).

The demonstration of enhanced coimmunolabeling with
glycine and glutamate over F terminals is intriguing. As
previously discussed, there is strong evidence that most, if
not all, of the F terminals in the LSO are inhibitory and use
glycine as their neurotransmitter. However, evidence for
the coaction of excitatory and inhibitory amino acids has
been published, so this possibility must be considered.
Biochemical and pharmacological studies show that glycine
modulates the NMDA excitatory amino acid receptor (Bon-
haus et al., '87; Wong et al., ’87; Fadda et al., ’88; Minota et
al., ’89; Fletcher et al., ’90; Monaghan, ’90). In addition,
GABA, responses are potentiated by glutamate and several
of its analogues (Stelzer and Wong, '89).

Is there a mechanism by which glutamate modulates the
glycine receptor? Evidence that this may be the case was
revealed by a study using mouse brain slice preparations, in
which the application of NMDA completely blocked con-
tralaterally induced inhibition of LSO units without af-
fecting excitatory responses in either the LSO or the MNTB
(Wu and Kelly, '92). This finding, combined with the
observation of substantial levels of NMDA receptor binding
in the cat LSO (Baker and Glendenning, '91), suggests that
an excitant amino acid such as glutamate may modulate
contralaterally induced inhibition via NMDA receptors.
The precise location of these receptors on LSO neurons or
their presynaptic terminals has not been determined, so
that one can only speculate on the mechanism of NMDA-
induced disinhibition. Presynaptic inhibition of F terminals
through axo-axonal synapses is unlikely because these
endings have not been observed on F terminals (Cant, '84;
present study). However, it is possible that the NMDA
receptors may be associated with the synapses formed by F
terminals. Hence, modulatory disinhibition of LSO neurons
may be mediated by the interaction of glutamate released
by the F terminals with NMDA receptors located nearby,
perhaps associated with the glycine receptors.

The elevated levels of glutamate immunolabeling in F
terminals may also be explained by the high metabolic
activity associated with contralaterally induced suppres-
sion of LSO activity. The LSO exhibits high 2-deoxyglucose
(2-DG) activity in the presence of contralateral acoustic
stimulation, which was attributed to the elevated metabo-
lism associated with inhibitory synaptic activity (Nudo and
Masterton, ’86). However, it could not be determined if the
site of 2-DG uptake was presynaptic, postsynaptic or both.
Indeed, whether the elevated level of glutamate observed in
F terminalsis related to metabolic activity, a neurotransmit-
ter/neuromodulator pool, or both, remains to be seen.
Further studies addressing the localization of glutamate
receptors at the ultrastructural level should assist in answer-
ing this question.
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