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ABSTRACT
Inhibitory synaptic transmission is known to play an important role during the

maturation of central auditory pathways. While there is a lot of information on the
modulatory role of glycine (Gly) on the postsynaptic target nuclei in the developing auditory
brain stem, such a role for gamma-aminobutyric acid (GABA) in the lateral superior olive
(LSO) of neonatal gerbil has been only recently reported (Kotak and Sanes [1997] Soc
Neurosci Abst 23:1549; Kotak et al. [1998] J Neurosci 18:4646–4655). Here we present further
immunohistochemical findings and the first ultrastructural evidence documenting a signifi-
cant decrease in the postsynaptic localization of the b2,3 subunit of the GABAA receptor from
postnatal day (P)4 to P14 in the LSO of gerbil and the shift in the location of most of the
staining from dendritic to astroglial over the same time course. There was a concomitant
increase in staining for the Gly receptor (GlyR) anchoring protein, gephyrin. At the same time,
GABA and Gly did not show a significant change in their staining pattern, suggesting that the
transmitter levels are not particularly indicative of the inhibitory function in the neonatal
gerbil LSO, but their receptors on the postsynaptic cells are. The observations of the present
study suggest that the early GABAergic inhibition may be important in establishing
appropriate synaptic contacts in the LSO of gerbil. J. Comp. Neurol. 409:664–681,
1999. r 1999 Wiley-Liss, Inc.
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Inhibitory neurotransmission in the mammalian brain-
stem and spinal cord is predominantly mediated by the
amino acid glycine (Gly) via binding to postsynaptic strych-
nine-sensitive Gly receptors (Glendenning and Baker,
1988). In the auditory system of adult animals, iontopho-
retic application of Gly suppresses tone-evoked activity in
the dorsal cochlear nucleus (DCN) and the lateral superior
olivary nucleus (LSO), whereas strychnine antagonizes
both the Gly effect and tone-evoked inhibition (Moore and
Caspary, 1983; Caspary et al., 1983).

LSO is the first auditory center to process sound level
differences between the two ears. Neurons in the LSO are
excited by sound stimuli delivered to the ipsilateral ear
and inhibited by stimuli delivered to the contralateral ear
(Boudreau and Tsuchitani, 1970; Caird and Klinke, 1983;
Harnischfeger et al., 1985; Sanes and Rubel, 1988). The
inhibitory projection originates from the medial nucleus of
the trapezoid body (MNTB), a group of glycinergic projec-
tion neurons (Morest and Jean-Baptiste, 1975; Glenden-

ning et al., 1985; Spangler et al., 1985; Campistron et al.,
1986).

Inhibitory synaptic transmission is considered to play
an important role during the maturation of central audi-
tory pathways. In the gerbil LSO, glycinergic transmission
has been shown to influence the maturation of both pre-
and postsynaptic neuronal morphology (Sanes and Chok-
shi, 1992; Sanes et al., 1992; Sanes and Takacs, 1993). A
transient excitatory action of Gly during the early postna-
tal period is considered as a possible mechanism by which
synaptic rearrangement in the contralateral inhibitory path-
way is accomplished in the rat (Kandler and Friauf, 1995).
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While the role of glycinergic transmission in the LSO is
well established, the role of GABA is not clear. Recently
Kotak and Sanes (1997) have reported a dramatic shift in
inhibitory postsynaptic currents in the gerbil LSO during
early postnatal life from primarily GABAergic at postnatal
day (P)3–5 to primarily glycinergic at P12–16, suggesting
a transient influence of GABAergic transmission on the
postsynaptic LSO neuron maturation. These observations
led us to take up the present study, in which we looked at
the immunoreactivity of GABA, Gly, and their receptors in
the LSO of gerbils at key time points in development.
Immunohistochemical studies at the light and electron
microscopic (EM) level can demonstrate the presence of
key amino acids and proteins in cells and document
changes in their localization relative to developing synap-
tic connections. A preliminary account of some of the
findings has been reported (Korada and Schwartz, 1998).

MATERIALS AND METHODS

Gerbils (Meriones unguiculatus) at P0 (n 5 2), P4, P7,
P10, P14, and P21 (n 5 4) were anesthetized with sodium
pentobarbital and perfused transcardially with a saline
nitrite solution (normal saline with 0.1% sodium nitrite)
followed immediately by a mixed aldehyde fixative (4%
paraformaldehyde and 0.1% glutaraldehyde in 0.12 M
phosphate buffer; pH 7.4). All experimental protocols were
approved by the Yale Animal Care and Use Committee and
the work carried out in compliance with all regulations for
the humane use of animals in research.

Following fixation, brains were removed and immersed
overnight in a vial with fresh fixative. Brains were then
washed in 0.12 M phosphate buffer, pH 7.4, and were
transferred to 30% sucrose in buffer overnight. They were
placed in OCT compound (Miles, Elkhart, IN) and frozen
in an ethanol and dry ice bath. Serial cryostat sections (30

Fig. 1. Light micrographs of adjacent transverse sections through
lateral superior olive (LSO) stained for gamma-aminobutyric acid
(GABA) (A,C) and glycine (Gly) (B,D) at postnatal day (P)4 (A,B) and
P14 (C,D). The LSO is not clearly delineated at P4. Asterisks in A and
B denote the boundaries of LSO. Whereas there is a decrease in the
staining intensity of GABA in the marginal cells (arrowheads in A), the

distribution and intensity of glycine-stained cells in LSO showed little
change between P4 and P14 (B,D). In B, note intensely stained
glycine-immunoreactive trapezoid nuclei at P4 medial nucleus of the
trapezoid body (mt), ventral nucleus of the trapezoid body (vt), and
lateral nucleus of the trapezoid body (lt). Scale bar 5 200µm (applies
to A–D).
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µm)of the brainstem cut in the transverse plane were used
for immunohistochemical staining with the polyclonal
antibodies (Abs) against GABA and Gly and monoclonal
Abs to Gly and GABAA receptors. Sections were washed
several times in buffer and treated with 10% normal serum
(goat for polyclonal Abs or horse for monoclonal Abs) in 2%
bovine serum albumin (BSA) in phosphate-buffered saline
(0.012 M PBS) for 1 hour before they were incubated
overnight at room temperature, on a shaker, in antisera for
GABA (1:7,500), Gly (1:1,000), GABAA receptor (1µg/ml),
or GlyR (0.5µg/ml). Antibodies were diluted in 1% goat or
horse serum/2% BSA/PBS. On the following day the sec-
tions were washed 3 3 20 minutes in PBS and incubated in
biotinylated anti-rabbit/mouse IgG for 1 hour, followed by
3 3 20 minute washes in PBS.

Sections were then treated with an avidin-biotin-
peroxidase complex (Vectastain ABC rabbit/mouse Elite
kit, Vector Laboratories, Burlingame, CA). Reaction was
visualized using diaminobenzidine (DAB; 0.0125%)/hydro-
gen peroxide (0.0005%)/0.064% nickel chloride. Omission
of the primary antiserum served as control. Sections were
mounted on 0.5% Elmer’s glue-coated slides, dehydrated,
coverslipped, observed, and photographed with a Nikon
biophot microscope.

Staining for Abs to GABA, Gly, and GlyR was done on
sections of P4, P7, P10, P14, and P21 tissue. GABAA
receptor was studied in P4 and P14 animals. In addition,
alternate sections from two P0 animals were stained for
GABAA and GlyR.

Antibodies

The polyclonal antibody GABAwas from Incstar (Stillwa-
ter, MN), and the polyclonal Gly Ab was from Chemicon
(Temecula, CA). The monoclonal Ab to the GlyR (Boeh-
ringer Mannheim, Indianapolis, IN) was clone R7a, which
supposedly recognizes the 48 kD and 93 kD polypeptide
fractions, the latter being the GlyR anchoring protein
gephyrin. The monoclonal Ab to the GABAA receptor
(Boehringer Mannheim) was clone BD-17, which recog-
nizes the b2 and b3 subunits of this receptor.

Electron microscopy

Ultrastructural observations were carried out on LSO
material from P4 and P14 animals (n 5 2). Vibratome
sections (100 µm) were processed as described above. After
the sections were reacted with DAB and buffer washed,
they were postfixed for 1 hour in 1% osmium tetroxide,
dehydrated in graded ethanol, and flat embedded on slides
in Polybed 812/Araldite (Yu and Schwartz, 1989). Regions
of LSO were cut out from the sections and mounted on
blanks. Thin sections cut from these blocks were examined
unstained and photographed using a Philips 300 electron
microscope.

RESULTS

This study demonstrated significant changes in the
localization of immunoreactivity for receptor subunits of
the amino acids GABA and Gly between the physiologi-
cally distinct times before and after the onset of hearing,
but only modest changes in the localization patterns of the
amino acids themselves. Ultrastructurally, GABAA recep-
tors shifted from a diffuse distribution beneath the entire
surface of the majority of dendritic membranes with a few
localized concentrations at postsynaptic sites to a general

absence of subsurface localization and a decrease in the
number of postsynaptic localizations. In contrast, GlyR
localization was moderate at postsynaptic sites at P4 but
showed intense distributions at virtually all synaptic sites
and some nonsynaptic regions by P14.

Because the transition in the inhibitory transmission
from GABAergic to glycinergic was maximum after P12,
we chose to restrict our morphological observations in the
SOC to two key time points, i.e., P4 and P14. For ease of
comparison, figures illustrating light microscopic findings
in adjacent sections stained for GABA and Gly at P4 (Fig.
1A,B) and P14 (Fig. 1C,D) are arranged together. Signifi-
cant changes at the other ages are also noted.

Changes in GABA and Gly staining

GABA staining of the neuronal somata varied with cell
type but was generally light to moderate. There were more
intensely stained cells in the P4 LSO lateral limb com-
pared with the medial limb (Fig. 2). There was no signifi-
cant change in the staining of LSO principal cells from P4
to P14 (Fig. 3A,C). LSO marginal cells (Fig. 3A) and the
cells and processes in the dorsal hilus region (Fig. 4A) were
the most darkly stained structures at P4. Marginal cells
showed decreased staining intensity by P14 (Fig. 3B).
There was an increase in the number of GABA-stained
boutons in the LSO medial limb from P4 to P21 (Fig. 4A,B).
In MSO there was a marked increase in the staining of the
neurons from P4 to P21 (Fig. 4C,D). Although bouton
staining was not clear at the earliest ages studied, at P21
more stained boutons were seen on the distal portions of
the principal cell dendrites (Fig. 4D). The MNTB neurons
were only moderately stained at P4, but bouton staining
was prominent in the neuropil (Fig. 5A). With increasing
age, there was an increase in the number of boutons
staining while the neuronal staining intensity remained
relatively unchanged (Figs. 5B, 6A). At P21, cells in the
ventral nucleus of trapezoid body (VNTB) stained moder-
ately darker compared to MNTB (Fig. 5C).

Fig. 2. Higher magnification view of Figure 1A, P4 LSO stained for
GABA showing more darkly stained cells in the lateral limb of LSO (L)
compared with the medial limb (M). Open arrows denote the bound-
aries of LSO. Note intensely labeled cells in the dorsal hilus region
(arrow). Scale bar 5 100µm.

666 S. KORADA AND I.R. SCHWARTZ



Gly staining was weakest in medial superior olive
(MSO) (Fig. 7A) and strongest in the trapezoid nuclei (Fig.
1B) at P4. Cells of LSO were only moderately intensely
stained and showed no significant change with develop-
ment. In contrast to the decrease in GABA staining of
marginal cells, Gly staining of marginal cells did not
decrease at any of the ages studied (Fig. 3D,F). There was
also no change in the intensity of Gly staining of principal
neurons (Fig. 3E,G). MSO showed a marked increase in
the intensity of cellular staining as well as an increase in
the number of boutons stained at P14, which continued
through P21 (Fig. 7B). The trapezoid nuclei showed in-
tense staining at all ages (Figs. 1B, 6B), with a slight
increase in the number of immunoreactive boutons at P21.

To simplify comparisons of the intensity of staining of
cells and neuropil areas and the numbers of stained
neuronal terminals present across ages, one observer
(S.K.) rated them on a scale from 1 to 5, with 1 being the
lightest staining (or lowest number) and 5 the most
intensely stained (or the largest number). These observa-
tions are presented in Table 1.

Changes in the GABAA and GlyR

GABAA receptor. There was a marked decrease with
age in the immunoreactivity of GABAA receptor in all the
superior olivary complex (SOC) nuclei, with the decrease
more obvious in the neuropil staining. Light microscopic
findings of GABAA receptor are not illustrated here, but
some of these findings were reported previously (Kotak et
al., 1998). The staining pattern for the GABAA receptor
was similar at P0 and P4, and the only difference was that
the boundaries of all the nuclei studied were compar-
atively clearer at P4. Hence we describe the staining
pattern at P4 in detail. At P4 LSO stained very intensely:
numerous punctate regions at the cell surfaces were
strongly labeled, and the staining of the neuropil was very
intense. A few neurons showed patchy staining in the
cytoplasm. There was a marked decrease in immunoreac-
tivity by P14, with fewer stained punctate regions at the
cell surfaces and lightly stained neuropil. At P4, neurons
in the MSO had negligible staining, and the neuropil
showed moderately intense and diffuse staining, which

Fig. 3. Illustrates principal cells (arrows) and marginal cells (open
arrows) from the LSO medial limb, stained for GABA (A–C) and GLY
(D–G) at P4 (A,D,E) and P14 (B,C,F,G). Whereas there is no appre-
ciable change in the GABA staining intensity of the principal cells
from P4 (arrows in A) to P14 (arrow in C), marginal cells show

decreased staining intensity from P4 (open arrow in A) to P14 (open
arrow in B). The Gly staining pattern showed no marked changes
either in marginal cells (compare cell in D at P4 with cells in F at P14)
or in principal cells (compare cells in E at P4 with cell in G at P14).
Scale bar 5 10 µm (applies to A–G).
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continued through P14 with a slight increase in the diffuse
staining of the somata. There was a decrease in the
neuropil staining in all the trapezoid nuclei from P4 to
P14, and the change was more prominent in MNTB. Table
2 summarizes the changes in the GABAA b2/3 receptor
staining in different nuclei at different postnatal days.

GlyR. GlyR antibody showed a gradual increase in its
staining pattern. The patchy accumulations of immunore-
activity seen within the somatic cytoplasm and a general
diffuse staining of the neuropil at P4 in all the nuclei
studied was gradually replaced during development by
more distinct and membrane-associated punctate staining
on the somata and also dendrites. There was no difference
in the staining pattern between P0 and P4. Therefore the
detailed account of GlyR staining starts from P4.

LSO. In contrast to GABAA receptor, GlyR staining at
P4 was much less intense, especially in the medial limb of

LSO (Fig. 8A). A large number of cells with immunoreac-
tive patches of stain in the somal cytoplasm were seen in
the lateral LSO (Fig. 8B). At higher magnification, an
occasional cell could be identified in the medial LSO that
showed a few patches of immunoreactivity within the cell.
The most striking feature was the stained axons running
across the nucleus, which became less obvious in the older
age groups. The neuropil showed diffuse staining. At P7,
staining in the LSO region had become more restricted to
the cell surface. Immunoreactive cells in the lateral limb
were far fewer compared to P4. At P10, there was a
significant increase in the membrane-associated receptor
staining of neurons as well as dendrites in all the nuclei.
The increase in the extent of dendritic staining in LSO was
dramatic. Although punctate staining on the soma was
equally intense in both medial and lateral limbs, neuropil
of the medial limb stained slightly darker compared to that

Fig. 4. GABA staining in the dorsal hilus region of the LSO at P4
(A), in the LSO medial limb at P21 (B), and in the medial superior olive
(MSO) at P4 (C) and P21 (D). All sections illustrated were processed
together and are shown at the same magnification. In A, the dorsal
hilus of LSO (arrows) at P4 shows intensely stained cells and
processes. In B, the medial limb of LSO shows intensely stained
immunoreactive boutons on the cells and in the neuropil at P21
(arrows). Cells show only light to moderate staining (curved arrow).

Open arrow indicates the dorsal hilus region. C) Cells in the MSO
region show very little staining for GABA at P4. Bouton staining on
cells and in the neuropil is not clearly visible, especially as compared
with the same region at P21 illustrated in D. In D, P21 neurons in the
MSO region show moderately intense staining for GABA with in-
tensely stained boutons especially on the distal dendrites (arrows). L,
lateral limb; M, medial limb. Scale bar 5 50 µm

668 S. KORADA AND I.R. SCHWARTZ



of the lateral limb. The punctate staining on the cells had
increased, and a few cells in the lateral limb of LSO
continued to show patchy cytoplasmic staining (Fig. 8C).
By P14, the difference in the staining pattern between the
medial and lateral limbs of LSO was more prominent. The
lateral limb appeared significantly lighter than the medial
limb. Overall, the staining pattern was almost adult-like,
and the punctate staining on the dendritic and neuronal
membranes became much more prominent (Fig. 8D). Stain-
ing at P21 was comparable to that seen at P14.

MSO. At P4, patchy cytoplasmic staining was quite
prominent in the neurons of the MSO. A reduction in the
staining was evident by P7. By P10 patchy staining within
the neuronal somata was considerably reduced although
there was an occasional cell showing patchy staining.
Immunoreactive puncta were extensively present on both
somata and dendrites. At P14, punctate staining on the
somata and dendrites had increased considerably and
attained a mature pattern (Fig. 9B). Marginal cells of the
MSO were very intensely stained. At P21, punctate stain-
ing on the neurons and processes was almost comparable
to P14. Very lightly stained neurons, presumably medial
olivocochlear neurons with their processes directed along
the vertical axis between MSO and LSO and extending
from the LNTB to the superior paraolivary nucleus (SPN)
(Fig. 9A), were seen when adjacent cells in VNTB, MSO,
and LSO were more heavily stained.

Trapezoid nuclei. At P4, cells in the MNTB region
showed patchy cytoplasmic staining. The neuropil in the
VNTB and the lateral nucleus of the trapezoid body
(LNTB) was so dark that the cells were not clearly
distinguishable. At P7, patchy staining within the cells
had considerably decreased in MNTB, and the punctate
staining on the cells and dendrites had increased. Most of
the cells in the LNTB showed very intense staining with
well-defined membrane localization of the receptor. Stain-
ing in the VNTB region was diffuse. At P10, MNTB
neurons showed a mature pattern of staining with the
receptor localized on the membranes although dense patchy
staining was still visible within some somata (Fig. 9C).
LNTB neurons stained very darkly with membrane-
associated staining on the cell. Stained dendrites were also
prominent at this stage. VNTB neurons showed diffuse
staining. Punctate staining on the neurons as well as
processes of the VNTB was not very distinct. By P14,
punctate staining on the MNTB neuronal somata had
reached adult levels (Fig. 9D). Dendritic staining became
more pronounced in LNTB whereas the staining in the
VNTB still appeared diffuse although punctate staining
was visible. Staining patterns were unchanged at P21.

EM localization of GABAA

and GlyR in the LSO

Ultrastructural observations are confined to the princi-
pal neurons and the neuropil of the LSO, in both the high-

Fig. 5. Increase in GABA-immunoreactive boutons (arrows) on the
MNTB neurons from P4 (A) and P21 (B). Note the increase in neuronal
size in the MNTB region between P4 and P21, although there is no
difference in the staining intensities of the cells (compare A and B).
C: GABA-immunoreactive boutons (arrows) in the VNTB at P21.
Labeled VNTB neuronal somata are both smaller and more intensely
GABA stained than labeled neurons in MNTB. Scale bar 5 20µm in C
(applies to A–C).
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frequency medial limb and the low-frequency lateral limb.
We have not seen any striking differences between the
medial and lateral limbs of LSO at the EM level. All the
ultrastructural images illustrated here are from the me-
dial limb of LSO.

GABAA receptor. At P4, GABAA immunoreactivity
(granular depositions of reaction product) were distributed
in a thin layer beneath large stretches of surface mem-
branes of both neurons and small processes making up the
neuropil (Fig. 10A). In the cytoplasm, patchy staining
(accumulations of electron-dense reaction product) was
frequently observed. Immunoreactivity along the somal
and dendritic membranes was frequent but not always
associated with a synapse (Fig. 10A,B). Postsynaptic local-
ization was seen at many places in the neuropil, but the
specializations were not well defined (Fig. 10B,C). Occasion-
ally, thin glial processes were intensely stained. Particu-
late labeling was also seen in association with ribosomes
and mitochondria in some of the neurons and dendritic
processes (Fig. 10C).

At P14, the diffuse subsurface staining in the neurons
and neuropil decreased. Occasional cytoplasmic labeling
could be seen in some neurons and dendrites (Fig. 11A,B).
Immunoreactivity in the neuropil was mainly in glial
processes, presumably of astroglial origin (Fig. 11C). Their
frequency obscured the few labeled postsynaptic localiza-
tions. Despite extensive sampling of this region, very few
labeled postsynaptic densities were seen (Fig. 11B). When
labeled terminals were seen, the postsynaptic dendritic

processes were filled with electron-dense reaction product.
Heavy labeling was also seen on the mitochondrial mem-
branes of these processes.

GlyR. At P4, cytoplasmic staining was negligible in a
majority of the neurons (Fig. 12A). In the neuropil, diffuse
staining along the dendritic membranes was frequently
observed in addition to a few postsynaptic localizations
(Fig. 13B). Membranes surrounding the unmyelinated
axons appeared slightly electron dense in some images
(Fig. 13A).

At P14, there was a dramatic increase in the localization
of GlyR in both neurons and neuropil (Figs. 12B, 13C–E).
Almost the entire surface of the neurons stained positive,
with well-defined postsynaptic labeling of the receptor
(Fig. 12B). In many of the images spiny projections filled
with immunoreactive substance were seen on the somal
surface. These were invariably associated with synapses
(Figs. 12B, 13E). In the neuropil, many dendritic processes
were filled with the reaction product, and immunopositive
postsynaptic densities were frequently encountered (Fig.
13C,D). Heavily labeled dendritic spines were seen at
many places, and some of them were opposed to synaptic
specializations (Fig. 13C).

DISCUSSION

This study provides the first detailed description of
changes in the localization of two presumably inhibitory
amino acid transmitters, GABA and Gly, and components

Fig. 6. MNTB region of adjacent sections from a P14 animal
processed together and stained for GABA (A) and Gly (B) shows the
same cells intensely labeled for Gly (arrows in B) but very lightly

stained for GABA (corresponding arrows in A). GABA-immunoreactive
boutons (arrowheads) are very prominent in Figure 5A. Scale bar 5
100µm for A and B.
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of their receptors in the SOC of neonatal gerbils in the
period spanning the onset of hearing. It provides the first
ultrastructural localization data for GABAA and GlyR (as
indicated by its anchoring protein, gephyrin) in the devel-
oping LSO.

The most significant finding of the present study is the
increased expression of the GlyR anchoring protein, gephy-
rin (Figs. 12B, 13C–E), and decreased immunoreactivity
for the GABAA receptor b2 and/or b3 subunits in the LSO
of gerbil (Fig. 11), around the time of hearing onset. This
has been shown at both the light microscopic and ultra-

structural level. Over the same period, the staining for
GABA and Gly did not show significant changes in LSO
(Fig. 1). The subtle changes observed in the GABA and Gly
staining are clearly not because of any technical shortcom-
ings, as significant changes could be seen in the cochlear
nucleus (CN) in the same sections. Similar findings are
reported by other workers (Yu and Schwartz, 1987).

The findings of the present study support the physiologi-
cal findings that show a developmental shift in the inhibi-

Fig. 7. Micrographs of MSO neurons at P4 (A) and P21 (B) processed together for Gly immunoreactiv-
ity are shown at the same magnification. A: P4 neurons are lightly stained for Gly. B: P21 MSO neurons
show intense labeling of cells and few boutons (arrows). Cells increase in size with increasing age. Scale
bar 5 20 µm.

TABLE 1. GABA and Gly Staining1

Postnatal day

P4 P7 P10 P14 P21

GABA
LSO

PC 1 1 1 1 1
MC 5 5 3 1 1
Boutons 3 5 5 5 5

MSO
Neurons 1 1 1 3 5
Boutons — — — 1 3

TN
Neurons 2 2 2 2 2
Boutons 3 3 3 5 5

Gly
LSO

PC 1–3 1–3 1 1 1
MC 3 3 3 3 3
Boutons 1 1 1 1 1

MSO
Neurons 1 1 1 3 5
Boutons 1 1 1 3 3

TN
Neurons 5 5 5 5 5
Boutons 1 1 1 1 3

1Staining intensity scored by a single observer is rated from 5 (intense) to 1 (light). In
some cases ranges of intensity are given. PC, principal cells; MC, marginal cells; TN,
trapezoid nuclei; LSO, lateral superior olive; MSO, medial superior olive; Gly, glycine;
GABA, gamma-aminobutyric acid.

TABLE 2. Receptor Staining, GABAA (b2, 3), GlyR1

Postnatal day

P4 P7 P10 P14 P21

GABAA
LSO

PC 1 — — 1 —
Neuropil 5 — — 1 —

MSO
Neurons 0 — — 0 —
Neuropil 1 — — 1 —

TN
Neurons 1 — — 1 —
Neuropil 5 — — 3 —

GlyR
LSO

PC2

M 1 1 1 1 1
L 5 3 1 1 1

Puncta 1 3 5 5 5
Neuropil

M 2 3 4 5 5
L 2 3 3 3 3

MSO
Neurons 5 3 1 1 1
Puncta 1 3 3 5 5

TN
Neurons2 5 3 1 1 1
Puncta 1 2 3 5 5

1Staining intensity as in Table 1. PC, principal cells; M, medial limb; L, lateral limb; —,
no data. Other abbreviations as in Table 1.
2GlyR staining in neurons refers to the number of cells containing patches of immunore-
activity within their somal cytoplasm.
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tory transmission from GABAergic to glycinergic in the
LSO (Kotak and Sanes, 1997; Kotak et al., 1998). This shift
appears to be the result of an alteration in the expression
of receptors in the LSO rather than a change in the
expression of neurotransmitters in the MNTB neurons
projecting to LSO. This deduction is based on the observa-
tion that the localization of GABA did not show significant

variation in either MNTB or LSO, although there was a
decrease in the staining intensities of GABA in certain
populations of cells, e.g., in the LSO marginal cells from P4
to P14 (Fig. 3A,C). The constancy of intense staining for
Gly in the marginal cells between P4 and P14, with the
decrease in GABA staining over the same period, suggests
changes in the output from these cells during develop-

Fig. 8. The progression of GlyR staining in the LSO from patchy
accumulations within the cytoplasm to discrete punctate accumula-
tions at the surface of the somata are illustrated at P4 (A,B), P10 (C),
and P14 (D). Such patchy accumulations are not present in all P10
neurons. Neurons between MSO and LSO from the same section
without patches are shown in Figure 9A. A: Neurons show diffuse
staining with few immunoreactive punctate regions (arrows) in the
medial limb at P4. B: At P4, many cells show patchy staining in the
lateral limb (arrows). C: By P10, patchy staining is relatively reduced

in the cells (asterisks) of the lateral limb. There is an increase in the
membrane-associated receptor localization (arrow) on the cells and
punctate staining in the neuropil (open arrows). D: Lateral limb
neurons at P14 show increased punctate staining (arrows) whereas
the patchy staining is considerably reduced. Note that the punctate
regions at the cell surface are intensely labeled. With maturation, the
cytoplasmic pools of the receptor are reduced, and the receptors are
localized more at the membrane. Scale bar 5 20µm (applies to A–D).
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ment. In ferret the GABA immunoreactive cells located in
the shell of LSO from P0 to P4 showed decreased staining
during the later stages of development (Henkel and Brunso-
Bechtold, 1998). These results suggest that it is possible
that cells express different neurotransmitters through the
course of development (Okayama et al., 1996).

Inhibitory input to the LSO has been shown to be
different in various species, either GABAergic or glyciner-
gic. MNTB neurons are a potential source of GABAergic
innervation to the LSO in rat (Webster et al., 1990).
Strychnine can block synaptically mediated binaural inhi-
bition, and Gly can mimic synaptically mediated inhibi-

Fig. 9. A: GlyR-stained cells with elongated dendrites (arrow)
between the LSO (white asterisk) and MSO (black asterisk) at P10.
Note the darkly stained LNTB (open arrows). B: Mature pattern of
GlyR staining in the MSO at P14. C: GlyR staining in MNTB at P10.
Although there was an increase in the membrane-associated staining

(arrows), patchy staining in some of the somata is clearly visible
(asterisks). D: By P14, patchiness decreased, rendering more clarity to
the punctate regions on the somal surface (arrows). Scale bars 5 100
µm in A; 50 µm in B; 20 µm in D (also applies to C).
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Fig. 10. Electron micrographs from the LSO medial limb showing
the GABAA receptor localization in a principal neuron and the
neuropil at P4. A: Immunoreactivity is seen along the neuronal
membrane (arrowhead) and also at some postsynaptic sites (arrows).
B: Immunoreactivity is localized along the dendritic membranes
(arrows) and in the cytoplasm (asterisk). A labeled postsynaptic

density is shown (arrowhead). C: Cross section through the neuropil
showing diffuse staining along the dendritic membrane (arrowheads),
particulate staining in the dendritic cytoplasm (asterisk), and a
labeled postsynaptic density (arrow). Scale bars 5 2 µm in A; 1 µm in C
(applies to B and C).



Fig. 11. Electron micrographs from the LSO medial limb showing
the GABAA receptor localization in a principal neuron and the
neuropil at P14. A: Two postsynaptic localizations on the somal
surface (arrows) and labeled patches in the cytoplasm (arrowhead) are
seen. B: Labeled postsynaptic densities are rarely seen in the neuropil

(arrows). C: Intensely labeled processes, presumably the astroglial
processes (arrow), were the most prominent components in the
neuropil at this age. Scale bars 5 1.5 µm in A; 0.5µm in C (applies to B
and C).



tion, suggesting that Gly may mediate contralateral inhibi-
tion in the LSO of chinchilla (Moore and Caspary, 1983).
Since the source of this inhibition is thought to be the
fibers projecting from the ipsilateral MNTB, this suggests
that the ipsilateral MNTB projection utilizes Gly as a
neurotransmitter (Moore and Caspary, 1983). As for the
LSO of adult gerbil, very few glutamic acid decarboxylase
(GAD)-positive puncta have been observed, indicating that
the projection from MNTB to LSO is not GABAergic
(Roberts and Ribak, 1987).

In contrast, we have seen a clear increase in the GABA
immunoreactive boutons in the medial limb of LSO from
P4 to P21 (Fig. 4A,B). Our observations on GABA staining
in the LSO medial limb of adult gerbils show a clear
decrease in the number of immunoreactive boutons from
the P21 level (data not shown). This confirms the transient
nature of the bouton staining. There are several possible
explanations for the transient increase in the number of
GABA immunoreactive boutons. It could arise from a
transient GABAergic afferent system coming via the
MNTB, which might be disappearing during the later
stages of development. Another possibility is the inhibitory
afferents of MNTB to LSO, which were suggested to form
exuberant contacts that may be eliminated during develop-
ment (Sanes and Siverls, 1991). Alternatively, the input to
LSO from VNTB reported in the adult rat (Warr and
Spangler, 1989) might show a superabundance during
development, which may subsequently be pruned back.
VNTB neurons are known to stain for GABA (Schwartz
and Yu, 1986). Our observations also show GABA staining
of the VNTB neurons (Fig. 5C). Yet another source of input
to the LSO is the spherical bushy cells of the ipsilateral
AVCN. They are unlikely to be the source of the transient
increase in GABA boutons since it has been shown that
they do not stain for GAD and are not GABAergic in the
adult (Roberts and Ribak, 1987). In our material there is a
population of small neurons in the gerbil AVCN that stain
for GABA at P14 and P21, but are unstained in the adult.
However, we have no evidence that these cells project to
the LSO. Thus, the source of the transient increase in
GABA-stained boutons remains to be determined.

In the MSO of adult gerbil, GAD-labeled somata were
lacking, whereas GAD-stained terminals were abundant,
indicating the absence of GABAergic cells (Roberts and
Ribak, 1987). However, our results indicated that neurons
in the MSO show a moderate increase in the GABA
staining intensity from P4 to P21 (Figs. 4C,D, 5A,B), which
decreased again in adults (data not shown). Schwartz and
Yu (1986) reported that a small percentage of MSO neu-
rons in the gerbil are intensely stained for GABA. The
increase in GABA and Gly staining between P4 and P21
observed by us may again be a transient phenomenon
occurring during development. The GABA-immunoreac-
tive boutons are mainly located on the distal dendrites at
P21 (Fig. 4D). This general pattern agrees with the
immunohistochemical studies in mustached bat (Vater,
1995) and guinea pig (Wenthold et al., 1987; Helfert et al.,
1989). LNTB and VNTB are the possible sources of these
terminals (Zook and Cassedy, 1985; Cant and Hyson, 1992;
Kuwabara and Zook, 1992).

The predominant GABAergic postsynaptic currents seen
at P4 (Kotak et al., 1998) can be explained by the presence
of postsynaptic localization of the GABAA receptor protein,
which subsequently showed a dramatic decrease by P14.
Observations on the activation of presynaptic GABAB

receptors employing baclofen resulted in the extended
depression of both ipsilateral excitatory and MNTB-
evoked inhibitory synaptic responses, without changing
the electrical properties of the postsynaptic LSO neurons,
suggesting the role of a GABAB-mediated metabotropic
signal (Kotak et al., 1998). Future immunohistochemical
studies of the GABAB receptor proteins at the ultrastruc-
tural level would be useful to sort out its role in the early
GABAergic system in the gerbil LSO.

The decrease in the diffuse localization of GABAA recep-
tor seen in the neuropil at the light microscopic level is
probably indicative of dendritic and postsynaptic receptors
seen at the EM level (Fig. 10B,C). It appears likely that in
the present situation GABA staining may not be particu-
larly diagnostic of inhibitory synaptic strength. On the
other hand, the transformation of GABAA receptor localiza-
tion from diffuse dendritic and postsynaptic to predomi-
nantly astrocytic seems to be of fundamental importance.

Functional implications for early GABAergic
transmission

Unlike the punctate staining of GlyR seen at P14, the
distribution of the b2/3 subunits of the GABAA receptor at
P4 did not appear as precisely confined to clusters, suggest-
ing an extrasynaptic localization of some GABAA recep-
tors, as has been described previously in mammalian and
avian retinae (Greferath et al., 1993, Hering and Kroger,
1996).

A significant observation of the present study is a
dramatic decrease in the immunoreactivity for the GABAA
receptor in the LSO from P4 to P14. This down-regulation
in the receptor expression coincides with the onset of
hearing (Woolf and Ryan, 1984). Functional GABAA recep-
tors are expressed in neurons as early as in embryonic
stages, and investigations by different groups have led to
the conclusion that a transient excitatory action of GABA,
via GABAA receptors, may represent a general feature of
the developing neurons in the central nervous system
(Ben-Ari et al., 1997).

The GABAA receptor is a ligand-gated ion channel
widely expressed in the mammalian brain that regulates
early events in neuronal development (Behar et al., 1996)
and mediates inhibitory neurotransmission following syn-
aptogenesis (Sieghart, 1995). The peak GABAA receptor
expression observed in the ventromedial hypothalamus
coincides with the most intense period of synapse forma-
tion in this region (Clark et al., 1997). GABA released by
the interneurons via its excitatory action, may serve a
neurotrophic function during the refinement of hippocam-
pal circuitry (Strata et al., 1997). Evidence from in vitro
studies indicates that the addition of GABA to the culture
medium can enhance neuronal differentiation in both
primary cultures and tumor cell lines (Spoerri and Wolff,
1981; Eins et al., 1983; Hanson et al., 1984).

In the visual system, GABA acts as an important
developmental signal for cone photoreceptor synaptogen-

Fig. 12. Electron micrographs of principal cells from the medial
limb of LSO showing GlyR localization at P4 and P14 at the same
magnification. A: At P4, there were few labeled postsynaptic densities
(arrows) on the soma. B: By P14, there was a dramatic increase in the
subsurface localization of the receptor in somata (arrows) and labeled
patches in the cytoplasm (asterisks). Scale bar 5 2 µm in B (applies to
A and B).
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esis (Redburn, 1992; Messersmith and Redburn, 1993).
This hypothesis is based on the ability of the GABAA
receptor antagonists picrotoxin and bicuculline to disrupt
synaptogenesis in the retinal cones (Redburn, 1992). GABA
may induce and activate receptors within growing axons
that are already in close proximity to their ultimate
postsynaptic targets and thus may influence synaptogen-
esis (Mitchell and Redburn, 1996). Diffuse localization of
immunoreactivity along the neuronal and dendritic mem-
branes in addition to postsynaptic localization of GABAA
receptor observed at P4 in the present study suggests that
spontaneous transmission along the appositions may pos-
sibly generate signals. Depending on the signals that are
being generated, there could be strengthening of synapses.
There is evidence that GABA transiently supplied by
neonatal horizontal cells may play an important role in
establishing appropriate synaptic contacts with cones
(Huang and Redburn, 1996). This study did not address
the question of whether the early expression of GABAA
receptor has a role in the laying down of auditory syn-
apses, although the data on the timing of expression and
distribution pattern of GABAA receptor are consistent with
such a role.

The decrease in the postsynaptic localization of the
GABAA receptor at P14 is apparently not due to inad-
equate penetration of the antibody, as well-stained glial
processes could be seen in adjacent areas. The increase in
GABAA receptor staining in glial cell processes at P14
probably indicates the role of GABA in glial signaling and
the axon-glial interrelations during the development. As-
trocytes of the intact optic nerve from neonatal rats have
been shown to respond to GABA by a GABAA-mediated
depolarization that attenuated gradually during postnatal
development (Butt and Jennings 1994a,b).

GlyR upregulation

The 93 kD protein gephyrin co-purifies with the postsyn-
aptic GlyR, a ligand-gated chloride channel composed of 48
kD a and 58 kD b membrane spanning subunits (Pfeiffer et
al., 1982; Graham et al., 1985; Schmitt et al., 1987;
Langosch et al., 1990; Betz, 1992). The antibody used in
this study to localize GlyR is specific for gephyrin, the
anchoring protein. The distribution of gephyrin is complex.
There is increasing evidence that gephyrin might also be
associated with GABAergic synapses (Cabot et al., 1995;
Sassoe-Pognetto et al., 1995; Todd et al., 1995). The
findings of the present study suggest that gephyrin may
facilitate the anchoring of GlyRs rather than GABAA
receptors, as there is a dramatic increase in the postsynap-
tic localization of gephyrin from P4 to P14, which is
accompanied by a similar increase in the glycinergic
inhibitory postsynaptic currents (IPSCs) of LSO neurons
(Kotak et al., 1998). A corresponding decrease in the
GABAA receptor localization and also the decreased GABA-
ergic IPSCs around the same time point indicate that
gephyrin is an unlikely candidate for the anchoring of
GABAA receptors in the gerbil LSO.

Aggregation of neurotransmitter receptors in the post-
synaptic membrane is crucial for efficient signal transmis-
sion between the neurons. The pattern of localization on
the neuronal soma and neuropil observed in the present
study is mainly associated with the postsynaptic densities
and is consistent with the observation that, of all the
subcellular fractions, the highest strychnine-binding activ-

ity occurs in the synaptic membrane fraction (Young and
Snyder, 1973).

The concentration and relative distribution of GlyRs
shown by strychnine binding has been studied in early
postnatal and adult gerbils (Sanes and Wooten, 1987;
Sanes et al., 1987). The gradient in the receptor labeling,
i.e., relatively more intense localization in the high-
frequency medial limb and less intense localization in the
low-frequency lateral limb observed in the present study,
is similar to that reported by Sanes and Wooten (1987).
The large number of positively stained cells with discrete
regions of staining on the somal surface observed at P4 in
the lateral limb of LSO probably indicates an early glycin-
ergic input to the lateral limb. The electrophysiological
finding that the MNTB-evoked IPSCs in the LSO lateral
limb neurons are more sensitive to strychnine throughout
development (Kotak et al., 1998) is consistent with this
observation.

Relationship of receptors for glycine
and glutamate in the LSO

The ultrastructural studies of GlyR immunoreactivity
showed that at P14 it was present at virtually all synapses
on LSO principal cells. Previous studies from this labora-
tory (Schwartz and Eager, 1995, 1996b; Schwartz and Keh,
1997) have shown the localization of GluR4 at virtually all
synapses on adult LSO principal cells, and developmental
light microscopic studies have shown the presence of
intense GluR4 staining in these cells at P14 (Schwartz and
Eager, 1996a). Thus, it appears that both GlyR and GluR4
proteins are widely distributed at the same synaptic sites
at P14. At the light microscopic level most adult LSO
neurons were immunopositive for GlyR (gephyrin) and
showed many punctate concentrations at the somatic and
dendritic surface essentially similar to that seen at P14
(unpublished observations from two adult specimens).
Helfert et al. (1992) have shown that in guinea pig,
terminals containing flattened vesicles were intensely
immunoreactive for both Gly and glutamate and were
most abundant on LSO perikarya and fewest on small
caliber dendrites. Gly is known to modulate the N-methyl-
D-aspartate (NMDA) glutamate receptor. Evidence in sup-
port of an interaction between glutamate receptors and
Gly in LSO comes from a study using the brain slice
preparation in which the application of NMDA completely
blocked contralaterally induced inhibition of LSO cells
without affecting excitatory responses in either the LSO or
the MNTB (Wu and Kelly, 1992).

Differences between the LSO medial
and lateral limbs

This study has documented significant differences in the
immunocytochemical staining patterns of GlyR between

Fig. 13. Electron microscopic images from the LSO neuropil show-
ing GlyR labeling at P4 (A, B) and P14 (C–E). A: At P4 axon bundles
show a slight electron density at the membrane appositions (arrow-
heads). B: A few diffusely labeled postsynaptic densities (arrows) are
seen in the P4 neuropil. C, D: Neuropil shows significant increase in
the postsynaptic localization in dendrites (arrows) by P14. In C, two
densely labeled dendritic spines are seen apposed to synaptic special-
izations (asterisks). E: At P14, most of the subsurface localizations
(asterisks) and labeled spines (arrow) on the soma are associated with
synapses. Scale bars 5 0.5µm in A and E; 0.8 µm in B (also applies to C
and D).

678 S. KORADA AND I.R. SCHWARTZ



Figure 13

INHIBITORY FUNCTION IN DEVELOPING LSO 679



the medial and lateral limbs in that the high-frequency
medial limb stained darker compared with the low-
frequency lateral limb. This gradient became clearer after
P10. These findings are consistent with the quantitative
autoradiographic data reported in the developing gerbil
(Sanes and Wooten, 1987) and the recent report on gephy-
rin distribution in the gerbil at P21 (Koch and Sanes,
1998). A number of differences in the anatomical, physi-
ological, and immunocytochemical features between the
two limbs have been reported previously (Sanes et al.,
1987, 1990; Hafidi et al., 1994, 1996), leading Sanes to
hypothesize that the two limbs should really be thought of
as two separate nuclei. The findings of this study are
consistent with that hypothesis.

CONCLUSIONS

The observations of the present study clearly demon-
strate a significant down regulation in the GABAA receptor
at the time of hearing onset. A concomitant increase in the
GlyR is seen at both light microscopic and EM levels.
These findings suggest a neurotrophic role of early GABAer-
gic transmission (Meier et al., 1991; Behar et al., 1994; Lo
Turco et al., 1995) on the postsynaptic target. Experimen-
tal manipulations disrupting the function of early GABA
receptors would probably throw light on the precise role of
GABA in the early postnatal gerbil LSO.
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