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Sensitive and high-resolution immunocytochemical procedures
were used to investigate the spatial organization of AMPA
receptor subunits (GluR1-4) at the synapse between the inner
hair cells and the afferent dendrites in the rat organ of Corti. This
is a synapse with special functional properties and with a
presynaptic dense body that defines the center of the synapse
and facilitates its morphometric analysis. A quantitative
postembedding immunocytochemical analysis was performed
on specimens that had been embedded in a metachrylate resin
at low temperature after freeze substitution. Single- and
double-labeling procedures indicated that GluR2/3 and GluR4
subunits were colocalized throughout the postsynaptic density,
with a maximum distance of 300 nm from the presynaptic body

and with higher concentrations peripherally than centrally. No
receptor immunolabeling was found at extrasynaptic mem-
branes, but some GluR4 subunits appeared to be expressed
presynaptically. The synapses between outer hair cells and
afferent dendrites were devoid of labeling. The present data
indicate that AMPA receptor subunits are inserted into the
postsynaptic membrane in a very precise manner and that their
density increases on moving away from the center of the
synapse.

Key words: AMPA; pre- and postsynaptic receptors; immu-
nocytochemistry; immunogold; silver enhancement; organ of
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The issue of how glutamate receptors and AMPA receptors in
particular are arranged in the postsynaptic membrane is central to
our understanding of synaptic transmission and synaptic plasticity.
For example, it has been suggested that AMPA receptors are
organized in discrete clusters that may limit the quantal size and
that the formation of new receptor clusters, combined with a
structural reorganization of the synapse, may be a critical step in
the development of long-term potentiation (Edwards, 1995a,b).

The present investigation exploits quantitative and highly sen-
sitive immunocytochemical procedures to reveal the detailed dis-
tribution of AMPA receptors [GluR1-4 according to the termi-
nology of Boulter et al. (1990); GluRA-D according to Keinénen
et al. (1990)] at the synapse between inner hair cells and afferent
dendrites in the organ of Corti. This synapse has the advantage
compared with hippocampal and other central synapses of having
a presynaptic dense body (Hashimoto et al., 1990; Friedmann and
Ballantyne, 1984) that defines the center of the synapse and the
preferential site of exocytotic release. This feature facilitates
morphological analysis and allows data to be obtained that may
help construct useful models of synaptic transmission.

The specific aim of the present investigation was to reveal how
the different AMPA receptor subunits are distributed along the
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mediolateral extent of the postsynaptic density and along the
radial axis, i.e., perpendicular to the postsynaptic membrane. An
attempt was also made to resolve to what extent the AMPA
receptors occur at extrasynaptic sites.

MATERIALS AND METHODS

Tissue preparation. Ten Wistar rats (250-300 gm) were deeply anesthe-
tized with sodium pentobarbital (50 mg/kg), and 1 ml of fixative (see
below) was injected into the cochlea according to the perilymphatic
perfusion method (Wersill, 1956; Anniko and Lundquist, 1980). Subse-
quently, the animals were perfused transcardially with 2% dextran (MW
70,000) in 0.1 m phosphate buffer (PB; pH 7.4, 4°C, 15 sec) followed by
fixative (room temperature, 50 ml/min for 10-20 min). Four different
mixtures of fixative (all in 0.1 m PB, pH 7.4) were used: No. 1, 4%
formaldehyde (depolymerized from paraformaldehyde) and 0.1% glutar-
aldehyde; No. 2, 4% formaldehyde and 0.5% glutaraldehyde; No. 3, 4%
formaldehyde, 0.1% glutaraldehyde, and 0.2% picric acid; No. 4, 1%
formaldehyde and 2.5% glutaraldehyde.

The number of ears treated with the different fixatives were 10, 4, 4,
and 2, respectively. After perfusion, the temporal bones were removed
and immersed in the same fixative (6—8 hr, 4°C) and then rinsed in 0.1 M
PB (overnight, 4°C). The organ of Corti was carefully dissected from the
temporal bone. Freeze substitution and low-temperature embedding of
the specimens in a metachrylate resin were performed (van Lookeren
Campagne et al., 1991; Hjelle et al., 1994; Chaudhry et al., 1995). Briefly,
the specimens were cryoprotected by immersion in graded concentrations
of glycerol (10, 20, and 30%) in PB and plunged rapidly into liquid
propane cooled by liquid nitrogen (—190°C) in a cryofixation unit KF 80
(Reichert, Vienna, Austria). The samples were immersed in 0.5% uranyl
acetate dissolved in anhydrous methanol (—90°C, 24 hr) in a cryosubsti-
tution unit (AFS; Reichert). The temperature was raised in steps of
4°C/hr from —90°C to —45°C. The samples were washed three times with
anhydrous methanol and infiltrated with Lowicryl HM20 resin (Che-
mische Werke Lowi, Waldkraiburg, Germany) at —45°C with a progres-
sive increase in the ratio of resin to methanol. Polymerization was
performed with ultraviolet light (360 nm) for 48 hr.

We also used an osmium-free method of epoxy resin embedding
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essentially as described previously (Phend et al., 1995). Specimens (fixa-
tive No. 4) were sequentially incubated in 1% tannic acid (Fluka, Buchs,
Switzerland), 1% uranyl acetate, and 0.5% platinum chloride (Fluka), all
in 0.1 M maleate buffer, pH 6.0. Then they were immersed in ethanol
followed by 1% p-phenylenediamine (Sigma, St. Louis, MO) in ethanol.
The specimens were dehydrated and embedded in Durcupan (ACM,
Fluka).

Sections of the cerebellum and hippocampus were used as positive
controls. The sections were obtained from the same animals that were
subjected to perilymphatic perfusion and were incubated in the same
drops of immunoreagents as the cochlear sections.

Postembedding immunocytochemistry. Two different procedures were
used for postembedding immunocytochemistry. One was based on 15 nm
gold-coupled goat anti-rabbit IgG (GARI15, Nanoprobes, Stony Brook,
NY) as secondary antibody (Hjelle et al., 1994, modified from van
Lookeren Campagne et al., 1991), and the other was based on 1.4 nm
gold-coupled goat anti-rabbit Fab’ fragments (Nanogold, Nanoprobes)
followed by silver enhancement. For both procedures, ultrathin sections
(Lowicryl or Durcupan) were treated with a saturated solution of NaOH
in absolute ethanol (2-3 sec), rinsed, and incubated in the following
solutions at room temperature: (1) 0.1% sodium borohydride and 50 mm
glycine in Tris-buffered saline containing 0.1% Triton X-100 (TBST) (10
min); (2) 2% human serum albumin (HSA) in TBST (10 min); (3)
primary antibodies against GluR1, GluR2/3, or GluR4 (concentration
1-2 pg/ml, kindly provided by Dr. R. J. Wenthold) in TBST containing
2% HSA (2 hr); (4) 2% HSA in TBST (10 min); (5) secondary gold-
coupled Fab’ or IgG diluted 1:50 in the TBST containing 2% HSA and
polyethyleneglycol (5 mg/ml, 2 hr). For silver enhancement, the sections
were finally incubated in HQ Silver (Nanoprobes) for 3—4 min. System-
atic variation of the NaCl concentration in the buffer (steps 2-5) revealed
a maximum labeling efficiency at 0.05 M. The pretreatment of the sections
with NaOH/ethanol was essential for a high sensitivity, whereas the
choice of fixative (see above) was less important, at least for the inner ear
tissue.

Postembedding immunogold double labeling and immunocytochemical
controls. Double labeling of GluR2/3 and GluR4 or GluR2/3 and gluta-
mate was performed as described previously (Ottersen et al., 1992) using
formaldehyde vapor treatment to avoid interference between the two
sequential incubations (Wang and Larsson, 1985). For GluR2/3 and
glutamate immunolabeling, the receptor antibodies were used first (visu-
alized by 1.4 nm gold and silver enhancement) followed by the glutamate
antibody (No. 607; diluted 1:2000 and visualized by 30 nm gold particles)
(Ericson et al., 1995). For GluR2/3 and GluR4 immunolabeling, 30 and
15 nm gold particles were used.

Control experiments included omission of the primary antibodies and
absorption with antigen (for antiserum No. 607) (Ericson et al., 1995).
Both types of treatment abolished the labeling. All antisera have been
thoroughly characterized. The GluR1, GluR2/3, and GluR4 antibodies
react selectively with the respective receptor subunits (Petralia and
Wenthold, 1992; Wenthold et al., 1992), whereas the glutamate antibody
has been shown to recognize glutamate but not other compounds, includ-
ing the structurally related amino acids aspartate and glutamine (Ericson
et al., 1995). Western blot analysis of the organ of Corti has revealed
bands of appropriate molecular weights for GluR2/3 and GluR4
(Kuriyama et al., 1994).

For quantitative analysis, the distance between the reference line
(periphery of antigen-containing body or outer leaflet of the postsynaptic
membrane) to the centers of gold particles was measured manually at
83,000X magnification. The antigen-containing bodies (Fig. 7) were pre-
pared as described (Ottersen, 1987), sectioned, and incubated with the
tissue sections (see legend to Fig. 7 for details).

RESULTS

Ultrastructure

The tissue preservation was assessed in sections that had been
counterstained with uranyl acetate and lead citrate. The mixture
of 4% formaldehyde and 0.5% glutaraldehyde (Fig. 1) gave a
better ultrastructural preservation than the mixture containing
0.1% glutaraldehyde only. The former fixative, therefore, was
used for most of the preparations.
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GluR2/3

The antibody used (Ab 25) (Wenthold et al., 1992) recognizes the
GluR2 and the GIuR3 subunits. In a first series of experiments, we
sought to obtain a maximum immunolabeling efficiency by using
secondary antibodies coupled to very small (1.4 nm) gold parti-
cles. The particles were made visible by silver enhancement. This
procedure gave up to 60 particles per profile of synaptic density on
the afferent fibers contacting the inner hair cells (Fig. 24). This
particle density is comparable to and even exceeds that found on
the postsynaptic membrane of the parallel fiber to Purkinje cell
synapses in the cerebellum (Fig. 2B; same incubation). In the
inner hair cell synapse, the gold particles were distributed along
the entire extent of the postsynaptic density with no gaps that
could point to the existence of discrete clusters. The particles
adhered closely to the postsynaptic membrane with a spread of
<35 nm along the axis perpendicular to the membrane (hereafter
called the radial axis). Only in a few cases were scattered particles
observed lateral to the postsynaptic density, and the occurrence of
particles in the presynaptic element (Fig. 24) was not a consistent
phenomenon.

By double labeling it could be shown that the hair cell bases
facing GluR?2/3 receptors contained high levels of glutamate-like
immunoreactivity (Fig. 2C). Some gold particles signaling gluta-
mate were associated with synaptic vesicles, whereas others dec-
orated mitochondrial profiles. This is similar to the distribution of
glutamate-like immunoreactivity in central synapses (Somogyi et
al., 1986; Ji et al., 1991). The relatively weak labeling in the
postsynaptic element is likely to reflect the ubiquitous metabolic
pool of glutamate (Ottersen et al., 1992) and/or postsynaptic
glutamate uptake (Rothstein et al., 1994).

For further analysis of the GluR2/3 distribution, we used sec-
ondary antibodies coupled to 15 nm colloidal gold particles (Fig.
3). Because of their uniform size and distinctness, these particles
were better suited to quantitative studies than the silver-enhanced
ones, which tended to coalesce. In agreement with the observa-
tions based on the silver enhancement procedure, the 15 nm
particles were associated with peripheral as well as central parts of
the postsynaptic density (Fig. 34, B), similar to the situation in the
glutamatergic CNS pathways that were used for comparison (Fig.
3D). Most of the gold particles were directly superimposed on the
postsynaptic membrane or near its external or cytoplasmic surface
(see below for quantitative analysis).

GluR4

The afferent fibers contacting the inner hair cells also displayed
gold particles signaling the presence of GluR4, recognized by an
antibody that is selective for this subunit (Ab 22) (Wenthold et al.,
1992). Although the tangential distribution of these particles
along the postsynaptic density was similar to that of the particles
representing GluR2/3, their radial distribution was different.
Thus, a minor proportion of the particles appeared to be associ-
ated more closely with the presynaptic membrane than with the
postsynaptic one (Fig. 4). This pattern was confirmed by quanti-
tative analysis (see below) and in silver-enhanced preparations
(not shown).

The GluR4 antiserum produced very weak labeling outside the
synaptic region. The labeling pattern obtained in freeze-
substituted material fixed by a relatively low glutaraldehyde con-
centration (0.5%; Fig. 44,C,D) was reproduced in material that
was fixed by a higher percentage of glutaraldehyde (2.5%) and
prepared according to a different protocol (Phend et al., 1995)
based on the use of an epoxy resin (Fig. 4B).
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Quantitative comparison of the distributions of
GluR2/3 and GluR4

As noted above, the impression gained by visual examination of
the electron micrographs was that GluR2/3 and GluR4 were
differentially distributed along the radial axis (i.e., perpendicular
to the postsynaptic density). This was confirmed by quantitative
analysis (Fig. 5). Whereas the distribution of gold particles rep-
resenting GluR2/3 displayed a single distinct peak (positioned 5
nm postsynaptic to the outer leaflet of the postsynaptic mem-
brane), the corresponding histogram for GluR4 was broader and
extended further in the presynaptic direction. The difference
between the two distributions was validated statistically (Table 1).
The distance between the two peaks in the histogram for GluR4
was 20-25 nm, compared with a mean width of the synaptic cleft
of 14.9 nm (estimated from 10 synapses).

The analysis of the tangential distribution of particles was based
exclusively on the relatively few synapses that exhibited a distinct
synaptic body in the plane of section. This served to define the center
of the synapse (see legend to Fig. 6). With both antibodies, the
labeling extended up to 300 nm from the center thus defined. The
particle density was lower in the central part of the postsynaptic
membrane than in the lateral part (Fig. 6).
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Figure 1. Electron micrograph of
freeze-substituted specimen of the organ
of Corti showing the synaptic region of
the inner hair cell (/HC). The section
was counterstained with uranyl acetate
and lead citrate. The ultrastructure of
the IHC and afferent nerve endings (A4)
in contact with the cell body were well
preserved. IPC, Inner pillar cell; /PH,
inner phalangeal cell; TC, tunnel of
Corti. Fixative No. 2. Scale bar, 3.0 um.

To facilitate the interpretation of the histograms in Figures 5 and
6, we determined how accurately the epitopes could be localized
under the present experimental conditions. To this end, we analyzed
the distribution of gold particles associated with discrete bodies of a
test antigen (Fig. 74) and thus obtained an estimate of the maximum
distance between an epitope and the center of the corresponding
gold particle. This distance was estimated at 26-30 nm, because
background levels of gold particle density were reached 26—30 nm
peripheral to the margin of the test bodies (Fig. 7B). For GluR2/3,
this implies that virtually all 15 nm gold particles can be accounted
for by epitopes localized within the postsynaptic density or in close
contiguity with this (Fig. 54), supporting the observations in silver-
enhanced preparations (Fig. 24). As expected, the use of secondary
1gG coupled to 15 nm gold (as in Fig. 5A4) produces a wider radial
spread of particles than the silver enhancement procedure, which is
based on secondary Fab fragments and 1.4 nm gold particles (Fig. 2).

GluR1

The antibody to GluR1 (Ab 9, same as Ab 7) (Wenthold et al.,
1992) failed to produce an immunogold signal in the synaptic
region of the inner hair cells (Fig. 84). This was not because of
methodological imperfections, because distinct GluR1 immuno-
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Figure 2.

Immunoreactivity for GluR2/3 at an inner hair cell (JHC) synapse in the organ of Corti (4, C) and a parallel fiber (Pf) to Purkinje cell synapse

in the cerebellum (B). The 1.4 nm gold particles were made visible by silver enhancement. The section in A is not at the center of the synapse because
the synaptic body (arrowhead) is cut near its periphery. C, Double immunolabeling. After demonstration of GluR2/3 by silver intensification (small
particles, arrowheads), the sections were immunolabeled for glutamate (30 nm gold particles). Some of the large particles appear to be associated with
vesicles (arrow) and with mitochondria (M). Inset shows a diagram of the organ of Corti. Frame indicates area represented in this and subsequent
illustrations. Asterisk, Inner hair cell contacted by afferent dendrites; /-3, the three rows of outer hair cells. s, Purkinje cell spine; 4, afferent dendrite;
TM, tectorial membrane. 4, B, Fixative No. 1 (see Materials and Methods). C, Fixative No. 2. Freeze substitution. Scale bars: 0.5 wm in 4, 0.2 um in

B and C.

labeling was observed in accompanying sections of the hippocam-
pus (Fig. 8B; same fixative and embedding).

Colocalization of GluR2/3 and GluR4

Because immunolabeling was obtained with antibodies to
GluR2/3 as well as to GluR4, the question arose whether these
receptor isoforms are colocalized in the same synapses. Direct
evidence for this was provided by double labeling with two differ-
ent gold particle sizes (Fig. 94,B). The same double-labeling
procedure failed to produce labeling in the synaptic region of the

outer hair cells (Fig. 9C), and no labeling was observed at this site
with the antibody to GluR1.

DISCUSSION

The inner hair cell synapse as an experimental model

The aim of the present study was to elucidate the spatial organi-
zation of AMPA receptors at the afferent synaptic contact estab-
lished by the inner hair cells of the organ of Corti. This represents
a uniform type of synapse that can be recognized unequivocally by
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Figure 3. Immunoreactivity for GluR2/3 at
an inner hair cell synapse (4, B) and at a
hippocampal synapse (D) as demonstrated
by 15 nm gold particles. Large arrowhead,
Synaptic body surrounded by synaptic vesi-
cles (small arrowheads). C, Electron micro-
graph of grid (square width 0.4629 mm) for
accurate calibration (same magnification as
A and B). T, Presynaptic terminal in stratum
oriens of CA1l; s, postsynaptic spine. Other
abbreviations as in Figure 1. Fixative No. 2;
freeze substitution. Scale bars: 0.3 pum in
A-C, 0.2 pm in D.
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Figure 4.

Immunoreactivity for GluR4 at inner hair cell synapses as demonstrated by 15 nm immunogold particles using different fixatives and tissue

preparation methods. 4, C, D, Fixative No. 2, freeze substitution. B, Fixative No. 4, method of Phend et al. (1995). Note that some gold particles are
associated with the presynaptic membrane. Large arrowhead, Synaptic body surrounded by synaptic vesicles (small arrowheads). D, Enlargement of C.

Abbreviations as in Figure 1. Scale bars: 0.3 um in A-C, 0.2 um in D.

its morphological features (Friedmann and Ballantyne, 1984).
There is strong evidence that glutamate is used as a transmitter at
this synapse (for review, see Eybalin, 1993; Kataoka and Ohmori,
1994). In further support of this, we could presently demonstrate,
by double labeling, glutamate-enriched hair cells (Altschuler et
al., 1989; Usami et al., 1992) in direct apposition to glutamate
receptors. A special feature of the inner hair cell synapse is that it
is one of the few types of synapses in which the approximate
position of the center can be defined morphologically, by the
presence of a synaptic body (Friedmann and Ballantyne, 1984).
This greatly facilitates analysis of the tangential distribution of
receptors (which would otherwise require serial sections) and also
may be a useful feature in modeling of synaptic events. Thus, it
has been proposed that the synaptic body plays a central role in
exocytotic transmitter release (Parsons et al., 1994) and that it

represents the site where most exocytotic events occur (Furukawa
et al., 1982).

Previous physiological and pharmacological data have sug-
gested that the spiral ganglion cells, which constitute the postsyn-
aptic element of the inner hair cell synapse, are equipped with
AMPA receptors. Infusion of quisqualate into the perilymph
increases the unit activity of spiral ganglion neurons (Jenison and
Bobbin, 1985), and perilymphatic perfusion of AMPA suppresses
significantly the compound auditory nerve action potential (Puel
et al., 1991). Further, patch-clamp studies have revealed the
presence of functional AMPA receptors in isolated spiral ganglion
cells (Nakagawa et al., 1991b). Studies based on in situ hybridiza-
tion and light microscopic immunocytochemistry have supported
the above data and have demonstrated that the spiral ganglion
cells express AMPA receptor mRNAs, as well as the correspond-
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Figure 5. Histograms showing the radial distribution of gold particles
representing GluR2/3 (4) and GluR4 (B) at inner hair cell synapses. The
distances between the centers of the 15 nm gold particles and the outer
leaflet of the postsynaptic membrane were grouped into bins 4 nm wide.
The values along the abscissa indicate bin centers. Minus signs indicate
direction of the presynaptic element. The data were pooled from 25
synapses (4) and 23 synapses (B). The particles signaling GluR2/3 (4)
showed essentially a normal distribution with an average of 4.9 nm (SEM
1.0). The histogram of GluR4 distribution was broader than that of
GluR2/3 and displayed two peaks. The extent of the synaptic cleft is
indicated.

Table 1. Radial distributions of GluR2/3 and GluR4
Gold particles
signaling GluR4

32 (23.7%)
103 (76.3%)

Gold particles
signaling GluR2/3

12 (10.6%)
101 (89.4%)

Presynaptic to midpoint of cleft
Postsynaptic to midpoint of cleft

To compare the distributions of gold particles in sections labeled with either the
GluR4 or GluR2/3 antiserum, the gold particles were categorized into two groups
based on their localization with respect to the midpoint of the synaptic cleft set at 7.5
nm from the outer leaflet of the postsynaptic membrane. Compared with particles
signaling GluR2/3, particles signaling GluR4 were significantly enriched presynaptic
to the cleft midline. Chi square test, p = 0.0072 (no. of synapses studied = 25). Note
that because of the distance between epitope and gold particles (Fig. 7), some
particles derived from a postsynaptic epitope will end up presynaptic to the cleft
midline. The distribution of gold particles signaling GluR2/3 is thus consistent with
an exclusively postsynaptic localization of this receptor subunit.
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Figure 6. Histogram showing the tangential distribution of gold particles
(15 nm) representing GluR2/3 (4) and GluR4 (B) in the postsynaptic
membrane of inner hair cell synapses. Zero is defined as the point
opposite the center of the synaptic body. The tangential extent of the
synapse was set at 100%, and the synaptic body was localized at 50.9 =
6.3% (mean = SD, n = 25), i.e., near the middle of the synapse. Only
synapses with distinct synaptic bodies cut at their approximate centers
were included in the analysis (13 synapses for GluR2/3 and 12 for GluR4).
Bin width, 50 nm. Values along the x-axis indicate centers of bins. Gold
particles were omitted if situated >28 nm away from the cytoplasmic
aspect of the postsynaptic membrane, i.e., particles, which according to
Figure 7, could not represent postsynaptic receptors with a localization
corresponding to the position of the peak in Figure 54. The distance
(mean * SD, n = 25) between the synaptic body and the lateralmost gold
particle was 196 = 64 nm (maximum 301 nm) compared with a radius of
the postsynaptic density of 260 * 44 nm (range 157-382).

ing proteins (Ryan et al., 1991; Safieddine and Eybalin, 1992;
Kuriyama et al., 1994; Niedzielski and Wenthold, 1995; Usami et
al., 1995).

Postsynaptic arrangement of AMPA receptors

The present investigation provides detailed information on the
organization of the AMPA receptors in the inner hair cell syn-
apse. Electron-dense particles were used as markers to achieve
optimum resolution and quantifiability. A common limiting factor
in studies based on this kind of approach is the sensitivity that
often permits only very low particle counts. In the present study,
a high sensitivity was obtained by using immunolabeling tech-
niques that had been systematically modified for high-labeling
efficiency, and by using tissue specimens that had been prepared
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number of particles

1 5 9 13 17 21 25 29 33 37 41 45 49 nm

Figure 7. Lateral resolution of current immunogold procedure (15 nm gold particles). Values along the x-axis in B denote distance from centers of gold
particles to the margin of antigen-containing bodies (4). Particles were included for analysis only where the adjacent margin was sharply defined.
Background level of labeling is reached ~28 nm off the bodies. Bin width, 2 nm (midpoint indicated). The data were based on the analysis of 30 bodies

containing glutaraldehyde-fixed L-aspartate as a model antigen. The aspartate antibody (No. 18) has been characterized (Zhang et al., 1990). Scale bar,
0.3 wm.

Figure 8. Section of an inner hair cell synapse (4) and of a hippocampal synapse (B) incubated in the same drop of GluR1 antiserum. Only the latter
synapse is labeled. Large arrowhead, Synaptic body. Small arrowheads indicate extent of postsynaptic specialization. 7, Presynaptic terminal in stratum
oriens of CAl. Other abbreviations as in Figure 1. Fixative No. 1; freeze substitution. Scale bars: 0.3 um in 4, 0.2 um in B.
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Figure 9. Double-labeled ultrathin sections from the rat organ of Corti. 4, B, Inner hair cells (/[HC). A, GluR2/3, 30 nm gold particles; GluR4, 15 nm
gold particles. B, GluR2/3, 15 nm gold particles; GluR4, 30 nm gold particles. Fixative No. 2. C, No immunoreactivity was detected in the synaptic region
of the outer hair cells (OHC). Same combination of antibodies as in B. DC, Deiters cell; E, efferent nerve terminal. Other abbreviations as in Figure 1.
Fixative No. 2. Freeze substitution. Scale bars: 0.3 um in 4 and B, 0.5 um in C.

by freeze substitution and Lowicryl embedding. The latter proce-
dure offers a better preservation of tissue antigens than standard
embedding procedures (van Lookeren Campagne et al., 1991).
Our findings suggest that the postsynaptic GluR2/3 and GluR4
subunits are restricted to a disk with a radius up to 300 nm and
with a center aligned with the synaptic body. The area of receptor
distribution coincides closely with the postsynaptic density and
immunolabeling extended to its very edge (Figs. 3B, 44,B). (The
discrepancy between the radius of the postsynaptic density and the
distribution area of gold particles as calculated in Fig. 6 can be
accounted for by a variable labeling efficiency in the sample of
synapses.) A preferential localization of AMPA receptors at
postsynaptic densities also has been reported for synapses in the
CNS, using approaches similar to those used here (Nusser et al.,
1994; Baude et al., 1995; Phend et al., 1995). In the inner hair cell

synapse, the GluR2/3 and GluR4 subunits are colocalized to the
same postsynaptic densities and show a similar tangential distri-
bution, compatible with their being components of hetero-
oligomeric receptors (Boulter et al., 1990; Keindnen et al., 1990;
Nakanishi et al., 1990; Wenthold et al., 1992). The higher labeling
density laterally than centrally in the synapse suggests that the
receptor concentration is highest where the glutamate concentra-
tion is attenuated because of lateral diffusion (assuming that
release occurs preferentially at the synaptic body). Given the
relatively low affinity of the AMPA receptor for glutamate (Clem-
ents et al., 1992), this arrangement may promote an even density
of open receptor channels along the postsynaptic membrane after
an exocytotic event. The nonuniform postsynaptic distribution of
AMPA receptors reported here does not appear to be a feature
common to all synapses. Thus, immunogold particles signaling
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AMPA receptors were evenly distributed along the membrane
specializations postsynaptic to cerebellar parallel fiber terminals
(Nusser et al., 1994).

For GluR2/3, the distribution of gold particles is consistent with
the subunit(s) being associated exclusively with the postsynaptic
membrane. Judged from the peak of the gold particle distribution
(Shida, 1991), the epitopes are concentrated close to its cytoplas-
mic aspect. Although the resolution of the present procedure does
not permit firm conclusions on this point, our results are compat-
ible with the revised model of the transmembrane topology of the
AMPA receptors (Hollmann et al.,, 1994; Baude et al., 1995;
Bennett and Dingledine, 1995), which holds that the C-terminal
end of the receptor protein is intracellular. Pre-embedding immu-
nogold cytochemistry with antibodies to GluR4 has provided
further evidence for this (Baude et al., 1995).

Our failure to obtain data supporting an involvement of GluR1
receptors in hair cell neurotransmission is in line with previous
immunocytochemical and in situ hybridization results (Ryan et al.,
1991; Safieddine and Eybalin, 1992; Kuriyama et al., 1994; Niedz-
ielski and Wenthold, 1995; Usami et al., 1995). It should be noted
that the GluR1 subunit is not an obligatory component of func-
tional AMPA receptors (Boulter et al., 1990).

Evidence for presynaptic GluR4 receptors

Although our data indicated a similar distribution of GluR4 and
GluR?2/3 along the mediolateral extent of the postsynaptic density,
the radial distribution of gold particles was suggestive of an
additional but smaller pool of GluR4 associated with the presyn-
aptic membrane. This would agree with recent physiological in-
vestigations of type I vestibular hair cells of guinea pig (Devau et
al., 1993). These cells appear to be equipped with AMPA recep-
tors, as well as other types of glutamate receptor that may serve as
autoreceptors involved in the control of synaptic transmission. In
contrast, glutamate autoreceptors in the CNS are typically insen-
sitive to AMPA (Chittajallu et al., 1996). However, Baude et al.
(1995) reported, but failed to illustrate, some presynaptic immu-
nolabeling for GluR4 in the rat hippocampus.

Outer hair cells

There are conflicting data in the literature concerning the possible
involvement of AMPA receptors in the chemical transmission of
outer hair cells. Niedzielski and Wenthold (1995) detected AMPA
receptor mRNA and the corresponding proteins in type II and
type I ganglion cells, which innervate the outer and inner hair
cells, respectively, whereas Safieddine and Eybalin (1992) found
AMPA receptor mRNA in the latter, but not in the former type of
ganglion cell. In an immunofluorescence study, Kuriyama et al.
(1994) described a patchy labeling for GluR4 in the outer hair cell
region, which was interpreted as reflecting the presence of this
receptor at the bases of the hair cells. Our study suggests that if
GluR4 occurs in the synaptic region of the outer hair cells, its level
of expression must be far lower than at the inner hair cells.

The differences observed here between the outer and inner hair
cell synapses in regard to their receptor profile are intriguing from
a functional point of view. There is no evidence that the afferent
fibers contacting the outer hair cells respond to acoustic stimula-
tion (Patuzzi and Robertson, 1988), so one cannot exclude that
this synapse is functionally silent. The outer hair cells are unlikely
to be depolarized beyond —60 mV even on maximum sound
stimulation (Patuzzi and Robertson, 1988). This would not be
sufficient to activate the voltage-dependent Ca®" channels, whose
threshold is more positive than —30 mV (Nakagawa et al., 1991a).
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Opening of the latter channels is assumed to be necessary for
transmitter release. In agreement, ultrastructural studies have
suggested that the outer hair cells exhibit a low rate of vesicle
recycling compared with the inner hair cells (Siegel and Brownell,
1986). The present observations are likely to reflect the significant
functional differences between these two types of receptor cell.

Conclusion

The inner hair cell synapse can be regarded as a glutamatergic
synapse with an anatomically defined site of exocytotic release.
Assuming release at the synaptic body, the quantum of glutamate
will face postsynaptic receptors composed of GluR2/3 and GluR4
subunits and extending laterally for up to 300 nm in each direction
with a peak concentration in the peripheral zone of the postsyn-
aptic density and a trough centrally, near the release site. A few
AMPA receptors containing GluR4 subunits, but not GluR2/3
subunits, also may be present presynaptically. AMPA receptors
are distributed throughout the postsynaptic density, but appear to
be very scarce lateral to the synaptic cleft. The present data and
recent observations in the CNS (Baude et al., 1995) are indicative
of a highly selective targeting of AMPA receptor subunits to
synaptic membranes.
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