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Abstract 

Over 1000 synaptic ribbons were studied in the intact animal from birth to the 23rd day and over 
500 were studied in the isolated organ up to 24 days in culture. 

Our findings suggest that synaptogenesis in the cochlea of the mouse occurs mainly postnatally 
and lasts at least 14 days. Afferent synapses of young cochleas are characterized by round ribbons 
which are attached to the presynaptic membrane by two rodlets, each surrounded by a discrete 
triangular density. The postsynaptic density is continuous and coextends with the presynaptic 
complex. The single layer of vesicles surrounding the dense body of the ribbon is disrupted by the 
presynaptic densities. 

In an afferent synapse of the adolescent animal, the predominant organelle is a plate ribbon- 
often laminated-which measures on the average approximately 1000 A wide, 2000 A tall, and 
2500 A long (one section = 700 A). The ribbon is attached to a presynaptic density, arcuate in form; 
a row of synaptic vesicles is aligned along each side of the arcuate density. The presynaptic 
membrane forms a trough accommodating the ribbon. The postsynaptic density exceeds the territory 
of the ribbon. Similar development of the synapse also may be observed in culture. 

Structural variability of ribbons (seen especially in culture), clustering of ribbons, multiribbon 
synapses, and ribbon families seem to be characteristic of early development. The occurrence of 
ring-like or fenestrated ribbons in the intact adolescent animal suggests a limited life span of the 
organelle. 

A decrease in the ribbon population of the outer hair cells, to about 20% of the total number, 
occurs postnatally in the intact animal. A similar decrease occurs also in culture. This implies that 
the ribbon population is not affected by the efferent influx. 

The mature cochlear ribbon appears comparable to those of the retina and some ampullary organs 
of electric fishes. 

Synaptic ribbons-formations composed of an elec- of sensory cells, the shape of the dense body varies 
tron-dense body surrounded by synaptic vesicles-are greatly. Because of that, some authors describe “bars,” 
characteristic presynaptic organelles in the sensory cells “round bodies,” or “synaptic bodies.” In this paper, we 
of many species. follow the nomenclature of Sjiistrand and speak of the 

The term “synaptic ribbon” was introduced by Sjiis- “synaptic ribbon” regardless of the actual shape of the 
trand (1958) for an electron-dense body which, in the dense body. We consider the vesicles surrounding the 
retina, usually forms a thin band. However, in a variety ribbon to be a component of the organelle. 

Phyletically, ribbons are old structures. They occur in 
the photoreceptors of the retina (Cohen, 1963; Dowling, 
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They also have been described in the electroreceptors of mm/cycle). On the 3rd or 4th day, permeable stoppers 
the ampullary organs and in the receptors of the tuberous were introduced to provide free air-CO2 exchange. Cul- 
organs of some fishes (Derbin, 1970; Lissman and Mullin- tures were transferred temporarily from roller tubes to 
ger, 1968; Mullinger, 1964; Roth and Tscharntke, 1976; Maximow slide assemblies for daily photography and 
Szabo and Wersall, 1970; Szamier and Wachtel, 1970). eventually were fixed for electron microscopic studies 
They have been noted as well in some cells of inverte- according to the technique described previously (Guillery 
brates (Boeckh et al., 1970; Osborne, 1966; Steiger, 1967; et al., 1970). 
Wood et al., 1977). 

As a rule, synaptic ribbons in mammals occur in the Results 

receptor cells. However, their presence in the bipolar 
cells of the retina (Dowling and Boycott, 1965; Missotten, 

Distribution patterns. It should be stressed that the 

1960a) and in the nomeceptor cells of the pineal body 
presence of a ribbon does not immediately imply that a 

(Krstic, 1976; Lues, 1971; Wolfe, 1965) is well established. 
synapse has been formed, for a ribbon may adjoin struc- 

In the mammalian organ of Corti, synaptic ribbons in 
tures other than a nerve fiber or it may lie free in the 

hair cells were first described by Smith and Sjostrand 
cytoplasm. Moreover, at least in the early postnatal 

(1961a). Since synaptic vesicles appear to assemble ex- 
period, a ribbon frequently is apposed to an afferent 

clusively around the electron-dense body, it seems likely 
nerve fiber that does not show any postsynaptic special- 
ization. We shall consider these facts elsewhere when we 

that synaptic ribbons indicate the only loci in the hair report on synapse formation. 
cell where conventional chemical afferent synapses occur. 
However, little is known about the role that they play in 

Synaptic ribbons are already present in the newborn 

the formation of afferent synapses. We therefore thought 
mouse, but their distribution pattern in the young and 

it to be of particular interest to study the morphology 
adolescent animal differs significantly. While maturation 

and structural variations of the ribbons and the synaptic 
is a continuous process, it is often useful to speak of 

arrangements during postnatal development of the ear. 
observations pertaining to younger or older age groups. 

We chose the mouse because its organ of Corti, quite 
For the sake of simplicity, we will refer to animals up to 

immature at birth, develops postnatally for about 3 
12 days of age as young and to those 2 to 3 weeks old as 
older or adolescent. 

weeks. 
Our findings are based on studies of normal and cul- 

The distribution of synaptic ribbons as a function of 

tured sectors of the organ of Corti. The latter usually 
age is shown in Figure 1. The data show ribbon counts in 

were explanted at birth and grown in vitro up to several 
radially oriented sections through the organ of Corti, 

weeks (Sobkowicz et al., 1975,198O). The cultured sectors 
where, as a rule, there is a ratio of one inner to three 

permit assessment of the development of hair cells and 
outer hair cells. Therefore, one could expect the counts 

their innervation in tissue which is isolated from the rest 
in the inner and outer hair cells to constitute, respec- 

of the organism and deprived of the entire efferent inflow 
tively, 25% and 75% of a given age sample if the proba- 

of central origin. 
8 

Materials and Methods w 100 N =1022 

Mice (HA/ICR strain) were obtained from Sprague- 
0 
c 

Dawley. W 

Twenty-eight animals (ages, 1 through 12 days; 14, 16, 6 80 - I /’ 

and 18 days; and 21 through 23 days) were studied. For 
\ 

electron microscopic examination, the animals were anes- 
8 

0 
thetized by cooling, and the co&leas were dissected 60- 
rapidly in a fixative consisting of 1% paraformaldehyde 

E 

and 2.5% glutaraldehyde in 0.1 M Sorenson’s phosphate 2 
buffer (pH 7.4). After 20 to 30 min, the co&leas were 
transferred to 2.5% glutaraldehyde in the same buffer for E 40- 

the next 30 min and then rinsed in the buffer for about 
20 min. After rinsing, the pieces were transferred to 1% 

75 

osmium tetroxide for 1 hr, dehydrated in ethanol, and 0” 20- 
embedded in Durcupan. Thin sections were stained with c 

lead citrate. 
W 

Observations on cultures were made on 25 explants of 
s 

I, 

the organ of Corti of the newborn mouse maintained in 
I 0 

LL 
1 I I I I “ I I 

vitro up to 24 days using the techniques previously l-2 3-4 5-6 7-8 9-10 14-16 18-23 

described (Sobkowicz et al., 1975) and modified as fol- Postnotol Age 1 Days) 
lows. The pH of the feeding medium was adjusted ini- 
tially to approximately 6.8 and was increased gradually Figure 1.3 Distribution of ribbons in the inner and outer hair 

to 7.2 over a period of 3 to 10 days. Within 48 hr after 
cells as a function of age in an intact animal. 

explantation, the cultures were transferred from the Max- 
imow slide assembly to Corning Pyrex roller tubes, closed 

3 The abbreviations used are: DIV, days in u&o; Ih, inner hair cell; 

with rubber stoppers, and rotated in a roller drum (15 
Oh, outer hair cell, S, section number (given only if not ail consecutive 
sections are shown). 
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bility of a ribbon occurrence were the same for both 
types of hair cells. In fact, during the first 5 days, about 
70% of the ribbons occur in the outer hair cells and only 
30% occur in the inner hair cells. However, between the 
6th and 10th days, the ribbon population in the outer 
hair cells decreases greatly. The outer hair cells, at about 
the time when they receive efferent endings (around 9 
days), generate only about 20% of the ribbon population. 
An extensive search often is required to find a ribbon in 
the outer hair cells in older animals. Ribbons in cultured 
co&leas show a similar trend. In the first few days in 
uitro, most ribbons occur in the outer hair cells, whereas 
older cultures display ribbons mainly in the inner hair 
cells. Thus, the decrease of the ribbon population in the 
outer hair cells is not influenced by the incoming efferent 
fibers since it also occurs in the cultured organ, which is 
devoid of efferent innervation. 

Structure of the ribbon synapse in the young cochlea. 
During the first 12 postnatal days and in cultures of 
corresponding ages, most ribbons of both inner and outer 
hair cells tend to have a circular or oval outline. 

Figure 2 illustrates an afferent synapse in a g-day 
intact animal; Figure 3 shows one in a 6-day culture. 
Both synapses are closely comparable with the exception 
of the postsynaptic surface which, in culture, is flat. The 
dense body appears homogeneous or granular. Typically, 
the round ribbon connects with two triangular presyn- 
aptic densities by conical rodlets, which may appear 
filamentous or tubular (Figs. 2 to 4). Symmetrical attach- 
ments of the ribbon to the cell membrane often seem to 
flatten the base of the ribbon (Fig. 4). The presynaptic 
membrane is electron dense and usually straight. The 
cleft contains clumps of electron-dense material (Fig. 
3A). 

A single layer of vesicles commonly surrounds the body 
of the ribbon and characteristically is interrupted by 
presynaptic densities (Figs. 2 to 4). The vesicles appear 
attached to the ribbon by fine strands (Fig. 2A, white 
arrows). Sections showing only the vesicular cap indicate 
that the vesicles may be arranged in an impressively 

regular pattern (Fig. 5, A and C). Significant differences 
in size often are present among individual vesicles of the 
same ribbon (Fig. 6E ) and among the vesicles of different 
ribbons (Figs. 6 and 7). 

Attachments of vesicles to the dense body of the ribbon 
(Fig. 2A) have been observed in the retina by Foos et al. 
(1969), Gray and Pease (1971), Raviola and Gilula (1975), 
and Spadaro et al. (1978). Similar attachments were 
noted in ribbons of the lateral line (Mullinger, 1964; 
Porn&-Delaveuve, 1964) and frog labyrinth (Gleisner et 
al., 1973); recently Saito described them in mammalian 
cochlear hair cells. Osborne (1977) suggests that filamen- 
tous connections are present not only between the elec- 
tron-dense body of the ribbon and the vesicles but also 
among the vesicles themselves. 

In contrast to the discrete presynaptic densities, the 
postsynaptic density is continuous and nearly coextends 
with the territory of the ribbon (Figs. 2 and 3). 

In all specimens, synaptic ribbons vary greatly in size. 
The diameter of the round profiles ranges from 0.03 to 
0.3 pm. There is a trend for ribbons to be larger with age. 
Serial sections indicate that, if the vesicular layer is 
included in the measurement, a round ribbon usually 
extends through 1 to a few sections. For example, 134 
ribbons in the apical turn of a 6-day animal showed that 
a ribbon extended on the average through 2.2 sections. 
In this sample, ribbons of inner (31) and outer (103) hair 
cells did not clearly differ in size, extending on the 
average through 2.0 and 2.3 sections, respectively. 

Structural variants in the young cochlea. Although, 
in young cochleas, the round profiles dominate the ribbon 
population, strikingly different forms occasionally occur. 
Two thin plate ribbons are shown in serial sections and 
reconstructions in Figures 6 and 7. Both plates are about 
0.026 pm thick. The ribbon in Figure 6 forms a crescent 
about 0.7 pm high; the one in Figure 7E is fan-like and is 
about 0.45 pm high. Their full dimensions are not known, 
since both series are incomplete. Such tall plates, not 
described previously in the organ of Corti, greatly resem- 
ble the “rod synaptic lamellae” seen in the retina by 

Figure 2. Afferent synapse in a young cochlea of a g-day animal (midturn). A is an enlargement, -3 times, of the ribbon 
segment shown in Figure 2. The spheroid ribbon is anchored to the presynaptic membrane by two rodlets surrounded by discrete 
presynaptic densities; the arrow in Figure 2 points to the left density and the black arrow in A points to a rodlet. Synaptic 
vesicles are attached to the dense body of the ribbon by fine threads (A, white arrows). The postsynaptic site of the afferent fiber 
is slightly elevated-an early sign of synapse maturation-but both presynaptic and postsynaptic membranes are straight. The 
postsynaptic density coextends with the presynaptic complex. The scale bar applies to all figures shown on the plate unless 
otherwise indicated. 

Figure 3. Ribbon synapse in a 6-day culture (apex; M140-9). A is an enlargement, -3 times, of the base of the ribbon shown in 
Figure 3. Both presynaptic densities are triangular. Note, on the right, an electron-lucent line between the presynaptic density 
and membrane, a feature commonly seen in the adolescent animal. The presynaptic and postsynaptic membranes are electron 
dense and straight. The cleft contains clumps of electron-dense material. 

Figure 4. A large ribbon and a small companion in a double ribbon synapse in a 6-day culture (apex; M140-9). Both ribbons 
share the postsynaptic density. 

Figure 5. Three consecutive sections (A to C) of a ribbon in an 18-day animal illustrating the cap of vesicles surrounding the 
dense body (midturn). The vesicles display a regular chain link arrangement. The ribbon, presumably cut longitudinally, appears 
as a plate about 0.3 pm long. 

Figures 6 and 7. Serial sections and graphic reconstructions of two plate ribbons in a B-day culture (apex; M140-9). Two round 
ribbons accompany the plate ribbons in Figure 6, B and C. Synaptic vesicles in Figure 6E are reconstructed according to their 
actual size. The plate ribbon in Figure 7 is attached by a single presynaptic density. 

Figure 8. Serial sections (A to E) through a multiribbon synapse in a 2-day animal (base). Two plate ribbons (1 and 2) extend 
through at least 5 sections, ribbon 3 extends through at least 2 sections, while small spherical ribbon 4 is seen only in 1 section. 
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Ladman (1958). Thus far, we observed such ribbons only 
in culture; rather shorter plates tend to occur in the 
intact animals. Figure 8 illustrates, in a Z-day animal, two 
short plates which extend through at least 5 successive 
sections. The tall and short plates are similar in that 
both are bounded by chains of vesicles of which two rows 
rest on the cell membrane on either side of the presyn- 
aptic density. Round and plate ribbons may occur in 
close proximity to each other or may even be components 
of the same synapse (Figs. 6 and 8). 

A variant of a thin plate ribbon and its reconstruction 
are shown in Figure 9, A to D. The central region of the 
plate is anchored to the presynaptic densities by two fine 
strands. The mode of attachment of a ribbon to the 
presynaptic membrane appears to influence its shape; 
here, the plate ribbon is curved. 

Exceptionally, a thin plate may protrude like a wing 
from the bulk of the ribbon (Fig. 10, A to H). We have 
only 6 serial sections of this unusual ribbon found in a 6- 
day culture. In Figure 10, A and B show two views of the 
ribbon model. The ribbon is attached to the membrane 
by fine ridges; the one on the left side fuses with a 
discrete triangular presynaptic density (Fig. 10, E and 
F ), and two fibrous strands seem to link the right wing 
with the presynaptic membrane (Fig. 10, D to F ). 

The wings of the ribbon resemble the crossbar of the 
“T-bar” of some insect synapses (Boeckh et al., 1970; 
Lamparter et al., 1969; Trujillo-Cenoz, 1969), for the 
wings tend to lie parallel to the cell membrane and the 
distance between the wing and the cell membrane allows 
the passage of only one layer of vesicles. The vesicle field 
underneath the wings is therefore one vesicle tall and as 
wide and long as the wing itself. It appears that the shape 
of the ribbon determines the area of apposition of the 
synaptic vesicles to the presynaptic membrane. 

In Figure lOB, the vesicles are reconstructed according 
to their actual size. They form a heterogeneous popula- 
tion. Those underneath the ribbon are round, small, and 
relatively uniform; those capping the ribbon are either 
round or flat, and their size varies greatly. Some of the 
profiles of the synaptic vesicles seem to be budding off 
from smooth endoplasmic reticulum (Fig. 10, E, G, and 
H, arrows). An apparent continuity between the walls of 
the endoplasmic reticulum and the membrane bounding 
the synaptic vesicles was noted by Ladman (1958), 
Thornhill (1972), and Hama and Saito (1977). 

Multiribbon synapses and clustering of ribbons. Syn- 
aptic ribbons in the adult animal usually are pictured as 
solitary structures. However, during postnatal develop- 

ment, several ribbons may participate in the formation 
of a single synapse and a number of ribbons may cluster 
over a very restricted territory. 

We shall say that a multiribbon synapse is present if 2 
or more ribbons share a postsynaptic density. Such syn- 
apses usually are formed by closely spaced ribbons whose 
vesicles tend to intertwine. In the young animal up to 
about 7 days of age, as many as 4 ribbons may occur in 
a single synapse, whereas in older animals, a synapse 
usually contains no more than 2 ribbons. Multiribbon 
synapses are found in culture (Figs. 4 and 10H) as well 
as in the intact animal (Fig. 8). 

If neighboring ribbons are apposed to separate post- 
synaptic densities, we say that a ribbon family is formed. 
Figure 11 shows a family of 3 plate ribbons extending 
through 9 sections. The plates are skewed toward each 
other. 

During the early developmental period, ribbons tend 
to occur in clusters regardless of whether apostsynaptic 
density is present. Figures 12 and 13 show graphic recon- 
structions of serial sections through the receptor pole of 
two outer hair cells in two intact animals. The areas of 
hair cell apposition to nerve fibers (A and B) are stippled. 
The length of apposition is reconstructed on the assump- 
tion that the sections were 0.07 pm thick. The ribbons 
are shown from above (i.e., the outlines depict only their 
length and width). Individual ribbons are identified by 
numbers. All ribbons shown in Figure 12 are shown in 
the electron micrographs in Figure 14. Figure 15 illus- 
trates ribbons selected from the population pictured in 
Figure 13. 

Figure 12 shows a reconstruction of 10 consecutive 
sections from a 2-day animal. A cluster of 12 ribbons 
occupies a limited area over fiber B, whereas no ribbons 
at all occur in conjunction with fiber A. It appears that 
the occurrence of a ribbon is not determined by the mere 
apposition of a fiber to the hair cell membrane. 

Ribbons 5, 10, 11, and 12 (Fig. 14, A to D) are not 
associated with a postsynaptic density but form only 
presynaptic complexes. Each ribbon extends through 2 
to 4 sections; round and plate forms occur concurrently. 

Figure 13 illustrates the distribution of another 12 
ribbons in a 6-day animal. All ribbons, with the exception 
of 3 and 4 (Fig. 15, B to G), are grouped in pairs or triads. 
They are distributed through 29 sections, hence over a 
substantially larger area than that occupied by the rib- 
bons in the 2-day animal. 

It is our impression that the pattern shown in Figure 
13 reflects a more mature state than the clustering shown 

Figures 9, 10, and 11. Serial sections and reconstructions of several unusual ribbons seen in culture. 6 DIV (apex; M140-9). 
Figure 9. A unique example of a plate ribbon with double attachments to the cell membrane. 
Figure 10. Multiribbon synapse. The central ribbon (I), extending through the 6 sections shown (C to H), has been 

reconstructed, and two views of the model are depicted in A and B. The individual sections of the model are identified by letters 
corresponding to those of the micrographs. On either side of the main body, there is a wing-like extension that is attached by fine 
threads to the presynaptic membrane or presynaptic density. Synaptic vesicles underneath the wings are more uniform in size 
than those above the dense body; they form a layer one vesicle thick. The sigma form in F (arrow) is suggestive of a vesicle either 
opening to the membrane or pinching off from its surface. E, G, and H may suggest that some of the vesicles are budding off from 
the surrounding smooth endoplasmic reticulum (arrows). G and H show two additional ribbons (2 and 3) of the complex. D 
shows an electron-dense round body, without surrounding vesicles, lying free in the cytoplasm. 

Figure 11. A rare example of a ribbon family composed of plates. The ribbons are skewed toward each other. Ribbon 1 is -1.6 
pm high, the tallest ribbon in our material. Note the vesicles covering ribbon 3 (D). 
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Figure 12. Receptor pole of an outer hair cell in a 2&y animal showing the distribution of synaptic 
ribbons: graphic reconstruction of 10 consecutive sections. Ribbons are identified by numbers. The 
stippled regions indicate the area of nerve fiber-hair cell apposition. Note that the 12 ribbons adjoining 
fiber B are clustered in a restricted area, while no ribbons at all adjoin fiber A. 

Figure 13. Receptor pole of an outer hair cell in a B-day animal. Reconstruction conventions are as 
in Figure 12. Here, there are 12 ribbons in 29 sections. The ribbons tend to group in pairs or triads. 

Figure 14. The 12 ribbons drawn in Figure 12 are illustrated here. Ribbons 5, 10, 11, and 12 are not associated with a 
postsynaptic density ma only form presynaptic complexes. 

Figure 15. A shows the apposition of fibers A and B (from Fig. 13) to the hair cell membrane. B to G illustrate serial sections 
through ribbons 3 and 4, which are rare examples of spheroid ribbons with a single attachment site. Ribbon 3 extends through at 
least 6 sections and has the shape of a spindle. Note that the ribbon is attached to the presynaptic density along its entire length 
by a thin ridge. 
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in Figure 12. In our material, a double ribbon synapse is 
present in the adolescent animals in about 20% of all 
synapses. 

In Figure 15, B to G show serial sections through 
ribbons 3 and 4. Ribbon 4 is a rare example of a spheroid 
form with a single attachment to the presynaptic mem- 
brane. Spindle-shaped ribbon 3 is attached to the pre- 
synaptic membrane along its entire length by a thin 
ridge. This shape may be an intermediate form between 
young spherical and adult plate ribbons. 

Structure of the ribbon synapses in the adolescent 
cochlea. About 14 days are required for development of 
features that characterize the synapse of older animals 
(Figs. 16 to 25). 

A fairly obvious age-dependent feature is the shape of 
the ribbon. In Figure 16, the ratio of the long to short 
axis of a ribbon is plotted on the abscissa. The ordinate 
indicates, at each point, the percentage of ribbons that 
displayed a ratio up to and including the stated value. 
Age is the parameter. As stated previously, in the first 10 
days and in cultures of corresponding age, most ribbons 
have a circular or oval outline. In over 60% of the ribbons, 
the long and short axes do not differ by more than 10% 
(Fig. 16, A and B ). In the adolescent animal, elongated 
profiles largely replace the rounded forms (Fig. 16C). 
The shift in form seems related to the way that the 
organelle is attached to the cell membrane. We shall 
elaborate on this relationship later in this section. 

The adolescent ribbon tends to be a plate approxi- 
mately 1000 A wide and 2000 A tall (N = 162). With age, 
ribbons become longer; data from serial sections of 23 
ribbons show that they extend, on the average, through 
3 to 4 sections (2100 to 2800 A). Examples of ribbons cut 
lengthwise are shown in Figures 5 and 21. 

Another feature of ribbons in older animals is the 
distinctive lamination of the dense body. The electron- 
dense lamellae run parallel to the long axis of the ribbon 
(Fig. 21). Lamellae are commonly seen in animals after 
the 10th postnatal day; they also were seen in thin plate 
ribbons in a 6-day culture. Lamellar substructure is easier 
to detect in underexposed pictures. Figures 17C and 20 
are prints of the same negative. Figure 20 is an under- 
exposed and magnified version of Figure 17C. The la- 

Vol. 2, No. 7, July 1982 

8 
= 100 

j 50-~~~ 

‘6 

z 
,..’ 14th to 23rd postnatal doy N=l62 

i’ 
a . . . . 
IL ,..’ 

. ..’ 
w 
> 

. . . . 

F 
C 

a 
< 

0 , , , , , , , , , , , , , , , 

I I.1 1.3 1.5 1.7 1.9 2.1 2.3 2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9 
- 

RATIO OF LONG TO SHORT AXIS OF THE RIBBON 

Figure 16. Shape of the ribbon profile expressed as a ratio of 
the long to short axis of the ribbon plotted against the cumu- 
lative frequency (percentage) of occurrence. Age is the param- 
eter. In the fist 10 postnatal days, most of the ribbons are 
roundish (A); they are replaced by more elongated forms in 
adolescence (C). B, Illustrating a sample of ribbons in cultured 
organ 1 to 12 days in uitro, closely resembles A. 

mellar structure of the left ribbon, just detectable in 
Figure 17C, is obvious in Figure 20. Lamination is also 
apparent in ribbons in Figure 22. 

The number of electron-dense lamellae per ribbon 
varies but is not less than three. The lamellar structure 
of the synaptic ribbons was described in thin plates of 
the retina (Gray and Pease, 1971; Matsusaka, 1967; Spa- 
daro et al., 1978; Wagner, 1973) and in ampullary organs 
(Mullinger, 1969). More recently, Favre and Sans (1979) 
reported polylamellar ribbons in the vestibular hair cells 
in the newborn and adult cat, and Saito (1980) made a 
similar observation in the cochlear hair cells of the young 
adult guinea pig. 

A curious, age-dependent feature in our material is a 
ring-like or a fenestrated ribbon (Figs. 17, 19, 22, 23, and 

Figure 17. Serial sections (A to E) through a double ribbon synapse in a 16-day animal (apex). The synapse is located on a 
mound formed by the afferent fiber. The ribbon on the left is a plate, with a distinctly lamellar substructure. The substructure is 
seen well in Figure 20 which is an underexposed enlargement of Figure 17C. The right ribbon is fenestrated. Each ribbon is 
attached in a stalk-like fashion to a single presynaptic arcuate density that is separated from the presynaptic membrane by a fine 
electron-lucent line (Fig. 20, arrow). The ribbons sit in troughs formed by depressions of the presynaptic membrane. Single rows 
of synaptic vesicles adjoin the membrane on each side of the arcuate density. The postsynaptic membrane forms corresponding 
depressions accommodating the presynaptic troughs. The cleft is of uniform width. The scale in A applies to all figures shown on 
the plate with the exception of Figures 20 and 21. 

Figure 18. Ribbon with a central area that is lighter than the periphery in a s-day animal (base). 
Figure 19. Ribbon with a large electron-lucent center in an l&day animal (apex). Synaptic vesicles can be seen in the clear 

area. 
Figures 20 and 21. Underexposed prints showing the details of afferent ribbon synapses in transverse and longitudinal section. 
Figure 20. Synapse seen in cross-section (for description, see Fig. 17). 
Figure 21. Synapse from an B-day animal in longitudinal section (apex). The ribbon is attached to the presynaptic membrane 

by a cohesive sheet composed of fine strands. 
Figure 22. Three laminated ribbons in a 14-day animal (apical midturn). 
Figure 23. Ribbon synapse in an outer hair cell of a 14-day animal (apex). In contrast to the inner hair cell synapses, the 

afferent fiber arches toward the presynaptic complex, narrowing the cleft. 
Figure 24. A tall plate ribbon with a light center in an 18-day animal (apex). 
Figure 25. Serial sections (A to C) through a large barrel-like ribbon in a 14-day animal. 
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Figures 26 to 34 
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25). Its formation is initiated, we believe, with the ap- 
pearance of a slightly less electron-opaque area within 
the dense body. Ribbons showing a lighter area may be 
seen in young animals (Figs. 14C and 18), whereas in 
older animals, ribbons with distinct electron-lucent cen- 
ters appear (Figs. 19, 24, and 25). The size of the center 
varies. In some ribbons, the dense ring is very substantial 
(Fig. 19); in some, it appears mainly as a narrow band 
(Fig. 25B); while in others, the ring is incomplete and the 
ribbon appears fenestrated (Figs. 17, C and D, and 23). 
Synaptic vesicles are seen sometimes within the hollow 
parts of the dense body. The figures suggest that these 
various forms may represent intermediate stages of the 
same process, which is possible related to the life cycle of 
the ribbon. 

In contrast to the spheroid forms of young animals, the 
elongated ribbons of maturing hair cells display only a 
single presynaptic density. The density is separated from 
the presynaptic membrane by a narrow electron-lucent 
line (Fig. 20, arrow; compare with Fig. 3A) and closely 
resembles the arciform density described by Ladman 
(1958) in the retinal synapse. 

As in the retina, the presynaptic membrane associated 
with the elongated ribbons forms a trough which accom- 
modates the arcuate density and a row of vesicles at each 
side. 

In cross-sections, elongated ribbons appear affixed in 
a stalk-like fashion to the arcuate c’ nsity (Fig. 20). In 
suitable tangential sections, the attachment seems to 
form a coherent sheet of fine fibrous material (Fig. 21). 

In ad&ion to the arcuate density, the presynaptic 
membrane often displays a fuzzy coating that tends to 
parallel the postsynaptic specializations of the afferent 
fiber. 

The postsynaptic specializations are conspicuous and 
somewhat different for the inner and outer hair cells. In 
conjunction with the inner hair cell, the postsynaptic 
segment of the afferent fiber forms a mound. A depres- 

sion, parallel to and coextensive with the presynaptic 
trough, is formed on the surface of the mound-an ar- 
rangement that results in a synaptic cleft of uniform 
width (Fig. 17). Such arrangements were not seen in 
conjunction with outer hair cells. A mound, if present, is 
minute (Fig. 23), and the width of the cleft is not uniform: 
the postsynaptic segment arches toward the presynaptic 
trough and narrows the cleft (Figs. 23 and 25C). In the 
synapses of both inner and outer hair cells, the postsyn- 
aptic density is very prominent (Figs. 5, 17, 21, 23, and 
25C). The areas of presynaptic fuzz and postsynaptic 
density may greatly exceed the territory of the ribbon 
(Figs. 17E, 19, and 25C). 

Maturation of afferent synapses proceeds also in the 
isolated organ; in older cultures, features characteristic 
of both young and adolescent animals may occur concur- 
rently (Figs. 26 to 34). As in the young developing animal, 
the shape of the ribbon varies from roundish (Fig. 34) to 
elongated (Fig. 31), and both double (Figs. 27 and 30C) 
and single (Figs. 31 and 32) attachment sites may be 
seen. A discrete elevation of the afferent fiber (Figs. 30 
and 32) and a slight undulation of both presynaptic and 
postsynaptic membranes are present occasionally (Figs. 
29, 32, and 34), but in general, the synaptic membranes 
tend to be straight and parallel to each other (Figs. 26 
and 28). The extent of the territory of the postsynaptic 
density and conspicuous presynaptic and postsynaptic 
fuzz are similar to those of the adolescent animal (Figs. 
32 to 34). 

In summary, the presynaptic and postsynaptic special- 
izations appear to mature in culture at different rates. 
While the postsynaptic specializations develop pari 
passu with those of the intact animal, the development 
of the presynaptic complex seems to lag behind. 

Discussion 
Postnatal development of synaptic specializations. 

Our results indicate that a number of presynaptic and 

Figures 26 to 34. Ribbon synapses in older cultures. Figures 26 to 30: 14 DIV, apex, M141-23; Figures 31 to 34: 24 DIV, apex, 
M149-7. The scale bar in Figure 26 applies to all figures shown on the plate. 

Figure 26. Section through the vesicular cap of a ribbon in a 14-day culture. The postsynaptic segment of the afferent fiber is 
flat. Both the presynaptic and postsynaptic membranes are straight. The cleft is of uniform width. 

Figure 27. Two consecutive sections (A and B) through a double ribbon synapse. The ribbon on the left has two attachments 
to the presynaptic membrane. 

Figure 28. A roundish ribbon. Both membranes are straight. The postsynaptic density slightly exceeds the territory of the 
presynaptic complex. Note that the postsynaptic electron-dense material shows a number of small lumps at fairly regular intervals. 

Figure 29. A spheroid ribbon. Both presynaptic and postsynaptic membranes are slightly wavy. The ribbon is attached to a 
single, somewhat arching, density. 

Figure 30. Three consecutive sections (A to C) through a roundish ribbon. Notice the double attachment to the presynaptic 
membrane (C). There is a discrete mound-like elevation of the postsynaptic segment of the afferent fiber. The morphological 
details are very similar to those seen in a g-day animal (Fig. 2). 

Figure 31. Oval ribbon with a single attachment site. The advanced development of the presynaptic complex is accompanied, 
in this case, by a rather immature appearance of the postsynaptic membrane of the afferent fiber. 

Figure 32. Double ribbon synapse; ribbons 1 and 2 share a postsynaptic density. Each ribbon shows a long single attachment 
to the presynaptic membrane. The attaching rodlet of ribbon 1 is interrupted. A single presynaptic density accompanies each 
ribbon. Note the vesicles alternating with the presynaptic rodlets. A slight depression of the presynaptic and postsynaptic 
membranes of ribbon 1, a slight elevation of the afferent fiber, and an extensive postsynaptic density suggest a rather advanced 
degree of synapse maturation in this culture. 

Figure 33. Four consecutive sections (A to D) through a double ribbon synapse. The presynaptic fu,z and postsynaptic density 
exceed the territory of the ribbon complex in all sections. 

Figure 34. A small roundish ribbon. Note the extent of the postsynaptic density and the presence of distinct presynaptic fuzz. 
Both presynaptic and postsynaptic membranes are slightly wavy. 
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postsynaptic specializations characterize the ribbon syn- 
apse in the organ of Corti of the mouse. Most of the 
specializations develop postnatally. Table I lists their 
appearance in the immature and adolescent cochlea of 
the intact animal. Some of the features signifying synapse 
maturation occur also in culture. 

Some of the characteristics of the mature synapse, 
observed by us in the adolescent mouse, have been 
noticed in other adult mammals. Gulley and Reese (1977) 
described in the chinchilla a dome-shaped convexity of 
the afferent fiber, an arciform density, a trough formed 
by the presynaptic membrane, a corresponding depres- 
sion of the afferent fiber, and presynaptic and postsyn- 
aptic fuzz. Most of these features were observed recently 
by Saito (1980) in the guinea pig. 

It may be useful to recall that the mouse is born deaf. 
The first compound action potential can be recorded 
from the round window on the 9th day and from the 
eighth nerve a day later (Mikaelian and Ruben, 1965). 
The amplitude of the action potential increases up to the 
14th day, with the largest increment appearing between 

TABLE I 
Comparison of some morphological features in the immature and 

adolescent cochlea 
Immature cochlea Adolescent Cochlea 

Ribbon occurrence Ih and Oh Mainly Ih 
Ribbon shape Spheroid Plate 
Presynaptic densities Usually 2, triangu- Single, arcuate 

lar 
Presynaptic membrane Straight Concave, Ih; 

convex, Oh 
Presynaptic fuzz Absent Present 
Postsynaptic density Co-extensive with Exceeding the 

ribbon ribbon 
Pattern of synaptic vesi- Single or double Two parallel rows 

cles on the membrane patch 

the 12th and 14th day (Mikaelian and Ruben, 1965). 
Behavioral data parallel electrophysiological findings 
(Ehret, 1977). It should be stressed, though, that individ- 
ual spiral neurons may become electrically excitable in 
culture at least as early as the 6th day in vitro (S. 
Kuwada, J. E. Rose, H. M. Sobkowicz and J. E. Hind, 
unpublished observations). Our data are compatible with 
the presumption that the maturation of the afferent 
synapse is one of the factors that determine the onset of 
function in the organ of Corti. 

Broadly speaking, synaptic ribbons in the cochlea of 
the mouse are either spheroids or plates of varying width. 
Spheroids are characteristic of the early developmental 
period. One of our leading observations is that, late in 
development, plate ribbons largely replace the spheroid 
forms. 

Besides the cochlea, plate ribbons occur in the photo- 
receptors and bipolar cells of the vertebrate retina, in the 
electroreceptors of the ampullary organs, and in the 
receptors of the tuberous organs of some fishes. The 
plates in the organ of Corti are usually wider than the 
plates in mammalian photoreceptors. 

Spheroid ribbons commonly occur in the vestibular 
cells of fishes and amphibians. Interestingly enough, in 
adult mammalian vestibular cells, spheroid forms occur 
only in type II receptors which usually are considered 
phyletically older (Wersall et al., 1967). Spheroid ribbons 
in the type I cells appear only during development (Favre 
and Sans, 1979). Replacement of the spheroid forms by 
plate ribbons observed by us in cochlear hair cells of the 
mouse and by Favre and Sans in type I vestibular recep- 
tors of the cat supports the notion that the round ribbons 
may be phyletically older organelIes. 

Variations in shape seem to be related to the way that 
the ribbon is attached to the cell membrane. Typically, 
a spheroid ribbon is attached to two triangular densities 
by rodlets. Synaptic vesicles collect on the membrane 

Figures 35 and 36. Schematic representation of a round ribbon and its attachments in an immature 
cochlea (Fig. 35A) and of a plate ribbon in an adolescent animal (Fig. 36A). Figures 35B and 36B show 
the presumed pattern of synaptic vesicles on the presynaptic membrane. The space between the two 
triangular densities was left empty in Figure 35A but is shown occupied by a synaptic vesicle in Figure 
35B in order to indicate the variations which may occur. 
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around the presynaptic densities (Fig. 35). This mode of 
attachment is quite similar to that described by Osborne 
in the bullfrog labyrinth (Osborne, 1977; Osborne and 
Thornhill, 1972). Plate ribbons, on the other hand, are 
attached to a single arcuate density that sits in a trough 
formed by the presynaptic membrane (Fig. 36). At each 
side of the arcuate density, a row of vesicles is aligned 
parallel to the length of the ribbon. This mode of attach- 
ment in the organ of Corti seems identical to that sug- 
gested by Gray and Pease (1971) for the photoreceptors 
in the retina. 

The actual number of attachments varies with differ- 
ent species and different receptors. Thus, Gleisner et al. 
(1973) depict, in the receptors of the frog labyrinth, round 
ribbons with three attachments to the presynaptic mem- 
brane. Hama and Saito (1977) described, in the vestibular 
receptors of the goldfish, round ribbons attached to the 
presynaptic membrane by means of four electron-dense 
rods, with rows of synaptic vesicles alternating with the 
anchoring bars. Flock (1965) observed five densities an- 
choring a single spheroid ribbon in the lateral line recep- 
tors of the teleost fish, burbot. Mullinger (1964) described 
multiple attachments of the spheroid ribbons in the 
electroreceptors of the small pit organs of the North 
American catfish Amiurus. The ribbons were anchored 
by as many as nine rodlets which appeared to originate 
from the ribbon body. As in the goldfish, the rows of 
synaptic vesicles alternated with the presynaptic rodlets. 

Plate ribbons are, as mentioned, usually attached to a 
single arcuate density. However, in some ampullary or- 
gans, plate ribbons have multiple attachments. Thus, 
Mullinger (1969) and Szabo and Wersall(l970) described, 
in the electroreceptors of electric fishes, ampullary plates 
that are supported by a series of presynaptic rodlets 
oriented perpendicularly to the long axis of the ribbon 
and separated from each other by a row of vesicles. 

What the functional meaning of the various arrange- 
ments might be is unknown. It may be stressed though 
that, whatever the detailed structure, the electron-dense 
material of the ribbon usually is surrounded by synaptic 
size vesicles both in the retina and in all ribbons of 
statoacoustic organs. An alternating arrangement of ves- 
icles and presynaptic structures seems to characterize 
ribbon synapses of many different receptors. It appears 
that the number and arrangement of presynaptic rodlets 
determines the pattern of synaptic vesicles on the pre- 
synaptic membrane, while the shape of the ribbon defines 
the extent of the active synaptic zone. In the cochlea of 
the adolescent mouse, the plate ribbon restricts the pre- 
synaptic zone to a grove extending through 3 to 4 sections 
and bounded by two rows of synaptic vesicles. A postsyn- 
aptic density characteristically exceeds the area of a 
presynaptic complex. 

Distribution of synaptic ribbons. Little is known about 
the distribution of synaptic ribbons in the hair cells of 
different species. There seems to be general agreement 
that, in the mammalian organ of Corti, ribbons are 
components of all afferent synapses of the inner hair 
cells. Their presence in the outer hair cells seems less 
consistent. Thus, in the developing animal, ribbons were 
described in the outer hair cells of the rat (Lenoir et al., 
1980), golden hamster (Pujol and Abonnenc, 1977), 

guinea pig (Thorn et al., 1972), cat (Pujol et al., 1979), 
and man (Igarashi and Ishii, 1980; Tanaka et al., 1979). 
In the outer hair cells of adult mammals, ribbons were 
observed in the mouse (Nakai and Hilding, 1968), guinea 
pig (Saito, 1980; Smith and Sjostrand, 1961a, b), rhesus 
monkey (Kimura, 1975), and chinchilla (Siegel and Brow- 
nell, 1980; Smith, 1975). On the other hand, the outer 
hair cells of the adult rat (Lenoir et al., 1980; Pujol et al., 
1980) and cat (Dunn and Morest, 1975; Pujol et al., 1980) 
are reported to lack synaptic ribbons altogether. 

In the mouse, the inner and outer hair cells show a 
similar number of synaptic ribbons during the first 5 
postnatal days. However, during the next few days, the 
number of ribbons in the outer hair cells decreases to 
about 20% of the total population in a given age sample. 
A still larger developmental decrease was observed by 
Favre and Sans (1979) in type I vestibular cells of the 
guinea pig. 

We conclude that, in early development, the probabil- 
ity of a ribbon occurrence is about the same for inner 
and outer hair cells, and the remarkable shift in ribbon 
distribution is a later postnatal event. In the intact ani- 
mal, the decrease precedes the arrival of the efferent 
fibers; in culture, a similar decrease occurs in the organ 
devoid of efferent innervation. Evidently, reduction of 
the ribbon synapses in the outer hair cells results from 
interactions between the spiral neurons and the sensory 
cells without an obligatory participation of the efferent 
system. 

Furthermore, our results indicate that local patterns of 
ribbon distribution may be regulated by the hair cell 
itself. Clustering of ribbons and formation of multiribbon 
synapses do not appear to be influenced directly by the 
presence of postsynaptic specializations or by the appo- 
sition of the nerve fiber to the cell membrane. The 
findings seem to indicate that: (1) the hair cell rather 
than the nerve fiber determines the occurrence and locus 
of the ribbon and (2) the presence of a ribbon tends to 
facilitate the occurrence of another ribbon in the imme- 
diate vicinity. 

Until now, the clustering of ribbons was studied mainly 
in mammalian pinealocytes. The average life span of a 
ribbon in the pineal body (Vollrath, 1973) and in the 
retina (Spadaro et al., 1978) is -8 hr. Formation of ribbon 
fields in a pinealocyte follows the circadian rhythm; each 
field starts with the appearance of a single ribbon, sub- 
sequently followed by a cluster of new ones in the im- 
mediate vicinity of the original organelle. 

In the cochlea, the occurrence of ribbon clusters ap- 
pears characteristic of the early developmental period; 
however, in the mouse, double ribbon synapses persist at 
least throughout adolescence. It is tempting to speculate 
that the presence of a ribbon at the cell membrane 
triggers the appearance of a new ribbon, thus securing 
the synaptic site. 

There is increasing evidence indicating that the ribbon 
may be a site for the storage of neurotransmitter or its 
precursors (Monaghan, 1975; Osborne, 1977; Osborne and 
Thornhill, 1972; Thornhill, 1972; Wagner, 1973). In our 
material, the occurrence of ring-like or fenestrated rib- 
bons in the adolescent animals may indicate a perishable 
nature of cochlear ribbons. The less electron-dense center 
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of some ribbons in the cochlear hair cells of the guinea 
pig was first noted by Smith and Sjijstrand (1961a) and 
recently by Saito (1980). Liberman (1980) found them in 
about half of the ribbon population of the inner hair cells 
in the cat. Ring-like ribbons in the hair cells of primates 
were observed by Kimura (1975) and Bodian (1978). 
Similar forms were seen in the vestibular hair cells of the 
squirrel monkey (Engstriim et al., 1972) and guinea pig 
(Favre and Sans, 1979). 

Whether ribbons with varied distribution and content 
of dense material represent organelles in different func- 
tional states is uncertain but, we believe, likely. Our 
observations seem to support the notion that a limited 
life span and cyclic renewal characterize ribbons not only 
in pinealocytes and photoreceptors but also in cochlear 
hair cells. 
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