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ABSTRACT

Single auditory nerve fibers of type I spiral ganglion cells in cats were
electrophysiologically characterized by recording with micropipettes inserted
into the axon and then labeled by intracellular injections of horseradish perox-
idase (HRP) through the same pipettes. This method for staining and
studying single neurons allowed us to describe structure-function relation-
ships for labeled endbulbs of Held and the somata of their postsynaptic spher-
ical bushy cells. The silhouette areas of terminal endbulbs and the correspond-
ing somata of spherical bushy cells were determined by planimetry from draw-
ings made with a light microscope and drawing tube. On the presynaptic side,
endbulb area is related to fiber characteristic frequency (CF, the frequency to
which a fiber is most sensitive) such that the largest endbulbs arise from fibers
having CFs between 1 and 4 kHz; smaller endbulbs can arise from fibers of any
CF. Endbulb area is not correlated with fiber spontaneous discharge rate (SR).
Dividing the endbulb’s silhouette area by its silhouette perimeter, however,
yields a “form factor” that is a reliable indicator of fiber SR: Endbulbs from
fibers of low-medium SR (=18 spikes/second) have form factor values less
than 0.52, whereas endbulbs of high SR fibers (>18 spikes/second) have values
greater than 0.52. This form factor should therefore be predictive of SR group-
ings in auditory fibers for which physiological data are not available.

On the postsynaptic side, the somata of spherical bushy cells receiving
endbulbs from low-medium SR fibers are on average smaller than those
receiving endbulbs from high SR fibers. In contrast, the nuclei of the spherical
bushy cells are the same size regardless of presynaptic fiber SR. Some of the
effects of low-medium SR fibers on their postsynaptic targets, when compared
to those of high SR fibers, appear to be mimicked by effects of experimentally
induced deprivation.

Key words: auditory nerve, cochlear nucleus, hearing, horseradish peroxi-
dase, primary afferents, spontaneous activity

The auditory nerve of mammals contains the axons of two
fundamentally distinct populations of ganglion cells (Ryugo
et al., ’86; Brown et al., '87). Ninety to 95% of the fibers in
the nerve are myelinated (Arnesen and Osen, '78) and arise
from type I spiral ganglion neurons of the cochlea (Spoend- ———
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(e.g., Kiang et al., '65; Liberman, '78, "82; Fekete et al., '84;
Rouiller et al., '86; Ryugo and Rouiller, '88).

Spontaneous activity is one fundamental physiological
property of the myelinated axons. All-or-none discharges
can range from near zero to greater than 100 spikes/second
(s/s) and occur in the absence of controlled acoustic stimula-
tion (Walsh et al., '72; Evans, '75). The spontaneous dis-
charge rate (SR) of a fiber is indicative of its sensitivity to
sound and its maximum discharge rate (Kiang et al., '65;
Liberman, '78; Sachs and Abbas, '74). Moreover, fibers of
the different SR groups have distinctive peripheral mor-
phology (Liberman, '82), can be found at all CF values
(Kiang et al., ’65; Liberman, *78), and systematically differ
in their response properties, especially at higher sound lev-
els (Sachs and Young, '79; Young and Sachs, '79; Evans and
Palmer, '80; Miller and Sachs, ’83, '84; Liberman and Kiang,
’84; Costalupes, '85; Rhode and Smith, '85). In this context,
fibers of the separate SR groups may have different func-
tional roles in hearing, and if so, may exhibit different con-
nections with neurons in the cochlear nucleus.

In the ventral cochlear nucleus (VCN), type I auditory
nerve fibers characteristically give rise to large, axosomatic
endings called endbulbs of Held (Held, 1893; Ramén y
Cajal, '09; Lorente de N, ’81). These endbulbs, among the
largest synaptic endings in the brain (Lenn and Reese, '66),
contact spherical bushy cells (Brawer and Morest, '75;
Ryugo and Fekete, '82) and are thought to convey with great
fidelity the activity of the presynaptic fiber (e.g., Pfeiffer,
'66; Bourk, '76). Spontaneous spike discharges that are
recorded from single units of the VCN are wholly dependent
on the SR of the auditory nerve (Koerber et al., '66); that is,
cutting the auditory nerve essentially abolishes the SR of
units in the VCN. In a general way, the SR of an individual
spherical bushy cell is inferred to be a rough indicator of the
SR of its presynaptic auditory nerve fibers. Given that type
I auditory nerve fibers can be segregated into separate func-
tional and morphological groups on the basis of SR, we
investigated the extent to which SR differences might be
reflected in the structure of endbulbs and their postsynaptic
targets.

In the present study, we used intracellular recording and
staining methods to analyze individual auditory nerve fibers
in cats. The resulting data allowed us to make direct correla-
tions between the fiber’s response properties and the mor-
phological features of the endbulb and its postsynaptic neu-
ron. These features have been quantified and found to be
reliable indicators of fiber type and spherical cell morphol-

ogy.
MATERIALS AND METHODS
Physiology and histology

A total of 31 cats, each weighing between 1.4 and 3.7 kg
and in good health, were used in this study. Animals were
anesthetized with intraperitoneal injections of diallyl barbi-
turic acid in urethane solution (75 mg per kg). Supplemental
doses were periodically administered in order to maintain
areflexia to paw pinches. The bulla and its bony septum
were opened to allow for round window recordings and the
external meati were cut just peripheral to the tympanic ring
to allow insertion of the acoustic system. The skin and mus-
cle layers of the head were removed so that the skull overly-
ing the posterior fossa could be opened with rongeurs. The
dura was reflected over the cerebellum, and the cerebellum
was retracted, revealing the auditory nerve between the
internal auditory meatus and the cochlear nucleus. Micropi-
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pette electrodes were then placed into the nerve under
direct visual control.

Upon contacting a unit, a threshold tuning curve and a
15- or 30-second sample of spontaneous activity were ob-
tained before and after the injection of HRP for each unit.
The tuning curve was used to determine CF, and SR was
defined as spike activity (spikes per second, s/s) in the
absence of sound controlled by the experimenter. The ambi-
ent acoustic noise within the recording chamber was below
the human threshold for hearing even with the ventilation
system in operation (Vér et al., ’75). Individual fibers were
labeled by iontophoresing a 10% solution of HRP (Sigma,
type VI) in 0.05 M Tris buffer (pH 7.3) containing 0.15 M
KCl through micropipettes bevelled to a final impedance of
40-60 MQ. Approximately 24 hours after the HRP injec-
tions, the cat was given a lethal dose of barbiturate, artifi-
cially respirated, and perfused intracardially with buffered
fixatives. The perfusion solutions consisted of 50 ml of iso-
tonic saline (37°C) with 0.1% NaNO,, followed immediately
by 500 ml of fixative (37°C) containing 0.5% paraformalde-
hyde, 1.0% glutaraldehyde, and 0.008% CaCl, in 0.12 M
phosphate buffer (pH 7.4), and then 1.5 liters of a second
fixative (37°C) containing 1.25% paraformaldehyde, 2.5%
glutaraldehyde, and 0.008% CaCl, in the same buffer solu-
tion. Following perfusion and decapitation, the head was
immersed in the second fixative (5°C) with enough bone and
tissue removed to expose the auditory nerve and cochlear
nucleus to the fixative. After 12-24 hours, the brain was
removed from the skull and the nerve and nucleus were iso-
lated in a single tissue block. Each block was embedded in
gelatin-albumin (Frank et al., '80), sectioned at 40-60-um
thickness with a Vibratome, and kept in serial order. The
sections were rinsed several times in 0.1 M T'ris buffer (pH
7.6) and then incubated for 1 hour in a solution of 0.5%
CoCl, in Tris buffer. These sections were washed in Tris
buffer, washed in 0.1 M phosphate buffer (pH 7.3), and then
incubated for 1 hour in a solution of 0.05% 3,3'-diaminoben-
zidine and 1% dimethylsulfoxide in phosphate buffer (pH
7.3). Sections were washed again and then mounted on glass
microscope slides and counterstained with cresyl violet, or
postfixed with 0.1% 0sO, for 15 minutes, stained en bloc
with 1% uranyl acetate (overnight), dehydrated, infiltrated
with Epon, and flat embedded in a drop of Epon between
two sheets (each 25 x 75 mm) of Aclar (Allied Engineered
Plastics, Pottsville, PA).

Reconstructions

Only fibers that were well characterized electrophysiolog-
ically and recovered with high confidence were used in this
analysis. These fibers appeared dark brown or black against
the pale-staining tissue of the cochlear nucleus; further-
more, they exhibited distinct swellings at the tips of every
terminal branch in the anteroventral cochlear nucleus,
thereby providing light microscopic evidence that the as-
cending branch was completely stained. At the rostral ter-
minus of the ascending branch is typically found a large,
axosomatic ending called the endbulb of Held (Ramén y
Cajal, ’09; Ryugo and Fekete, '82; Fekete et al., '84). Our
analysis focused on this large ending and its somatic con-
tact.

“Coded” endbulbs and their postsynaptic spherical cell
were drawn with the aid of a light microscope and drawing
tube at a total magnification of x2,000. Because endbulbs
are a complex, three-dimensional structure, their parts of-
ten overlapped when they were reduced to a planar sil-
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Fig. 1. Drawing tube reconstructions of three pairs of endbulbs of Held
(A=C). Each pair is from opposite cochlear nuclei of the same cat, repre-
senting roughly similar characteristic frequency (CF) ranges but different
spontaneous discharge rate (SR) groups. Endbulbs in column a are from

1

-t
-t
~

high SR fibers and those in column b are from low-medium SR fibers. End-
bulbs in column b have a more “lacy” appearance. See Table 1 for quantita-
tive data on these endbulbs. Scale bar equals 20 um.
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Fig. 2. Scatter plots illustrating the distribution of endbulb size (sil-
houette area) with respect to fiber CF (A) and fiber SR (B). The largest end-
bulbs arise from fibers having CFs between 1 and 4 kHz; endbulb size does
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not appear correlated to fiber SR. Symbols: (O) high SR fibers; (A) medium
SR fibers; (¥) low SR fibers.

TABLE 1. Physiological and Morphological Data for Endbulbs Shown in Figure 1'

a

b

CF SR Endbulb area Form Soma area CF SR Endbulb area Form Soma area
(kHz) (s/s) (um®) factor (um®) (kHz) (s/s) (um®) factor (um?)
A 8.2 62.7 189.1 0.543 427.0 23.0 0.4 157.3 0.354 395.9
B 24 273 3446 0.584 7.1 1.7 8.6 475.2 0.456 533.5
C 0.6 25.3 282.9 0.534 857.2 0.3 0.1 243.1 0.345 431.2

!Columns a and b and rows A-C correspond to those in Figure 1.

houette. In such instances, the overlapping parts were optic-
ally separated by using different focal planes and drawn.
These drawings were photographically enlarged to a final
magnification of x3,000; areas and perimeters were deter-
mined by computerized planimetry for terminal endbulbs.
The proportion, area divided by perimeter, produced a
“form factor” (the um unit was dropped) that we used to
represent geometric complexity. The cell bodies and nuclei
of the postsynaptic spherical busy cells were similarly mea-
sured through the plane of the nucleolus. Drawings were
“decoded” when all measurements were completed.

Data analysis

The measurements were analyzed with respect to fiber CF
and SR. Fibers were assigned to SR groups according to the
criteria of Liberman, "78: Low SR < 0.5 s/s; medium SR =
0.5-18 s/s; and high SR > 18 s/s. For purposes of statistical
comparisons to high SR fibers, low SR fibers and medium
SR fibers have been grouped together because they share
many electrophysiological and anatomical characteristics.
Otherwise, data points for individual fibers are represented
by separate symbols in the figures according to their SR.
The cytoarchitectonic regions of the cochlear nucleus are
used as previously defined (see Fig. 2 of Fekete et al., '84).
The means, standard errors of the mean, and Smirnov’s P
values (nonparametric, two-tailed) are provided where ap-

propriate. Tests of differences in the slope and Y intercept
were performed between two regression lines by using the
SAS procedure GLM (SAS Institute Inc., '85).

RESULTS

The present data are based on 46 physiologically charac-
terized auditory nerve fibers in 37 cochlear nuclei. Seven
fibers were low SR, nine were medium SR, and 30 were high
SR; the CF range for all fibers was 0.2-28.2 kHz. Each fiber
gave rise to a single terminal endbulb of Held, which was
operationally defined as a complex, axosomatic terminal
swelling at the tip of the ascending branch, composed of 14
or more components (lobules and swellings; see also Rouiller
et al., ’86). As defined, terminal endbulbs were easily recog-
nizable and distributed within the anterior division of the
AVCN.

Endbulbs of Held

Endbulbs exhibit a wide variety in size and shape. In
order to reduce individual variation, pairs of injected fibers
were selected so that by using both auditory nerves, they
were of similar CF but different SR: Each fiber of one pair
was injected in separate nerves, and one cat typically
yielded one to three pairs. Examples of some endbulbs
stained by this method are illustrated in Figure 1, and a
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Fig. 3. Drawing tube reconstructions of a pair of terminal endbulbs from
the same cat. These drawings illustrate the difficulty in predicting fiber SR
on the basis of subjective analysis. a: Endbulb in left cochlear nucleus from a
fiber having CF - 1.4 kHz, SR - 54.7 spikes/second (s/s), endbulb area -

summary of their physiological and morphological measure-
ments is listed in Table 1. Each endbulb consists of a highly
branched, cup-shaped arborization that partially encloses
the soma of a spherical bushy cell. The parent trunk divides
into several thick, knobby branches that in turn generate a
number of successively finer branches. The branches of the
arborization display irregular varicosities and lobes, many
of which are linked together by thin, filamentous processes.
Most elements of the endbulb appear in close apposition to
the surface of the postsynaptic cell body and form part of
the axosomatic embrace. In addition, collateral processes of
various lengths and branching patterns are frequently pres-
ent that distribute en passant and terminal swellings away
from the cell body but still to nearby regions (usually within
50 um). When the swellings are found in neuropil, it is not
possible to determine whether they are part of the endbulb
contacting distal parts of the same cell (Fig. 1Aa, Ab, Bb,
Cb). Sometimes, however, it is clear that they contact a dif-
ferent cell (Fig. 1Ba). The presence or absence, length, or
branching patterns of these collaterals do not appear to be
related to the fiber’s physiological response properties.

Endbulb size. The silhouette area of individual end-
bulbs was used to represent size. Fiber CF is related to end-
bulb size (Fig. 2A). As fiber CF increases from 0.2 to approx-
imately 4 kHz, so does the area of the endbulb (n = 34, cor-
relation coefficient = 0.48, P < .01). As CF continues to in-
crease above 4 kHz, endbulb area decreases (n = 12, correla-
tion coefficient = 0.66, P < .02). The result is that the larg-
est endbulbs originate from fibers having CFs between 1 and
4 kHz.

The area of the endbulb does not appear to be dramati-
cally related to fiber SR (Fig. 2B). On average
(mean + s.e.m.), there are not statistically significant size
differences for endbulbs of the two SR groups; endbulb area
for high SR fibers is 271.6 + 20.1 um®, whereas endbulb area
for low-medium SR fibers is 230.5 + 25.1 um?® (P < .10).

374.3 um’®, and form factor - 0.55. b: Endbulb in right cochlear nucleus from a
fiber having CF = 2.4 kHz, SR = 4.5 s/s, endbulb area = 393.3 um®, and form
factor = 0.50. Note, however, that the form factor value predicts the fiber's
SR group. Scale bar equals 10 um.

These data are not affected by the size variations due to
fiber CF (Fig. 2A): For a given CF range, endbulbs of low-
medium SR fibers are of equal size compared to those of
high SR fibers. Moreover, there is no difference in the areas
of endbulbs between low SR fibers and medium SR fibers.

The form factor. The similarity in average size for
endbulbs of high SR fibers vs. low-medium SR fibers was
unexpected, especially in light of their differences in ap-
pearance. That is, the endbulbs of high SR fibers (column a
of Fig. 1) seem to have larger but fewer swellings and lobules
compared to endbulbs of low-medium SR fibers (column b
of Fig. 1). Our subjective impression was that low-medium
SR fibers gave rise to lacy, delicate structures, yielding end-
bulbs that appear to have relatively greater complexity in
form. A reliable distinction on the basis of such an impres-
sion, however, was often rather difficult to make (Fig. 3).

We used the ratio silhouette area divided by silhouette
perimeter to provide an objective value (called the form fac-
tor and having no units) for representing each endbulb. This
value separated endbulbs into two almost nonoverlapping
populations according to SR, regardless of fiber CF or end-
bulb size (Fig. 4A). The form factor values for endbulbs of
high SR fibers (range, 0.46-0.88) were larger than those for
endbulbs of low-medium SR fibers (range, 0.34-0.56), and
separated endbulbs that appeared morphologically similar
(e.g., Fig. 3). There was no systematic relationship between
form factor and fiber CF.

Two endbulbs proved to be exceptions to the general rule
whereby form factor values could be applied to identify fiber
SR. Each endbulb arose from a different cat, vet other end-
bulbs in these cats followed the rule. It was of interest to
note, however, that each exceptional endbulb originated
from fibers having “‘extreme” physiological properties: One
endbulb arose from a fiber having the highest SR in our pop-
ulation (107.5 s/s) and the other arose from a fiber having
the highest CF (28.16 kHz).
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Fig. 4. Scatter plots illustrating the distribution of form factor val-
ues (area divided by perimeter, units dropped) of the terminal endbulb
with respect to fiber CF (A) and fiber SR (B). The value, 0.52, almost
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Fig. 5. Scatter plots illustrating the distribution of cell body sil-
houette area with respect to presynaptic fiber CF (A) and SR (B). The
somata of spherical bushy cells receiving endbulbs from low-medium SR

Although the form factor clearly separated endbulbs from
fibers having SR above and below 18 s/s, the form factor was
not strictly proportional to the SR value across the whole
SR range (Fig. 4B). The form factor was more-or-less
linearly related to SR from 0 to 40 s/s, but not at higher SR
values.

Spherical bushy cells

For the 46 terminal endbulbs of Held in this study, there
were 40 cell bodies that could be distinguished within the
axosomatic embrace. In those instances where the postsyn-
aptic cell body was not evident, it was because of insufficient
counterstaining or because the cell body was separated from
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the endbulb because of sectioning. Twenty cochlear nuclei
were counterstained with cresyl violet and 25 postsynaptic
somata were identified as spherical bushy cells on the basis
of a prominent perinuclear cap of Nissl material (criterion of
Cant and Morest, '79) plus a cytoplasmic “necklace” of Nissl
bodies surrounding the nucleus (criterion of Osen, '69). In
ten Epon-embedded nuclei, we could observe the outlines of
the cell body, nucleus, and nucleolus of 15 additional post-
synaptic neurons but could not make cell type identification
on the basis of Nissl characteristics. From previous work,
however, we have determined that all such cells contacted
by labeled endbulbs were indeed spherical bushy cells when
examined in the electron microscope (Ryugo and Fekete,
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Fig.7. Scatter plot illustrating the correlation between endbulb size
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(O) high SR fibers; (4) medium SR fibers; (¥) low SR fibers.

’82). In addition, although some of the endbulbs of labeled
fibers were too faintly stained to be included in the endbulb
analysis, the spherical cells they contacted (n = 9) were
included because of the high confidence in fiber recovery;
this situation resulted in different sample sizes for the end-
bulb and somatic analyses. It is our working hypothesis that
terminal endbulbs contact the somata of spherical bushy
cells exclusively in the anterior division of the anteroventral
cochlear nucleus.

Cell body size. The silhouette area of spherical bushy
cell somata is related to the CF of the fiber giving rise to the
presynaptic endbulb (Fig. 5A). For cells postsynaptic to
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(B). On average, the area of the nucleus is constant. Symbols: (O) high SR
fibers; (A) medium SR fibers; (¥) low SR fibers.

fibers having CFs below 4 kHz, the higher the CF, the larger
the silhouette area (n = 34, correlation coefficient = 0.34,
P < .05). As fiber CF increases above 4 kHz, however,
somatic silhouette area decreases (n = 6, correlation coeffi-
cient = —0.79, P < .10).

The scatter plots illustrate the differences in cell body
size between cells postsynaptic to high SR fibers and those
postsynaptic to low-medium SR fibers (Fig. 5B). On aver-
age, somatic silhouette area of spherical bushy cells post-
synaptic to high SR fibers is 719.38 + 38.2 um® (n = 26) and
that of cells postsynaptic to low-medium SR fibers is 522.1
+ 33.4 um? (n = 14). The difference is statistically signifi-
cant (P < .01), but since somatic size is also correlated with
presynaptic fiber CF, there is considerable overlap in size
distribution (Fig. 5B). Unlike the size distribution of the
presynaptic endbulbs (Fig. 2A), at any given CF value,
somatic size for cells postsynaptic to low-medium SR fibers
is clearly smaller than for those postsynaptic to high SR
fibers (Fig. 5A). This relationship between the two SR
groups (CF < 4 kHz) is also revealed by similarities in the
slopes of their respective regression lines (92.2 for high SR
fibers and 104.4 for low-medium SR fibers; SAS, proc. GLM,
F = 0.03) and differences in the Y-intercept (612.3 for high
SR fibers and 393.5 for low-medium SR fibers; F = 12.21,
P < .002).

Nuclear size. The area of the nucleus for each spheri-
cal bushy cell was taken at the focal plane of the nucleolus.
In contrast to somatic size, nucleus size is not correlated
with presynaptic fiber CF (Fig. 6A) or fiber SR (Fig. 6B).
Average silhouette area of the nucleus is 153.6 + 9.8 um? for
spherical cells postsynaptic to high SR fibers and 145.3 + 8.9
pum? for cells postsynaptic to low-medium SR fibers
(P < .20).

Endbulbs and spherical bushy cells

Since the silhouette area of endbulbs and postsynaptic
cell bodies covaried with respect to fiber CF, it is not sur-
prising that they are correlated to each other (n = 31, corre-
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lation coefficient = 0.49, P < .01). That is, the larger spheri-

cal cells generally receive the larger endbulbs (Fig. 7). This
figure also illustrates that for a given range of somatic areas,
there is no systematic difference in the values of presynaptic
endbulb areas for high vs. low-medium SR fibers. In con-
trast, for a given range of endbulb areas, somatic sizes post-
synaptic to endbulbs of low-medium SR fibers are on aver-
age smaller than those postsynaptic to endbulbs of high SR
fibers.

We also analyzed the ratio of endbulb area to somatic area
(silhouette area, not actual surface area) in order to investi-
gate whether or not such numbers could indicate the possi-
ble number of endbulbs converging upon a single spherical
bushy cell. The ratio of endbulb area to somatic area ranged
from 0.24 to 0.89. There was no systematic relationship of
this ratio for fibers of high vs. low-medium SR, or for fibers
of different CFs. Average ratio for high SR fibers is 0.42 =+
0.03 and for low-medium SR fibers is 0.43 + 0.05.

Endbulbs are reticulated structures, but since the
branches of separate endbulbs do not interdigitate, they
may be treated as “whole surfaces” within the envelope of
the tips of their arborization. Thus, the effective area
encompassed by an endbulb can be estimated to be roughly
twice what we measured. In addition, if we convert cross-
sectional area to surface area, then the somatic area (ap-
proximating a sphere) should be multiplied by four, whereas
the endbulb area (typically covering a hemisphere) multi-
plied by two. By these calculations, the conversion factor for
both endbulbs and spherical bushy cells is four (and cancels
out). On purely numerical grounds, our data imply that two
endbulbs should contact a single spherical bushy cell but
from one to four endbulbs may do so. These figures are con-
sistent with what has been reported from Golgi studies in
young animals (Ramén y Cajal, '09; Lorente de N6, '81) and
HRP material in adults (Ryugo and Fekete, '82).
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DISCUSSION

The present study analyzed the morphology of the large
axosomatic endbulbs of Held and the postsynaptic cell bod-
ies that they contact in the cochlear nucleus. Endbulbs of
Held are the specialized synaptic endings located at the ter-
mini of ascending branches of auditory nerve fibers in the
anteroventral cochlear nucleus (e.g., Held, 1893; Ramén y
Cajal, '09; Lenn and Reese, '66; Lorente de N6, '81). These
particular ascending branches are myelinated and arise
from type I spiral ganglion neurons (Fekete et al., '84). The
peripheral processes of these ganglion cells typically inner-
vate a single inner hair cell (Liberman, '82). Since the pre-
ponderance of individual endbulbs contact a single spheri-
cal bushy cell (Brawer and Morest, '75; Ryugo and Fekete,
'82), a receptor cell may be said to have a direct and dedi-
cated line to a brain cell. Consistent with this idea, electro-
physiological data suggest that endbulbs exert powerful and
efficient synaptic drive on the postsynaptic cells (Pfeiffer,
'66; Bourk, '76), thereby accounting for the preservation by
bushy cells of the discharge patterns conveyed by auditory
nerve fibers (Kiang, '75). Thus, single inner hair cells appar-
ently have a dominant, short-latency influence on individ-
ual spherical bushy cells across the entire audible frequency
range.

The biological significance of such a “one-to-one” rela-
tionship between receptor cell and brain cell is of some
interest to issues of stimulus coding. In the retina, for exam-
ple, foveal cones have a direct connection to ganglion cells
by way of dedicated, midget bipolar cells. Each midget bipo-
lar cell contacts a single cone pedicle and carries the activity
to a single ganglion cell (Polyak, '41; Dowling, '87). This
“private” pathway from receptor to ganglion cell is presum-
ably an important specialization of the fovea for achieving
high visual acuity, since convergent pathways from receptor
to ganglion cells in the peripheral retina are thought to
degrade visual acuity. In the case of the auditory system, the
dedicated projection from hair cell through ganglion cell to
spherical bushy cell may also be related to some aspect of
acoustic acuity. For example, this structural substrate al-
lows for the faithful transfer of neural discharges through
the cochlear nucleus to higher centers in the auditory brain-
stem with a minimum of temporal “jitter.” Specifically, it
seems that temporal cues of the sound stimulus are main-
tained. In this context, it is generally accepted that binaural
time cues are important in localizing a sound source in
space, especially when the sound contains low frequencies
(e.g., Woodworth and Schlossberg, *38). Consequently, the
relationship between inner hair cell, auditory nerve fiber,
endbulb, and spherical bushy cell may reflect a specializa-
tion for low-frequency sounds. Low-frequency tones elicit
phase-locked responses in auditory nerve fibers of all CFs
(Rose et al., '67; Kiang and Moxon, '74), and such responses
may be one way in which to encode the time of occurrence of
a stimulus (e.g., Konishi, '86). The auditory system appar-
ently uses this code for determining time differences related
to the time of arrival at the separate ears for a lateralized
sound source. Additional neural circuits then presumably
convert the time code into a place code necessary for localiz-
ing sounds of low-frequency spectra in space (Knudsen et
al., '87). Our descriptions of the pathway from inner hair cell
to spherical bushy cell are consistent with maintaining a
precise temporal representation of binaural, low-frequency
sound spectra for the central processor.



ENDBULBS AND SPHERICAL CELLS
Morphological correlates of CF

The present study revealed a relationship between the
sizes of terminal endbulbs of Held and postsynaptic spheri-
cal bushy cells when fiber CF is below 4 kHz. That is, the
largest endbulbs and bushy cells are associated with fibers
having CFs between roughly 1 and 4 kHz. This observation
confirms and extends a previous report that included both
terminal and collateral endbulbs but not postsynaptic cells
(Rouiller et al., '86). Although the size data are complicated
by SR variations, the size discontinuity at approximately 4
kHz is, nevertheless, consistent with the separation of some
physiological properties according to frequency. For in-
stance, saturation rate (Liberman, '78) and phase-locking
(Kiang et al., ’65; Rose et al., '67; Lavine, '71) differ for units
across the 4-kHz reference point, but neither of these fea-
tures appears related to anything as obvious as the cat’s
hearing sensitivity as revealed by a behavioral audiogram
(Heffner and Heffner, ’85). In any case, there is no single
parameter that determines somatic size, although it has
been proposed that cell body size is related to the extent of
the axonal arborization and diameter of the axon (Ramén y
Cajal, '09), the size of the target tissue (Voyvodnic, '87), and
the neuron’s threshold and relative excitability (Henneman
et al., '65).

Morphological correlates of SR

Although size differences (silhouette area) between end-
bulbs of fibers from different SR groups were not observed
in our admittedly small sample (see also Ryugo and
Rouiller, '88), endbulbs are clearly separated according to
SR by their form factor (area/perimeter) values. Because
endbulbs are elaborate three-dimensional structures, de-
tails regarding their orientation within the tissue section,
darkness of staining, and the extent to which different parts
superimpose in planar projection could affect the results of
the measurements. The impact of these variables was
diminished, however, since orientation appeared random,
light-staining endbulbs were discarded from the sample,
and all endbulbs were “optically sectioned” with the light
microscope and drawn so that planar overlap was mini-
mized. Furthermore, analysis was performed “blind”
thereby reducing experimenter bias. These considerations
and precautions helped to demonstrate that the form factor
is a powerful means of predicting fiber SR group, a feature
that should be useful in studying labeled endbulbs and audi-
tory nerve fibers whose physiological characterization of SR
is not available. Typically, the form factor value for end-
bulbs of fibers having SR < 18 s/s is less than 0.52, whereas
that for fibers having SR > 18 s/s is greater than 0.52.

The smaller values imply greater complexity in endbulb
shape. The endbulbs of low-medium SR fibers have more
but smaller elements when compared to those of high SR
fibers; in this way, the endbulb mirrors the features of the
ascending branch (Rouiller et al., '86). An obvious question
concerns the functional significance of these SR-related dif-
ferences in endbulb morphology. One idea is that the struc-
tural features of endbulbs represent a consequence of gen-
eral fiber activity. Fibers of the separate SR groups differ in
their thresholds to sound and their maximal driven rate (Li-
berman, *78). Moreover, the sharper tip of the tuning curves
of low-medium SR fibers reveals narrower receptive fields.
Ultimately, the data imply that low-medium SR fibers
should have a lower overall level of activity than high SR
fibers in a normal acoustic environment. If such is the case,
then the larger components of endbulbs of high SR fibers
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may be needed to house the greater amount of cellular
machinery (e.g., mitochondria, smooth endoplasmic reticu-
lum, vesicles) adjacent to synaptic active zones, or they may
reflect activity-related swelling of membranes reported in
other neural and secretory systems (Heuser and Reese, '73;
Boyne et al., '75; Burwen and Satir, "77).

Interactions between endbulbs and
spherical cells

Our data now permit us to address several issues of inter-
est because pre- and postsynaptic elements have been iden-
tified and because we have specific information about the
activity of the presynaptic neurons. This situation provides
us with an excellent opportunity to consider interneuronal
phenomena associated with an identified set of central axo-
somatic synapses. In this context, we wish to discuss our
observations with respect to the possible convergence by
endbulbs arising from fibers of different SR groupings,
because our data argue against such a possibility.

Recall that the somata of spherical bushy cells postsynap-
tic to endbulbs of low-medium SR fibers are smaller than
those postsynaptic to endbulbs of high SR fibers, whereas
the nuclei of these spherical bushy cells are relatively uni-
form in size. In a way, this phenomenon resembles a condi-
tion of natural deprivation since it is mimicked by the
results of experimental deprivation on somatic and nuclear
sizes in several other systems (e.g., Wiesel and Hubel, '63;
Benson et al., '84; Moore, '85). The implication is that the
level of presynaptic activity determines the size of the post-
synaptic cell: A less active neuron (receiving an endbulb
from a low SR fiber or being subject to sensory deprivation)
would have a smaller cell body than a more active neuron.
As a consequence, there should be a segregation of endbulbs
onto spherical cells according to fiber SR. On the other
hand, if endbulbs of fibers of the different SR groups actu-
ally converged onto the same spherical cell, then all such
spherical cells should exhibit high SR (and similar general
levels of activity) because of an additive effect of the inputs
and they should all have cell bodies of similar size. Since this
situation is not the case, our indirect data support the SR
segregation hypothesis with the proviso that activity levels
are correlated to cell body size.

A direct test of this segregation hypothesis would be to
record from, inject, and label two auditory nerve fibers con-
nected to the same inner hair cell and having endbulbs that
converge onto the same spherical bushy cell. Since the prob-
ability of success for such a technical feat is extremely low,
an alternative approach is to apply the form factor analysis
on endbulbs converging onto the same spherical cell. One
method for staining converging endbulbs utilizes large ex-
tracellular HRP injections in the auditory nerve. In this
way, many fibers are stained, thereby optimizing the
chances for visualizing such converging endbulbs. To date,
we have four pairs of converging endbulbs whose form factor
values are illustrated in Figure 8. The form factor values
(range, 0.63-0.83) placed all endbulbs in the high SR group.
Moreover, pairs of endbulbs exhibited nearly identical form
factor values (range of ratio of FF, (small) divided by FF,
(large), 0.87-0.98). Despite the small sample size, this pre-
liminary evidence also argues for a segregation of endbulb
input to spherical bushy cells according to fiber SR group.
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