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ABSTRACT
The myelinated fibers of the auditory nerve can be divided into two separate populations on
the basis of sensitivity to sound, average levels of spike activity, and central branching patterns.
The synaptic endings of these populations were investigated for the presence of structural
specializations that might correlate with levels of neural activity. We applied intracellular
recording and staining methods in cats to analyze directly the relationship between spike
activity and the structure of synapses using endbulbs of Held, the large synaptic endings in the
anteroventral cochlear nucleus. Endbulbs from fibers having low or high levels of activity were
examined and compared using light and electron microscopic methods. All endbulbs exhibited
relatively large but incomplete coverage by one-to-several lamellae of glial processes. Endbulbs
of high activity fibers were large and contained larger mitochondria than endbulbs of low
activity fibers. Furthermore, the synapses of high activity endbulbs were on average smaller but
more numerous, possessed greater numbers of associated synaptic vesicles, and exhibited
greater curvature of their postsynaptic densities. These structural features are hypothesized to
reflect specializations that optimize synaptic transmission. c 1996 Wiley-Tiss, Inc.
Indexing terms: active zones, electron microscopy, hearing, spontaneous discharge rate, synaptic
vesicles

The importance of neural activity on the normal develop- and Rubel, 1992; Pasik et al., 1994). The severity of neural
ment and function of synapses has received strong experi- alterations depends on tho species and the age of the animal
mental support (e.g., Shatz and Stryker, 1978; Shatz, 1990; at the time of manipulation (e.g., Powell and Erulkar, 1962;
Goodman and Shatz, 1993). Manipulations that deprive Born and Rubel, 1985; Hashisaki and Rubel, 1989) and on
sensory systems of input produce striking atrophic effects the method of sensory deprivation (Tucci et al., 1987).
(Powell and Erulkar, 1962; Van der Loos and Woolsey, Furthermore, destruction of the sensory cells produces
1973; LeVay et al.,1980; Born and Rubel, 1985; Shatz and deafness but can simultaneously damage the innervating
Stryker, 1988; Kaas, 1991), whereas selective activation primary fibers, so that central alterations can result from
can produce somatic enlargement (Wiesel and Hubel, 1963; direct or indirect neural insult rather than from simply a
Benson et al., 1984; Moore, 19851, terminal swelling(Heuser loss of activity per se (Leake and Hradek, 1988; Gil-Loyzaga
and Reese, 1973; Boyne et al., 1975; Burwen and Satir, and Pujol, 1990). The nature of central change may not
19771, dendritic spine alterations (Fitkova and van Harre- necessarily reflect only a diminution of activity but may also
veld, 1977; Fifkova and Morales, 19921, and modifications be confounded by experimentally induced degeneration and
in receptive field properties (Gilbert and Weisel. 1990; a corresponding reorganization and expansion of intact
Diamond et al., 1993; Weinberger, 1995). These kinds of neighboring regions (Nordeen et al., 1983; Moore and
activity-related changes in the central nervous system Kowalchuk, 1988; Schwaber et al., 1993). Regardless, it
represent the basis for ideas that postsynaptic structure seems safe t o conclude that acoustic deprivation induces
and function depends on the type and level of presynaptic pathologic changes in the central auditory pathway.
There have been other studies that selectively affect
activity.
In the auditory system, much progress has been made particular regions of the auditory system. These studies
along the lines of examining central effects of sensory
deprivation. Changes in the central nervous system have
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utilized frequency-specific training (Bakin and Weinberger,
1990; Recanzone et al., 1993) or selective cochlear lesions
(Robertson and Irvine, 1989) and argued for stimulusspecificplasticity. How individual neurons contribute to the
response plasticity of the population, however, was not
resolved. Why some sites exhibit plastic changes and some
do not (Weinberger et al., 1993) is another issue that merits
further examinat.ion. In view of these kinds of complex
issues, we have considered a simpler model of activityrelated synaptic features using the normal auditory system
of mature cats. Our goal was to establish a baseline of
synaptic morphology as it, related to synaptic activity.
The auditory nerve is an excellent model with which to
study activity-related features of synaptic structure. Our
focus is on the myelinated fiber population whose peripheral processes terminate as radial fibers against the base of
inner hair cells (Spoendlin, 1978; Kiang et al., 1982). These
fibers convey acoustic information into the brain, and
individual fibers can be described by two fundamental
properties: frequency selectivity and spontaneous discharge
rate. Frequency selectivity is represented by that tonal
frequency to which the fiber is most sensitive, referred to as
the characteristic frequency ICF). CF reflects the longitudinal position along the cochlea where the peripheral process
terminates (Liberman, 198210).Spontaneous discharge rate
(SR) is that spike activity (in spikes per second; s/s) that
occurs in the absence of experimentally controlled acoustic
stimulation (Kiang et al., 1965; Liberman, 1978). SR can
range from near zero to greater than 100 s/s; and across the
audible frequency range, there is a bimodal distribution of
SR in the population of auditory nerve fibers: one group has
an SR that is less than 5 s/s and the other has an SR that is
greater than 20 s/s (Kiang et al., 1965; Evans and Palmer,
1980). Thus, it is possible to compare the anatomy and
physiology of fibers from each SR group while keeping C F
constant.
In the present study, we used intracellular recording and
staining methods to label individual auditory nerve fibers
after first characterizing some of their physiolo@cproperties. Because the two populations differ in their spontaneous activity and in their thresholds for evoked activity, low
SR fibers are expected to exhibit much less overall spike
activity than high S R fibers. We examined the morphologic
features of labeled synaptic endings, specifically, the large,
axosomatic endbulbs of Held, by using light and electron
microscopy. In this way, we directly determined the structure of synapses of fibers having high versus low activity
levels and analyzed the relationship between neural activity
and synaptic morphology.

METHODS
Animal preparation
Two male cats, each weighing 2.5 kg and having clean
external and middle ears, were used for the present study.
Each cat was anesthetized with an intraperitoneal injection
(0.4 ccikg body weight) of diallyl barbituric acid (100
mgiml) in urethane solution (400 mgiml). Supplemental
doses were administered when necessary to keep the animal
areflexic. Body temperature was monitored with a rectal
thermometer and maintained at 37°C using a heating pad
and a heated sound-proofed chamber.
The trachea was cannulated, an indwelling catheter was
inserted into the cephalic vein for administration of balanced salt solutions, and the skin and muscle layers overly-

ing the skull were removed. Each bulla was opened to allow
for round window recordings, and the external meati were
cut near the tympanic ring to insert hollow ear bars for
delivering calibrated acoustic stimuli (Sokolich, 1977). The
posterior fossa was opened using rongeurs, the dura reflected over the cerebellum, and the cerebellum retracted to
expose the auditory nerve as it extended from the internal
auditory meatus to the cochle<wnucleus. N1 potentials to
100-ys 4V peak-to-peak clicks were just detectable at
approximately 0-5 dB SPL, indicating that the cats had
normal hearing.

Single unit recordings
Recording micropipettes were placed into the nerve under direct visual control using an operating microscope. For
each unit, a threshold tuning curve and a 10-second period
of spontaneous activity were obtained before and after
injection of horseradish peroxidase (HRP).The similarity of
pre- and postinjection response properties and a continuously negative DC potential provided evidence that the
injected fiber was the same one from which recordings were
obtained. An automated tuning curve maker (Liberman,
198233) was used to determine fiber CF. For the present
study, fibers of low SR were injected on one side and fibers
of high SR were injected on the opposite side. In this way,
labeled fibers could not be confused with respect to SR
grouping.

Staining and tissue preparation
Individual fibers were marked by iontophoresing a 10%
HRP solution in 0.05 M Tris buffer (pH 7.3) containing 0.15
M KC1 through micropipettes having impedances of 24-34
MIL Approximately 24 hours after the last fiber was
injected, the cat was given a lethal dose of Nembutal,
artificially respired, and perfused through the heart with
100 cc isotonic saline (25T) with 0.1%;NaNOz in 0.12 M
cacodylate buffer (pH 7.4), followed immediately by 0.5 liter
of fixative containing 0.5%paraformaldehyde, 1%glutaraldehyde, and 0.008% CaClz in 0.12 M cacodylate buffer (pH
7.4), and then by 1.5 liters of a second fixative containing
1.25% paraformaldehyde, 3% glutaraldehyde, and 0.008%
CaClz in the same buffer solution. Following perfusion, the
brain was dissected from the skull, and then the brainstem
was isolated and stored overnight in the first fixative. The
next morning, each cochlear nucleus was oriented and
embedded in a gelatin-albumin mixture hardened with
glutaraldehyde so that 50-km-thick Vibratome sections
could be collected approximately parallel to the lateral
surface of the nucleus. Sections were kept in serial order,
rinsed several times in 0.1 M Tris buffer (pH 7.51, and
incubated for 1 hour in 0.5% CoC12 in Tris buffer. Sections
were then rinsed in Tris buffer, rinsed again in 0.1 M
phosphate buffer (pH 7.3), and incubated for 1 hour with
0.05% 3,3'-diaminobenzidine (DAB; Sigma, grade I1 Tetra
HCI) in phosphate buffer. The tissue was reacted for an
additional hour with a fresh solution of DAB containing
0.01% H202.Sections were then placed in 1% Os04 for 15
minutes, rinsed 6 x 5 minutes in 0.1 M maleate buffer, pH
5.0, stained en bloc for 1 hour in 2%' uranyl acetate, rinsed
again in maleate buffer, dehydrated in a series of graded
alcohol concentrations, and infiltrated with Epon. Sections
were embedded in fresh Epon between two sheets of Aclar
(Ted Pella; Inc.).
Once the Epon had hardened, sections were taped to
microscope slides and examined with the aid of a light
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TABLE 1. Physiologic Properties and Light Microscopic Morphometry

Estimated
synapsesiendbulb

Endbulh

CF (kHz1

SR (s:s)l

Form factor

EB area (wrn2)

SBC area (r*.m’)

Lo1 (10)
Lo2 (111
Lo3 (8d)
Lo4 (7)

1.0
0.6
1.4
10

0.01
0.07
0.27

0.42
0.35
0 45
0.49

386.0
246.5
264.4
298.9

633.6
706 R
760.7
817.4

237
520
499
508

Hi1 (5d)
Hi2 ( l h l
Hi3 (4ci

18
1.1
0.5

62.0
56.0
60.4

0.62
0 62
0 76

450.4
750.4
415.7

713.7
1,061.0
840.9

1,730
1,972
2.022

Hi4 (1%)

2.6

76.0

0.57

379.fi

605.5

1,159

Lo5 i9ol

1

.a

0.0

Cat 20
Left auditur.v nerve

0.40

Right auditory nerve

Cat 32
Left auditory nerve

Right auditoty nerve
Means
Low SR fibers
High SR fibers
Mann-WiiLney U tebt

0.37

224.8

0.41 + .06
0.69 z .12
P < 0.02

288.1 ? 62.1
499.0 ? 170
P < 003

427.9
669.1 ? 150
805.3 ? 195
P = 0.3

2 74
407 i 139
1.720 ? 395
P < 0.01

‘Spikes per second

microscope. Sections were drawn at a total magnification of
2 5 with
~
the aid of a light microscope and drawing tube,
and relevant labeled structures were redrawn at a total
magnification of ~ 2 , 5 0 0( x 100 oil immersion lens, NA
1.25). Terminal endbulbs were dissected with the aid of an
operating microscope and re-embedded into BEEM capsules. Serial ultrathin sections were collected on Formvarcoated slotted grids, stained with 7% uranyl acetate, and
viewed with a JEOL lOOCX electron microscope.

aptic densities (PSDs) through serial sections and then
rotating the stack of sections using a computerized threedimensional irnagmg system (Eutectics Electronics). Synapses were reconstructed from multiple regions of the
endbulb for which we had an unbroken series of at least 20
ultrathin sections. Ultrathin section thickness was estimated using standard interference reflection colors as the
sections floated in the knife trough. Our sections were
silver in color, more gray than gold, and we estimated their
thickness as 75 nm. This value is consistent with our serial
Data analysis
reconstructions because 13 sections, when rotated 90” and
We analyzed a total of nine darkly labeled fibers from viewed en face, spanned slightly less than 1 pm as deterthese two cats: five low SR fibers and four high SR fibers mined by our calibration grid, and 14 sections slightly
(Table 1).Each labeled fiber was first reconstructed through exceeded 1 pm.
serial 50-km-thjck sections at a total magnification of ~ 3 2 5 Other analyses were conducted from these same sections,
with the aid of a light microscope and drawing tube to but in such instances 10-20 sections were selected for
determine the spatial position of its trajectory through the having somewhat uniform spacing as they spanned the
nucleus and to map the location of its bifurcation in the endbulb. Every labeled profile from each selected section
auditory nerve root. The location of the endbulb and was photographed and analyzed. Each labeled profile with
bifurcation for each fiber was normalized by determining its associated mitochondria. PSDs, and apposition length
its dorsoventral trajectory within the nucleus and compar- (Fig. 1)was traced from electron micrographs (total magniing it with the total dorsal-to-ventral range of the nucleus. fication of x 69,000) and then measured by computerized
The normalized position of these structures was compared planimetry. Apposition length was defined as the memwith the tonotopic map of the nucleus (Bourk et al., 1981; brane abutment between pre- and postsynaptic structures.
Ryugo and May, 1993) and used as independent verification Postsynaptic densities appeared as thickenings in the postof the CF determinations made at the time of the intracellu- synaptic membrane opposite the synaptic cleft and morpholar injection.
logically represented the synapse. The degree of curvature
Each endbulb and its postsynaptic spherical bushy cell of each PSD was calculated using the formula l i r =
were then drawn at a total magnification of x 2,500, and the 8a/(4a2+ b2),where r is the radius of curvature of a circle
drawings were further enlarged to a final magnification of passing through the points at the ends of the PSD, b is the
x 5,600. From these enlargements, endbulb, cell body, and chord length passing through the opposite ends of the PSD,
nuclear silhouette areas and perimeters were determined and a is the perpendicular height of the arch at the
by computerized planimetry (Sigmascan, Jandel Scien- midpoint of b (Cooke et al.,1974). Mitochondria1 area was
tific). For the endbulbs, the ratio of the silhouette area measured, and the volume fraction was calculated as a
divided by the perimeter (units dropped) yielded a value proportion of the terminal profile area. We analyzed the
referred to as the “form factor,” where values below 0.52 diameter of synaptic vesicles, the number of synaptic
corresponded to low SR endbulbs and values above 0.52 vesicles per profile and per PSD per profile using electron
corresponded to high SR endbulbs (Sento and Ryugo, micrographs at a total magnification of x 138,000.
1989).
All measurements are accompanied by means and stanEndbulbs were then examined through an electron micro- dard deviations. Statistical comparisons were made using
scope. Because each section is relatively thin compared with two-tailed, unpaired, Student’s t test, Mann-Whitney U
the endbulb. any particular section contained only pieces of tests, and analysis of variance (ANOVA). Both parametric
the labeled ending, and individual pieces are referred to as and nonparametric tests were used because the data were
“ending profiles.” The size, shape, and frequency of syn- not always normally distributed, and ANOVA was used to
apses were determined by reconstructing individual postsyn- control for interactions within the variables. All statistical
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Fig. 1. Schematic diagram of a terminal ending illustrates the
morphologic features that were analyzed with an electron microscope.
For each ending profile, synaptic vesicles (sv), mitochondria (m), and
postsynaptic densities (PSDs) wcrc counted. The length of the PSD
(flanked by arrowheads) was measured. Synaptic vesicle diameters are
indicated by straight lines in the diagam and are all parallcl to each
other; the orientation of the diameters was selected at random.

Mitochondria size is represented by silhouette area. The apposition of
the ending (between the arrows) with the postsynaptic target was
measured. The radius of PSD curvature (r) was calculated using the
chord length (b) and the line drawn from the peak of the curve
perpendicular to this chord (a) in the formula l i r = 8a/(4a2 + b2).SBC,
spherical bushy cell.

tests were consistent at the 95% confidence level, but the
Mann-Whitney U test proved most conservative so its P
values are presented. We ran statistical tests using the
number of endbulbs (not the number of cats) when calculating P values. Although we recognize that statistical significance is not necessarily equivalent to biologcal significance,
the raw data indicate clear differences between the two SR
groups.

average spike activity as indicated by SR. This strategy
permitted us to analyze synaptic endings and their postsynaptic targets in separate cochlear nuclei, but within the
same cat, thereby reducing interanimal variability. The
general morphologic features of the labeled fibers were
consistent with previous descriptions (e.g., Fekete et al.,
1984; Ryugo and May, 1993). That is, after the bifurcation,
the ascending branch projected in a relatively straight
trajectory through the AVCN and gave rise to 5-11 primary
collaterals. Each collateral branched several more times
and, for the most part, terminated within several hundred
micrometers from the parent fiber; collaterals of low SR
fibers branched much more profusely than did those of high
SR fibers. Distinct swellings marked the tips of the collaterals. In addition, each low SR fiber gave rise to 1-3 long,
highly ramified collateral arborizations that distributed en
passant and terminal swellings just beneath the superficial
layer of granule cells along the lateral edge of the AVCN and
dorsally within the small cell cap. As the ascending branch
approached the rostral limits of the nucleus, it turned back
sharply and blossomed into the endbulb of Held (Lorente de
NO, 1981; Ryugo and Fekete, 1982; Sento and Ryugo,
1989).

RESULTS
The present results are based on light and electron
microscopic analyses of nine terminal endbulbs of Held,
each from labeled auditory nerve fibers that were intracellularly injected with HRP after first being physiologically
characterized through the same micropipette. Five low SR
auditory nerve fibers and four high SR fibers were histologically recovered from two cats (Table 1). Each nerve contained a restricted number of fibers belonging to only one
SR group. Additional criteria and considerations were used
to identify more precisely the labeled fibers in each nerve.
The injection site is marked by a distinct swelling along the
axon, and we derived fiber identity by correlating the
position of the micropipette tip at the time of injection with
the location of the fiber swelling found in the tissue (Fekete
et al., 1984). The trajectory of auditory nerve fibers and the
location of their terminal endbulbs in the cochlear nucleus
were also systematically correlated to their CFs (e.g.,
Ryugo, 1992; Ryugo and May, 19931, and so we used
position along the dorsoventral axis within the anteroventral cochlear nucleus (AVCN) as an independent verification of fiber identity. Thus, we could relate unit uhvsiolom
-"
to fiber morphology with a high degree of confide&

Auditory nerve fibers
Fibers from each cat were similar in their frequency
response characteristics but distinctly different in their

E ndbulbs
Each fiber was darkly labeled and gave rise to a welldefined terminal endbulb. Individual endbulbs were located
in the anterior part of the anterior division of the AVCN
(Fig. 2). The position of each endbulb was reconstructed
through serial sections of the cochlear nucleus and was
found to be consistent with the tonotopic axis of the nucleus
(Bourk et al., 1981; Ryugo and May,-1993). There was no
apparent relationship between CF, SR, and the rostralcaudal
Dosition of the endbulb.
.. .
Endbulbs of Held are typified by the emergence of several
thick, gnarly branches that divide repeatedly to form a
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Fig. 2. Locations of endhulhs (asterisks) in the cochlear nucleus.
Each location is mapped onto a drawing tube reconstruction of the
nearest histologic sections in a plane parallel to the lateral surface of the
nucleus. Top: Location of cndbulbs from the cochlear nuclei of Cat 20.
In the left A W N , the loci of four low (1,014) spontaneous discharge
rate (SR) endbulhs (characteristic frequencies [CFsl, 0.6-1.4 kHz; SR,
0.01-0.4 B/S) are shown. In the right AVCN, the loci of thrcc high
(Hil-3) SR endbulbs (CFs, 0.5-1.8 kHz; SR, 5 6 4 2 s/s) are illustrated.

Endbulb features are provided in Table 1. Bottom: Locations of
endbulbs from the cochlear nuclei of Cat 32. High SR endbulb in the left
AVCN (CF,2.6 kHz; SR, 76 s i s ) and low SR endbulb in the right AVCN
(CF, 1.8 kHz; SR, 0 s l s ) . Anterior (A) and dorsal (D) directions are
indicated. AVCN, anteroventral cochlear nucleus; DCN, dorsal cochlear
nucleus; ANR, auditory nerve root. Stipple indicates granule cell
domains.

clawlike arborization, which in turn clasps approximately
one-half of a single cell body (Figs. 3, 4). The endbulb
arborization is marked by multiple swellings of various
sizes and shapes. Short filopodial collaterals may extend
away from the arborization and often terminate with a
swelling; these collaterals are more frequently associated
with endbulbs of low SR fibers. The collaterals that project
from the main body of the endbulb can associate with short
segments of the primary dendritic stalks of the postsynaptic
neurons or travel some distance (up to several hundred
micrometers) to terminate on unknown structures. The
endbulbs from high SR fibers exhibit thicker branches and
larger, but fewer, swellings and lobules when compared
with those of low SR fibers. This appearance is quantifiable
by determining silhouette area and silhouette perimeter

and by forming the form factor ratio. Endbulbs of high SR
fibers had an average form factor value of 0.69 2 0.12,
whereas that of low SR fibers had a value of 0.41 f 0.06
( P < 0.02). Form factor values of the present study are
consistent with previous published results (Sento and
Ryugo, 1989). The high SR endbulbs also exhibited larger
average silhouette areas (499.0 ? 170 pm2) than did the
low SR endbulbs (288.1 & 62.1 pm2,P < 0.03).

Spherical bushy cells
Cradled within each labeled endbulb was a spherical
bushy cell (criteria of Own, 1969; Cant and Morest, 1979).
At the light microscopic level, these cells exhibited a
round-to-oval cell body (roughly 30 km in diameter) and a
centrally placed, round nucleus capped with Nissl sub-
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Fig. 3. Drawing tube reconstructions of the seven endbulbs analyzcd from Cat 20. Endbulbs are from low SR fibers (left) and high SR
fibers (right). They are presented in the same order, from top to
bottom, in which they are listed in Table 1. Endbulhs of low SR fibers
have thinner branches and smaller varicosities and swellings than
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those of high SR fibers. Stippling indicates parts of the endbulb on the
far side of the enclosed cell body, and the cell body is outlined. The
difference in endbulb appearance of the separate SR fibers is quantifiable by the ratio of the endbulb silhouette area divided by endbulb
perimeter. Scale bar = 10 km.
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ings; that is, they contained mitochondria and numerous
clear, round synaptic vesicles. Synaptic junctions were
present that featured punctate, asymmetric postsynaptic
densities, an assemblage of vesicles adjacent to the presynaptic membrane, and dense, fuzzy material within the
intercellular cleft. The postsynaptic density of the cell body
typically bulged out toward the endbulb. These features
were analyzed because they are readily observable in normal tissue and they illustrate some of the basic differences
between endings of high versus low SR auditory nerve
fibers (Figs. 6, 7).

Ending profiles
Profile features. The mean cross-sectional area of labeled profiles was smaller for low SR fibers (1.63 2.2 pm2,
n = 151) than for high SR fibers (2.04 2 2.7 pm2,n = 158).
In addition, profiles of high SR endings exhibited greater
membrane apposition lengths (2.03 2 1.7 pm) than did
profiles of low SR endings (1.72 ? 1.5 Fm). These differences ( P < 0.05) were consistent with light microscopic
observations of individual swelling sizes but were only
detectable by performing morphometry because of the
variability in component shapes and sizes within any single
endbulb. The relationship between profile area and apposition length was highly correlated (r = 0.743, P < 0.01).
Glial processes formed multiple layers and bloblike forms
that surrounded or partially surrounded the endbulbs. The
layers appeared as thin lamellae that lay in close proximity
to the labeled endings and to nonauditory nerve profiles
containing flat or pleomorphic synaptic vesicles. We could
not determine a relationship between the number of lamellae or the extent of coverage and the SR of the labeled
ending.
Mitochondria. These organelles merit attention because they presumably play a key role in the maintenance of
metabolic and synaptic activity. There were differences in
mitochondria1 features when comparing endbulbs of high
versus low SR fibers. The silhouette area of mitochondria
from high SR endbulbs was larger (0.70 f 0.04 pm2,
n = 103) than that of low SR endbulbs (0.61 ? 0.03 pm2,
n = 108, P < 0.03). Although the average number of mitochondria per profile was similar for high (6.23 ? 6) and low
(6.48 i 7.3) S R fibers, it is inferred that high SR endbulbs
contain more mitochondria than low SR endbulbs because
they are larger. By taking the average mitochondria fraction from low (18.4 ? 9.2%') and high (15.8 2 9.0%) SR
ending profiles and applying that value to total silhouette
area, we estimate that high SR endbulbs contain nearly
50% greater mitochondria volume than low SR endbulbs.
Synaptic ueuicles. Synaptic vesicle analysis was conducted on micrographs collected at a magnification of
x56;OOO and printed at a total magnification of x 138,000.
The mean diameter of synaptic vesicles for endbulbs of high
SR fibers was greater when the profile contained a PSD
(48 & 8 nm, n = 764) than when there was no PSD (46 i 7
nm, n = 380). The mean diameter for vesicles of low SR
fibers was greater (48 9 nm, n = 939) when the ending
profile contained a PSD than when it did not (44 2 7 nm,
n = 164). There are essentially no differences in synaptic
vesicle size when comparing high versus low SR endbulbs,
although we measured a small but reliable difference in
synaptic vesicle size with respect to proximity of the vesicles
to a PSD (Y < 0.03). These data suggest that synaptic
vesicles more distant from the active zone are on average
smaller than those nearby.
The number of' synaptic vesicles per ending profile and
the number per square micrometer were determined. Both
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Fig. 4. Drawing tube reconstructions of twu endbulbs analyzed
from Cat 32. Endbulb from low SR fiber (top) and high SR endbulb
(bottom) are illustrated. Stippling indicates parts of the endbulb on
the opposite side of the cell body, and the cell body is outlined. The
endbulb from the low SR fiber exhibits light microscopic features
typical of the group in exhibiting thinner branches and more but
smaller varicosities and swellings. Scale bar = 10 km.

stance. One or two primary dendrites could be seen emerging from the cell body when using differential interference
contrast microscopy. Cells receiving high SR endbulbs had
mean silhouette areas of 805.3 2 195 Fm', whereas those
receiving low SR endbulbs had mean areas of 669.1 ? 150
pm2 ( P = 0.3).
At the ultrastructural level, these cells contained multiple stacks of rough endoplasmic reticulum (ER) plus the
usual complement of mitochondria, lysosomes, multivesicular bodies, and an extensive Golgi apparatus. Each cell gave
rise t o 2-4 primary dendrites. The nucleus was round and
pale and contained a single nucleolus. There was a prominent accumulation of rough ER on one side of the nucleus
that corresponded to the Nissl cap as seen in the light
microscope (Fig. 5). Other than a slight size difference, the
spherical bushy cells receiving endbulbs from the separate
SR fiber groups were morphologcally indistinguishable.

Ultrastructural features
Labeled endings are readily distinguishable from unlabeled ones in ultrathin sections (Fig. 5). Because endbulbs
were spatially isolated from one another (each was embedded in a separate block), there was no opportunity to
confuse the label from one endbulb with that. of another
despite their similarity in CFs. Profiles of sectioned endbulbs exhibited internal features typical of primary end-

*
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Fig. 5. Electron micrograph through a low SR endbulb (Lol: CF, 1.0 kHz; SR, 0.01 s i s ) as it contacts the
soma of a spherical bushy cell. The HRP-DAB reaction product clearly distinguishes the labeled endings
(arrows) from the unlabeled endings (arrowheads). The spherical bushy cell exhibits its characteristic
acmmulation of rough endoplasmic reticulum (ERI against one Jide of its nucleus, representing the Nissl
cap (cap).Scale bar = 5 K r n

types of analyses were conducted because of the relatively
large variability in vesicle counts due mostly to differences
in the size and shape of ending profiles and by the presence
or absence of PSDs in the profile. Individual profiles of high
SR endbulbs (n = 122) had an average of 104.5 & 93.9
synaptic vesicles, whereas those of low SR endbulbs
(n = 127) had 82.9 2 94.3. The conversion of these values
to a standard unit of area (pmZ)produced a value of 67.2 &
16.9 vesicles per pm2 for high SR endings and 62.2 2 24.4
vesicles per km2 for low SR endings. In either case, there
are on average more synaptic vesicles in high SR endbulbs
than in low SR endbulbs ( P < 0.05). A summary of ending
profile data including synaptic vesicle density, mitochondria size and number, and apposition lengths is shown in
Table 2.

Synapses
hosomatic and axodendritic Ygnapses. The synapses
of endbulbs have been described elsewhere (e.g., Lenn and
Reese, 1966; Ibata and Pappas, 1976; Gulley et al., 1978;
Cant and Morest, 1979; Ryugo and Sento, 1991). In addition to the well-known axosomatic synapses of endbulbs,
there are also asymmetric, axodendritic synapses (Fig.
8A,C). On the side of the endbulb facing away from the
spherical bushy cell somata, dendrites can be synaptically
contacted. The dendritic profiles range in cross-sectional
diameter from 2 to 10 pm and are distinguished in a single
section from the grazing of a cell body by their lack of
ribosomes and Golgi apparatus. We verified that they were
dendrites by examining such profiles through a series of
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Fig. 6. A-B: Electron micrographs of labeled endings of low SR fibers. Note that the PSDs (arrows) are
relatively long and exhibit little curvature. These micrographs also illustrate that ending profiles of low SR
endbulbs are smaller and contain fewer synaptic vesicles than do those of high SK.endbulbs (see Fig. 7).
Glial processes (*) are closely applied to the endings. Scale bar = 0.5 pm.

many consecutive ultrathin sections. Endbulbs of the high
SR fibers formed relatively more axodendritic synapses
(13.6 t 2.5% of a total of 878 PSDs) than did those of low
SR fibers (2.9 ? 0.1’36of a total of 622 PSDs).

Endbulbs of high and low SR fibers also differ in the
manner by which they make axodendritic synapses. For
high SR fibers, opposite poles of the endbulb surface form
synapses: one side contacts the soma of a spherical bushy
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Fig. 7. A-B: Electron micrographs of labeled endings of high SR fibers. The PSDs are characteristically
curved (arrows) and shorter than those endings of low SR fibers. These micrographs also illustrate that
ending profiles of high SR fibers are larger than those of low SR fibers and have more synaptic vesicles (see
Fig. 6). Glial processes (*) form multiple layers surrounding the primary endings. Scale bar = 0.5 km.

cell, whereas the opposite side contacts dendrites in the
immediately adjacent neuropil (Fig. 8 0 . In contrast, the
endbulbs of low SR fibers made mostly axosomatic synapses. When axodendritic synapses were present, they
tended to be made by short collaterals (Fig. 8B).

Curvature o f postsynaptic densities. Postsynaptic densities exhibit three basic configurations: (1) straight, (2)
concave, and ( 3 ) convex (Markus and Petit, 1989). A single
endbulb will give rise to many synapses, and one striking
feature of the postsynaptic density is its outward arch
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TABLE 2. Summarv of Endine Profiles (Mean ? S.D.I

Low SA Endbulbs
n’
High SR Endbulbs
n’

Profile size* (prn2)

SVsipm’*

Mitochondria size* ( p d )

163122
151
2.04 ? 2.7
158

62 2 t 24 4
127
67.2 2 16.9
122

0 061 0 03
151
0.070 f 0.04
158
+

Number of mitochondria
(per profile)
648i60
161
6.23 2 7 3
158

Apposition length* (km)
1.72 i 1.5
127
2.03 i 1.7
122

’Numhcr of profiles analyzed
*P < 0 05 (hlann-WhitneyLl test I where statistical n is based on nine endbulbs.

toward the presynaptic ending. Typically, the endbulbs of
both SR groups exhibited “convex” axosomatic densities
(Figs. 6-8) and “straight” axodendritic densities (Fig. 8).
The calculated curvature of axosomatic synapses (Cooke et
al., 1974) revealed that, on average, PSDs of low SR
endbulbs ( l / r = 1.80 2 2.5, n = 575 PSDs) had a shallower
arc than did those of high SR endbulbs ( l / r = 2.35 2 3.1,
n = 323 PSDs; P < 0.003).
The PSDs of axodendritic synapses were flatter than
their axosomatic counterparts. There was, however, no
difference in curvature when comparing PSDs of dendrites
receiving endbulb synapses from high ( l / r = 0.27 t 1.8,
n = 42) versus low ( l / r = 0.24 t 0.7, n = 19) SR fibers.
The curvature of PSDs from the collaterals of low SR
endbulbs was slightly greater ( l / r = 0.48 f 0.8, n = 21).
Synapse sire. We reconstructed a number of endbulb
swellings through serial ultrathin sections. The alignment
of adjacent PSDs and subsequent rotation using a computerassisted three-dimensional reconstruction system revealed
individual synapses as viewed en face (Fig. 9). The en face
area of each synapse was measured because it indicated the
magnitude of the active zone with the postsynaptic spherical bushy cell. A total of 65 synapses were reconstructed
from the five endbulbs of low SR fibers, and they exhibited
an average size of 0.179 ? 0.02 pm2. In contrast, 74
synapses were reconstructed from the four endbulbs of high
SR fibers, and these were, on average, significantly smaller
(0.089 % 0.02 pm2). These differences in synapse size
(P < 0.01) were maintained by endbulbs of the separate SR
groupings and by each cat (Fig. 10).
Number of synapsesper endbulb. The number of axosomatic synapses per endbulb was calculated in the following
way. First, we counted the number of synapses per unit
apposition area through serial section reconstructions of
each endbulb. Although we determined only a few values
for different regions of each endbulb, this value was fairly
constant and indicated that synapse density was uniform
over the entire endbulb. Consequently, we multiplied this
value for each endbulb by its corresponding silhouette area,
because the silhouette area should approximate the contact
surface of the endbulb with the postsynaptic cell body. This
method predicted that high SR endbulbs had an average of
1,720 f 395 synapses and that low SR endbulbs had an
average of 407 2 139 synapses. These data indicate that
high SR endbulbs have roughly four times the number of
axosomatic synapses contacting spherical bushy cells as do
low S R endbulbs. Furthermore, although the absolute
values differed for each cat, the ratios were strikingly
similar (Table 1) .
On the basis of mean synapse size (Fig. 10, middle) and
the calculated number of synapses per endbulb (Table l),
we estimated that high SR endbulbs have, on average,
156.9 72.9 pm2 total synaptic area contacting a spherical
bushy cell body as opposed to 72.9 2 25.9 pm2 for low SR
endbulbs. The absolute values were constant within cats

*

and varied a bit across cats, but the relative values were
consistent both within and across cats (Table 3).

DISCUSSION
In the present study, we examined endbulbs of Held from
low and high SR auditory nerve fibers using intracellular
HRP labeling techniques combined with light and electron
microscopy. Endbulbs of Held are large axosomatic endings
located in the anteroventral cochlear nucleus that arise
from the myelinated axons of the auditory nerve (Held,
1893; Ramon y Cajal, 1909; Lorente de NO, 1981; Ryugo
and Fekete, 1982). These auditory nerve fibers have been
systematically studied using anatomic and electrophysiologic methods, and they have been shown to exhibit
dichotomous properties, including threshold at CF, dynamic range, maximum discharge rate (Kiang et al., 1965;
Sachs and Abbas, 1974; Liberman, 1978; Kim and Molnar,
1979; Evans and Palmer, 1980), caliber of peripheral
terminal and location of terminal under the inner hair cell
(Liberman, 1982a), number, size, and distribution of central terminals (Fekete et al., 1984; Rouiller et al., 1986;
Ryugo and Rouiller, 1988; Liberman, 19911, and appearance of endbulbs of Held (Sento and Ryugo, 1989; Ryugo
and Sento, 1991). These differences are present across the
entire range of CF values and imply that the different SR
groups represent fundamentally distinct components for
processing acoustic information. Furthermore, the data
suggest that comparisons of the synaptic junctions between
the separate SR fiber groups might provide new insights
into structural specializations that accompany different
levels of synaptic activity (Fig. 11).
Each auditory nerve fiber serves as a near one-to-one
conduit from a single inner hair cell to a single spherical
bushy cell. Thus, the mechanism by which signals are
processed nerve to nucleus is hypothesized to be determined in large part by the nature of this primary synapse.
Extracellular electrophysiologic recordings reveal that, in
the anteroventral cochlear nucleus, the action potentials of
the second order neuron are often preceded by the presence
of small, positive potentials (Pfeiffer, 1966). These potentials are called “prepotentials” and always precede the
action potentials by 0.5 ms. As a result, the prepotential is
hypothesized to reflect the depolarization of the endbulb.
The coupling of the prepotential to the postsynaptic spike
reveals that the second-order primarylike unit faithfully
follows the spike activity of the auditory nerve. Because the
number of endbulbs per auditory nerve fiber is similar
across the different SR groups (Fekete et al.,1984) and
because endbulbs of different SR groups do not appear to
converge on the same cell in the cochlear nucleus (Ryugo
and Sento, 19911, the distribution of SR in the audtory
nerve was expected to be the same as that of primarylike
units in the AVCN (spherical bushy cells). Instead, there is
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Fig. 8. Electron micrographs illustrate the appearance of axodendritic synapses formed by endbulhs ofboth SR groups. A Example of an
axodendritic synapse (arrowhead) formed by a labeled collateral ofa low
SR endbulb. The postsynaptic dendrite ( d ) is throught to arise from an
adjacent spherical bushy cell (SBC). The main body of the endbulb
forms an Lutosomatic synapse (arrow) with a spherical bushy cell. B:A
labeled collateral from a different low SR endbulb forms an axodendritic

synapse (arrowhead) with a thin dcndritic profile (d). Labeled portions
of the main body of t h e endhulh can be seen at the bottom of this
micrograph. C: The main body of endbulbs of high SR fibers form
axosomatic (arrow) and axodendritic (arrowheads) synapses as illustrated in this micrograph and form more of both types compared to
endbulhs of low SR fibers. Glial processes (*) are also indicated. Scale
bar = 1 wn.

an increase in high SR units from roughly 60% in the
auditory nerve (Kiang et al., 1965; Liberman, 1978) to more
than 85%in primarylike units with prepotentials the AVCN

(Molnar and Pfeiffer, 1968).This altered distribution of SR
from nerve to nucleus cannot be readily explained by the
characteristics of axosomatic synapses of the endbulb.

ENDBULB SYNAPSES

Low SR Endbulb

High SR Endbulb

1.0p
Fig. 9. The representative appearance of synaptic PSDs and apposition areas viewed en face. Labeled endings and synapses were reconstructed through serial ultrathin sections and then rotated using a
computer-assisted system so that the ending apposition surface (bold
outline) could be visualized. Top: Synapses from portion of low S R

endbulb, Lol. Bottom: Synapses from portion of high SR endbulb, Hi3.
The reconstructed synapses are stippled and outlined. Each thin,
parallel line represents a section. In gcneral, low SR endbulbs have
larger but fewer synapses than high S R endhulhs.

Endbulbs from both SR groups formed axosomatic and
axodendritic synapses, but those from high SR fibers
formed more axodendritic contacts than did those from low
SR fibers. The way in which somata of spherical bushy cells
are nestled in among the dendrites of other bushy cells and
not their own suggests that these postsynaptic dendrites
belong to nearby spherical bushy cells (Ryugo and Sento,
1991). One mechanism by which fibers of high SK. activity
might expand their influence in the AVCN is if axodendritic
synapses from several endbulbs of high SR fibers are
present on the dendrites of a spherical bushy cell that
receives 1-2 endbulbs from low SR fibers. In this manner,
axodendritic synapses would be responsible for transforming the SR distribution from auditory nerve to primarylike
units in the cochlear nucleus.
Endbulb synapses, whether arising from high or low SR
fibers, obviously provide faithful transmission of presynaptic activity to the postsynaptic neuron. Transmission at
cochlear nerve synapses is thought to be mediated by an
excitatory amino acid (Wenthold, 1985), specifically glutamate (Raman and Trussell, 1992; Zhou and Parks, 1992;

Hunter et al.,1993; Zhang and Trussell, 1994). The rapid
and highly efficient mechanisms for synaptic transmission
may be facilitated by the presence of the glial lamellae that
surround the synaptic endings. Historically, the glial processes were considered important components of synaptic
glomeruli, which isolated synaptic elements from one another (Gray, 1961; Szentagothai, 1963; Peters and Palay,
1966). Glial processes, however, may also contain glutamate transporters (Storck et al., 1992; Mennerick and
Zorumski, 1994; Rothstein et al., 1994) and play a role in
keeping excess transmitter out of the synaptic cleft.

Synapse size
The synaptic active zone is represented in part by a
flattened, irregularly shaped subcellular density that appears as a thickening of electron-dense material attached to
the postsynaptic membrane when viewed in cross section.
This postsynaptic thickening is a prominent specialization
of the submembranous cytoplasm whose restricted localization within the membrane also implies a corresponding
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Fig. 10. Bar graphs illustrate individual synapse sizes (top),mean

(kS.D.1 synapse sizes for each endbulb (middle), and mean (2S.D.)
synapse sizes for each cat (bottom).Thcrc is somc overlap in individual
synapse size among nerve fibers of different SRs, but size similarities
within SR grouping and size differences across SR grouping are
strikingly consistent.

specialization of the cytoskeletal matrix (Hirokawa, 1991).
Apposed to this postsynaptic density is a presynaptic component that represents the rest of the synaptic active zone.
The presynaptic component exhibits focal aggregations of
dense material along the cytoplasmic surface of its membrane and an accumulation of synaptic vesicles. These
specialized membrane appositions together with the synaptic cleft are also defined as the synapse, or synaptic complex.
The postsynaptic density contains the receptors for neurotransmitters (Seitanidou et al., 1988; Flucher and Daniels,
1989; Nusser et al., 1994) and is associated with Ca++/
calmodulin-dependent protein kinases (Kennedy, 1989).
The postsynaptic membrane houses additional molecules
involved in signal transduction including other receptors
(e.g., metabotropic receptors), voltage-gated ion channels,
and pumps. The presynaptic membrane is not only involved
in vesicular release of transmitter €or synaptic transmission
(e.g., Katz, 1966) but also contains substrates involved in
inactivating synaptic transmission such as re-uptake receptors and transporters. The number and spatial distribution
of these molecules is hypothesized to determine synaptic
mechanisms and modes of intercellular communication.
We demonstrated that the endbulbs of high SR fibers had
smaller active zones than those of low SR fibers. Under
normal conditions, high SR fibers have greater levels of
spike activity than those of low SR fibers, implying that
activity somehow causes a rearrangement of active zones
into smaller but more numerous modules. This reorganization serves to bring more the nonactive zone membrane
into closer proximity to the PSDs. The relative increase in
PSD perimeter was speculated as being important for
synaptic vesicle release (Peters and Kaiserman-Abramof,
1969) or perhaps synaptic vesicle turnover (Nieto-Sampetro et al., 19821, but these ideas remain to be verified. A
different idea is that inactive fibers must compensate by
ensuring that each action potential exerts maximal postsynaptic effects (Guldner and Ingram, 1980). One consequence
might be an enlarged active zone with a (presumably)
corresponding large number of transmitter receptors. This
circumstance is manifest in low SR fibers of normal hearing
cats and is greatly exaggerated by the enormous active
zones found in spherical bushy cells of congenitally deaf
cats (Huchton et al., 1995). Our data are certainly consistent with the notion that the PSD is a dynamic structure
whose form is influenced by the activity of the synapse
(Siekevitz, 1985; Rostas et al., 1992).
Active zones are surrounded by nonactive plasmalemma
(e.g., Fig. 9).Nonactive zones undoubtedly contain other ion
channels, receptors, and/or pumps. For example, metabotropic glutamate receptors (cerebellar cortex: Baude et al.,
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PSD

PSD

SBC

SBC

0.5pm

Fig. 11. Schematic drawing highlights the structural features typical of each ending class with respect to fiber SR. Both endings are
ensheathed hy glial processes The ending of low SR fibers express
larger but fewer synapses, exhibit less curvature of their postsynaptic
densities, contain fewer synaptic vesicles, and have smaller mitochon-

dria. In contrast, endings of high SR fibers express smaller but more
numerous synapses, exhibit greater curvature of their postsynaptic
densities, contain more synaptic vesicles, have larger mitochondria, and
form more axodendritic synapses. D, dendrite; G, glial processes; m,
mitochondria; PSD, postsynaptic density; SBC, spherical bushy cell.

1993; Nusser et al., 1994) and Na+ channels (neuromuscularjunction: Flucher and Daniels, 1989) are concentrated in
the membrane surrounding PSDs. A pattern of multiple,
small active zones may be more advantageous than a single
large active zone for facilitating movement of ions, metabolites, and/or molecules from PSD to non-PSD regions. On
the presynaptic side, this pattern of multiple, small synapses would also allow for vesicle attachment sites and
recycling of synaptic vesicles to be in closer proximity to
each active zone. This arrangement could serve to keep
transporters and/or reuptake receptors near the transmitter release sites, thereby providing greater efficiency. Rapid
removal of excess transmitter in the cleft would reduce
desensitization of receptors a t the synapse (Trussell and
Fischbach, 1989).
By inference, both pre- and postsynaptic specializations
must orchestrate their own unique spatial assemblage
when forming synaptic junctions. In the AVCN, it seems
that signals, as yet unidentified, would be exchanged in
both directions between the endbulbs and spherical bushy

cells to accomplish this task. The apparent interactive
construction of pre- and postsynaptic components of the
active zone is evident not only in the case of excitatory and
inhibitory synapses (e.g., Gray, 1959) but also in our
observations of activity-related synaptic structure.

Synaptic rearrangement
Variations in active zone size and shape have been
demonstrated after manipulations of both auditory (Rees et
al., 1985) and visual (Vrensen and Cardozo, 1981; Guldner
and Phillips, 1985; Bakkum et al., 1991) systems. These
studies reported that decreased neural activity caused by
sensory deprivation produced larger synaptic areas when
compared with normal controls. One explanation for this
plasticity is that activity-induced increases of Ca++levels in
the postsynaptic cell induces some enzyme to shrink the
PSD (Rees et al., 1985;Melloni and Pontremoli, 1989).
A different role for enzymatic degradation of the PSD in
response to increased activity was thought to underlie a

D.K. RYUGO ET AL

156
mechanism for synaptic division and the formation of new
synapses (Carlin and Siekevitz, 1983; Dyson and Jones,
1984). It was hypothesized that high levels of neural
stimulation resulted in the formation of a “synaptic
spinule,” which is an evagination of membrane and cytoplasm within the PSD material. This spinule was proposed
as a site of membrane recycling resulting from the turnover
of synaptic vesicle membranes during periods of high
neurotransmitter release. The presence of this spinule
possibly provided membrane for reorganizing the PSD so
that irregularly shaped synapses could be formed. This new
population of synapses could represent a more permanent
expression of enhanced contact and synaptic transmission,
where the irregularities represent smaller component synapses that might be more effective than a single, large
synapse (Edwards, 1995).

Synaptic curvature
The curvature of PSDs also differs between synapses of
high versus low activity terminals (Pysh, 1972; Devon and
Jones, 1981; Wesa et al., 1982; Dickinson-Nelson and
Reese, 1983; Van Huizen et al., 1987; Bakkum et al., 1991).
This feature could be indicative of the merging of synaptic
vesicle membrane with plasma membrane at the synapse.
The synaptic junction between endbulbs and spherical
bushy cells has been described as a “dome-shaped evagination of the postsynaptic membrane” using freeze fracture
and transmission electron microscopic techniques (Gulley
et al., 1978).When viewed in transmission electron micrographs, PSDs of endbulbs have a typical convex curvature
of postsynaptic density into the presynaptic membrane, and
we have shown that high SR endbulbs exhibit greater
curvature than do low SR endbulbs. Such a configuration
could result from prolonged differences in synaptic activity.

the endbulbs of low SR fibers and twice the total active zone
area. Individual active zones of high SR endbulbs are
hypothesized to have facilitated access to peripheral ion
channels, pumps, and other receptors when compared with
those of low SR fibers by virtue of their smaller size. High
SR endbulbs exhibit other morphologic features that also
emphasize high activity levels, including increased synaptic
vesicle density, mitochondria1 number, and PSD curvature.
These data are consistent with the idea that synaptic
endings are highly specialized and morphologically plastic
structures whose form may reflect the physiologic demands
from moment to moment.
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