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Afferent fibres in the auditory nerve of the barn owl were counted and their diameters
measured, using a semi-automated image analysis of light-microscopical sections. Since
fibres of both the basilar papilla and the lagenar macula run in the auditory nerve, but
cannot be sharply distinguished, an independent evaluation of the lagenar fibres was
obtained from sections near the apical end of the cochlear duct. Average numbers of
31,142 afferents from the basilar papilla and 1,342 lagenar fibres were found. Papillar
axons were, on average, considerably larger than lagenar axons. Analysis of serial sec-
tions at regular intervals along the cochlea showed that less than 20% of all papillar
afferents derive from regions of the basilar papilla corresponding to frequencies below
2 kHz. Above 2 kHz, about equal numbers of afferents were counted per octave. While
this reflects an unusually heavy emphasis on high frequencies among birds, the affer-
ent fibre supply is less focused on a narrow frequency band than the cochlear space
map implies. Axon diameters increased systematically with frequency up to approxi-
mately 7 kHz and then decreased again towards the base of the papilla. This pattern
would be suited to exaggerate latency differences between frequencies in the cochlear
nucleus. However, larger axons could also be an adaptation to the increasing demands
for temporal accuracy in phase locking at high frequencies. Myelination of papillar
afferents was studied in ultrathin sections and found to be very uniform, with an aver-
age sheath thickness of 0.58 um, regardless of axon diameter.
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Birds have become an increasingly popular model for
the study of basic principles of auditory processing,
both at the cochlear and more central levels.
Recordings from primary afferent neurones are rou-
tinely used to study cochlear electrophysiology (e.g.,
Sachs et al., 1974, 1980; Manley et al., 1985, 1991b;
Gummer, 1991; Salvi et al., 1992; Smolders et al.,

1995). Very little, however, is known about the mor-
phology of afferent neurones. In mammals, two
classes of auditory afferents have long been known,
the type I and type II afferents, innervating inner hair
cells and outer hair cells, respectively. These two
types differ in many respects, e.g., type I axons are
myelinated whereas type II axons are not, cell bodies
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and axons of type I neurones are larger and the two
types have different targets and sizes of their terminals
in the cochlear nucleus (review in Ryugo, 1992).
Within the type I population, baso-apical gradients in
cell body and axon size and, sometimes, myelination
have been reported, as well as differences in the sizes
of the peripheral and central process (Arnesen and
Osen, 1978; Friede, 1984; Anniko and Arnesen, 1988;
Ryugo, 1992). In the cat, morphological differences in
the terminals on inner hair cells are now known to cor-
relate with physiological subclasses of type I afferents
(Ryugo, 1992). Many aspects of afferent morphology
thus have potential functional importance. In addition,
parameters such as fibre size will influence the success
rate of electrophysiological recording, an important
consideration in the interpretation of recorded data.
Studies of afferent morphology in birds have so far
concentrated mainly on the synaptic terminals (reviews
in Manley, 1990; Fischer, 1994a). The distribution of
afferent terminals among the hair cells is known to be
uneven, with an increasing number of hair cells
towards the cochlear base typically being without any
afferent supply at all. There is no evidence for different
types of afferent synapses. Fermin and Cohen (1984)
distinguished two populations of cochlear ganglion
cells in the chicken, reminiscent of the mammalian
types I and II, in contrast to Fischer et al. (1994) who
found only a homogenous population. The morphology
of the central afferent terminals has also been studied
in detail, especially in the cochlear nucleus magnocel-
lularis, which predominantly receives the well-known
endbulbs of Held (e.g., Parks, 1981; Whitehead and
Morest, 1981; Carr and Boudreau, 1991; Koppl, 1994).
The axonal morphology of avian afferents, how-
ever, is largely unknown. The average fibre or axon
diameters reported for the pigeon and chicken are
unusually small, being around 1.5 um (Boord, 1969;
Fischer et al., 1994). In the chicken, a baso-apical gra-
dient was found, with the largest axons apically
(Fischer et al., 1994). The present study was designed
to gain more detailed knowledge about auditory-nerve
axons in birds. The barn owl was chosen as a well-
established species in auditory research, with quite
detailed information available on the anatomy of the
basilar papilla and its innervation (Smith, C. A., et al.,

1985; Fischer et al., 1988; Koppl, 1993; Fischer,
1994b). In addition, the frequency map is known
(K&ppl et al., 1993). Since we have begun recordings
from the auditory nerve in the barn owl, knowledge
about fibre sizes is desirable as potentially important
for the interpretation of electrophysiological data.
Also, any variations across frequencies might provide
clues to the relative physiological importance of para-
meters, such as axon size and myelination, that influ-
ence conduction velocity and possibly temporal
resolution (e.g., Rushton, 1951; Paintal, 1966; Smith,
R. S. and Koles, 1970; Ritchie, 1982). The barn owl is
especially suited to answer these questions, since it is
known to encode temporal information very accu-
rately through phase-locking of the auditory afferents
up to unusually high frequencies (Sullivan and
Konishi, 1984; Koppl, 1995). Another point of interest
was the total number of afferents and their distribution
across frequencies, which might indicate the relative
importance of different frequency bands for further
central processing.

Since the auditory nerve in birds carries the fibres of
both the basilar papilla and the lagenar macula, a
vestibular organ situated at the apical end of the
cochlear duct in all non-mammals (e.g., Boord and
Rasmussen, 1963; Manley et al., 1991a), some basic
data on lagenar macular axons are also reported. The
two fibre populations cannot be sharply distinguished
once the lagenar fibres have joined the cochlear gan-
glion and nerve. An independent analysis of the lage-
nar nerves only was therefore carried out, primarily to
estimate their proportion of the total auditory nerve
and determine their spectrum of axonal sizes.

METHODS

The results from 5 adult barn owls (Tyto alba guttata),
aged 1-2 years, are reported in this study. They were
deeply anaesthetized with overdoses of either
Ketamine or Na-pentobarbital. After cessation of the
breathing reflex, the animals were perfused transcar-
dially with warm saline (0.9% NaCl with heparin
added), followed by one litre of fixative. Several dif-
ferent mixtures of Paraformaldehyde (PFA) and
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Glutaraldehyde (GA) were used as fixatives: a) 2%
PFA and 2.5% GA, b) 2% PFA and 1.25% GA, c¢) 1%
PFA and 2.5% GA, all in 0.1M phosphate buffer, pH
7.4-7.6. The fixative was either immediately fol-
lowed by a buffer rinse (initial specimens plastic-
embedded en bloc, see below) or the entire head was
left in fixative in a refrigerator for 1-2 days. The audi-
tory nerve and ganglion were then carefully dissected
out on both sides, together with the vestibular ganglia,
nerve branches and a piece of brainstem. In most
cases, the lagenar end of the cochlear duct was also
preserved, sometimes even the complete basilar
papilla; the macular otolith was removed to facilitate
sectioning later. After washing in buffer, the initial
specimens were postfixed in 1% OsO, in phosphate
buffer for 1-2 hours, washed again, then dehydrated
in a graded series of alcohols and embedded in
Araldite via propylenoxide.

While this technique of dehydrating and embedding
en bloc gave good results for the lagenar part, serious
difficulties were encountered with the auditory nerve,
such that there often appeared to be a gradient of
decreasing osmification and/or plastic infiltration
towards the middle of this large nerve. A different pro-
cedure was therefore subsequently adopted: specimens
were embedded in an albumin-gelatine mixture for
either vibratome or cryostat sectioning, the latter being
infiltrated with 30% sucrose beforehand, and serial
sections of 100pm thickness were cut. If the basilar
papilla and lagenar macula were also preserved, the
most basal and most apical portions of the cochlear
duct were cut off with fine iris scissors beforehand.
The 3 pieces thus obtained from the same ear were
then embedded separately and oriented differently for
sectioning. The floating sections were examined under
low magnification to select cross-sections of the audi-
tory nerve approximately at the level where it passes
through the internal auditory meatus (“central sec-
tions”), as well as cross-sections of the cochlear gan-
glion and, if present, the basilar papilla and macular
lagena, at approximately 1mm-intervals in both direc-
tions from this central point. At each chosen location,
1 or 2 serial sections were taken, destined for later thin
sectioning. The remaining sections were mounted on
gelatine-coated slides, stained with neutral red and

cover-slipped. These were later used to reconstruct the
total extent of the basilar papilla and determine the rel-
ative positions of the semithin sections analyzed in
detail.

Sections destined for thin sectioning were then
postfixed in 1% OsQj, in phosphate buffer for 2 hours
on ice, washed, dehydrated in a graded series of alco-
hols and embedded in araldite via propylene oxide. To
prevent distortion of the sections, they were restrained
flat in a custom-built holder during the dehydration
steps. Semi-thin and ultra-thin sections were cut
mostly from such plastic-embedded thick sections, a
minority from specimens plastic-embedded en bloc.
Semi-thin sections were stained with 0.2% toluidin
blue in 0.2% borax solution, ultra-thin sections with
uranyl acetate and lead citrate.

The best semi-thin sections from each specimen
were digitized via a PC framegrabber interface
receiving input from a video camera attached to the
microscope. Each section was stored as a series of
contiguous, but non-overlapping, images by systemat-
ically stepping the field of view along and across in a
grid-like fashion. Using a x40 objective (correspond-
ing to X1350 magnification on the video monitor),
about 50 images were necessary to cover a whole
auditory nerve. For sections of the lagenar nerve bun-
dles, a X100 objective was used (corresponding to
%3400 magnification on the video monitor). For each
image, the axon profiles (enclosed by but excluding
the myelin sheath) were then defined using standard
image analysis software (analySIS; Soft Imaging
Software, Miinster, Germany). The necessary steps
involved image sharpening, contrast enhancement,
definition of a window of grey values for particle
detection and subsequent manual editing (examples in
Figs. 1 and 2). Axons bordering the edge of the image
were excluded if less than half of their profile was
thought to be showing. For each particle so defined,
the following automatically-measured parameters
were then stored: 1. The X-and Y-coordinates of the
particle’s centre of gravity. 2. The diameter, derived
by sliding 2 tangents around the particle in 15° steps
and measuring the distance between the 2 points on
the particle’s outline touching the tangents; both the
maximal and minimal diameter were stored. 3. The
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FIGURE 1 Example of the major steps of the semi-automated image analysis used to define axons in peripheral semi-thin sections that only
contained lagenar fibres. Each image shows about half the area visible on the video monitor., using a x100 objective on the microscope. A:
Digitized microscope image. B: The same image as in A, but after digital sharpening and contrast enhancement. C: The same image as in B,
with a coloured overlay, showing individual particles covering areas of a custom-defined range of grey values. The different colouring accord-
ing to diameter is simply a visual aid and bears no importance for further analysis. Note some errors. i.e.. particles that are not axons (two
examples marked with arrowheads) and axons not detected (two examples marked with asterisks). D: The same image as in C, but after inter-
active correction of detection errors. At this stage, particle parameters were measured automaticall y and stored. Refer to color version at the

back of the journal,

equivalent circle diameter (ECD), derived from the
particle area (A), assuming a circular profile:

ECD = 2 V(A/n).

Control counts of the number of fibres were carried
out manually from video-print montages of the stored
images (print magnification x500 and %1250, respec-
tively, depending on the objective used for recording).

Ultra-thin sections were viewed with a Jeol-100x
transmission electron microscope (TEM) at 100 kV
acceleration voltage. A continuous strip of pho-
tographs was taken at 2600 magnification, covering a
complete transect approximately along the midline of

the short axis of the cross-section in one specimen, and
at X2000 magnification covering a transect approxi-
mately along the midhine of the long axis of the section
in another specimen. The photographic negatives were
digitized using a flatbed scanner with a transparency
adapter. Measurements were then made at a final mag-
nification of x7800 and x6000 on the video monitor,
respectively, using the interactive distance measuring
utility of the image analysis software. Axon and fibre
diameter were subjectively defined as the widest
cross-sectional distance, perpendicular to the long
axis. Fibre diameter was defined as including the
myelin sheath, axon diameter as the corresponding
distance within the myelin sheath, assuming there is
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FIGURE 2
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Example of the major steps of the semi-automated image analysis used to define axons in most semi-thin sections. Each image

shows about half the area visible on the video monitor, using a x40 objective on the microscope. Panel layout is the same as in Figure 1. The
large objects that were left undetected are blood vessels. Refer to color version at the back of the journal.

normally no significant distance between the axon
membrane and the inner-most myelin layer.

RESULTS

Distinction of Fibre Populations

Cross-sections of the auditory ganglion and nerve of
the barn owl were obtained at varying levels (Fig. 3).
Measurements of the whole population of fibres were
derived from complete sections at a level near the inter-
nal auditory meatus where the nerve passes through the

brain capsule. At this level, which will be referred to as
“central sections” (Fig. 3) in the following, the nerve
consists of both afferent and efferent fibres that supply
the basilar papilla and the lagenar macula. There are
therefore four basic groups of fibres: afferent-papillar,
efferent-papillar, afferent-lagenar and efferent-lagenar.
These four groups will also be represented at all levels
that lie more apical. At locations beyond the internal
auditory meatus, i.e., further towards the base of the
papilla, only papillar afferents and efferents will be
encountered (Fig. 3).

A distinct fibre bundle containing efferent fibres was
easily identified in all central sections (Fig. 4). Evidence
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FIGURE 3A  Schematic drawing of the skull of a barn owl, as seen
from the left. The dashed circle indicates the location of the eye. The
brain, whose long axis defines the rostrocaudal and dorsolateral axes,
is drawn in light grey. The cochlear duct is indicated schematically as
a black curved line adjacent to the brainstem. In B, an isolated
cochlear duct is drawn at higher magnification, but with the same
general orientation. Note that the curvature of the barn owl’s cochlear
duct is actually three-dimensional, such that the apical third would be
curving away from the observer towards the skull’s midline. The
solid black band indicates the basilar papilla, the grey band at the very
apical end shows the macular lagena. Several examples of afferent
neurones, including one from the lagena, are also drawn in black, to
illustrate their typical paths and the positions of their cell bodies.
Black double lines indicate the levels of central and peripheral cross
sections that were used for evaluation of either the complete auditory
nerve or the lagenar fibres only. respectively. Thick grey lines indi-
cate the approximate positions of several additional cross sections
analyzed to differentiate between fibres of different frequency ranges.

for the efferent nature of this bundle and the characteris-
tics of its fibres will be described as part of a separate
publication (in preparation). The efferent fibre bundle
could also be distinguished peripherally, running along
the cochlear ganglion. Only at very apical and basal

positions, respectively, where the efferent fibres dis-
persed and/or became very few, a reliable distinction
was not possible. Unless mentioned otherwise, only
results excluding the efferent bundle will be presented
in this study and it will be assumed that these are all
from afferent fibres.

A distinction between afferents from the basilar
papilla and lagenar macula was not possible with any
certainty in central sections, or in sections along the
cochlear ganglion. Although the general arca where
the lagenar fibres clustered was easily recognized by
their heterogenous axon diameters, there was no dis-
tinct border between the two populations. Only in sec-
tions cut near the apical end of the basilar papilla,
which will be referred to as “peripheral” (Fig. 3), was
the lagenar fibre population clearly separable (Fig. 5).
Unfortunately, afferent and efferent lagenar fibres
could not be distinguished at this peripheral level.

Accuracy of the Image Analysis Used

A semi-automated procedure of particle detection in
video images was used to obtain fibre counts and mea-
surements from complete nerve sections, avoiding
introducing biases into the data by sampling. The fol-
lowing potential sources of deviation and/or error
(compared with conventional sampling and measuring
methods) have to be considered:

I. Particle detection was never perfect. An individual
image could contain as many as 1,500 particles, and
no matter how carefully the interactive user scruti-
nized the particles defined. there could be no cer-
tainty that each particle corresponded to an axon and
that each axon was detected. The control counts car-
ried out manually from videoprints were therefore
compared to the particle counts derived from video
analysis. For 9 individual images from central nerve
sections, the ratio of particle count/hand count varied
mostly between 1.015 and 1.069; in one extreme case
it reached 1.231. Numbers tended to deviate more for
images with small fibres and/or a loose arrangement
of fibres; in the latter case, the particle count some-
times included a substantial number of inter-fibre
spaces. However, images with these conditions were
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FIGURE 4 Low-magnification view of a semi-thin central section of the auditory nerve. At the top, a piece of the brainstem is also visible
where the border of the auditory nerve is indicated by the dashed lines. Also note the distinct small fibre bundle marked with an “e” in its cen-
tre (top left). which was identified as efferent (see text). The dark rectangle at the right edge of the nerve is an artefact,

rare within the total number of some 50 images cov-
ering one central nerve section. Averaged over all 9
control counts, the count ratio was 1.057 (n=9). i.e.,
the particle count tended to be 5.7% higher than the
manual count. Since, in the peripheral sections, lage-
nar fibres tended to be small and loosely arranged, a
higher magnification (see Methods) was used for

these. Count ratios for 3 complete counts of periph-
eral sections varied between 1.018 and 1.070, with
the particle count lying, on average. 3.6% above the
manual count. It may thus be assumed that the video
analysis used overestimates the number of axons by
approximately 5%, chiefly due to the erroneous
inclusion of non-axon particles.
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FIGURE 5 Low-magnification view of a semi-thin peripheral section near the apical end of the basilar papilla (marked “BP”). The dashed
line separates the papillar fibres (to the left) from the lagenar fibres (to the right) as determined by perusal of serial sections beyond the apical
end of the papilla. Note the homogenous appearance of the small group of papillar fibres in contrast to the mixed fibre sizes in the lagenar bun-

dles. The dark bands on the left are artefacts (small folds in the section).

2. There are different methods for defining axon
diameter. According to Karnes et al. (1977), the
most accurate representation is achieved by the
equivalent circle diameter (ECD, see Methods).
This method, however. overestimates the axon
diameter if the plane of section deviates from an
ideal cross-section. Special care was therefore
taken to obtain sections with a minimal number of
fibres appearing to be obliquely cut. In the absence
of any established criteria. we followed Arnesen
and Osen (1984) and used the quotient of maximal
and minimal diameter (see Methods) to assess the
roundness of the particle profiles. All particles with
a quotient >2.0 were discarded for axon size mea-
surements. These were between 3.1% and 23.3% of
all particles in different sections. In a small sample
of fibres from TEM photographs, a subjective def-
inition of axon diameter (the widest distance across
the axon perpendicular to its long axis) was com-
pared to the ECD and the minimal diameter as
given by the image analysis. The minimal diameter
corresponded very well to the subjective measure-
ment, with an average deviation of only 5%. The

ECD was, on average, 25% larger than the subjec-
tive measurement. Since similar subjective defini-
tions were used in most of the studies published on
auditory nerves, we will show data for both the
ECD and the minimal diameter.

Total Number of Afferent Fibres

Three central sections from completely-preserved
nerves, two of these from the left and right sides of one
individual, were analyzed. The number of afferent
fibres counted by image analysis varied very little,
from 34,154 to 34,218 (Table I). The average number
was 34,187. Subtracting 5% (the estimated error of the
image analysis method used. see above), leaves an
average of 32,478 papillar and lagenar afferents,

The number of lagenar fibres counted in 4 peripheral
sections from different individuals varied consider-
ably, from 1,087 to 1,710. Since one of the specimens
could only be counted manually (because the contrast
proved insufficient for the image analysis), manual
counts only are given for all specimens (Table I). The
average number of lagenar fibres was 1,342,
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TABLE I Number of fibres and average axon diameter measures
for 3 centrally-sectioned specimens, i.e., all afferent fibres, and 4
peripherally-sectioned specimens, i.e., lagenar fibres. Fibre
numbers were determined by image analysis for the central sections
and include all detected particles. For peripheral sections, only
manual counts are given, because one specimen was not suitable for
image analysis. Values given for axon ECD and minimal diameter
were determined by image analysis in all cases and include only
particles whose ratio of maximal/minimal diameter was <=2.0.

specimen number  mean ECD  mean min.diam.
of fibres + st.dev. + st.dev.

all afferents

(central sections):

TAEL6 right 34188 291 £ 0.68 281 £1.10

TAEIL®G left 34154 2841071 e et LI |

TAE20 left 34218 3462097 2.96+0.76

lagenar fibres

(peripheral sections):

Tytol8 right 1710

Tyto26 left 1110 2.07£0.71 1.92 + (.64

Tyto29 left 1377 240+ 0.88 2,18+ 0.81

Tyto33 left 1171 2.02+0.64 1.88 £ 0.59

Subtracting the average lagenar fibre count from the
total afferent count leaves an average number of
31,142 papillar afferent fibres. This number includes a
small uncertainty since the peripheral lagenar count
included efferents, whereas the central count did not.
However, the whole lagenar fibre population was such
a small proportion of the total auditory-nerve fibre
count in the barn owl that the potential error can be
assumed to be very small and will be ignored for the
purpose of the present paper.

Number of Papillar Afferents Across Frequencies

We were interested to see what proportions of the affer-
ent fibre population derive from different regions of the
basilar papilla, i.e., represent the different frequency
ranges. Counts were therefore made at different positions
along the basilar papilla: at 9%. 21%, 33%, 45%. 58%
from the apical end of the papilla and at a central level in
one ear, and at 72%, 84% and 95% from the apical end
of the papilla from the other ear of the same animal (see
Fig. 3). At the most apical level, papillar and lagenar
fibres could be clearly distingﬁ‘ishcd: at all other levels
up to 58% and centrally, the average number of 1,342
lagenar fibres was subtracted from the total count. The

efferent fibre bundle could be reliably excluded between
33% and 72%, as well as in the central section. At more
apical levels, there appeared to be very few efferents
(own unpublished observations) and no attempt at cor-
recting for their number was therefore made. At more
basal levels, fibres running peripheral to the cochlear
ganglion were excluded, since a large proportion of these
appeared to be efferent (own unpublished observations).
The individual counts thus derived represent the cumula-
tive number of afferent fibres successively joining the
nerve, beginning at the apical end up to 58% along the
basilar papilla and, by simple subtraction from the total
count, also up to the basal end (Fig. 6A). This cumula-
tive distribution shows that the majority of afferent
fibres derive from approximately the apical 60% of the
basilar papilla, with a marked flattening of the curve, i.e.,
less growth in fibre number, in the basal 30-40%. Using
the cochlear map for the barn owl (Koppl er al., 1993),
these positional data were also converted to frequency
(Fig. 6B). Frequencies below about 2 kHz are thus seen
to be underrepresented in terms of afferent fibre num-
bers, and higher frequencies are represented with
approximately equal shares of fibres for each octave.

The counts were compared with an estimate of fibre
numbers across frequencies derived from hair-cell
innervational data in the barn owl (Fischer, 1994b).
Using Fischer’s values for the number of afferently-
innervated hair cells across the width at different posi-
tions along the basilar papilla and the number of
afferent terminals on each hair cell across the width,
expected total numbers of afferent fibres were calcu-
lated for the different papillar regions. For the most
apical region, a correction factor of 0.5 was applied,
since every afferent was observed to contact an aver-
age of two hair cells there (Fischer, 1994b). Actual
counts and calculated fibre numbers are compared in
Figure 6 and were in excellent agreement.

Axon Diameters

Two different methods, ECD and minimal diameter,
were used to measure axon diameters (see above). In
central nerve sections, the average ECD was 2.91, 2.84
and 3.46 um in 3 different specimens, respectively; the
average minimal diameter was 2.81, 2.57 and 2.96 um
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FIGURE 6 Fibre numbers from different regions of the basilar
papilla, normalized to the total number of papillar fibres determined
in a central section, as a function of the position along the basilar
papilla (A) or the corresponding characteristic frequency (B). The
solid line gives the cumulative fibre number counted in progressively
more basal sections, bars show the difference between successive
sections. The dashed line is an estimate of the cumulative fibre num-
ber calculated from the data given in Fischer, 1994b (see text).

(Table I). Two factors may have contributed to the vari-
ation seen between specimens, apart from differences
between individual animals. First, the preparation with
the largest axon diameters (TAE20) was fixed using a

higher aldehyde concentration than for TAE16 (fixatives
a) and b), respectively; see Methods). Second, one of
the specimens (TAEI16 right) was initially sectioned
with a vibratom, the other 2 with a cryostat, necessitat-
ing sucrose infiltration for cryo-protection. However,
this methodological difference appeared to have only a
minor influence, since the 2 cryo-sectioned nerves
were the ones with the smallest and largest average
axon diameters, respectively.

Figure 7 a to d shows the axon size distributions for
each nerve separately, as well as combined and nor-
malized across specimens. Although extreme values
ranged from 0.95 to 9.9 um for the ECD, and from
0.75 to 13.92 pum for the minimal diameter, the great
majority of axons fell between 1.0 and 5.5 um. The
distribution was thus within a narrow range and only
slightly skewed towards larger values.

In two specimens, sample measurements from
ultrathin TEM sections along a transect of the nerve
(see Methods) each could be directly compared to
light-microscopical measurements from the same areas
in the neighbouring semi-thin sections. Axon diameters
obtained with both techniques were virtually identical:
2.58 £0.77 um (n = 1130; TEM) and 2.64 + 0.59 Lm
(n = 3175; LM, minimal diameter) in one specimen;
3.05 £ 0.66 um (n = 779; TEM) and 2.96 + 0.79 pm
(n =939: LM) in the other specimen. Also, there was
no evidence for a significant population of very small
and/or unmyelinated fibres that may be missed in the
light microscope (see also below under Myelination).

For lagenar axons in peripheral sections, the aver-
age ECD was 2.07, 2.40 and 2.02 um in 3 different
specimens, the average minimal diameter was 1.92,
2.18 and 1.88 pum (Table I). The ECD ranged from
0.21 to 7.17 um, the minimal diameter from 0.32 to
8.94 um. Lagenar axon calibres thus covered a similar
range to those of the total afferent population but were
much smaller on average, resulting in a more skewed
distribution (Fig. 8).

One of the transects analyzed from an ultrathin cen-
tral section also included a small part of the presumed
lagenar fibre area. Although no sharp distinction
between papillar and lagenar fibres is possible at that
level, a tentative classification was made to compare
the axon diameters derived from TEM measurements
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to those from the same area in the neighbouring semi-
thin section. In contrast to the very similar values
resulting for the papillar population with both tech-
niques, values for the presumed lagenar fibres differed
considerably: 1.50 £0.79 um (n = 64; TEM) and 2.29
+ 0.80 wm (n = 55; LM, minimal diameter).

Variations in Axon Diameter with Frequency

Axon calibres were not homogeneously distributed in

the barn owl’s auditory nerve. A typical example of

the size distribution in a central section is shown

colour-coded in Figure 9. Axon calibres were smallest
along the rostrolateral edge, with minimal diameter
around 2 um and ECD around 2.5 pm. A large and
homogeneous population of axons with minimal
diameters of 2-3 pm and ECDs of 2.5-3.5 um made
up the bulk of the nerve. The largest axons with mini-
mal diameters of 3—-4 um and ECDs of 3.5-4.5 um,
formed a shell all along the medial edge of the nerve.

The diameter of auditory-nerve axons thus
increased from rostrolateral to caudal to medial by
about 2 pm. This raises the obvious question as to
whether the distribution of axon sizes is correlated
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FIGURE 8 Distribution of lagenar axon sizes in peripheral sections, Panel layout is the same as described for Figure 7.

with the tonotopic organization of the nerve. However,
there is no published information on the tonotopic
organization of the nerve. Perusal of serial sections
indicated that it is probably not constant, since the
position of any given group of fibres changes along the
nerve: as new fibres entered the nerve at progressively
more basal locations, they appeared to join mainly at
its medial edge, displacing the fibres already present
from more apical locations progressively caudally and
then rostrolaterally within the nerve. Subsequently,
after passing through the brain capsule, the nerve
appeared to spiral. These observations agree globally
with descriptions of the pigeon auditory nerve (Boord

and Rasmussen, 1963). It is thus difficult to determine
precisely the location of axons of different frequency
in any one section.

Axon sizes were therefore measured in a series of
sections at different levels along the basilar papilla (as
described above, see also Fig. 3). Contour plots were
derived, showing the locations of various axon sizes
within each section, as well as size distributions show-
ing the difference in axon sizes from one section to the
next-basal section in the series (Fig. 10). This sequence
clearly documents a systematic variation of axon cali-
bre with frequency. Axons from the most apical
regions of the papilla (Fig. 10A, B), corresponding to
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frequencies below 2 kHz, were generally small with
minimal diameters around 2 um and ECDs around 2.5
pm. At more basal locations, up to 45% from the pap-
illar apex. increasingly larger axons appeared in the
nerve (Fig. 10C-F). Also, the number of small axons
remained nearly constant over the same distance, indi-
cating that no great changes in the diameters of indi-
vidual axons occurred. This is important because there
are very few ganglion cells within the apical 15% or so,
and many of the afferents measured there will have
made the transition from their peripheral to their cen-
tral process when measured again more basally. Using
the differences between sections (Fig. 10D and F) and
translating distance into frequency, axons between 2
and 3.5 kHz mostly had minimal diameters of 2—4 pum
(Fig. 10D) and ECDs of 2.5-4 um; axons between 3.5
and 5.4 kHz had minimal diameters of 2.5-4.5 um

(Fig. 10F) and ECDs of 3-5 um. Between 45% and
38% from the papillar apex, corresponding to 5.4 to 7
kHz, very large axons around 3-5.5 um minimal diam-
eter (ECD 4-6.5 um) joined the auditory nerve at its
caudomedial edge (Fig. 10G, H). There was also a sub-
stantial increase in smaller axons around 2 um diame-
ter. However, comparing the area and location of small
axons with the contour plot of the preceeding section at
45% from the apex (Fig. 10 G vs. E), the apparent
increase seems to be due to a thinning of previously
larger axons, perhaps related to the imminent passage
of the nerve through the internal auditory meatus. This
interpretation is consistent with the fact that all those
small axons were missing again in a central nerve sec-
tion of the same ear, close to the brainstem, as evident
in the difference plot shown in Figure 101 Up to 58%
from the papillar apex or up to about 7 kHz, axons
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FIGURE 10 (Continued)

newly joining the nerve were thus of increasingly large
diameter with increasing frequency. Basal to that, i.e.,
for frequencies higher than 7 kHz, this trend reversed.
Axons with frequencies between 7 and 8.7 kHz (esti-
mated by subtracting the values of both the 58% and
72% location from those of a central nerve section of
the same ear; Fig. 10I), had a minimal diameter of
2.5-4 pm and an ECD of 3—-4.5 um. At a location 72%
from the papillar apex, representing axons from the
most basal 28% of the basilar papilla and frequencies
above 8.7 kHz, diameters were mostly even smaller,
although somewhat heterogenous (Fig. 10], K).
Sections analyzed at 84% and 95% from the apex (not
shown) indicated a continuous decrease of axon diam-
eters within this group towards the basal end, i.e.,

towards the highest frequencies near 10 kHz. At 95%,
the average minimal diameter was down to 1.9 um, the
average ECD to 2.0 um.

Myelination

The myelination of afferent fibres was determined from
ultrathin sections, sampling a total of 1,973 fibres along
two transects in two different nerves (see Methods).
The transects were chosen to cross known gradients of
axon size and frequency. One of them also included a
small part of the presumed lagenar fibre area. Although
no confident distinction between papillar and lagenar
fibres is possible at that level, a tentative border was
defined, segregating a sample of 64 presumed lagenar
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fibres. Examples of both populations are shown in
Figure 11.

Virtually all the fibres were myelinated. Unmyelinated
axons amounted to no more than 1% of the total number.
Myelination was very uniform across the papillar fibre

FIGURE 11

Examples of presumed lagenar fibres (A) and papil-
lar fibres (B), as they appeared in the TEM. Both panels are shown
at the same magnification. Note the heterogeneity in axon diameters
as well as myelination in the lagenar population compared with the
papillar one.

population, with an average myelin thickness of (.58 &
0.09 um. Assuming an average thickness of 15 nm per
myelin turn (Roth and Bruns, 1993; Fischer et al., 1994),
this corresponds to 39 layers of compact myvelin. There
was no indication of any systematic variation in myelin
thickness with axon diameter, except that at very small
diameters below about 2 um, the scatter increased
towards lower values for the myelin sheath (Fig. 12A).
The quotient of axon diameter and fibre diameter
(including the myelin sheath), called the g ratio, and
commonly used as an indicator of relative myelination,
fell systematically with fibre diameter. This change was
well described by a logarithmic relationship (Fig. 12B).

Presumed lagenar fibres showed more variation and
generally had thinner myelin sheaths (Fig. 12A). Their
mean myelin thickness was 0.39 £0.15 um. This was
also reflected in their g ratios, which generally lay
above those of papillar fibres and showed no discern-
able trend (Fig. 12B).

DISCUSSION

Total Number of Fibres

There are presently few studies giving counts or esti-
mates of the number of papillar and lagenar fibres in
avian auditory nerves. It appears that, generally. the
number of lagenar fibres varies far less between
species than that of papillar fibres. Boord (1969) gave
a total count of 850 lagenar fibres in the pigeon;
Fischer et al. (1994) estimated 1,200-2,000 lagenar
fibres for the chicken. This range also encompasses
our average number of 1,342 lagenar fibres in the barn
owl. About 1,000 fibres may thus be assumed as a rea-
sonable estimate for the innervation of the lagenar
macula in birds.

Papillar, or combined papillar/lagenar fibre num-
bers vary significantly between species and, unfortu-
nately, also between different studies on the same
species. It may be assumed that this is partly due to
different methods of sampling. For example, the num-
ber of 32,478 papillar and lagenar afferents found in
the.present study is very much at variance with
Winter’s (1963) count of 16,550 ganglion cells in the
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barn owl. Since we are confident about the identifica-
tion of the auditory nerve, it is suggested that the
method of counting cell nucleoli in thick serial sec-
tions, as used by Winter (1963), produced a large

cumulative error. Our high number is also supported
by Fischer’s (1994b) estimate of 30,000 afferent pap-
illar fibres in the barn owl, calculated on the basis of
sample counts of the synaptic terminals on hair cells.

Assuming our average count of 31,142 papillar
afferent fibres is correct, it is an extraordinary num-
ber for a bird. The chicken probably has somewhere
between 8,000 (Fischer et al., 1994) and 13,000
(Diiring et al., 1985) papillar fibres; numbers for the
pigeon vary between 5,136 (Boord, 1969) and about
10,500 (Winter, 1963; subtracting 1,000 to account
for the lagena). Winter (1963) also lists several other
non-owl species, with cochlear ganglion cell num-
bers between about 5,100 and 10,700 (always sub-
tracting 1,000 to account for the lagena). Even when
the relatively large number of hair cells in the barn
owl is considered, their nerve-fibre supply stands
out as unusually high;, as illustrated by the quotient
of fibres/hair cells. For the owl, this quotient is 1.91
(31,142/16,300; Fischer et al., 1988), for the
chicken 0.62-1.17 (8,000-13,000/10,500-11,100;
Diiring et al., 1985; Tilney and Tilney, 1986;
Fischer er al., 1994; Manley et al., 1996), for the
pigeon 0.53 to 1.09 (5,136 or 10,500/9,610; Winter,
1963; Boord, 1969; Gleich and Manley, 1988), and
for the starling about 1.05 (6,000-6,400/5,900;
Winter, 1963; Diiring et al., 1985; Gleich and
Manley, 1988). Where ultrastructural data about
hair-cell innervation are available, they confirm the
trend outlined by these quotients. In chickens and
starlings, those hair cells that are afferently inner-
vated receive 1-3 fibres each, whereas in the barn
owl, up to 20 afferents may contact one hair cell
(Fischer, 1994a).

Afferent Innervation Density Across Frequencies

Afferent innervation density can be expressed as the
number of fibres either per innervated hair cell or per
unit length of basilar papilla or per frequency range.
The number of afferent fibres contacting individual
hair cells has been well documented through recon-
structions from serial ultrathin sections in several bird
species (review in Fischer, 1994a). In contrast to mam-
mals, however, where the density of inner hair cells
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does not vary much along the cochlea (e.g., Bruns and
Schmieszek, 1980; Bohne et al., 1982; Burda et al.,
1988; Spoendlin and Schrott, 1989), these data do not
easily predict the number of fibres supplying different
regions along the basilar papilla in birds. Hair-cell
numbers per unit length of papilla vary considerably in
birds, as does the proportion of afferently-innervated
hair cells (reviews in Manley, 1990; Fischer, 1994a).
The afferent fibre counts presented here for different
regions along the basilar papilla of the barn owl there-
fore show the highest innervation density considerably
more apical than the maximum in the number of fibres
contacting a single hair cell (Fischer, 1994b). If all rel-
evant parameters are known for a given species, how-
ever, the afferent number for entire regions of papilla
can be predicted fairly accurately from ultrastructural
data, as the comparison in Figure 6 demonstrates. The
main discrepancy between the actual count and the
calculated number was seen towards the apex, where
branching of afferent fibres, supplying more than one
hair cell, is known to occur (Fischer, 1994b). It is pos-
sible that the degree of branching was underestimated
due to the necessarily small sample size in ultrastruc-
tural studies, leading to a corresponding overestimate
of afferent fibre numbers.

In the barn owl, the apical 20% of the basilar papilla,
corresponding to frequencies below 2 kHz, are under-
represented in terms of afferent fibre numbers; only
14% of all afferents derived from these cochlear
regions. This distribution resembles, but does not mir-
ror, the space devoted to different frequency bands.
According to the cochlear map of the barn owl (Koppl
et al., 1993), higher octaves occupy a rapidly increasing
amount of space, culminating in an “auditory fovea” for
about 5-10 kHz, whereas afferent fibre numbers per
octave plateaued at about 2 kHz. This appears to be in
contrast to some bats that show similar expansions in
their spatial frequency representation but, in addition,
match these with regions of maximal afferent innerva-
tion density (Vater et al., 1985). However, the barn owl
also shows the highest density of afferent fibres per
innervated hair cell in the foveal region of its cochlear
map (Fischer, 1994b); only increasing numbers of
afferently-innervated hair cells towards the apex result
in a mismatch between spatial representation of

different frequency bands and their representation in
terms of afferent fibre numbers. This mismatch is sig-
nificant because it suggests that the relative importance
of different frequency bands in subsequent central pro-
cessing is not a simple reflection of the cochlear map.

The particular pattern of innervation density along
the basilar papilla of the owl, with its emphasis on fre-
quencies above 2 kHz, is likely to be unique among
birds, although few comparative data from other
species exist. In the pigeon, Takasaka and Smith
(1971) showed that the afferent fibre numbers per unit
length of basilar papilla mirrored the corresponding
hair-cell numbers, i.e., declined almost monotonically
from apical to basal. According to the frequency map
for the pigeon cochlea (Smolders et al., 1995), an
overwhelming majority (about 80%) of all afferent
fibres would then derive from regions of the papilla
devoted to frequencies below 1 kHz. Fischer et al.
(1994) gave estimated cumulative fibre numbers for
the chicken, calculated from samples at several points
along the cochlear ganglion. Their numbers indicate a
local maximum of afferent fibres at 60—70% from the
apex, corresponding to about 1-3 kHz (Manley et al.,
1987; Chen et al., 1994).

Average Axon Diameters

Both papillar and lagenar axons are larger in the barn
owl than previously reported for birds. However, the
discrepancy is much greater for the papillar axons.
Fischer ez al. (1994) reported an average diameter of
1.41 pm for myelinated lagenar axons. Boord (1969)
measured fibre diameters (presumably including the
myelin sheath) in the pigeon, however, he only gave
the size distribution, without any average values.
Estimating from the distributions he gave, lagenar
fibres had an average diameter of about 1.5 pm. Both
these values are close to the modal values of axon diam-
eters reported for other vestibular nerve branches in the
pigeon (1-2 um), but smaller than the average diame-
ters of most of these (1.4 to 3.5 um; Landolt et al.,
1972). This reflects the more symmetrical distribution
of axon diameters in lagenar fibres (Fischer et al., 1994;
this study) compared to other vestibular nerve branches,
which show strongly positively-skewed distributions
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(Landolt et al., 1972). The average diameters found for
barn owl lagenar axons (around 2 pm, Table I) suggest
that barn owl vestibular fibres may be generally
25-30% larger than in the chicken and pigeon.

Papillar axons in the chicken and pigeon were found
to be of a similar calibre to the lagenar axons: 1.36 um
on average in the chicken (Fischer et al., 1994), about
1.7 pm for fibres (presumably including the myelin
sheath) in the pigeon (Boord, 1969). This is certainly
not true for the barn owl. Papillar axons were both
considerably larger than lagenar axons and had almost
twice the diameter of papillar axons in the chicken and
pigeon. The variation of axon diameters across fre-
quency suggests that this difference in average diame-
ters may be partly due to exceptionally high numbers
of the large mid- to high-frequency fibres in the owl.
However, too little is presently known about the distri-
bution of fibre numbers and diameters across fre-
quency in other bird species.

Ow]1 papillar axons were close in size to myelinated
cochlear axons in mammals, e.g., cat (2.8 to 3.6 pum;
Gacek and Rasmussen, 1961; Arnesen and Osen,
1978), rat (2.7 um; EL Barbary, 1991) and guinea pig
(around 3 pum; Gacek and Rasmussen, 1961; Friede,
1984; Gleich and Wilson, 1993). Comparing a range
of mammalian species, however, a proportional rela-
tionship between general body size and axon diame-
ters in the auditory nerve is evident. In the mouse,
cochlear axons measure only 0.8 to 2.2 um across
(Anniko and Arnesen, 1988), whereas in some whale
species, average diameters are around 10 pm (Guofu
and Kaiya, 1990). Considering the larger size of lage-
nar axons in the owl compared with other birds, part of
the difference between the papillar populations may
therefore also be related to the relatively large body
size of the barn owl.

Variation of Axon Diameter Across Frequencies

Axon diameters in the auditory nerve of the barn owl
were shown to be systematically related to the fre-
quency range coded by different afferents. Although
the method used for documenting this was somewhat
indirect, relying on differences between successive
cumulative fibre populations, we believe it may better

reflect functionally-relevant differences than the obvi-
ous alternative, which would be measurements from
tangential sections along the Habenula perforata.
First, in mammals, axon diameters along the periph-
eral process of the afferent neurone have been shown
to be generally much smaller than along the central
process and the relationship between the two is not
necessarily uniform (Spoendlin and Schrott, 1989;
Ryugo, 1992). Second, in birds also, the central
process is the much longer one and can therefore be
expected to dominate the electrophysiological charac-
teristics of the neurone.

The variation in axon diameter found in the owl was
such that diameter first increased with increasing fre-
quency, from about 2 m to 4-5 pm at 7 kHz, and sub-
sequently decreased again to about 2 pm at the highest
frequencies. This trend is suited to maximize latency
differences at the cochlear nucleus that are due to con-
duction time: apical, low-frequency afferents that have
the longest travel distance between their peripheral
innervation site and the brainstem have the smallest
axons. Afferents at 68 kHz, whose peripheral innerva-
tion sites are very close to the internal auditory meatus,
have the largest axons and axons get smaller again with
increasing distance towards the basal end. A crude cal-
culation of spike travel times based on standard con-
duction velocities of myelinated axons of different
diameter (Ritchie, 1982) and estimated travel distances
to the brainstem (Kopp! et al., 1993) predicts about 1
msec for the most apical fibres of 2 pm diameter (con-
ducting at 10m/s over a distance of 10 mm), about 0.3
msec for fibres of 4 um diameter (at a velocity of
20m/s over 6 mm), and about 0.8 msec for the most
basal fibres of 2 um diameter over § mm. Maximal dif-
ferences in arrival time due to axonal travel times thus
amount to about 0.7 msec, but the trend would be non-
linear across frequencies with the minimum at about
7 kHz. These latencies would combine with other
known delays that increase towards low frequencies by
at least one msec, such as mechanical travel times
and/or differential filter response times in the cochlea
(Gummer et al., 1987; Gleich and Narins, 1988). The
combination might result in an equalization of overall
delay times for the high frequencies if the absolute val-
ues of cochlear and conduction delays match inversely.
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However, no reliable estimates of these values are
presently possible, since there are no data on cochlear
delays in the barn owl and the calculations of axonal
conduction times are based on questionable assump-
tions (see Discussion on Myelination below). Whether
potential differences in arrival time of different fre-

quencies in the cochlear nucleus have any physiologi- -

cal significance is unclear in any case. According to the
stereausis model of Shamma (1989), the detection of
interaural time differences could be based on differ-
ences in arrival time of different frequencies. Should a
delay equalization at high frequencies exist, however,
this mechanism would not work. Also, while the barn
owl is known to perform interaural comparisons of
ongoing time differences in the microsecond range,
this kind of analysis is done separately in each fre-
quency band at the level of the brainstem nucleus lam-
inaris (e.g., Carr and Konishi, 1990). Convergence of
frequencies occurs later, at the level of the midbrain,
after interaural time differences have been spike
encoded (e.g., Takahashi and Konishi, 1986).

Friede (1984) found a similar difference in axon
diameters in the guinea pig to the one described here
for the owl. Afferent axons from the apical parts of the
cochlea had diameters about 2 um smaller than those
from basal regions. He suggested that larger axons
may rather be an adaptation to improve time signalling
at higher frequencies, since there is evidence that with
increasing conduction velocity, the time course of the
action potential may also speed up (Paintal, 1966,
1967). This is an especially attractive hypothesis for
the barn owl, since auditory-nerve fibres in this animal
are known to phase-lock up to extremely high fre-
quencies of about 9 kHz (Sullivan and Konishi, 1984;
Koppl, 1995). Phase-locking is defined relative to the
cycle period of the stimulating frequency, therefore
the temporal precision required on an absolute scale is
increasing at higher frequencies.

There is also evidence for exactly the opposite
trend, i.e., smaller axons in high-frequency afferents,
from a number of other species, including birds
(Takasaka and Smith, 1971; Fischer et al., 1994),
mammals (Arnesen and Osen, 1978; Anniko and
Arnesen, 1988), lizards (Miller, 1985; Mulroy and
Oblak, 1985) and a frog (Simmons and Narins, 1995).

Given the diversity in hearing organs of all these
species, and the existence of opposing patterns of axon
size and frequency, a uniform adaptive value of these
patterns is not likely.

Myelination

In the present study, almost all axons were found to be
myelinated, with only a negligible number of maxi-
mally 1% being unmyelinated in central nerve sections.
The most likely origins of these unmyelinated axons are
either autonomic fibres or efferent fibres running dis-
tributed within the nerve and not within the clearly rec-
ognizable bundle that was excluded from analysis.
There is no evidence that distinct populations of affer-
ents, like the type I and type II afferents in mammals
(e.g., Ryugo, 1992), exist in birds. Spiking, sponta-
neously-active afferents responding to sound have been
traced within the known or estimated limits of afferent
innervation in the basilar papilla (Gleich, 1989; Manley
et al., 1989; Smolders er al., 1995). Afferent terminals
(e.g., Takasaka and Smith, 1971; Fischer, 1994a) and
probably also cochlear ganglion cells (Fischer et al.,
1994) are of a uniform morphological type.
Myelinated axons were surrounded by compact
myelin. The absolute thickness of the myelin sheath
was found to be invariant with axon diameter for papil-
lar afferents in the barn owl. This resembles similar
measurements in the chicken (Fischer er al., 1994) and
the rat (Roth and Bruns, 1993). In the cat, a weak corre-
lation was described with axon circumference, such that
larger axons had thicker myelin sheaths (Arnesen and
Osen, 1978). A weak, or even no, dependence on axon
size means the g ratio, i.e., the relative degree of myeli-
nation, changes with both axon and fibre size. Auditory-
nerve fibres thus generally do not appear to follow the
rule of optimal myelination derived from other periph-
eral nerves, where myelination was found to be adjusted
to a uniform g ratio of 0.6 to 0.7. This is a range where,
theoretically, maximal conduction velocity is achieved
independent of total fibre diameter (e.g., Rushton,
1951; Goldman and Albus, 1968; Smith, R. S. and
Koles, 1970; Waxman and Bennett, 1972). According
to this rule, many large axons in the barn owl are
“undermyelinated”, whereas the smallest axons are
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uneconomically “overmyelinated” to gain little addi-
tional speed. This suggests that either crucial underly-
ing assumptions, such as the proportionality of fibre
diameter and internodal spacing (Rushton, 1951;
Goldman and Albus, 1968), may not be valid for the
auditory nerve or that economical maximization of con-
duction velocity is not always of primary importance.

Myelin thickness varies considerably between
species. Values for the barn owl, the rat (EL Barbary,
1991) and the guinea pig (estimated from the diame-
ters and mean g ratio given by Friede (1984) are simi-
lar, at around 0.5-0.6 um. Chicken papillar fibres,
however, have thinner myelin sheaths of only around
0.3 pm (Eisensamer, 1991) and cat fibres are thickly
myelinated by 40-70 layers (Arnesen and Osen,
1978), translating into about 0.8 wm. These numbers
suggest a crude correlation with general body size, as
already pointed out for the average axon diameters
(see above). Larger animals generally have larger
axons and/or heavier myelination, possibly to com-
pensate for their generally longer distances between
the cochlea and brainstem.
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Colour Plate I (See page 316, Figure 1) Example of the major steps of the semi-automated image analysis used to define axons in
peripheral semi-thin sections that only contained lagenar fibres. Each image shows about half the area visible on the video monitor,
using a x100 objective on the microscope. A: Digitized microscope image. B: The same image as in A, but after digital sharpening and
contrast enhancement. C: The same image as B, with a colour overlay, showing individual particles covering areas of a custom-defined
range of grey values. The different colouring according to diameter is simply a visual aid and bears no importance for further analysis.
Note some errors, i.e., particles that are not axons (two examples marked with arrowheads) and axons not detected (two examples marked
with asterisks). D: The same image as in C, but after interactive correction of detection errors. At this stage, particle parameters were
measured automatically and stored. :
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Figure 2) Example of major steps of the semi-automated image analysis used to define axons in most

semi-thin sections. Each image shows about half the area visible on the video monito

layout is the same as in Figure 1. The large objects that were left undetected are blood vessels.

Colour Plate II (See page 317
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Colour Plate 111 (See page 325, Figure 9)  Example of the distribution of axon minimal diameters in central sections, shown as a colour-
coded contour plot. The outline of the section is reproduced to scale, with the anatomical axes indicated by the ordinate and abscissa.
Areas within the section are coloured according to the minimal diameter average over small squares of 50 x 50 pm; these squares are
indicated by a fine grid, the colour code is explained in the legend (note that the red-brown arcas representing diameters of 1.5-2 um
do not exactly match the brighter red in the legend). The area marked "LAG" indicates the approximate position of the lagenar fibre
group. This thin halo of apparently small diameters adjacent to the large ones along the medial edge of the nerve is an artefact of the
plotting procedure.
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Colour Plate 1V (See page 326, Figure 10) Distributions of axon minimal diameters in a series of sections from the apex to the base
of the basilar papilla and the nerve as indicated in Figure 3. Panels A ,C \E ,G and J are the contour plots with the same layout and the
same colour code as Figure 9. All contour plots are drawn to the same scale and are oriented alike. Panels B, D, F, H, I and K show the
differences in the distributions of minimal diameters between successive sections whose position and approximate frequency range are
indicated. Their bin classification and colour code also correspond to the legend in Figure 9 (note that the bright red of the bars representing

diameters of 1.5-2 um does not exactly match the more brownish red of the corresponding areas in the contour plots); bins shown in

white are not represented in the contour plots if the corresponding axons were at the edge of the nerve.
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Colour Plate V (See page 327, Figure 10 continued)



