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The diameters of guinea pig auditory nerve fibres:
Distribution and correlation with spontaneous rate >
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In the mammalian auditory nerve physiological recordings revealed that the spontaneous discharge rate of single auditory fibres correlates
with the diversity of input-output functions which may be important for intensity discrimination (e.g., Sachs and Abbas, 1974, Liberman, 1978;
Winter et al., 1990). In this study we determined if the spontaneous discharge rate of auditory nerve fibres in the guinea pig is correlated with an
anatomical feature, namely the diameter of the respective fibres. The diameter of myelinated (Type I) guinea pig auditory nerve fibres was
measured after staining with different techniques. Measurements were made on semithin sections using a video image analysis system. The
diameters of fibres stained with toluidine blue from the portion of the auditory nerve containing fibres from the basal turn of the cochlea were
found to have a normal distribution. Fibres were also labelled with horseradish peroxidase by bulk injection into the spiral ganglion. It was found
that the presence of horseradish peroxidase within the fibres reduced the measured diameter in comparison to adjacent unlabelled fibres. A
number of fibres were physiologically characterized with respect to spontaneous discharge rate and subsequently intracellularly labelled with
horseradish peroxidase. Fibre diameter of a selected sample of intracellularly labelled fibres was measured over a distance of 800 pwm within the
internal auditory meatus. At the positions nearest to the spiral ganglion fibres possessing low spontaneous rates were found to have smaller

diameters than high spontaneous rate fibres. No difference in fibre diameter was found for the positions near the cochlear nucleus.

Hearing; Cochlea; Horseradish peroxidase; Single cell labelling; Video image analysis

Introduction

The mammalian auditory nerve is composed of fi-
bres which differ in their patterns of hair cell innerva-
tion, morphological characteristics and response prop-
erties to sound. The majority of these fibres are affer-
ent fibres, 90-95% of which innervate the inner hair
cells of the cochlea (Spoendlin, 1972). This group of
afferent fibres have been named Type I fibres
(Spoendlin, 1971) and are myelinated, spontanecously
active and responsive to sound. The remaining 5-10%
of afferent fibres, referred to as Type 1I fibres, inner-
vate outer hair cells. These are small diameter fibres
which are usually unmyelinated (Spoendlin, 1979;
Liberman, 1982; Kiang et al., 1982). So far only one
Type 11 cell has been recorded from and this fibre did
not respond to sound (Robertson, 1984).

Type I fibres have been further categorized on the
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basis of spontaneous discharge rate (SR) and threshold
at characteristic frequency, the sound frequency to
which the fibre is most sensitive (Liberman, 1978;
Liberman, 1982; Robertson, 1984; Rhode and Smith,
1985, Winter et al., 1990). Liberman (1978) proposed
three categories for Type 1 fibres in the cat on these
bases: high SR for fibres with SRs greater than 18
spikes per second, medium SR for fibres with SRs
between 0.5 and 18 spikes per second and low SR for
fibres with SRs less than 0.5 spikes per second. In a
number of species high SR fibres have the lowest
thresholds, medium SR fibres have intermediate
thresholds, and low SR fibres have the highest thresh-
olds (Liberman 1978; Schmiedt, 1989; Winter et al.,
1990).

Other response properties have since been shown to
vary with SR. In both cats and guinea pigs the fibres
within the three SR categories differ in the shape of
their rate-intensity functions (Liberman, 1988, Sachs et
al., 1989; Winter et al., 1990; Yates et al., 1990), and in
the range of sound intensities they detect (dynamic
range). In guinea pig high SR fibres have a dynamic
range of 20 to 30dB while low SR fibres have a dy-
namic range in excess of 60dB (Winter et al., 1990).

Morphologically, Type 1 fibre diameters differ but
they are unimodally distributed (Gacek and Ras-
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mussen, 1961; Arnesen and Osen 1978; Friede, 1984;
Spoendlin and Schrott, 1989). After intracellular injec-
tion of horseradish peroxidase (HRP) into fibres of
known SR Liberman and Oliver (1984) showed in cat
that differences in fibre diameter were correlated with
SR. Low SR fibres had on average smaller diameters
and high SR fibres had the largest diameters. This
difference was greatest in the dendritic portion periph-
eral to the spiral ganglion, but was still evident in the
segment between the spiral ganglion and the cochlear
nucleus.

There are other morphological differences in fibre
diameter that are not associated with SR. In the cat,
squirrel monkey and mouse, fibres emanating from the
basal turn of the cochlea are presumably smaller than
apical turn fibres (Alving and Cowan, 1971; Arnesen
and Osen, 1978; Anniko and Arnesen, 1988). However,
the diameters of basal and apical fibres are not signifi-
cantly different in humans (Spoendlin and Schrott,
1989) but in the guinea pig apical fibres were report-
edly smaller than basal fibres (Friede, 1984). Further-
more fibre diameter also varies along the VIIIth nerve
trunk. In cat, guinea pig and human the portion distal
to the spiral ganglion has fibres with smaller diameters
than the portion between the spiral ganglion and the
cochlear nucleus (Liberman and Oliver, 1984; Brown,
1987; Spoendlin and Schrott, 1989).

To date there has been no detailed investigation of
the correlation between axonal morphology and physio-
logical properties in the guinea pig. The purpose of
this study was to determine the distribution of fibre
diameters and to describe the relationship between
axonal diameter and SR in this species.

Methods

Animal preparation

A total of 26 guinea pigs (weighing 260-620 g) were
used in this study. The animals received approximately
0.3 mg/kg atropine sulphate subcutaneously prior to
anaesthesia. Ten minutes later they were given 25
mg/kg Nembutal (pentobarbitone sodium) intraperi-
toneally followed by Hypnorm (1.77 mg fluanisone and
0.035 mg fentanyl per kg). This regimen induced surgi-
cal anaesthesia for 3—4 h, as checked by the hindlimb
withdrawal reflex, but did not interfere with normal
respiration in healthy animals. All incisions were infil-
trated with 2% Lignocaine solution. Surgical prepara-
tion and recording generally lasted 3-4 h, until the
animals showed first signs of recovery from the anaes-
thesia. In a small number of experiments an additional
dose of 4.5-5.3 mg/kg Nembutal and Hypnorm (0.6
0.9 mg fluanisonum and 0.012-0.017 mg fentanylum
per kg) was administered in order to continue neural
recordings.

Recording and HRP injection

The animal was placed in a sound-attenuating
chamber on an automatically-controlled heating pad.
The head was firmly mounted between two car bars
which also served as the housing for the closed speaker
system. An incision behind the ear and careful dissec-
tion of the muscle layer allowed access to the bulla.
Compound action potential thresholds were monitored
using a silver wire placed near the round window.
Opening of the bulla exposed the basal turn of the
cochlea. To gain access to auditory nerve fibres an
opening was made in the bony wall of scala tympani,
using techniques described previously (Alder and John-
stone, 1978; Winter et al., 1990).

For bulk injections of HRP into the spiral ganglion
of two animals a piece of bone overlying the ganglion
was removed (Robertson and Manley, 1974). About
0.1-0.2 ul 30% aqueous HRP-solution was pressure
injected into the ganglion using a glass micropipette
with a tip diameter of approximately 20 um.

For recording and staining single auditory nerve
fibers within the modiolus (21 animals), a small hole
was made in the bone overlying the modiolus (Alder
and Johnstone, 1978). Electrodes were bevelled and
back-filled with 10% HRP-solution (Robertson, 1984),
and advanced through the small hole into the auditory
nerve. Upon encountering a single fibre, spontaneous
rate was determined from a single or several 5s sam-
ples. Subsequently the frequency versus threshold curve
was measured, generally in 1kHz steps using an auto-
mated threshold tracking programme (Winter et al.,
1990). In this study we were interested in a possible
correlation between SR and the fibre diameter. Thus,
in order to minimize possible effects of the CF (char-
acteristic frequency; frequency where the unit is most
sensitive) that might influence fibre diameter (Alving
and Cowan, 1971; Arnesen and Osen, 1978; Friede,
1984; Anniko and Arnesen, 1988) we biased the CFs of
the cells in this study towards high frequencies (15-
24kHz). When the electrode was intracellular, as indi-
cated by a negative 10-30 mV step, HRP was ion-
tophoretically applied from the electrode by depolaris-
ing current pulses of 2-10nA (50 ms, 10 /s) for 10 min.
The electrode was left in place for 10 min after the
injection, and then advanced further in order to impale
other axons.

After the HRP injections the hole in the bony wall
of scala tympani was covered with a small piece of
gelatine film. Lignocaine solution (0.5-0.8 ml) was
applied around the muscle layer and skin incisions.
These were closed by 3-4 stitches and the animals
were allowed to recover.

Histological processing
Approximately 24 h after the last HRP injection the
animals were killed with an overdose of Nembutal.



They were perfused through the heart with 80 ml of
heparinized 0.9% saline. This was followed by 400 ml
2.5% glutaraldehyde in 0.1 M phosphate buffer of pH
7.4 over a period of approximately 30 min and then 400
ml of 0.1 M phosphate buffer.

The temporal bone, with the complete auditory nerve
and the cochlear nucleus attached, was removed from
the skull. Most of the bulla, the tympanic membrane
and the middle ear ossicles were removed to expose
the cochlea. Care was taken not to stress or break the
auditory nerve. Further dissection was either per-
formed immediately after this step, or after storage of
the specimen in 0.1 M phosphate buffer overnight at
4°C. In order to expose the auditory nerve, excess bone
was removed using a dental drill with small diamond
burrs. The final result of such a dissection is shown in
Fig. 1A.

Specimens were then decalcified for 3~5 days in 0.1
M EDTA solution in 0.1 M phosphate buffer. During
this period specimens were gently agitated and kept at
4°C. After decalcification the auditory nerve was sev-
ered as close as possible to the cochlea.

1

The auditory nerve including the cochlear nucleus
was kept in 30% sucrose in 0.1 M phosphate buffer for
12-24 h at 4°C on a rotator until the tissue sank to the
bottom of the vial and was then agitated for 1-12 h in
albumen gelatine solution (20% egg albumen, 0.5%
gelatine, 30% sucrose in 0.1 M phosphate buffer). The
tissue was embedded in the albumen gelatine mixture
which was hardened by the addition of a few drops of
glutaraldehyde solution. After 20-30 min blocks were
trimmed to an orientation which enabled cross-section-
ing through the auditory nerve.

Serial 80 pum cross-sections of the auditory nerve
were cut on a freezing microtome. They were subjected
to a cobalt intensified diaminobenzidine reaction for
demonstration of HRP labelling as described by Liber-
man and Oliver (1984).

After reaction, sections were osmicated in 1% OsO,
in phosphate buffer for 15 min, washed thoroughly in 6
changes of phosphate buffer, dehydrated in a graded
series of alcohol, and via propylene oxide infiltrated
with araldite. The sections were placed in serial order
with a small drop of araldite between two thick trans-

Fig. 1. (A) The dissected cochlea, auditory nerve and cochlear nucleus of a guinea pig. Calibration scale bar 1 mm. (B) Photomicrograph of a
cross-section of the auditory nerve 360 uwm central from Scarpa’s ganglion with toluidine blue stained fibres. Fibres in the portion marked with
the asterisk and bounded by the dotted line were analysed. Calibration scale bar 100 pm.



parent polyethylene sheets. These ‘sandwiches’ were
polymerized for 24-36 h at 65°C and stored for later
processing.

After removal of one of the polyethylene sheets it
was possible to select individual sections which were
removed from the sheet and glued onto a flat araldite

block. Subsequently they were resectioned at 0.5 or 1
pm and sections from within a 15 pm segment of the
nerve were mounted on separate clean microscope
slides. Some slides were stained for 5 min with a hot
aqueous solution of 1% toluidine blue, 1% azure I}
and 1% borax (as shown in Fig. 1B). Finally they were

Fig. 2. Photomicrographs of cross-sections of auditory nerve fibres, (A), Toluidine blue stained fibres; (B), fibres stained with HRP after bulk
fnjection into the spiral ganghon: {C) and (D), a low SR fibre (C) and a bigh SR fibre (D)) labelled by intvaceliular injection of HRP; section
thickness A-D 0.5 or 1 wm. Calibration scale bar 1§ pm.



embedded in Permount and coverslipped. Fig. 2 shows Morphological analysis

examples of material stained with toluidine blue (Fig. Images of auditory nerve fibres for analysis were
2A), material labelled by bulk HRP injection into the obtained using a light microscope (Olympus Vanox-T)
spiral ganglion (Fig. 2B) and material labelled by intra- with a 100 X oil immersion lens and a high resolution
cellular injection of HRP (Figs. 2C and 2D). video camera (Mintron, CCD camera). For single fibre

Fig. 3. Photographs of video images of auditory nerve fibres taken from the monitor screen. (A), Toluidine blue stained fibres showing

differentiation between myelin and axoplasm; (B-D), video image of a section containing one fibre labelled by intracellular injection of HRP.

This image is from the section shown in Fig. 2D. (B), Image before pixel selection, (C), with axoplasm selected and marked, (D), with axoplasm of
some neighbouring unlabelled fibres selected and marked. Calibration scale bar A-D 10 pm.
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studies six images were obtained for each labelled
fibre, each image being from a separate section within
a 15 um segment of the nerve. The video images were
stored for subsequent analysis using an image analysis
system (MD-20 Image Analysis System, L.R. Jarvis,
Flinders Imaging). With the configuration we used the
resolution was 0.078 um per pixel, equivalent to a final
9000 x magnification (calibrated using a Zeiss gratic-
ule). With this system structures could be selected for
subsequent measurements by selecting pixels. Each
pixel was assigned a grey value between 0 (black) and
63 (white). In our specimens the myelin and axoplasm
had different grey levels allowing specific selection of
axoplasm (Fig. 3). The selection was accomplished by
selecting all pixels above or below the grey level of the
myelin. For toluidine blue and lightly osmicated mate-
rial the myelin was darker than the axoplasm, and so
grey levels above the chosen threshold were selected,
and for HRP material the axoplasm was darker so grey
levels below threshold were selected. The selected pix-
els were displayed in a different colour. Inappropri-
ately selected structures (e.g. extracellular space; blood
vessels) were excluded from the analysis by the opera-
tor. The system then measured area and perimeter of
all contiguous patches that were made up by pixels
within the predetermined range of grey levels. Al-
though the cross-sectional area of an axon determined
by this method would be a good measure for the
characterization of physiological properties (e.g. con-
duction velocity) and would emphasize any size differ-
ences among axons we decided to determine an axonal
diameter in order to compare our material with previ-
ousely published data (Gacec and Rasmussen, 1961;
Alving and Cowan, 1971, Arnesen and Osen, 1978,
Liberman, 1982; Friede, 1984; Liberman and Oliver,
1984; Brown, 1987; Anniko and Arnesen, 1988;
Spoendlin and Schrott, 1989). Thus, internal axonal
diameter was subsequently calculated from the area
measurements assuming circularity of the profiles. Al-
though some axonal cross sections were obviously not
true circles, this method has previously been shown to
have the greatest accuracy when compared to other
methods (Karnes et al., 1977). Shape factor, a measure
for the deviation from circularity, was calculated ac-
cording to the following formula:

shape factor = 10 — ((40 X area X pi)/(perimeterz))

A value of 0 represents a true circle (having the small-
est possible perimeter for a given area) while 10 repre-
sents the largest possible deviation from circularity.
Statistics of differences in diameters among fibre
populations were determined using a two tailed ¢-test.
The care and use of the animals reported on in this
study were according to Australian laws.

Results

Distribution of fibre diameter

Fig. 2A shows the typical appearance of auditory
nerve fibres from the basal half of the cochlea in 0.5
wm cross sections of non-HRP injected material stained
with toluidine blue. The portion of the nerve analysed
is indicated in Fig. 1B. This portion of the nerve was
selected because it contained predominantly fibres from
the basal turn of the cochlea which are tuned to high
frequencies. Thus the diameters of these fibres can be
directly compared with those of the intracellularly-
labelled high-CF fibres and those labelled after HRP
bulk injection into the spiral ganglion of the basal turn.
The diameters of the axons in the non-HRP injected
specimen were analysed at two levels between Scarpa’s
ganglion and the cochlear nucleus. One was at the
most peripheral end of Scarpa’s ganglion and the other
360 um more central towards the cochlear nucleus. In
Fig. 4A the distribution of fibre diameter of auditory
nerve fibres 360 wm central from Scarpa’s ganglion is
shown. For this position the internal diameters ranged
from approximately 1 to 5 um with a mean of 2.65 um
(SEM.=0.004 pum, N=14173) and were normally
distributed. The same analysis was performed for a
position at the peripheral edge of Scarpa’s ganglion. In
order to reduce the amount of data only every second
field of view (equivalent to the black or white fields on
a chess board) was analysed. The distribution at the
more peripheral position was normal with a mean
diameter of 2.70 um (S.EM.=0.01 um, N = 2668,
range 1-4 pum).

Fibre diameter in horseradish peroxidase stained material

The axon diameter of cells filled with HRP by bulk
injection into the spiral ganglion of the basal turn were
analysed using the same methods. To determine possi-
ble effects of the different processing procedures diam-
eters were also obtained for the unlabelled axon pro-
files immediately adjacent to the HRP labelled cells.
The sections used were 1 pm cross sections at the level
360 um central to Scarpa’s ganglion (Fig. 2B). Fig. 4B
shows the diameters of fibres labelled with HRP by
bulk injection. The distribution of fibres was normal
for both the HRP-labelled and the neighbouring unla-
belled fibres. The mean diameter of HRP fibres was
smaller (2.70 um, SEM.=0.03 um, N =428) than
that for unlabelled fibres (2.97 um, S.EM. = 0.01 pum,
N = 1839). These differences between the mean diame-
ters of HRP-filled and unlabelled axons were signifi-
cant (P < 0.01; t-test).

The results shown in Fig. 4B were pooled from two
animals, however, the variation between animals was
minimal (Table I). For the HRP labelled fibres the
mean diameter from animal 90a was 2.63 pm (S.EM
=0.04 um, N =142) and for animal 9la it was 2.73
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Fig. 4. Distribution of the internal diameters of auditory nerve fibres.
(A), toluidine blue stained fibres from the basal half of the cochlea.
Mean internal diameter 2.65 um (S.E.M.=0.004 um, N =14173).
(B), Comparison of fibres labelled with HRP bulk injection into the
spiral ganglion and adjacent unlabelled fibres. Mean diameter of
HRP labelled fibres 2.70 um (S.EM.=0.03 um, N =428), unla-
belled fibres 2.97 um (S.E.M. = 0.01 pm, N =1839), this difference
was significant (P < 0.01; z-test). (C), comparison of low SR fibres
(SR < 18) and high SR fibres (SR > 18) after intracellular applica-
tion of HRP, measured 360 pm central to Scarpa’s ganglion for all
50 successfully labelled fibres. Mean for low SR fibres 2.25 um
(S.EM.=0.08 um, N =16), high SR fibres 2.37 um (S.EM. = 0.06
wm, N = 34), there was no significant difference.

75

TABLE I

Fibre diameter of HRP labelled fibres and neighbouring unlabelled
fibres

Animal Unlabelled fibres HRP labelled fibres
mean diameter mean diameter
and S.EM. (um) and S.EM. (um)
90a 3.016+0.016 2.634+0.041
9la 2.934+0.014 2.732+0.032

pm (S.EM.=0.03 um, N =286). This difference was
not significant (¢-test, P> 0.05).

Diameter of low and high SR fibres

For this study physiological data were only collected
for cells from the high frequency region with CFs (most
sensitive frequencies) ranging from 15-24kHz. Single
physiologically characterized fibres were grouped on
the basis of their SR. Fibres with SR < 18 spikes per
second (range 0.0-4.8 spikes per second) were cate-
gorised as low SR and those with SR > 18 spikes per
second (range 21.2-107.6 spikes per second) as high
SR. In a single animal only fibres belonging to one
category were labelled by intracellular microelectrode
injection of HRP. The typical appearance of such HRP
injected fibres is shown in Figs. 2C and 2D.

In no case were more labelled fibres recovered than
the number injected. The overall recovery rate for
labelled fibres was 64%. However, there was a marked
difference in recovery rate for low SR (16 out of 37
attempts) and high SR (34 out of 41 attempts) fibres.
For this part of the study we biased sampling towards
low SRs. This was necessary because they were less
frequently encountered and less successfully labelled.
Thus we cannot determine the SR distribution from
this data base. The average threshold at CF for the
fibres that we tried to label was 26.6dB SPL in the high
SR group and 38.3dB 'SPL in the low SR group. The
higher thresholds in the low SR as compared to the
high SR group are not due to a poor physiological
condition of the cochlea, but rather reflect a physiolog-
ical difference between the SR groups (Liberman, 1978;
Schmiedt, 1989; Winter et al., 1990).

Fig. 4C shows the diameters of intracellularly la-
belled fibres which were determined 360 pwm central to
Scarpa’s ganglion. The range of diameters for low SR
fibres was 1.51-3.06 um and for high SR fibres was
1.50-3.29 wm. The mean diameter for low SR fibres
(2250 um, SEM.=0.08 um, N =16) was smaller
than that for high SR fibres (2.367 um, S.E.M. = 0.06
wm, N =34), but there was almost complete overlap
and the difference was not significant (P > 0.20, t-test).
The mean diameters of both low and high SR fibres
were smaller than that of the bulk injected fibres.
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Fig. 5. Variation in mean diameter along the auditory nerve for
selected low SR fibres (N = 7) and high SR fibres (N = 7). To the
left is peripheral to Scarpa’s ganglion, to the right sections are close
to the cochlear nucleus. The difference between the means was
significant for the three most peripheral positions (P < .02 f-test).

Fibre diameter along the auditory nerve

To determine whether diameter varied along the
nerve, a selected sample of 14 HRP-labelled fibres
filled by intracellular injection were followed for ap-
proximately 800 wm within the auditory nerve. In order
to reduce the effort involved in this task we processed
only two animals of the high SR as well as two animals
of the low SR group for this part of the study. The
criterion for selecting these specimens was that each
contained several intracellularly labelled fibres (3—4)
that could be unequivocally recognized in subsequent
sections according to their position in the nerve. The
diameter of each of the fibres was determined at six
positions approximately 160 um apart. The most pe-
ripheral position was just peripheral to Scarpa’s gan-
glion and the most central position was near the
cochlear nucleus.

In Fig. 5 the variation in mean diameter along the
nerve for low and high SR fibres is shown. The mean
diameter of high SR fibres (N =7) was on average
greater than that of low SR fibres (N = 7) for the four
most peripheral positions. The difference in diameter
was significant for the three most peripheral positions
(P <0.02, r-test), while it was not statistically signifi-
cant for the three more central positions. The differ-
ence between the means was greatest at the most
peripheral position and progressively decreased along
the nerve.

Variation in fibre shape
In a single cross section we found some difference in
the shape (Fig. 2) of fibres and this same type of

variation applied to individual fibres followed over
some distance along the nerve. Shape factor measure-
ments greater than O (associated with profiles deviating
from circularity) were of concern because we calcu-
lated diameters from area measurements assuming cir-
cularity of the axonal profile. We found a significant
correlation of fibre diameter and shape factor for a
large sample of cells from a toluidine blue stained
section (r =030, N =675, P<0.001). We also com-
pared shape factor and diameter for fibres followed
over 800 wm in one animal. The correlation coefficient
for this sample was similar (r = 0.32, N=230, 0.05 <P
< 0.10), but the significance level was, due to the
smaller data base, decreased. Thus, the variation in
shape factor explains only approximately 10% of the
variation in diameter.

Discussion

Distribution of fibre diameter

As in human material (Spoendlin and Schrott, 1989),
we could not identify unmyelinated profiles using light
microscopy. Thus we exclusively analyzed fibres from
Type | ganglion cells. The categorization of Type |
auditory nerve fibres on the basis of physiological and
morphological properties gave rise to the possibility of
discrete populations within the Type I fibres. However
the distribution of fibre diameter appears unimodal for
a number of species. Gacek and Rasmussen (1961)
obtained such distributions for fibre diameter in the
guinea pig, cat and monkey. This finding has been
confirmed for the cat (Arnesen and Osen, 1978) and
guinea pig (Friede, 1984; this study) and was also
reported for humans (Spoendlin and Schrott, 1989).
The unimodal diameter distribution seems to be an
universal feature across a variety of mammalian species.

Processing affects fibre diameter measurements

We clearly demonstrate that processing affects the
results of diameter measurements (Figs. 3 and 4). The
diameter of the unlabelled fibre population (Fig. 4B)
was significantly larger than the average values ob-
tained from toluoidine blue stained material (Fig. 4A)
and HRP filled fibres (Fig. 4B). There are several
possible reasons to explain differences in fibre diame-
ter caused by different processing procedures. For ex-
ample in the bulk HRP injections the peroxidase might
preferentially be taken up by a subpopulation of thin-
ner fibres, although thin and less active fibres are
usually harder to label by HRP (Mesulam, 1982). A
spatial organization of the cochlear ganglion in the cat
with respect to SR distribution has recently been
demonstrated (Leake and Snyder, 1989; Kawase and
Liberman, 1992). Leake and Snyder (1989) used small
focal injections (0.05 to 0.1 ul) of an HRP solution



containing poly-L-ornithine to restrict the size of the
injection site in the cochlear ganglion. We can not
exclude the possibility that the comparatively small
bulk injections of 0.1-0.2 ul HRP solution we used
might have reached only a restricted area of the gan-
glion that contains preferentially low SR fibres and
could thus have labelled only a subpopulation of units.
However, the average fibre diameters obtained from
labelled fibres after bulk HRP injections (2.7 um) are
very similar to the fibre diameters measured from
toluidine blue stained material (2.65 wm). In both
situations the contrast between cytoplasm and the
myelin sheat is rather high compared to the situation in
unstained and unlabelled fibres. Thus the differing
processing procedures may not have affected the fibre
diameter per se, but rather influenced the measure-
ments by changing the contrasts between cytoplasm
and the myelin. In addition, toluidine blue, HRP and
osmium stain and bind to different components of the
cell and myelin sheath which in turn could affect the
measurements. Clarification of this question would re-
quire a comparative ultrastructural study. Friede (1984)
states that transmission electron microscopic and light
microscopic measurements result in the same range of
diameters, however he gives no quantitative compari-
son. In his sample fibres with diameters between 2.0
and 3.31 pm comprise 70.6% of the whole population.
We found that this diameter range forms 92.3%
(toluidine blue), 80.2% (HRP bulk), 77.2% (unlabelled
and unstained) and 94% (HRP intracellular) of the
population studied.

Overall, these results show that comparisons be-
tween tissues processed using different methods are of
limited value.

The problem of oblique sectioning

We found a significant positive correlation between
shape factor and diameter for a large sample of axonal
profiles in one cross section and a similar correlation
coefficient for individual axonal profiles followed along
the nerve. However, it explains only about 10% of the
total variation in diameter that we found. It is hard to
eliminate the possibility of oblique sectioning of some
fibres running obliquely with respect to the plane of
section. However there were a number of axonal pro-
files with shapes that would be difficult to obtain from
oblique sectioning of a cylinder shaped axon, as can be
seen in Fig. 2, including the ‘boomerang’ shape also
observed by Karnes (1977). Indeed the low correlation
coefficient between shape factor and diameter indi-
cates that oblique sectioning is not a major source of
the variation in diameter.

Correlation of diameter and SR
We found a significant difference between the aver-
age diameter of low and high SR fibres at the periph-
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ery near Scarpa’s ganglion, but no difference near the
cochlear nucleus (Fig. 5). The significant difference in
diameter on the basis of SR for the peripheral posi-
tions measured (Fig. 5) implies there is some associa-
tion between the two variables for the peripheral por-
tion of the nerve. Fibres in our low SR category belong
to the low and medium SR categories used by Liber-
man (1978) and those in our high SR category belong
to Liberman’s high SR category. We can therefore
usefully compare our results with those obtained by
Liberman and Oliver (1984) for the cat. They measured
axonal diameter of HRP labelled fibres along the nerve,
including the portion between the cell body and the
cochlear nucleus. The mean diameters obtained by
Liberman and Oliver for the peripheral half of this
portion were 2.31 um (S.E.M. = 0.04 um) for low and
medium SR fibres and 2.54 um (S.E.M. = 0.06 um) for
high SR fibres. The portion of the nerve studied by
Liberman and Oliver appears to correspond approxi-
mately to our three positions between —120 um and
200 um relative to Scarpa’s ganglion, representing the
more peripheral portion of the auditory nerve beyond
the Schwann-glia border. The present findings are sim-
ilar to those of Liberman and Oliver (1984). Averaging
fibre diameter for these positions (between —120 um
and 200 pm relative to Scarpa’s ganglion) we obtained
a mean diameter of 2.10 um (S.EM.=0.04 um, N =7)
for low SR fibres, and 2.59 um (S.EM.=0.09 um,
N =7) for high SR fibres. As we did, Liberman and
Oliver (1984) noted significant overlap in diameters
between the groups so that a number of low SR fibres
have diameters greater than high SR fibres (Fig. 4C).
Thus the diameters of low and high SR auditory nerve
fibres in the guinea pig are similar to those of the cat
at the levels compared.

The ‘real’ distribution of SRs in the auditory nerve

We hoped to obtain some information about the
contribution of low and high SR units to the total SR
distribution in the auditory nerve by comparing the
diameter distributions of the different SR groups with
the total diameter distribution. However, the poor cor-
relation between SR and diameter made this approach
untenable. Previously it has been suggested there might
be a methodological bias against recording from low
SR units due to their suspected smaller diameter
(Winter et al., 1990). Thus low SR units with rates
below 18 spikes per second might comprise a higher
proportion of fibres than the 20-25% found in, unin-
tentionally biased, samples of guinea pig auditory nerve
fibres (Manley and Robertson, 1976, own unpublished
observations). However the distribution of diameters
from fibres labelled with HRP using microelectrodes
was similar to that obtained from bulk injected and
toluidine blue stained fibres. In fact the mean diame-
ters for low and high SR fibres identified after intracel-
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lular HRP injection were both slightly smaller than the
mean diameter of bulk injected or unlabelled fibres.
Nevertheless, like Winter et al. (1990) we also found
that it is harder to record from low SR fibres and keep
in contact with them for longer periods as compared to
high SR cells. In addition we had a much lower recov-
ery of labelled low SR fibres (43%) than high SR fibres
(83%). It 1s known that labelling of small diameter
fibres is compromised by the limited HRP transport
(Brown et al., 1988; Mesulam, 1982). We thus can not
exclude that we failed to label the really thin low SR
fibres and succeeded only in a sample of low SR units
with rather large diameters.

For cat data there exist also some discrepancics
relating to the ‘real’ proportion of low and medium SR
units derived from electrophysiological, morphological
and single cell studies. In large samples of physiologi-
cally characterized units of cat auditory nerve fibres
those with spontaneous discharge rates below approxi-
mately 18 spikes per second comprise approximately
one third (25-40%) of the total sample (Kim and
Molnar, 1979; Liberman, 1978). In an ultrastructural
investigation Liberman (1980) determined the com-
plete afferent innervation of 4 inner hair cells from a
cat with more than 100 afferents. In his quantitative
study he found that about twice as many afferents
contact the modiolar side of the hair ceils as compared
to the pillar side, where the dendrites are considerably
larger. In a subsequent study Liberman (1982) demon-
strated by intracellular labelling of physiologically char-
acterized neurones that terminals of cat auditory nerve
fibers are arranged systematically around the circum-
ference of inner hair cells according to their SRs.
Based on this SR-mapping around the base of inner
hair cells (Fig. 2b in Liberman, 1982) he states that
‘terminal swellings contacting the side of the IHC
facing the pillar or outer hair cells are exclusively those
of high-SR units, while all the low- and medium-SR
units contact the side of the IHC facing the modiolus’.
In another study Liberman and Oliver (1982) report
that in a sample of intracellularly labelled fibres 9 of
the high SR units innervated the pillar side of inner
hair cells while only 2 contacted the modiolar side. Of
the low-SR units 13 contacted the modiolar side and
no low-SR fibre innervated the pillar side of an inner
hair cell. Thus in the cat intracellularly labelled high-SR
fibres almost exclusively (> 80%) innervate the pillar
side of the inner hair cell. Combining the result of
these studies (Liberman, 1980; 1982; Liberman and
Oliver, 1984), one would predict that fibres with spon-
taneous discharge rates below 18 spikes per second
comprise 50% or more of all auditory afferents. This is
in contrast to the electrophysiologically determined
proportion of 25-40% of low and medium SR fibres in
the total sample (Liberman, 1978; Kim and Molnar,
1979). This discrepancy might be explained by the

presence of low-SR units with very high threshoids,
however, even using an electric search stimulus Liber-
man (1978) found that low- and medium-SR units
formed only 40% of the total population Thus the
question of the ‘real’ representation of different SRs
with their differing rate-intensity functions (Winter et
al., 1990) in the mammalian auditory nerve is not
finally decided despite its importance for the under-
standing and modelling of the intensity discrimination
performance of mammals.
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