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Summary. 1. Spontaneous activity and responses
to simple tonal stimuli were studied in cochlear
ganglion neurones of the starling.

2. Both regular and irregular spontaneous ac-
tivity were recorded (Figs. 1 to 5). Non-auditory
cells have their origin in the macula lagenae. Mean
spontaneous rate for auditory cells (all irregularly
spiking) was 45 spikes s~ .

3. In half the units having characteristic fre-
quencies (CFs) <1.5kHz, time-interval histo-
grams (TIHs) of spontaneous activity showed re-
gularly-spaced peaks or ‘preferred’ intervals. The
spacing of the peak intervals was, on average, 15%
greater than the CF-period interval of the respec-
tive units (Fig. 11).

4. In TIH of lower-frequency cells without pre-
ferred intervals, the modal interval was also on
average about 15% longer than the CF-period in-
terval (Fig. 11). Apparently, the resting oscillation
frequency of these cells lies below their CF.

5. Tuning curves (TCs) of neurones to short
tone bursts show no systematic asymmetry as in
mammals. Below CF 1kHz, the low-frequency
flanks of the TCs are, on average, steeper than
the high-frequency flanks. Above CF 1 kHz, the
reverse is true (Fig. 15).

6. The cochlear ganglion and nerve are tono-
topically organized. Low-frequency fibres arise
apically in the papilla basilaris and are found near
non-auditory (lagenar) fibres (Figs. 2 and 19).

7. Discharge rates to short tones were mono-
tonically related to sound presure level (Fig. 20).
Saturation rates often exceeded 300 spikes s™*.

8. ‘On-off” responses and primary suppression
of spontaneous activity were observed (Figs. 22
and 23).

Abbreviations: CF characteristic frequency; TC tuning curve;
T1H time interval histogram

9. A direct comparison of spontaneous activity
and tuning-curve symmetry (Fig. 15b) revealed
that, apart from quantative differences, fundamen-
tal qualitative differences exist between starling
and guinea-pig primary afferents.

Introduction

The investigation of the functional mechanisms of
hearing in the inner ear of terrestrial vertebrates
has, especially in the last 15 years, been greatly
enriched through increased interest in hearing in
nonmammals. The structural variety displayed in
many nonmammalian groups offers fruitful
ground for the investigation of structure-function
relationships in the peripheral auditory apparatus
and the evolution of hearing systems (Manley
1973, 1981; Miller 1980). Furthermore this com-
parative approach has attracted growing attention
since peripheral auditory processing, which de-
pends strongly on characteristics of hair cells, can
often be more easily investigated in nonmammals.
Thus the nonmammalian ear is attractive for those
interested in finding a ‘simple’ experimental model
for the mammal’s ear.

The birds are the only nonmammalian group
which have developed both a complex inner ear
and highly complex vocalizations. Since the repti-
lian groups ancestral to birds and to mammals di-
verged about 250 million years ago — at the begin-
ning of the great adaptive radiation of the reptiles
— it is intriguing to study the structural and func-
tional solutions to similar auditory problems found
in modern representatives of the birds and mam-
mals. The structural differences are substantial:
clucidation of the functional consequences will
help in identifying the evolutionary significance of
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the differences in the ears of the vertebrate groups.
The songbirds offer the opportunity to investigate
the processing of species-specific vocalizations in
the inner ear and through the various neuronal
levels in the brain (see e.g., Konishi 1970; Leppel-
sack 1978; Sachs and O’Connell 1983; Sachs et al.
1980a; Scheich et al. 1983).

Neurophysiological investigations of auditory-
nerve units in birds have been carried out in pi-
geons, starlings and redwing blackbirds (Gross and
Anderson 1976; Manley 1979, 1980; Manley and
Gleich 1984; Manley and Leppelsack 1977; Sachs
etal. 1974, 1978, 1980a, b). From these studies
several general conclusions emerged. All auditory
afferents have been shown to be spontancously ac-
tive in the absence of stimuli and to discharge irre-
gularly. Within the spontaneous activity of the
lower-frequency fibres preferred intervals may be
present. Typically, the mean rates of spontaneous
and evoked discharge in avian afferents are higher
than in mammals. Phase-locking in fibres of the
redwing blackbird is almost the same as in the cat
(decreasing with frequency up to about 6 kHz;
Sachs et al. 1980a, b). Finally, tuning curves of
single avian afferents are V-shaped, with selectivity
(Q0ap values) similar to comparable mammalian
fibres (Manley and Leppelsack 1977; Sachs et al.
1974).

We report here that, contrary to the generally-
assumed similarity between tuning curves of mam-
mal and bird, there is a fundamental difference
in their symmetry. Indeed, the sugestion that audi-
tory-nerve responses in birds are only quantitative-
ly different to those in mammals (Sachs et al.
1980a; Saito 1980) is challenged in the discussion
below. At least with regard to tuning-curve symme-
try and the patterns of spontaneous activity in the
starling there exist important qualitative differ-
ences. To clarify the differences in tuning curves,
we include a direct comparison with guinea-pig
data.

The present paper describes aspects of the re-
sponse activity of the auditory-nerve fibres of the
starling so as to augment the amount of informa-
tion available on the activity patterns of bird pri-
mary auditory neurones. Such data is essential for
comparisons of structure-function relationships in
other vertebrate groups, in an attempt to reach
a holistic understanding of the vertebrate ear.

Material and methods

The results of the present study were obtained using 92 wild-
caught starlings (Sturnus vulgaris) of both sexes, weighing be-
tween 63 and 94 g. The birds were anaesthetized by intra-pec-
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toral injection of pentobarbital-sodium (Nembutal, initial dose
90-120 mg/kg body weight). Feathers were removed from the
back of the head and from under the neck. A cannula was
inserted into the trachea, and a large opening was made in
an abdominal air sac to allow a continuous stream of moist
air to pass into the cannula, through the lungs and out from
the opened air sac. With artificial ventilation, the animals
ceased spontaneous breathing (Schwartzkopff and Bremond
1963). During the experiments, anaesthesia was maintained by
supplementary doses of Nembutal. Body temperature was regu-
lated at 40 to 42°C, as measured at the pectoral muscle.
In order to compensate any water loss caused by the air stream,
birds were given about 2 ml of water to drink before anaesthe-
sia, and/or bird Ringer solution (9.0 g NaCl, 0.42 g KC1,0.25 g
CaCl,, ad 1,000 ml aqua dest.) was injected sub-cutaneously
into the back: the solution was either continuously infused
(1 ml/h) during the experiment or doses of 1 ml were injected
before and during the experiment. The electrocardiogram was
monitored during the experiment via electrodes in the neck
and a hindlimb, as a measure of the animal’s physiological
condition and of the depth of anesthesia. After clearing the
skin and muscles from the back of the skull, a metal rod was
fixed to the bone by dental cement, enabling the head to be
immobilized. Using a dorso-lateral approach, bone overlying
the middle ear cavity was removed (see ¢.g. Schwartzkopff and
Bremond 1963) to expose the basal part of the cochlea. The
inner ear was opened in the region of the recessus scalae tym-
pani, taking care that the cochlear partition and the branchlets
of the cochlear artery in scala tympani were not damaged. The
cochlear ganglion then became visible as a white band deep
in the scala tympani.

Following surgery the animal was placed in an electrically-
shielded anechoic chamber. Action potentials of cochlear gan-
glion neurones were recorded using glass micropipettes. The
electrodes were advanced in 1 pm steps using a hydraulic micro-
drive, and in some cases by an additional piezo-clectric stepper.
The pipettes were filled with 3 mol/l sodium or potassium chlo-
ride or potassium acetate solution and had resistances between
15 and 60 MQ. The reference electrode was inserted into the
neck musculature. Spikes were amplified and fed to an oscillo-
scope and an audiomonitor. For further photographic and
computer processing the spikes, stimulus, stimulus trigger and
voice commentary were recorded on magnetic tape.

Stimuli consisted of white- or pink-noise search sounds
and tone bursts, These were typically of 40-50 ms duration,
with 2 ms rise/fall time, delivered at a rate of 4 stimuli s™*.
Stimuli were delivered in free field conditions. Sound pressure
was calibrated (re. 2-107° Pa) using a condenser microphone
placed next to the ipsilateral ear opening.

Tone-response thresholds were determined using audio-
visual criteria; in difficult cases this was supplemented visually
by storing several successive sweeps on a storage oscifloscope.
The characteristic frequency (CF) of the auditory neurones was
determined in steps of 10, 50 or 100 Hz for low-, medium-
or high-CF fibres, respectively. During the collection of sponta-
neous activity, the sound delivery was terminated, normally
by turning off the power to the amplifier driving the speaker.
In a number of cases, units were additionally exposed to a
taped programme of natural vocalizations. The responses to
the vocalizations are being subjected to detailed analysis and
will be reported at a later date (Leppelsack, Manley and
Haeusler, in preparation).

The tape-recorded spike data were processed by a laborato-
ry computer (Digital Equipment, PDP MINC 11/23). Inter-
spike-time-interval (TIH), and peri-stimulus-time (PST) histo-
grams were generated. Units which showed any peculiar burst-
ing activity or an increase in spontaneous discharge rate during
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Fig. 1a—f. Typical time-interval histograms (TIHs) of spontaneous activity in different neurones of the cochlear ganglion in the
starling. a—c non-auditory; d-f auditory cells. Among non-auditory neurones one can discriminate between regularly-firing (a)
and irregularly-firing (b) cells. In a few cases, intermediate states (¢) can be observed. Some auditory units show prominent
(e), others less prominent (f) preferred intervals, whereas yet others exhibit no obvious preferred intervals. Bin width in all
cases 0.1 ms. Data for individual histograms are as follows (number of intervals, discharge rate in spikes/s): a 3,100, 51.8; b
2,940, 52.4; ¢ 2,100, 52.5; d 3,635, 42.7, CF 1.8 kHz, threshold 48 dB SPL; e 3,851, 68.1, CF 0.4 kHz, threshold 21 dB SPL;

f3,763, 5.2, CF 0.25 kHz, threshold 57 dB SPL

the approach of the electrode were disregarded because such
activity was assumed to be due to injury of the neurone (see
e.g., Manley and Leppelsack 1977). Correlation coefficients be-
tween characteristics of the neuronal responses were calculated.
Their significance was determined on the basis of the 1% confi-
dence level (Table in Sachs 1970). It should be noted that,
in the construction of figures, it often occurred that data points
completely overlapped each other. In these cases, no attempt
was made to make any adjustments to the positioning of points
on the graphs.

Results

Patterns of spontaneous activity

Activity was recorded from over 500 neurones in
the cochlear ganglion, although many more non-
auditory units were encountered but not further
investigated. Recording depth ranged from near
the surface down to 600 um, which reflects the ap-
proximate depth of this ganglion in birds (Boord
and Rasmussen 1963). In the absence of acoustic
stimuli, two kinds of spontaneous activity were re-
corded; regularly- and irregulary-firing cells
(Fig. 1). All regularly-firing cells and some irregu-
larly-firing cells did not respond to acoustic stimu-
li. All auditory neurones showed irregular sponta-
neous activity.

Non-auditory cells. As the nonmammalian cochlea
contains the macula lagenae at its apical end, it

was not surprising to find a thick band of non-
auditory cells which lay apically and posteriorly
in the ganglion. An analysis of the auditory cells
found immediately prior or subsequent to non-au-
ditory cells (Fig. 2) revealed that over three-
quarters of the non-auditory cells were found next
to auditory cells whose CF was at or below
0.5 kHz. This was true for both regularly- and ir-
regularly-firing non-auditory cells (Fig. 2).

Units which did not respond to noise or test
tones in the frequency range 0.1 to 5 kHz (80 to
90 dB SPL) were classified as non-auditory. No
special attempt was made to record the spontane-
ous activity of these cells, so we cannot estimate
the size or activity of the population in comparison
to auditory units. TIHs were generated for 15 regu-
lar and 10 irregular cells, whose discharge rates
ranged between 12-62 spikes s ! and 5-168 spikes
s~ !, respectively. It is not possible to fully exclude
the possibility that some of the irregularly-firing
non-auditory cells were actually auditory cells with
very high thresholds or with a CF below 100 Hz.
However, more than two thirds of these irregu-
larly-firing non-auditory cells had TIHs (Fig. 1b)
which differed greatly from the TIHs of auditory
cells (Fig. 1d-f), making it highly unlikely that
they were auditory. For the purposes of this analy-
sis, all these cells were treated as non-auditory.

Two of the regularly-firing cells showed a de-
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Fig. 2. Analysis of spatial relationship between auditory and
non-auditory cells in the starling cochlear ganglion. This dia-
gram only includes those auditory units which were ‘neigh-
bours’ of non-auditory cells. ‘Neighbour’ was defined as fol-
lows: the neighbours of a non-auditory unit were those auditory
cells which were recorded in the same penetration either adja-
cent to or two cells away (before or after) from this non-audito-
ry cell. The cells were placed in four classes, according to their
respective CF. Each CF class was further divided into two,
according to whether the non-auditory neighbour showed regu-
lar (unhatched bars) or irregular (hatched bars) spontaneous
activity. In both cases, the total number of auditory units was
normalized to 100%. It should be noted that this analysis
counts auditory neuromes which were ‘neighbours’ of more
than one non-auditory unit once for each occurrence (for regu-
lar units total number of cases=59; for irregular = 124)

viation from the highly compact Gaussian distribu-
tion (where the mode and mean interval are identi-
cal) shown in Fig. 1a; for these cells, the spread
of intervals for a given rate was higher, especially
towards longer intervals (Fig. 1¢). In these cases,
the average interval was no longer the same as
the mode of the histogram, but some 20% longer.
Our impression was that it was much easier to
‘hold’ non-auditory cells; their spike size was often
significantly larger than for auditory cells, which
may indicate that the axons or cell bodies were
larger. In the pigeon, larger axons are more com-
mon in the lagenar portion of the auditory nerve
than in the cochlear division (Boord and Rasmus-
sen 1963).

Auditory cells. All auditory cells were spontaneous-
ly active, with rates (counted for 188 cells) between
49 and 157 spikes s~ '. The mean rate was
45 spikes s * (Fig. 3a). It is clear that the distribu-
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Fig. 3. a Distribution of mean discharge rates in spontaneous
activity in 188 auditory cells in the cochlear ganglion. b Mean
rates of auditory neurones with tone-response thresholds above
50 dB SPL from animals in which cells with lower thresholds
also occurred. ¢ Mean rates of auditory neurones from animals
in which all cells had thresholds above 50 dB SPL. Whereas
the distribution in b reflects that in a, the histogram in ¢ indi-
cates that in animals in which all thresholds exceeded 50 dB
SPL, spontaneous rates were unusually low. On this basis, data
from these ‘insensitive’ animals were treated separately. Ordi-
nate is number of neurons per bin. Binwidth 10 spikes/s

tion of rates is unimodal and that the very low
rates of spontaneous activity found in some mam-
malian fibres are absent.

In order to take into account the fact that the
spontaneous rate depends on the physiological
condition of the animal, a similar criterion for the
animal’s condition was applied as used by Manley
and Robertson (1976). They used a lowest thresh-
old of more than 50 dB SPL as a criterion level
for damaged cells. However, in the starling low-CF
cells never had low thresholds and many individual
animals showed a large spread of thresholds (see
below). Only 2.5% of cells from sensitive animals
had thresholds over 70 dB SPL, whereas 50% of
cells from insensitive animals had thresholds of
greater than 70 dB. Neurones from animals show-
ing thresholds of greater than 50 dB for all cells
(insensitive animals) were therefore analyzed sep-
arately (Fig. 3c¢). These were compared to neu-
rones with thresholds > 50 dB in sensitive animals
(Fig. 3b). Sensitive animals also had neurones with
thresholds <50 dB. The distribution of rates in
Fig. 3¢ differs strongly from the distributions in
Fig. 3a and b. This difference suggests that insensi-
tive animals exhibited responses from cells in poor
physiological condition, and therefore justifies
treating data from insensitive animals separately.
Although we cannot exclude the possibility that
the elevated thresholds encountered in some cells
of otherwise sensitive animals are also abnormal,
we consider this unlikely, as it can be seen in
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Fig. 4. Correlation between spontaneous discharge rate and lowest threshold in 188 auditory cells. Triangles: data for cells in
sensitive (sens) animals. Crosses: data for cells in insensitive animals (insens=all rate thresholds above 50 dB SPL). When the
extreme values of cells from insensitive animals are ignored, there is no correlation between the two variables

Fig. 3b that their rates do not differ from those
shown by the whole cell population (Fig. 3a). Ex-
cluding the cells from insensitive animals (Fig. 3¢)
from the analysis changes the average spontancous
rate from 45 to 48 spikes s~ . Thus, it is reasonable
to conclude that the ‘normal’ mean rate of sponta-
neous activity of primary auditory neurones is
48 spikes s~*. It should be noted, however, that
all high-threshold units, including those from ‘in-
sensitive’ animals, showed no abnormalities in the
characteristics of their interval histogram; e.g.,
mode, dead time, interval distribution.

When the data from the group of insensitive
animals is ignored, the spontaneous rate is not cor-
related with unit threshold at CF (Fig. 4). In addi-
tion, there is a tendency for the spontaneous rates
of cells to correlate with their CF, where higher-CF
cells have lower spontaneous rates (Fig. 5). This
has also been observed in nerve fibres of the red-
wing blackbird (Sachs MB, personal communica-
tion).

Spontaneous rate and interval distributions in TIH.
The frequency of occurrence of intervals longer
than the mode falls off approximately exponen-
tially with increasing interval length (quasi-Poisson
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Fig. 5. Distribution of spontaneous discharge rates for 194 au-
ditory cells of different CFs of the starling cochlear ganglion.
r=—0.2309, significant at the 1% level

distribution). However, a cell’s refractory period
excludes very short intervals, so that the Poisson
distribution is truncated (see e.g., Fig. 6).

The fact that interval histograms resemble
Poisson distributions supports the supposition that
the length of an interval is independent of the
length of the preceding interval(s). An additional,
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direct test of this conjecture is to construct a joint-
interval histogram.

The pattern shown by a cell with prominent
preferred intervals is shown in Fig. 6. Although
intervals near 2.25 ms, 4.5 ms, 6.75 ms efc., occur
much more frequently than those intervals between
they do not occur almost exclusively following
cach other (as e.g., in injury bursts) but appear

preferentially before or after intervals of all
lengths.

In one series of experiments, the rate of decay
of the interval frequency for longer intervals was
studied. With semi-logarithmic TIH, where an ex-
ponential decay produces a straight line plot, there
is a tendency for the decay to be faster than expo-
nential up to intervals of about 15 ms, then slower
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Fig. 7. The spontaneous discharge rate of auditory neurones
and the slope of the decay of interval frequency in the respective
TIHs are closely correlated. The steepness of the slope for nor-
malised TIH was measured by calculating a regression line for
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Fig. 8a, b. Distribution of most frequent intervals — modes —
(a), and dead times — shortest intervals — (b) in TIHs of 108
auditory neurones

than exponential for longer intervals. Since the in-
terval frequency falls off approximately exponen-
tially, the slope of the exponential decay was calcu-
lated for 123 units by regression analysis. In most
cases, the slope of the decay was predictable from
the known spontaneous rate (Fig. 7). Some of the
units in Fig. 7, however, showed a much steeper
slope than would be expected from their spontane-
ous rate. This observation was not correlated with
any other known characteristic of these cells (e.g.,
threshold).

The mode or most common interval. In TIHs of
units where sufficient data were collected (more
than 2,000 intervals total or 1,000 intervals shorter
than 10 ms, number of cells=108) the position of
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Fig. 9a, b. Correlation of mean spontaneous discharge rate with
mode (a) and dead time (b) in TIHs of 108 auditory cells

the mode was independent of small changes in the
bin width chosen for the TIH analysis (0.05 or
0.1 ms). Modes were found between 0.95 and
4.6 ms (Fig. 8a). Most neurones displayed a mode
between 1 and 2 ms; 20% showed modes longer
than 2.3 ms. These latter neurones had a
‘shoulder’ or relative maximum at an interval ap-
proximately half that of the mode. There was no
obvious correlation between the spontaneous rate
and the modes or dead times of TIH’s (Fig. 9).

The relationship between the mode of the inter-
val distribution and CF is shown in Fig. 10. There
is a significant correlation between mode and CF,
such that, on average, low-CF units have longer
modes than high-CF units. In order to further in-
vestigate this interesting fact, the modes were com-
pared to the CF-period (1/CF) by calculating the
product of CF and mode for each unit (Fig. 114d).
In most cases, mode and CF-period are nearly the
same and their product is thus close to 1. In some
other cases, the product is about 2. Thus, in many
cases, the mode of TIH of spontaneous activity
reflects the tuning properties of the cell to sound
stimuli, i.e., the CF. The peak of the distribution
of the product of mode and CF lies conspicuously
above 1.0 (Fig. 11d). The mode is, on average,
slightly longer (10-20%) than the CF-period.

All units with modes of the TIH greater than
2.3 ms showed a ‘shoulder’ in the interval histo-
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Fig. 10. Mode plotted against CF for 108 auditory neurones.
There is a concentration of data points somewhat to the right
of the line representing the value 1/CF (CF period). For units
<1.5 kHz, where preferred intervals can occur, r= —0.2963,
significant at the 1% level

gram at an interval of half the mode. For compari-
son, two units, one showing such a shoulder, are
shown in Fig. 11b and 11c. Their spontaneous
rates and CFs were very nearly the same, as were
their thresholds. The interval duration of the
‘shoulder’ corresponds to the mode of a unit with
a ‘normal’ interval distribution.

As no modes shorter than 0.9 ms were found,
the relationship described above cannot hold for
cells with CF above 1 kHz. These very short inter-
vals must to some extent be influenced by the cell’s
refractory period.

Dead times. The dead time of an interval histogram
simply describes the shortest interval which oc-
curred during the recording period. Dead times
occurred between 0.5 and 2.2 ms; the bulk, how-
ever occurred relatively evenly distributed between
0.8 and 1.6 ms (Fig. 8b). A comparison of the ac-
tion potentials in extreme cases of long and short
dead times revealed no correlation with differences
in spike duration.

Dead time was not significantly correlated with
spontaneous discharge rate (Fig. 9b). When mode
is plotted against dead time, it can be seen that
cells with short modes (typically correlated with
CF below 1 kHz) cluster together (Fig. 12). There-
fore, there is a strong correlation between the mode
and the dead time, the most common interval being
approximately 30% longer than the dead time.
This is especially true if neurones with a ‘shoulder’
in the TIH (modes longer than 2.3 ms) are ignored.

Preferred intervals. One third of units (about one
half of units with CF below 1.5 kHz) showed a
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different pattern. In these units, the TTH showed
several systematically-occurring relative maxima
(or peaks) and minima. We call these maxima pre-
ferred intervals (Figs. 1e and 11a). In some cases,
more than 5 peaks occurred immediately following
the mode. In other cases, peaks at intervals be-
tween 10 and S0 ms (10 to 15 peaks) were seen,
not connected in the histogram to any peaks which
occurred at short intervals (see e.g. Fig. 11). Within
each histogram, the positions of the peaks were
highly consistent, variation of interpeak intervals
greater than 5% was rare.

The distribution of preferred intervals was ana-
lysed independently of the mode. For each cell a
‘basic interval” was calculated, as shown in Fig. 11
(see legend). The basic interval was then compared
to the unit’s CF — as for the mode, the basic inter-
val was multiplied by the CF. On average, the basic
interval was 10-20% longer than the CF-period,
i.e. the product of CF and basic interval is greater
than 1 (Fig. 11e). A regression plot of basic inter-
val against CF-period revealed a strong correlation
(r=0.716, n=37, significant at the 0.1% level). Al-
though the relationship between mode and CF-
period showed substantially greater spread than
the basic interval and CF-period comparison (due
to the inclusion of ‘shoulder’-TTH and of high-CF
units), the correlated behaviour of the mode and
the basic interval is obvious (Fig. 11d and e). It
thus seems reasonable to regard the mode in these
cells as a consistently-occurring preferred interval
and to begin to look for the physiological bases
of this rhythmical behaviour.

Patterns of tone-evoked activity

Rate thresholds of tone-evoked responses in pri-
mary-nerve units were determined audio-visually.
In some cases these data were examined in compar-
ison to peri-stimulus-time (PST) histograms con-
structed for tones below, at and above the audio-
visual threshold. In these cases, it was confirmed
that the audio-visual threshold was within 1 or
2 dB of the threshold of rate increases detectable
in PSTs (increase equivalent to up to 40% depend-
ing on the spontaneous rate). We have recently
found that in some cells a phase-locking sets in
below this rate threshold. However, we do not yet
have sufficient data to generalize on this phenome-
non.

Tuning curves of single units. Tuning curves com-
plete enough to permit measurement of slopes were
obtained in 190 cells. In these cases, the form of
the tuning curves was quantified by measuring the
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Fig. 11a—e. The TIH in a shows preferred intervals in the spontaneous activity of an auditory cell. The lengths of these intervals
were determined as indicated in a and a “basic’ interval was calculated using the formula: length of basic interval = (b/2 +¢/3 +d/4)/3.
For each neurone, the product of CF and basic interval was then calculated. A perfect agreement between the basic interval
and the CF-period of each neurone would result in a product value of 1. In e these product values are plotted against the
CF for 37 neurones. The distribution of product values (right side of ¢) shows that they are on average somewhat higher than
1. This is in good agreement with the result of a similar calculation of the product of the mode and CF in TIHs of 108 cells
(d). The scatter towards higher product values in the distribution shown on the right side of d results partly from the inclusion
of units with long modes in their ‘shoulder’-type of TIH (c¢) as compared to a ‘normal’ TIH (b). The curve in d shows a
three-point running average of the data of the scatter diagram. Data for individual units are as follows (Number of intervals,
discharge rate in spikes/s, CF in kHz). a 1,873, 48.6, 0.45; b 2,621, 51.6, 0.5; ¢ 3,832, 57.8, 0.5

slope of the low- and high-frequency flanks below
and above CF (between 3 and 23 dB above CF-
threshold).

The tuning curves possess a relatively simple
‘V’-shape (Fig. 13). The rate of loss of sensitivity
with increasing disparity between the test-tone and
the CF varies, however, from cell to cell and usual-
ly differs between the low and high flanks for one
cell. The cells did not show the relatively consistent
asymmetry of auditory nerve fibres of mammals
(Fig. 14a, b), nor did the high-CF units show low-
frequency ‘tails’ as seen in mammals. On average,
the tuning curves are almost symmetrical

(Fig. 14a). Although in this figure only 12 cells had
quite symmetrical tuning curves (slope ratio 1),
cells with a steeper high-frequency flank are just
as frequent as cells with a steeper low-frequency
flank. The tendency to steeper high- or low-fre-
quency flanks is not consistent across CF
(Fig. 15a). Whereas below CF 1kHz twice as
many cells show a steeper low-frequency slope than
show a steeper high-frequency slope (Fig. 15a),
above CF 1 kHz, the situation is reversed. The dif-
ference to the situation in the guinea pig is obvious
(Fig. 15b). In Fig. 16, it can be seen that, whereas
the maximal values of high-frequency slope in-
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Fig. 12. Mode and dead time in spontaneous activity of 108
auditory neurones. In most of the cases the mode interval is
about 30% longer than the dead time. r=0.2994, significant
at the 1% level

creases steadily with increasing CF (Fig. 16a), the
variability of the maximal low-frequency slope is
much greater (Fig. 16b).

Tuning-curve sharpness is another common
method of quantifying tuning-curve shape. The
Q,0qp Values were calculated for 234 cells (Fig. 17).
While there is a tendency for the average Q value
to increase with CF, this is partly due to the fact
that at higher CFs, both high and low Q values
are present.

The range of CFs and threshold. Characteristic fre-
quencies were found in the range 0.15 to 4.2 kHz,
the best threshold at 9 dB SPL (Fig. 18). The large
spread of thresholds is due both to variation be-
tween animals and within one animal. In single
animals a threshold spread up to 59 dB was ob-
served (34 to 93 dB SPL at 0.6 and 0.5 kHz, respec-
tively). In this case, the most insensitive cell was
encountered early in the experiment, the most sen-
sitive near the end. It is possible to exclude general
degenerative effects on the animal, but not the ef-
fects of anaesthesia as an explanation for the large
spread of thresholds. Most animals in which many
cells were encountered showed total threshold
ranges of 30-50 dB. This spread is, however, partly
due to the fact that low-CF cells always have high-
er thresholds (Fig. 18).

The distribution of CFs in the nerve. As can be
seen in Fig. 18, units with extreme CF values were
less often encountered than units in the middle fre-
quency range (0.4 to 2 kHz). It is not reasonable
to put much emphasis on this finding, however,
for two reasons. Firstly, we seldom made an at-
tempt to penetrate the ganglion systematically ac-
cording to position and secondly, the CFs are or-
ganized non-randomly in the ganglion.

As was already noted for Fig. 2, non-auditory
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Fig. 13. Typical tuning curves of cochlear ganglion cells in the
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Fig. 14a, b. High- (HF) and Low-frequency (LF) slopes as a
measure of symmetry relationships in tuning curves of primary
auditory neurones of the same CF-range in the starling (a)
and the guinea pig (b). Note that in contrast to the symmetrical
distribution for the starling, most tuning curves in the guinea
pig have steeper HF slopes. (Guinea-pig data courtesy of R.
Harrison, Toronto)
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Fig. 15a, b. Ratio of high- (HF) and low-frequency (LF) slopes
plotted against CF. In the starling (a) the ratio is generally
closer to 1 than in the guinea pig (b), where the values are
much higher over the whole frequency range, indicating a
steeper HF-slope at all CFs. The starling data indicate that
below CF 1kHz, two-thirds of tuning curves have a steeper
LF-slope. Above CF 1kHz, the reverse is true. (Guinea-pig
data courtesy of R. Harrison, Toronto)

units seldom appeared as direct neighbours of units
with CF above 0.5 kHz. The apical part of the
cochlear ganglion contains only units with low CF.
The CFs rose as the electrode penetrated more ba-
sally and nearer the basilar membrane. In the latter
case, it was occasionally possible to penectrate fibre
bundles leaving the basilar papilla before they en-
tered the ganglion. Two factors limited the number
of recordings from high-CF units. Firstly, the
cochlear canal was opened in a region near its base
so that any physiological damage and any fall in
perilymph level would affect high-CF units prefer-
entially. Secondly, the part of the ganglion serving
the basal area is small and less accessible.

Single penetrations often encountered units of
different CFs. In Fig. 19 we present a few of these
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Fig. 16a, b. Correlation of high-frequency slope (a) and low-
frequency slope (b) with CF in starling cochlear ganglion cells.
In both cases, the slopes of the tuning curves increase with
CF
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Fig. 17. Qo4 values for tuning curves of 234 cochlear ganglion
cells. The mean Q, oqp-value increases with CF

cases to illustrate how the CFs changed with depth.
In some cases, the CF remained relatively constant
(Fig. 19, left), in others the CF became higher
(Fig. 19, centre) or became lower (Fig. 19, right)
with depth. One or two penetrations showed a re-
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Fig. 18. Absolute rate thresholds at CF of 500 cochlear ganglion
cells in the starling
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peating ‘jump’ in the CF range (Fig. 19, right and
centre). These differences are due to the variation
in the location and angle of electrode penetration.
The fact that the CFs do vary systematically with
depth and with location in the basal-apical axis,
however, rather than showing a chaotic arrange-
ment, supports the expectation from anatomical
data that the ganglion is tonotopically organized.

Discharge patterns to single tones. PST histograms
to tones just above threshold revealed tonic re-
sponses. However, with increasing sound-pressure
level, the response of all cells became increasingly
phasic-tonic. At saturation sound level the time
course of the phasic component exceeded the stim-
ulus duration (Fig. 20). Following the stimulus,
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Fig. 19. The systematic change of CF with electrode penetration depth is an indication of a tonotopic arrangement of auditory
cells in the cochlear ganglion. Ten different penetrations are presented, arranged according to the ten_dency of the CF change
(left: relatively constant CF; centre: rising CF; right: falling CF). Points on the curves represent CFs of single cells
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cells showed a suppression of spontaneous activity.
This suppression increased in strength and dura-
tion with increasing sound pressure level (Fig. 20).
At saturation, some cells did not fully recover their
spontaneous rate before the next tone (200 ms in-
terval). Thus, the dynamic ranges given below may
be somewhat compressed due to inadequate recov-
ery times. From the threshold, the discharge rate
of cells increased mostly monotonically with in-
creasing sound pressure (Fig. 20), often up to rates
above 300 spikes s ~!. However, a range of behav-
iours was present, some cells saturating between
100 and 150 spikes s~ ! (Fig. 21). It was not possi-
ble to correlate these differences with, e.g., thresh-
old or sharpness of tuning. Similar ranges of satu-
ration rates, albeit somewhat lower, were found
with continuous tones. Dynamic ranges (threshold
to saturation) for short duration tones for 18 cells
lay rather evenly distributed betwen 10 and 50 dB

(mean: 25 dB). Cells with a narrow dynamic range
showed a low saturation rate.

‘Odd’ responses. Several units exhibited response
characteristics which have not been reported in re-
sponses of mammalian primary auditory neurones.
In five cells, phase-coupling intervals were ob-
served which represented intervals of only one-
third of the stimulus period. In two of these cases,
the cells had CFs of 0.9 kHz and 0.7 kHz and fired
to an 0.3 kHz stimulus with intervals which repre-
sented the CF-period better than the stimulus peri-
od. Spectral analysis of the stimulus demonstrated
insufficient energy in the harmonics of the 0.3 kHz
stimulus to stimulate the cells at their CFs. Both
cells were more sensitive to 0.3 kHz than expected
from a ‘normal’ tuning curve. One cell showed
this behaviour at its CF and at all sound pressures
used.
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In a number of other cases suppression of spon-
taneous activity during the stimulus was observed,
followed by an ‘off” response (Fig. 22). The 8 cells
which were closely investigated all showed this ef-
fect, at least on the high-frequency end of the tun-
ing curve. On-off responses (3 cells) were also ob-
served, even at CF frequency. The cell in Fig. 23
shows this behaviour at a frequency below CF and
at medium sound pressures. Additionally, raised
firing activity long after the end of the stimulus
(40-50 ms; 2 cells) and peculiar peaks in PST histo-
grams with an interval of about 10 ms between
them (2 cells) have been demonstrated.

None of these phenomena could be explained
by resonances or other uncontrolled components
in the stimulus situation or by stimulus distortion.
As it was seldom possible to test cells under many
different stimulus situations, the frequency of oc-
currence of these phenomena is certainly higher
than is indicated here. However, the limited quan-
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Fig. 22. Excitatory tuning curve of a cochlear ganglion cell. For this units, twelve PST histograms are shown at stimulus frequen@es
and sound pressures as indicated. The PST histogram on the lower right (3 kHz, 121 dB SPL) gives the scales for the time
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Discussion

The surgical approach used here is a rapid method
for exposing the cochlear ganglion in birds. The
operation is much less traumatic than an approach
to the nerve through the brain cavity and this prep-
aration can provide very long recording times from
single cells (more than 1h). The method does,
however, have two disadvantages. Firstly, unless
precautions are taken to supply the bird with suffi-
cient fluids, the perilymph level in the opened scala
tympani can fall rapidly within a relatively short
time period. Secondly, the approach angle of the
electrode is such that middle- and low-frequency-
CF cells and lagenar cells lie preferentially in the
recording path. Even with careful selection of the
electrode track, it is difficult to record from many
high-CF cells. Additionally, these cells presumably
innervate the basal region of the cochlea which
lies nearest the opening in scala tympani and thus
is more exposed to mechanical trauma during the
operation and more affected by a fall in perilymph
level than the apical region. When a systematic
sampling of the ganglion is not required, however,
this method is advantageous for recording from
the auditory nerve in birds.

The present results have implications for the
functional significance of the anatomical organiza-
tion of the avian cochlea. Therefore a brief descrip-
tion of the salient points follows. There exist com-
paratively few recent descriptions of the anatomy
of the bird’s ear (Chandler 1984 a, b; von Duering
et al. 1983; Firbas and Mueller 1983; Rosenhall
1971; Smith 1981 ; Takasaka and Smith 1971 ; Tan-
aka and Smith 1978) The basilar papilla in birds
is several millimeters long, slightly curved and ta-
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pered. In different species, there are two or more
hair-cell types — tall, intermediate and short, which
differ not only in height, but also in aspects of
fine structure and innervation. Along the basilar
membrane, there is a gradient in length of the ster-
eovillar bundles (Tanaka and Smith 1978). The
term ‘stereovilli’ has been suggested by U. Thurm
and co-workers and is adopted here as a better
alternative to microvilli (they are not small) or ster-
eocilia (they are not cilia). All stereovillar bundles
have close contact to a thick tectorial membrane.
In contrast to the mammal’s cochlea, many hair
cells (14-54 in the pigeon), appear in a given trans-
verse section of the basilar papilla. Both tail- and
short-hair-cell groups show axosomatic synapses
between hair cells and both afferent and efferent
nerve fibres. There are about 12% more short than
tall hair cells.

One tall (‘inner’) hair cell receives between 1
and 4 afferent nerve fibres (von Duering et al.
1983), showing the highest innervation density in
the most superior (inner) portion of the papilla.
Tall hair cells near the zone of transition to short
(‘outer’) hair cells receive only one afferent fibre.
One fibre commonly has synaptic contact with one
or two neighbouring tall hair cells. In contrast,
up to 6 short hair cells (on average three) share
one afferent fibre. On the basis of average innerva-
tion densities, von Duering calculates that only
18% of afferent fibres in the starling innervate
short hair cells. Whereas tall hair cells show more
numerous, larger afferent endings than do short
hair cells, the situation with regard to efferent end-
ings is just the reverse. Chandler (19844a), Firbas
and Mueller (1983), Takasaka and Smith (1971)
and Tanaka and Smith (1978) report similar find-
ings for the cochlea of different species.

Spontaneous activity. The presence of both audito-
ry and non-auditory neurones in the cochlear gan-
glion of birds would indicate the lagena as the site
of origin of the non-auditory units. It is, however,
difficult to exactly delimit these populations, as
there are certainly some auditory units whose CF
falls below 100 Hz and therefore could not be relia-
bly stimulated with our equipment. A similar ob-
servation has been reported for the caiman (Klinke
and Pause 1980). Thus, the origin of these very-
low-frequency responses remains to be clarified.
Experiments with direct stimulation of the lagena
(Oeckinghaus, in preparation) were consistent with
these ideas, but also inconclusive. The information
provided by the vestibular components of the inner
ear concerning static components (gravity) and dy-
namic components (motion) would be optimally
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encoded by a combination of regularly- and irregu-
larly-discharging units. It is conceivable that the
latter grouping could show a continuum of re-
sponses to motion, vibration and low-frequency
sound. This remains to be investigated in the case
of the lagena.

In the present study, the variety of TIH pat-
terns of cochlear and lagenar units strongly resem-
bles the types found in the whole eighth nerve of
the cat (Walsh et al. 1972). This suggests the ex-
istence of common types of innervation patterns
and spontaneous-discharge generator mechanisms.
The irregular activity patterns in the spontaneous
firing of auditory-nerve fibres in the starling con-
forms to the patterns universally seen in other
birds, in mammals and in reptiles (see e.g., Manley
1980; Manley and Robertson 1976; Sachs et al.
1980a, b; Walsh et al. 1972). The spontaneous rate
varies from unit to unit and, to some extent, with
the condition of the animal. In the caiman, and
presumably in other reptiles, the spontaneous rate
is temperature-dependent (Klinke and Smolders
1977).

In the guinea pig, the rate also depends on the
metabolic condition of the animal (Manley and
Robertson 1976). When metabolically-impaired
cells (whose thresholds exceeded 50 dB SPL) were
excluded from the analysis, the mean rate in the
guinea pig was 61 spikes s~ * instead of 45 spikes
s~ 1. For cells with rate thresholds below 50 dB
SPL, there was no correlation between spontane-
ous rate and threshold (Manley and Robertson
1976). Tt appears that in the starling the situation
is similar, except that we differentiated here be-
tween sensitive birds and birds where all thresholds
lay above 50 dB SPL. The result of this differentia-
tion gives a ‘normal’ mean spontancous rate of
48 spikes s~ ! instead of 45 spikes s~ '. The distri-
bution is unimodal (Fig. 3a).

In the cat, afferents have a mean spontaneous
rate of 30 spikes s~ ' (Sachs et al. 1974). Both cat
and guinea pig show a bimodal distribution of
rates. Sachs et al. (1980a) report for both the pi-
geon and the redwing blackbird mean spontaneous
rates of 90 spikes s~ !. These authors suggest that
the fact that these rates (and the rates of sound-
induced activity) exceed those seen in mammals
may be explained by the higher body temperature
and higher metabolic rate in the bird. In the star-
ling, however, the rates of spontaneous activity are
not substantially higher than in cat and guinea pig.
It is by no means clear why the spontaneous rate
in the starling should be half that seen in the pigeon
and redwing blackbird. Possible effects of different
anaesthetics are unlikely, as Sachs et al. also found
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normal rates in cats anaesthetized with chloralose.
We have not attempted recordings in these other
species using our technique. In contrast to this dra-
matic difference in spontaneous rates between star-
ling on the one hand and pigeon or redwing black-
bird on the other, the rates of saturated activity
in response to tones are very similar in all three
species (see below).

Among the vertebrates, it appears as if there
are two types of distribution of rates of spontane-
ous activity: unimodal and bimodal. A unimodal
distribution is shown by birds (Sachs et al. 1974,
19804a, and Fig. 3 in this paper) and some reptiles
(Manley 1981). A bimodal distribution is shown
by mammals (Evans 1972; Kiang 1965; Kim and
Molnar 1979; Liberman 1978; Manley and Ro-
bertson 1976) and by the caiman (Klinke and
Pause 1980). It is curious that the distributions
in bird and caiman are so different, for the coch-
leae resemble each other strongly. This raises, of
course, the question as to the origin of spontaneous
activity.

It is generally agreed that most spontaneous
activity is not sound-evoked (see e.g., discussion
in Sachs et al. 1980a). This is certainly the case
in cells with relatively poor sensitivity that were
recorded in acoustically well-shielded chambers.
There are two possible sites of origin of the sponta-
neous activity. The first possibility assumes that
the hair-cell presynaptic membrane randomly re-
leases transmitter vesicles with a rate specific for
each synapse (Walsh et al. 1972). This bombard-
ment of the afferent fibre produces activity in the
absence of stimuli. Alternatively, ‘noise’ in the
membrane potential of the afferent dendrite could
also potentially produce such activity (Weiss 1966).

Manley and Robertson (1976) studied the ef-
fects of hypoxia on spontancous and sound-evoked
activity in the guinea-pig auditory nerve. Although
hypoxia sometimes had a differential effect on
sound threshold and on spontaneous activity, it
was not possible on the basis of these experiments
to clearly differentiate between these two hypothe-
ses as to the origin of spontaneous activity. Geisler
(1981) has suggested an explanation for a bimodal
distribution of rates of spontaneous activity. This
hypothesis is attractive but only if the spontaneous
activity has as its origin the random output of
transmitter from the hair cell. According to this
hypothesis, many afferent fibres discharge in re-
sponse to the release of single transmitter pack-
ages. Other fibres, however, have a higher thresh-
old and require at least two transmitter packages
almost simultaneously in order to reach firing
threshold. These latter cells form the population
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of low-spontaneous-rate units, as the congruence
of two transmitter packets would occur less fre-
quently. Thus, simply by assuming threshold dif-
ferences of afferent endings, the bimodal distribu-
tion of spontancous rates can be explained. Of
course, a unimodal rate distribution would indicate
that all cells possess roughly equivalent firing
thresholds. As it is relatively easy to imagine that
such threshold shifts could occur in the course of
evolution without any structural changes, it may
not after all be so surprising that, in spite of struc-
tural similarities, the distribution of rates in cai-
man is bimodal and in birds it is unimodal.

It should also be noted here that the hypothesis
that spontaneous activity arises on the presynaptic
side of the hair-cell synapse through random re-
lease of transmitter is also strengthened by the
finding of preferred intervals as reported in this
paper. The most reasonable explanation of this ac-
tivity is in membrane-potential oscillations in the
hair cell itself, activity which is then reflected in
the afferent-fibre discharge pattern (see below).

In both the guinea pig (Manley and Robertson
1976) and the starling, the discharge rate of sponta-
neous activity of units suspected of being metaboli-
cally impaired was on average lower than in nor-
mal units. It is interesting to note, however, that
in all cases the pattern of interval distributions was
quite normal for that lower rate. This suggests that
the mechanism which produces the random trans-
mitter output (hair-cell membrane noise?) is inde-
pendent of the mechanism which determines the
rate (hair-cell membrane ‘resting’ potential?).

With regard to the pattern of interval distribu-
tion, a problem arises when a nerve fibre contacts
more than one hair cell. Whereas for mammals
it is relatively certain that activity in the auditory
nerve only arises from fibres contacting only one
inner hair cell (see Manley 1983 for review and
new evidence in Robertson 1984), it appears that
most bird fibres innervate more than one hair cell.
In a theoretical study, Ehrenberger (1976) demon-
strated that combining random inputs from hair
cells on a single nerve fibre changed the resulting
pattern of activity. With an increasing number of
hair-cell inputs, the resulting fibre activity became
more regular. With input from about 20 hair cells
or synapses, the activity was quite regular, as seen
here in some lagenar cells. If these principles can
be applied to auditory-nerve fibres, it might be ex-
pected that auditory fibres which innervate several
hair cells, as for example those innervating short
hair cells in birds, would have somewhat longer
modes than other cells. The data here do not indi-
cate any bimodal or multimodal distribution of
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modes of TIH of spontaneous activity (Fig. 6).
Whereas in comparison to the guinea pig (Manley
and Robertson 1976; Fig. 5b), the modes in the
starling are on average shorter, the spread of
values is not obviously greater. We thus conclude
that either Ehrenberg’s hypothesis does not apply
here or the number of innervated hair cells is too
small to significantly affect the discharge pattern.
It may, of course, also be the case that for some
reason we only recorded activity originating from
tall hair cells, where the fibres only innervate one
or two hair cells (von Duering et al. 1983).

Modes reported for the caiman (only for units
with rates above 8 spikes s~1) range up to 9.5 ms.
This large spread appears not simply to be due
to lower spontaneous rates in the caiman, as the
mode, e.g., for a unit with the relatively high rate
of 65 spikes s ! is reported as 6 ms. This exceeds
all mode lengths found in the starling. The mode
distribution and bimodal rate distribution in cai-
man may both point to a substantial difference
in the origin of spontaneous activity as compared
to the starling.

Preferred intervals in spontaneous activity. This
phenomenon was first reported by Manley (1979)
in data from the starling and the tokay gecko.
Manley also reviewed the arguments against the
possibility that preferred intervals arise through in-
advertent noise stimulation of hair cells. Subse-
quently, similar phenomena have been reported in
auditory nerve fibres of the red-eared turtle (Craw-
ford and Fettiplace 1980) and the membrane noise
of single hair cells of this turtle has been shown
to preferentially contain energy in the region of
the CF (Crawford and Fettiplace 1981a, b). These
data taken together not only strengthen the im-
pression that spontaneous activity of auditory-
nerve fibres has its origin on the presynaptic side
of the hair cell, they also indicate that the preferred
intervals are a reflection of a frequency selectivity
present in the unstimulated hair cell. This may be
due to an electrical filtering of membrane noise
by the hair-cell membrane. Such preferred intervals
have never been reported in mammals and the pos-
sibility that they may have simply been overlooked
has been checked by careful analysis of data from
low-CF cells (Geisler, personal communication).
The data on preferred intervals reported here
for cells with CF below 1.6 kHz encompass three
new findings (see also Manley and Gleich 1984).
Firstly, an analysis of the ‘goodness-of-fit’ be-
tween the “basic interval” of an individual cell (see
Results, Fig. 11) and the CF-period revealed that,
contrary to Manley’s earlier impression based on
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fewer data, the preferred intervals are not exactly
mutltiples of the CF-period. They are, on average,
approximately 15% longer, so that it appears that,
if these intervals reflect a filter in the hair cell,
the hair cells are ‘tuned’ at rest to a frequency
15% lower than the CF might suggest.

Secondly, the mode of the TIH of lower-CF
cells is also a preferred interval in the sense of
bearing a fixed relationship to the cell’s CF, even
though further peaks at multiples of the mode’s
interval do not appear. Thus, all lower-CF cells
have a pattern of spontaneous activity which re-
flects their tuning properties. In these cells, either
the mode interval alone or the mode and ‘basic
interval® indicate a natural ‘resonance’, probably
of the hair cell(s) at a frequency on average 15%
lower than would be expected from the CF derived
from tone stimuli. This fact alone makes it ex-
tremely unlikely that preferred intervals are due
to inadvertent acoustic stimulation or even to
‘body noise’, as there is no reason why the best
response frequency in this case should differ from
that in response to tonal stimuli. Neither can this
systematic difference as compared to tonal-CF be
explained by possible sources of scatter in the data,
such as inaccurate determination of the tonal CFs
or inadequate resolution of the computer analysis.
The lack of correspondence between the cells’ CFs
and their spontaneous oscillations is curious, as
one would expect the frequency of most sensitive
response to a tone to be in conformity with the
frequency of natural ‘resonance’ of the cell. Why
this is not so will only be explicable when we un-
derstand the origins of both of these selectivity
mechanisms.

Thirdly, the dead times of TIH are related to
the modes, being on average 30% shorter. This
influence of the cell’s tuning properties (for lower-
CF cells) on both mode and dead time are partially
responsible for the fact that TIH modes in the star-
ling are, on average, substantially shorter than
those in the guinea pig and also that the dead times
show a compact distribution at very short values
(Fig. 8b). Indeed, when units showing a ‘shoulder’
in their TIH are ignored, all modes of TIH are
shorter than 2.5 ms, thus being very much shorter
than in mammals. The origin of a ‘shoulder’ in
a TIH is unknown. In such a TIH, the mode is
abnormally long and no longer near the CF-peri-
od, but double this length. For some reason, there
is a shift in the interval frequencies in these units,
which form about 20% of the unit population
studied here. Whether this behaviour has anything
to do with the innervation pattern remains to be
investigated.
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Tone-evoked discharge patterns. The finding of a
tonotopic organization in the cochlear ganglion
was, of course, expected in view of the organization
of the papilla basilaris and the tonotopic organiza-
tion of the cochlear nucleus (Konishi 1970) and
forebrain (Leppelsack 1978). The expectation of
finding low-CF fibres at the wider distal end of
the cochlea is fully supported by the data of the
present study (Fig. 2). That lagenar (non-auditory)
fibres were found predominantly as neighbours of
lower-CF fibres supports the contention that these
frequencies are analysed in the distal portion of
the basilar papilla (Fig. 2, Boord and Rasmussen
1963). Additionally, recording from fibre bundles
near the basilar membrane demonstrated consis-
tent CFs in single penetrations and a correlation
between CF and location. However, such penetra-
tions were infrequent and in different animals, so
that no exact map of the basilar papilla can be
presented. This distribution of CFs is also consis-
tent with the noise-damage data of Rebillard et al.
(1982).

Studies of innervation density (e.g., Takasaka
and Smith 1971) indicate that the lower-frequency
area of the cochlea receives twice as many afferent
fibres as the higher-frequency area. In the cochlear
nucleus, Konishi (1970}, using a technique for sys-
tematically sampling cells in different areas, found
many more cells responding to the middle-CF
range as to both extremes. These findings, com-
bined with potential damage to the base of the
cochlea during surgery explain the fact that high-
CF fibres were infrequently encountered in this
study. Whereas Konishi (1970) reports a CF-range
of 0.25 to 6.25 kHz in the cochlear nucleus of the
starling, we report a range of 0.15 to 4.2 kHz. For
these reasons, our data are not suited to construct-
ing a histogram of CF distribution and cell
numbers.

Our lowest thresholds (Fig. 18) lie significantly
higher than those shown by Konishi (1970: rate-
increase criterium) and by behavioural studies
(Kuhn et al. 1980). There are a number of reasons
for this. Firstly, we altered the normal acoustical
conditions of the eardrum, in that the middle ear
lay opened under the free-field stimulation condi-
tions used here. In the tokay gecko, closed-acousti-
cal-system recordings are about 10 dB more sensi-
tive than free field with opened middle ear (Manley
1981). Secondly, the tones used in this study were
very short (50 ms). Psychophysical studies of bird
and mammal hearing show an improvement in
threshold of 6 dB by an increase of tone length
from 50 to 200 ms (Dooling 1979). Thirdly, our
preliminary findings also indicate substantially
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lower thresholds for phase-locking than for the
rate-increase criteria used in collecting the data re-
ported here.

The wide range of thresholds we report (up
to 60 dB at one frequency) does not seem to be
artefactual. Liberman (1978) reports a threshold
range of up to 50 dB for the cat, a range also ob-
served in the caiman (Klinke and Pause 1980). In
a few cases, we recorded early in the experiment
from insensitive units and, at the same CF, at the
end of the experiment from a sensitive unit. Thus,
there is no reason to regard this threshold spread
as indicative of pathological conditions. General
effects of the depth of anaesthesia were not ob-
served.

Tuning curves in the starling were not con-
sistently asymmetrical (Figs. 13 to 16). Sachs et al.
(1974) provide no detail for the pigeon, but observe
that the tuning curves are V-shaped and similar
to those in the cat cochlea. A perusal of their fig-
ures, however, indicates that the tuning curves of
units with CF below 1.5 kHz have steeper slopes
on the low-frequency side. Certainly, no low-fre-
quency ‘tails’ as observed in mammalian units of
CF above 1 kHz were observed. Our data indicate
that for the starling, the tuning curves have, on
average, slopes of equal steepness on the high- and
low-frequency side (Fig. 14a). The relationship is
not consistent across CF, however. Lower-CF un-
its have tuning curves steeper on the low-frequency
slope, while higher-CF fibres have the reverse
(Fig. 15a). Professor Bob Harrison, Toronto, Can-
ada, has kindly provided us with data from the
guinea pig in a CF-range corresponding to that
found in the starling. This comparison is impor-
tant, because there is no clarity in the literature
with regard to tuning curve shape and symmetry
in birds. Our observations are clearly different to
the data from the guinea pig (Figs. 14b, 15b). In
the guinea pig, only 12% of fibres have a steeper
low-frequency slope and these fibres are evenly dis-
tributed throughout the CF-range. The well-
known asymmetry of mammalian auditory-nerve
fibres apparently extends down to very low CFs.
Thus, there is an important qualitative difference
between tuning-curve shapes in the starling and
those in the guinea pig.

Curiously, the tuning curves of caiman, with
a cochlear structure resembling that of birds, are
reported to be asymmetrical (Klinke and Pause
1980) although the range of slopes on the high-
frequency side (30 to 180 dB/octave) are little high-
er than on the low-frequency side (10 to 150 dB/
octave). Until we know what factors determine
these tuning-curve shapes, it is difficult to estimate
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the significance of these differences. For this rea-
son, it is also unclear as to why the maximal high-
frequency slope of starling tuning curves increases
consistently with CF (Fig. 16a) whereas the low-
frequency slope shows a less consistent increase
(Fig. 16b).

There is good agreement between our data con-
cerning Q,qq4p-values for tuning curves in the star-
ling and that reported for pigeon and redwing
blackbird nerve fibres (Sachs et al. 1978 ; Sachs and
Sinnott 1978). Q-values for starling fibres match
or exceed those for the guinea pig (see e.g.,
Fig. 17a and b). Thus, the peripheral auditory sys-
tem of the starling is as frequency selective as that
of an unspecialized mammal. The mean Q-value
rises with frequency, which is consistent with the
findings of Saunders et al. (1978) that psychophysi-
cal tuning curves for the parakeet are sharpest
above 2kHz. They and Dooling (1979) report
smaller critical ratios and critical bands in birds
above 1.5 kHz. However, the birds’ performance
in these respects is inferior to that of mammals,
so that equivalent sharpness of tuning curves can-
not mean equivalent performance in discrimina-
tion tests, unless such tests are, for other reasons,
more difficult to conduct with birds.

The phasic-tonic PST-response patterns shown
here strongly resemble the ‘primary-like’ pattern
of mammalian auditory-nerve fibres (Fig. 20). The
maximal discharge rates in cats (190 spikes s~ 1,
Sachs et al. 1978) is exceeded by the rates in the
starling (tonic rates often exceeded 300 spikes s !
and phasic components initially exceeded
450 spikes s~ '). Similar data have been demon-
strated for other bird species (Sachs et al. 1978).
This vigorous discharge activity parallels the high-
er spontaneous rates of birds, but its significance
is not yet understood. An effect of temperature
is unlikely, as some birds apparently show substan-
tially higher spontancous rates (Sachs et al.
1980a). Certainly, these high activity bursts in re-
sponse to louder tones suppress the spontaneous
activity following the tones, often down to zero,
followed by a recovery time 4-5 times longer than
the tone burst. It should be noted that, as we used
a 1:4 (tone:silence) duty cycle, the silent intervals
were probably too short for full recovery from
high-intensity tones. This may lead to an underesti-
mation of maximum potential discharge rates and
a compression of dynamic range.

We do not have sufficient data on dynamic
ranges to comment on the ‘sloping saturations’
shown by Sachs et al. (1980a) for their bird and
mammal data. Our data generally showed a clear
break in the slope of discharge-rate increase
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(Fig. 21), so that it was relatively easy to determine
the primary dynamic range of each unit. This range
(10 to 50 dB; mean 25 dB) exceeds that seen in
the caiman (20 to 40 dB) as do the corresponding
saturation discharge rates (caiman: 40-200 spikes
s™!; Klinke and Pause 1980). However, caiman
rate-intensity functions were nonmonotonic, de-
creasing greatly at higher intensities. Although we
have not observed this phenomenon, our recorded
sound-pressure ranges were frequently not as large
as would be necessary to test this adequately. This,
and the steepness of intensity functions at several
frequencies for each unit, must be the subject of
further study.

Sachs and Sinnott (1978) occasionally observed
weak suppression to single tones in the redwing
blackbird. Inhibitory side-bands occur regularly in
cochlear-nucleus units (Hotta 1971 ; Sachs and Sin-
nott 1978; Sachs et al. 1978). As can be seen in
Fig. 22, we have observed primary suppression in
starling nerve fibres. As the strategy necessary to
efficiently explore this phenomenon differed from
the data-collection methods employed in the cur-
rent investigation, we reserve detailed discussion
to a later date. Preliminary data, however, indicate
this phenomenon to be more common than we sus-
pected. It is conceivable that some part of the ob-
served suppressive side-bands at the cochlear nu-
cleus level is already present in the discharge pat-
terns of cochlear nerve fibres to single tones. As
the tectorial membrane is suspected of playing a
role in two-tone suppression at the periphery
(Manley 1981), primary suppression in birds may
be traceable to a firm link between all hair cells
and the tectorial membrane. Inner hair cells of
mammals probably have no such connection. Fur-
ther investigation of other unusual responses such
as ‘on-off” PSTs (Fig. 23) may allow more general
statements to be made.

The meagre information on afferent fibre
branching patterns in the bird cochlea precludes
detailed interpretation of some of the above data.
It appears as if fibres only innervate a narrow band
of hair cells across the papilla (Chandler 1984a;
Takasaka and Smith 1971), which may partly ex-
plain the good frequency selectivity of primary au-
ditory units. It appears that the short hair cells
receive about 18% of afferent fibres and that each
of these fibres innervates up to 6 short hair cells.
Fibres to tall hair cells innervate only one or two
sensory cells (von Duering et al. 1983). From this
information, one might expect to find two fibre
populations (as also long sought-for in mammals).
We have no discharge patterns which are firm can-
didates for separating such populations. In the cai-
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man, where a similar innervation pattern exists
(von Duering et al. 1974), it was also not possible
to distinguish two fibre populations in response
to standard stimuli (Klinke and Pause 1980). It
will be necessary here, as in mammals (e.g., Ro-
bertson 1984) to use fibre-tracing techniques to de-
termine the site of origin of specific response pat-
terns. Thus, it is not possible to discuss the possi-
bility that any interactions occur between popula-
tions of hair cells in the papilla, as now seems
highly likely in the organ of Corti of mammals.
The solution to these problems must await further
data.
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