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We have examined the activity patterns of single auditory-nerve fibres in the chicken and tested for possible changes during post-hatching 

development. For this purpose, we recorded from fibres in the cochlear ganglion of chickens of two age groups (about P2 and P21) and 

investigated their spontaneous and sound-evoked activity patterns under nembutal-chloralhydrate anaesthesia. The spontaneous activity of 

primary auditory neurones was irregular, the average rates were between 20.5 (P2) and 23 (P21) spikes/s. Many low-frequency fibres from both 

age groups showed preferred intervals in their spontaneous activity. Tuning characteristics, including the range of characteristic frequencies, the 

presence of primary and two-tone suppression, the slopes of tuning-curve flanks and Q,,, ,,a values were similar to those previously reported for 

the starling and were statistically indistinguishable between the two age groups. However, there was a difference in fibre thresholds at the highest 

frequencies. Systematic differences were also present between the two age groups with regard to some characteristics of the rate-intensity 

functions. These data indicate that whereas the tuning properties of primary auditory fibres of the chicken cochlea are mature as early as 

post-hatching day 2, the intensity functions are not. 

Development; Chicken; Primary auditory neurones; Cochlear ganglion; Auditory physiology; Bird 

Introduction 

During the last ten years, there has been a rapid 
growth of interest in the ontogeny of hearing. Most 
studies of the development of the avian cochlea have 
been carried out in precocious species, such as chick- 
ens and ducks. The cochlea of the domestic chicken is 
almost fully developed at hatching. While the actual 
length of the sensory epithelium does increase after 
hatching (Ryals et al., 1984; Manley et al., 1987), most 
features of the fine anatomy have reached their adult 
appearance by the time of hatching. These features 
include the differentiation of the tectorial membrane 
(Cohen and Fermin, 1985) and of the hair-cell stere- 
ovillar bundles (Cotanche and Sulik, 1984; Tilney et al., 
1986), the maturation of the tall and short hair cells 
and the hair-cell innervation (Fermin and Cohen, 
1984a; Rebillard and Pujol, 1983; Whitehead and Mor- 
est, 1985a,b). Some other features, such as the myelina- 
tion of the statoacoustic ganglion (Fermin and Cohen, 
1984b) are only fully developed a week or two after 
hatching. Similarly in the duck, cell differentiation and 
synaptogenesis are essentially complete at hatching 
(Chandler, 1984). Anatomical and physiological devel- 
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opment in the hearing organ do not, however, take 
place in a completely parallel fashion. 

A number of studies indicate that morphologically, 
the basal-to-middle region of the basilar papilla ma- 
tures before the apical region. The hair cells on the 
basilar papilla mature first at the basal end, the place 
where high frequencies are analyzed (Fermin and Co- 
hen, 1984a; Hirokawa, 1978). In contrast, the results of 
a number of behavioural (Gray and Rubel, 1985) and 
physiological experiments recording from brain-stem 
nuclei (Lippe, 1987; Lippe and Rubel, 1985) suggest 
that hatched chickens have a delayed maturation of 
high-frequency hearing. It has thus been assumed that, 
in contrast to structural maturation, functional matura- 
tion begins first in the apex and shifts with time to the 
base. Rubel and Ryals (1983) suggested that there is a 
maturation of peripheral function until at least day 
P30. This phenomenon of contrary maturational gradi- 
ents has been described as a paradox (Rubel and 
Ryals, 1983). 

On the other hand, some other published reports 
have indicated essentially adult responses in the cochlea 
of the newly-hatched chicken. Saunders et al. (1973), 
for example, found little shift of the best frequency 
sensitivity of cochlear microphonics and brain stem 
evoked response thresholds during post-hatching matu- 
ration of chickens (1 day to 3 weeks). Similarly, Rebil- 
lard and Rubel (19811, on the basis of compound 
action potential recordings, found no change in sensi- 



tivity for low and middle frequencies after hatching. 
However, in the chicken basilar papilla the centre of 
gravity of damaged areas of short hair cells (SHC) 
caused by loud sounds changed with age (Ryals and 
Rubel, 1985b; Rubel et al., 1984). This suggested that 
SHC change their preferred response frequency during 
post-hatching development, at least up to P30. This 
phenomenon was interpreted to mean that the place of 
analysis of given frequencies moved their positions on 
the basilar papilla. In these experiments, the position 

of damaged tall hair cells (THC), in contrast to SHC, 
did not change with frequency or with age. To explain 
this finding, Rubel et al. (1984) supposed that THC 
may not be part of the frequency-selective apparatus of 
the papilla (Rubel et al., 1984). As shown previously 

(Manley et al., 1987), this assumption is untenable. 
Cousillas and Rebillard (1985) also found a shift in the 
position of damaged SHC regions in the chicken with 
age, but the shift was restricted to developmental stages 
before age P2. There are thus a number of discrepan- 
cies in the literature concerning possible changes in the 
functional properties of the hearing organ of the 
chicken during development. Thus, some questions re- 
lating to the development of hearing in the chick have 
not yet been definitively answered, partly due to a lack 
of physiological data. 

There are very few normative data on the response 
properties of nerve fibres of the chicken cochlea. Al- 
though there have been extensive anatomical and func- 
tional studies of the maturation of the chicken auditory 
system, only one single-unit study has been published. 
Staining primary afferent nerve fibres of two-day-old 
(P2) and three-week-old (P21) chickens and tracing 
them to their origins in the auditory papilla, we dem- 
onstrated that the frequency-place map of THC and 
their associated afferent fibres does not change during 
this period of development (Manley et al., 1987). The 
present study was carried out in order to provide data 
on the activity of chicken auditory afferents and to 
examine this activity in animals of two age groups with 
respect to possible changes in physiological parameters 
over time. The present paper reports on the sponta- 
neous and evoked activity patterns of single auditory- 
nerve fibres of P2 and P21 chickens. 

Materials and Methods 

The present study was carried out on 53 male chick- 
ens (Callus gallus domesticus, selected white leghorn 
breed). Of these, 29 were P1.6 + 1.1 (‘P2’) and 24 
P21.5 + 3.5 (‘P21’). The animals were anaesthetized 
with sodium pentobarbital (8 mg/kg for P2 animals, 14 
mg/kg for P21) and chloralhydrate (113 mg/kg and 
210 mg/kg, respectively) and warmed by a heating 
blanket to 37 + 1°C. After opening an abdominal air 

sac, they were respirated via a tracheal cannula (after 
the method of Schwartzkopff and Bremond, 1963) with 

a continuous stream of moist air (flow rates of P2: 
200-400 and P21: 200-600 ml/min). The animals were 
also given an injection of Atropin (0.025-0.05 mg> 
every 1.5 to 2 h. All experiments were carried out in 
acoustically- and electrically-shielded chambers. 

The cochlear ganglion was exposed via the dorso- 
lateral approach developed for the starling (Manley 

and Leppelsack, 1977; Manley et al., 1985). Skin and 
muscle over the rostro-lateral portion of one side of 
the skull were opened and moved to the side. The thin 
bone over the middle-ear cavity was then opened, after 
which it is possible to see the oval and round windows 
of the cochlea. A small opening in the thin wall of the 
Recessus Scala tympani was carefully made, taking care 

to avoid pulling on the membranous laryrinth below 
and avoiding blood vessels as far as possible. Once the 
membrane over the Recessus has been opened, much 
of the cochlear ganglion becomes visible as a whitish 

patch deep in Scala tympani. 
Glass micropipettes filled with 3M KC1 or 10% 

HRP in tris buffer were used to record from afferent 
nerve fibres of the cochlear ganglion of both age groups 
of chickens. The electrodes were advanced using a 
combination of a hydraulic microdrive and a piezo- 
stepper device. Auditory units were detected by their 
spontaneous activity or by their response to a white- 
noise search stimulus or to tone bursts, following which 
they were physiologically characterized. For this pur- 
pose, we determined threshold-response curves for the 
individual auditory units using either audiovisual crite- 
ria (50 ms tones, rise-fall time 5 ms, 4/s) or a com- 
puter-controlled procedure. The latter determined re- 
sponse rates for a matrix of stimuli (up to 30 frequen- 

cies and 18 sound pressure levels, 100 ms, 5 ms, 4/s, 
repeated at least once). From these matrices, isorate 
curves were calculated. The excitatory tuning curve was 
taken as the isorate curve drawn using the lowest rate 
criterion which still gave a smooth curve. The most 
sensitive point on these V-shaped tuning curves was 
accepted as the characteristic frequency (CF). 

Frequency-threshold tuning curves were analyzed to 
determine the slopes of the low and high-frequency 
flanks (between 3 and 23 dB above CF threshold), the 

Q ,,, c,B sharpness coefficient and for the presence of a 
break in the slope on the low-frequency flank. Inten- 
sity-rate (I/O) functions were studied both from taped 
series of responses to repeated tone bursts and from 
the response matrices used in tuning-curve determina- 
tion using the frequency at or closest to the CF, a 
matrix frequency closest to 0.25 octaves below CF and 
one closest to 0.3 octaves above CF. In both age 
groups, not all cells reached saturation responses for 
frequencies below and above the CF even at the high- 
est sound-pressures used. In order to maximize the 



number of cells for which I/O function slope data 
could be obtained, however, we analyzed all cells where 
saturation was reached at the CF. Thus, although the 
data given in Table I for maximal rates and dynamic 
ranges below and above CF are on average slightly 
lower than they would be had all cells reached full 
saturation at all frequencies (see also Fig. 71, the data 
are directly comparable between age groups. These 
data are thus presented mainly with the intention of 
investigating developmental changes. The data on the 
slopes of I/O functions are independent of saturation. 

During some of the experiments described here, an 
attempt was made to stain one or two fibres per animal 
by iontophoretically injecting HRP, in order to localize 
their terminations in the papilla. The results of these 
stains, describing the stable tonotopic organization of 
the tall hair cells in the chicken papilla between the 
ages of P2 and P21, have been described in an earlier 
paper (Manley et al., 1987). 

The frequency-tuning matrix was examined for the 
presence of single-tone rate suppression (STRS, pri- 
mary suppression). In some cases, the matrix was also 
collected while simultaneously presenting a second, 

TABLE I 

3 

continuous tone of a frequency at or near the CF in 
order to examine the response matrix for two-tone rate 
suppression effects (TIERS). In addition, we recorded 
spontaneous activity and responses to pure-tone bursts 
on analog tape for off-line computer analysis. Sponta- 
neous activity on tape was analyzed for the rate, the 
dead time and modal interval and for the presence of 
preferred intervals using time-interval histograms col- 
lected with a fine time resolution (from taped data, a 
minimum of 2000 intervals was analyzed using 0.1-1.2 
ms bins). Histograms showing preferred intervals were 
examined both with respect to their mode, but also to 
the preferred interval lengths as given by an analysis of 
the ‘basic’ interval (Manley et al., 1985). The basic 
interval is the mean of the interval lengths given by 
half the total interval to the second peak, one-third of 
the total interval to the third peak, etc. 

Data sets from the two age groups (Table I> were 
compared using statistical tests of the SPSS/PC + 
package (Mann-Whitney U -Wilcoxon Rank Sum W 
test, Friedman two-way ANOVA test). In Table I, we 
compare the data from auditory-nerve fibres that de- 
scribe the characteristics of the tuning curves (TC), the 

COMPARISON OF TUNING-CURVE, SATURATED I/O-FUNCTION AND SPONTANEOUS DATA FROM P2 AND P21 CHICKS 

(NONPARAMETRIC TESTS, MANN-WHITNEY U-WILCOXON RANK SUM WI. I/O, INPUT-OUTPUT; TIH, TIME-INTERVAL 

HISTOGRAM 

Parameter 

Age Group 

Unit Mean ( f SD) 

P2 P21 

A% mean Range 

P2 top21 p2 
P21 

N Signif. 

~ 5%- P2 P21 
Level 

Tuning-curve CF Hz 872.9 (+650.8) 884.1 (+592.1) +l 

TC Threshold dB SPL 

TC Q,, da Value 

TC HF-Slope dB/Octave 

TC LF-Slope dB/Octave 

TC LF-Slope break Ott re. CF 

I/O Min rate CF Sp/s 
I/O Min rate LF SP/S 
I/O Min rate HF SP/S 

I/O Max rate CF SP/S 
I/O Max rate LF SP/S 
I/O Max rate HF SP/S 

56.9 ( f 16.6) 

3.4 (+ 1.9) 
71.8 (*34.7) 

62.7 (k40.1) 

-0.74 (+0.35) 

26.4 ( f 15.8) 

27.4 ( f 15.0) 

27.9 ( f 18.4) 

138.9 ( f 56.0) 

128.2 (k51.5) 

116.1 (k49.4) 

112.6 (k47.6) 

104.8 (+ 52.7) 

88.2 (k41.9) 

45.7 (k 13.6) 

43.5 ( f 13.2) 

39.0 (k 13.8) 

3.0 (rt 1.1) 

2.7 (* 1.1) 

2.4 (* 1.1) 

20.5 (+ 10.1) 

1.6 (kO.4) 

4.7 (+ 4.2) 

54.7 & 17.1) 

3.2 (+ 1.7) 
76.9 ( f 46.9) 

78.1 (k 68.5) 

-0.62 (kO.26) 

40.2 (+21.0) 

41.5 (f23.6) 

40.8 (k 22.2) 

207.6 ( f 84.7) 

186.7 (+ 80.4) 

172.0 ( f 87.2) 

167.5 ( f 79.7) 

145.2 ( f 79.6) 

131.2 (k83.3) 

38.5 (k11.2) 

35.5 ( f 12.2) 

32.6 (+11.8) 

5.6 (+3.6) 
4.8 ( f 2.7) 

4.2 (k2.5) 

22.9 ( f 9.8) 

1.6 (* 0.6) 

4.3 (+ 4.8) 

-4 

-6 

+7 

+24 

-16 

70.0 -2640.0 185.0 -3303.0 249 145 n.s. 

18.0 - 95.0 20.0 - 107.0 249 145 n.s. 

0.8 - 15.0 0.8 - 10.2 132 127 n.s. 

20.0 - 219.0 21.0 - 238.0 108 92 n.s. 

8.0 - 270.0 19.0 - 570.0 112 100 n.s. 

( - 1.3)- ( - 0.2) ( - l.O)- ( - 0.2) 26 21 n.s. 

I/O Dyn range CF Sp/s 

I/O Dyn range LF Sp/s 

I/O Dyn range HF Sp/s 

I/O Dyn range CF dB 

I/O Dyn range LF dB 

I/O Dyn range HF dB 

I/O Slope CF Sp/s/dB 
I/O Slope LF Sp/s/dB 
I/O Slope HF Sp/s/dB 

TIH Spont rate SP/S 
TIH Dead time ms 

TIH Mode ms 

+52 

+51 

+46 

+49 

+46 

+48 

+49 

+39 

+49 

- 16 

-21 

-16 

+87 

+78 

Jr75 

+ 12 

+1 

-9 

4.9 - 68.7 

3.5 - 55.7 

3.5 - 78.3 

31.0 - 254.0 

33.0 - 223.0 

27.3 - 228.0 

19.8 - 196.6 

19.6 - 233.9 

14.8 - 160.7 

19.6 - 78.7 

17.9 - 64.0 

10.1 - 64.0 

1.1 - 5.6 
0.9 - 5.6 

0.6 - 4.7 

3.0 - 42.7 

1.1 - 2.9 

1.4 - 20.3 

5.4 - 92.0 28 40 * 

4.0 * - 101.1 27 40 

8.4 90.5 28 40 * - 

71.8 - 426.8 28 40 * 

58.9 - 375.9 28 40 * 

61.2 - 414.3 28 40 * 

42.2 * - 397.0 28 40 

26.6 350.2 28 40 * - 

26.3 - 380.3 28 40 * 

12.1 69.4 28 40 * - 

14.8 60.7 28 40 * - 

14.0 - 59.8 28 40 * 

1.4 - 20.2 28 40 * 

0.9 - 13.2 28 40 * 

0.8 - 11.3 28 40 * 

13.3 - 50.8 53 29 n.s. 

1.0 - 3.5 49 30 n.s. 

1.2 - 25.0 50 30 n.s. 



minimal and maximal rates of the I/O functions, the 
dynamic ranges of the I/O functions expressed in dB 
and in spikes/s, the slopes of the I/O functions in 
spikes/s/dB and the spontaneous activity. 

Results 

We report data from recordings of 394 primary 
afferent fibres. Whereas no statistically-significant dif- 
ferences were observed between data describing the 

frequency tuning curves from animals belonging to the 
two age groups, differences were found in the parame- 
ters of the intensity functions. In most figures, how- 
ever, data for the two age groups are presented using 
different symbols. 

As reported for the starling and pigeon (Manley et 

al., 1985; Schermuly and Klinke, 19901, a number of 

fibres in the cochlear ganglion do not respond to sound 
with a rate increase, although some show phase-locking 
to tones. In a separate study, we have examined the 
spontaneous activity of some of these fibres in the 
chicken. Most fibres showing no responses whatever to 
sound were traced to terminations in the lagena mac- 
ula; a very few innervated the apical basilar papilla 
(Haeseler et al., 1989; Manley et al., 1991). 

Tone-el*oked actirity: tuning curces 

The afferent fibres encountered in the cochlear 
ganglion were clearly tonotopically organized. Fibres 
within single penetrations were encountered with a 
systematic frequency organization in depth very similar 
to that described for the starling cochlear ganglion 

(Manley et al., 1985J high-CF fibres being found 

basally, low-CF fibres apically. As it is difficult to place 
electrodes in the extreme basal end of the ganglion, 
the absence of really high-frequency fibres from our 
sample is not surprising. In addition, in P21 chickens, 
the low-frequency end of the ganglion is covered by a 
sheet of connective tissue of variable size; this makes it 
very difficult in animals of this age group to contact 
fibres with CF below about 0.2 kHz. Apart from these 
difficulties, the distribution of CF among fibres of the 
different age groups of animals is very similar (Fig. 1). 

Tuning curves complete enough to permit measure- 
ment of the slopes of both flanks were obtained from 
200 fibres. Most fibres showed fairly simple V-shaped 
tuning curves (Fig. 2). The fibre CF ranged from 0.07 
to 3.3 kHz and their thresholds at CF ranged from 
below 20 to over 100 dB SPL (Fig. 1). In individual 
animals, the range of thresholds was maximally 59 dB. 
There was no statistically-significant difference be- 
tween the threshold distributions of pooled data from 
P2 and P21 animals (Table I). However, when the 
threshold data were divided into frequency blocks, the 
mean thresholds of fibres of CF above 1.5 kHz from P2 
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Fig. I. (a. b). The distributions of characteristic frequencies and 

thresholds for cochlear ganglion neurones of (a) P2 animals and (b) 

P21 animals. One cell with a CF of 0.07 kHz has been omitted from 

(a). The threshold scatter is larger in pooled data than in individual 

animals (see text). There is no significant difference in threshold 

distribution between the pooled data in (a) and (b) but the poorer 

threshold of high-frequency tuning curves (CF > 13 kHz) in P2 cells 

is significantly different to that of P21 animals (see Table 1). 

animals were significantly less sensitive (10 to 15 dB) 
than those from P21 animals (compare Figs. 1 and 2). 

The slopes of the low- and the high-frequency flank 
tend to differ for each fibre, although both tend to 

2 01 
0.1 1 10 

Frequency, kHz 

Fig. 2. Representative frequency-threshold tuning curves for cochlear 

ganglion neurones of P2 (continuous lines) and P21 (dashed lines) 
animals. 



increase with CF (Fig. 3 a,b). There was no consistent 
asymmetry to the tuning curves between 3 and 23 dB 
above CF threshold as seen in mammals; fibres with a 
steeper low-frequency flank were almost as numerous 
as those with a steeper high-frequency flank (Fig. 3~). 
In both P2 and P21 animals, 36% of tuning curves were 
steeper on the low-frequency flank (Fig. 3d). There was 
no strong trend of tuning-curve symmetry across the 
CF range, although in animals of both age groups, 
fibres of CF > 1.5 kHz had tuning curves with steeper 
high-frequency flanks (Fig. 3d). No significant differ- 
ences were found in the tuning-curve parameters tested 
for P2 and P21 animals. 

About a quarter of tuning curves over the whole CF 
range in both age groups showed an obvious break to 
lower slopes on the low-frequency flank (Fig. 2). This 
break occurred on average at about 0.7 octaves below 
CF in both P2 and P21 animals (Table I> and at a level 
between about 65 and 90 dB SPL, independently of the 
actual fibre threshold at CF (Fig. 4a). The dB-distance 
from the level of the CF threshold to the level of the 
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break in slope is therefore small in higher-threshold 
fibres. Thus there is a clear relationship between the 
SPL of the CF threshold and the distance in dB from 
CF threshold to the level of the slope break (Fig. 4b). 

Tuning-cute sharpness, expressed as the QIodB- 
value, is a common way of describing the frequency 
selectivity of auditory units. Although there is a large 

spread of Qlodie for fibres of both age groups, the 
mean QlodB value at a particular fibre CF increases 
with CF in a similar way in both age groups (Fig. 5) 
and does not differ statistically for the two ages (Table 
I). Within each age group, significant linear correla- 
tions exist between the CF and the QlodB value, be- 
tween the CF and the slopes of the tuning curve flanks 
and between the sIopes of the tuning curve flanks of 
each side. However, there is no statistical difference 
between tuning curves from animals of the two age 
groups with respect to the means of the CF, thresholds, 

Q 10ds and the slopes of the high- and low-frequency 
flanks (Table I). 

With regard to tuning curves, there are thus no 
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Fig. 3. (a, b, c, d) Characteristics of the slopes of the low-frequency (LF) and high-frequency (HF) flanks of the tuning curves measured in both 
age groups. The slopes are measured between 3 and 23 dB above CF threshold. (a) LF slope as a function of CF, (b) HF slope as a function of 
CF; (c) a direct comparison of LF and HF slopes. The dashed tine shows a 1:l relationship between the two variables. There is no consistent 
asymmet~ of tuning cumes; (d) The ratio of the sfopes of the high- to the low-frequent flanks of the tuning cmves as a function of fibre CF. 

Symbols: open circles for data from P2 animals, crosses: P21 animals. The data from the two age groups do not differ (see Table I). 
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Fig. 4. (a, b). Features of the break in slope on the low-frequency 

flank of tuning curves. (a) The cell threshold at CF (asterisks) 

compared to the SPL at which the slope-break occurs (dashes), 

showing the much smaller variability of the latter. Data from the two 

age groups have been combined (no significant difference, see Table 

I) in order to reduce confusion due to more symbol types. (b) The 

dependence of the difference in threshold between a given cell’s CF 

and the SPL of its slope break as a function of CF threshold, symbols 

as in Fig. 3. The lines represent linear regressions on the data for P2 

(continuous line) and P21 (dashed line) animals. P2: N = 27, r = 

-0.79, P < 0.001; P21: N = 21. r = -0.55, P < 0.01) 

significant changes between the ages P2 and P21. The 
only difference seen is an improvement in thresholds of 
fibres with CF above about 1.5 kHz. 

Discharge patterns to single tones 
Auditory-nerve fibres of the chicken responded to 

sound stimuli either by increasing or by decreasing 
their firing rate with reference to their spontaneous 
level. The second response type is also known as pri- 
mary or single-tone rate suppression (STRS, Fig. 6b). 
Phase locking behaviour was not systematically investi- 
gated. 

The most common response to a tonal stimulus is a 
tonic increase in discharge rate. With increasing 
sound-pressure level, the response includes an increas- 
ingly large phasic component. In some cases, the fall in 
rate has not reached a plateau before the stimulus is 

12 
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) 
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Iv 
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0% * 
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Fig. 5. The Ploda sharpness coefficient as a function of the CF of P2 

and P21 cells. Symbols as in Fig. 3. The grey lines indicate locally- 

weighted regression curves for P2 (continuous line) and P21 (dashed 

line) animals. There is no significant difference between the data 

from the two age groups (see Table I). 

terminated. Except for near-threshold stimuli, the tonal 
response is followed at offset by a period of reduced 
spontaneous activity (Fig. 6a). In addition, some combi- 
nations of frequency and level induced on-off re- 
sponses in the fibres. This phenomenon, which has 
been previously reported in other species (Gross and 

0 50 100 150 200 250 
Time, ms 

20 b I- 

Time, ms 

Fig. 6. (a, b) Peri-stimulus-time histograms of responses evoked in a 
single nerve fibre (CF 0.35 kHz and threshold 35 dB SPL) by 55 ms 

tones repeated 20 times at the same frequency above the CF. In (a) 

the tone (0.55 kHz, 95 dB SPL) lay 12 dB above the rate-response 

threshold at this frequency. The cell shows a strongly phasic response 

followed by an obvious depression of the spontaneous activity. In (b) 

the tone level (0.55 kHz, 65 dB SPL) lies 18 dB below the rate-in- 

crease threshold, but within the primary suppression area. The cell 
responds to the tone burst with a reduction in the spontaneous rate 

followed by a small overshoot after stimulus offset. The bin width in 

(a) and (b) is 2.5 ms. 
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tion rate. The average values plotted in Fig. 7b, how- 
ever, are only for cells whose I/O functions reached 
saturation at all three frequencies. An examination of 
all cases in which I/O functions at all three frequen- 
cies (CF, LF, HF) were saturated (about half), how- 
ever, indicated that the deviations of the summed data 
(all cells in which at least the CF I/O function was 
saturated) are less than 10% and do not always show 
higher values than when all data are included. Thus 
the conclusions reached from the data in Table’ I are 
representative. 
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Fig. 7. (a, b) Characteristics of I/O functions of both age groups for 
frequencies at CF, below and above CF. (a) two sets of I/O func- 
tions from one P21 ganglion cell (continuous lines) and one P2 
ganglion cell (dashed lines). In each set, the most sensitive I/O 
function is for the CF, the curves shown with symbols represent the 
data for the frequency below CF. (b) Idealized I/O functions drawn 
using the mean data for fibres in P2 (N= 18) and P21 (N = 21) 
animals that showed saturated I/O functions at CF, LF and HF. For 
each age group, the I/O function at the CF is shown as a continuous 
line, 0.25 octaves below CF as a long-dashed line and 0.32 octaves 
above CF as a short-dashed line. In all cases, the curves have been 
plotted with the respective threshold normalized to 0 dB. The initial 
discharge rate at threshold represents an increase of 2 dB over 
spontaneous rate for P2 and 3 dB over spontaneous rate for P21 
animals. Increasing development results in steeper slopes, smaller 

dynamic ranges in dB and greater dynamic ranges in spikes/s. 

Anderson, 1976; Hill et al., 1989a; Manley et al., 1985) 
was not studied systematically. 

Rate-intensity functions offer a good method of 
examining response patterns for quantitative differ- 
ences between groups of animals. For animals of both 
age groups, intensity (I/O) functions were measured 
using both CF tones and two other frequencies out of 
the tuning-curve matrix, that were on average 0.25 
octaves below and 0.32 octaves above the CF (Fig. 7a). 
Data are included in Table I for all cells in which the 
I/O function at the CF had clearly reached the satura- 

The dynamic ranges both in spikes/s and in dB are 
not dependent on the spontaneous rate or on the cell’s 
CF in either age group. In both groups of animals, 
neither the dynamic range as expressed in spikes/s nor 
the slope of the I/O functions are dependent on the 
cell’s threshold. In both groups of animals, however, 
the dynamic range as expressed in dB is correlated 
with the threshold, becoming smaller at higher thresh- 
olds (P2: N = 28, r = -0.45, P < 0.01; P21: N = 40, 
r = - 0.58, P < 0.001). On average, a reduction in the 
dynamic range of 10 dB results from a rise in threshold 
of 17 dB (P2) or 25 dB (P21). 

From the individual I/O functions, the following 
data points were extracted: the minimal and maximal 
discharge rates, the dynamic range in spikes/s (maxi- 
mal-minimal values), the dynamic range in dB and the 
slopes of the I/O function (the latter two measured 
between 10 and 90% of maximum rate). In P21 ani- 
mals, the maximal discharge rates at CF (207.6 f 84.7) 
are significantly higher than those of P2 animals at CF 
(138.9 &- 56.0, Fig. 7b and Table I). The dynamic ranges 
in dB are smaller in P21 at CF (38.5 k 11.2 dB1 than in 
P2 animals at CF (45.7 + 13.6 dB, Fig. 7b). Also, the 
dynamic ranges in spikes/s are greater in P21 animals, 
which is correlated with steeper slopes of the I/O 
functions at CF. The dynamic ranges and the slopes of 
the intensity functions in both age groups (Fig. 8) are 
significantly correlated. In P21 animals there is a dy- 
namic range of about 30 dB independent of the dy- 
namic range in spikes/s, but the dynamic range in dB 
in P2 animals increases with an increase in the dynamic 
range as expressed in spikes/s. Compared to P21 ani- 
mals, the rate and slope data are smaller in P2 animals 
and the dynamic range in dB is larger in P2 animals at 
all three frequencies. 

Statistical tests comparing mean data for intensity 
functions at the CF and off the CF in fibres for which 
the I/O functions were saturated at all three frequen- 
cies indicated that within age groups, the characteris- 
tics of the HF functions differ significantly from those 
at the CF. The characteristics of the intensity function 
within each tuning curve are frequency dependent. 
However, LF and HF do not differ within any one age 
group and for most data sets, the CF and LF data are 
not different. The exceptions to the latter statement 
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are that in P21 animals, the maximal rates and the 
dynamic ranges in spikes/s differ for CF and LF 
functions. 

Thus between the ages of P2 and P21, there are 
changes in the characteristics of the I/O functions, the 
most obvious being a rise in the maximal discharge 
rates accompanied by a reduction in the dynamic range 
in dB. 

Single- and two-tone rate suppression 
In a number of cells, the spontaneous activity was 

obviously suppressed by certain non-excitatory tones 
lying in frequency below and above the excitatory tun- 
ing curve (Fig. 9a). This primary suppression was found 
both in cells with and in those without preferred inter- 
vals. This effect was, however, often difficult to ob- 
serve, especially in cells with lower spontaneous dis- 
charge rates and was not studied systematically. Thus it 
is not possible from our data to establish the percent- 
age of cells showing this phenomenon. There was no 
consistent behaviour with regard to the low-and high- 
frequency single-tone suppressive areas being more 
sensitive. No differences were seen between the two 
groups of animals: the characteristics of single-tone 
suppression did not differ and all cells examined in 
detail in animals of both ages (19 cases), also showed 
two-tone suppression phenomena (Fig. 9b). 

Spontaneous acticity 
There were no strong differences between sponta- 

neous activity patterns in fibres of the two animal 
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Fig. 8. The slope of intensity functions at the respective CF as a 

function of their dynamic range expressed as the rate increase 

(spikes/s). Simple regressions on the data are shown as a continuous 

black line (P2 data; r = 0.741, P < 0.001) and a dashed line (P21 

data; r = 0.822, P < 0.001). The slopes of I/O functions of P21 

animals are on average higher for all dynamic ranges. These data 

indicate that in P21 animals, the increase in slope is partly achieved 

by reduced dynamic ranges in dB as compared to P2 animals. In P2 

animals, the dynamic range in dB increases disproportionately in 

cells with higher discharge rates, while it is near 30 dB for P21 

animals. independently of the spike rate increase. 
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Fig. 9. (a, b) Tuning curves from the same cell with a spontaneous 

rate of 28 spikes/s under two stimulus conditions. In (a) the continu- 

ous line is the normal, excitatory tuning curve (iso-rate criterion 40 

spikes/s). At frequencies below and above the tuning curve are 

drawn iso-rate tuning curves (criterion 26 spikes/s) as dashed lines, 

for responses indicating primary suppression (that is, a fall in dis- 

charge rate below spontaneous rate). These curves are open to the 

side due to the limited data at low and high frequencies. In (b) the 

same cell was exposed to a continuous CF tone at about 10 dB above 

threshold and the response matrix of the additional pulsed tones 

sampled. The excitatory tuning curve (iso-rate criterion 78 spikes/s) 

is displaced upwards about 20 dB due to the increased background 

response to the CF tone. The dashed tuning curves at higher and 

lower frequencies are iso-rate curves (criterion 6.5 spikes/s) indicat- 

ing TTRS thresholds. 

groups. Two types of spontaneous activity were en- 
countered in the cochlear ganglion: irregularly- and 
regularly-firing fibres. All regularly-firing and some 
irregularly-active fibres did not respond to sound. All 
auditory fibres showed an irregular spontaneous activ- 
ity. In this case, auditory means that the fibres re- 
sponded with a rate increase to test frequencies in the 
range of 0.020 to 5 kHz at SPL generally up to 95 dB 
SPL. The characteristics and origins of some of the 
other fibre types are described separately (Haeseler et 
al. 1989; Manley et al., 1991). 

In both P2 and P21 animals, there was an essentially 
unimodal distribution of spontaneous rates (Fig. 10). 
The mean spontaneous discharge rate was similar in 
both age groups, the range for P2 animals being 3.0 to 
42.7 (mean 20.5 spikes/s) and for P21 animals 13.3 to 
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Fig. 10. A histogram of the distribution of spontaneous rates in P2 

animals (solid columns) and P21 animals (open columns) using a bin 

width of 5 spikes/s. The pooled data do not differ significantly (see 

Table I). 
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Fig. 11. (a, b) Time-interval histograms of spontaneous activity for 

two auditory cells of the chick cochlear ganglion. Although both cells 

show a generally irregular activity pattern, only the TIH of the cell in 

(a) shows the typical quasi-Poisson distribution of intervals (note the 

ordinate has a linear scale). The cell in (b) shows very prominent 

preferred intervals whose ‘basic interval’ is about 4 ms. The peaks of 

the preferred intervals are present up to intervals of at least 80 ms. 

In (a) 4238 intervals are displayed for a discharge rate of 30.6 

spikes/s using a 0.6 ms bin width. The respective numbers for (b) 

are: 5198 intervals, 32.9 spikes/s, 0.4 ms bin width. 
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Fig. 12. (a, b, cl An analysis of the mode of time-interval histograms 

(TIH) and the basic interval of any preferred intervals present in 

TIH as a function of the respective cell CF. The basic interval is the 

average of the interval of the first peak, half the interval of the 
second peak, one-third the interval of the third peak, etc. (a) The 

distribution of the product of the mode and cell CF (a value of 1 

indicates that mode equals CF-period). (b) A comparison of the 

period of the CF and the basic interval in cells showing prominent 

preferred intervals in the TIH. For 12 of the 14 cells the basic 

interval is longer than the CF period. (cl The product of the basic 

interval and the respective cell CF is on average slightly more than 
the value of 1. 

50.8 (mean 22.9 spikes/s, see Table I>. The sponta- 
neous rate was not correlated with the fibre CF and 
only weakly (negatively) correlated with the threshold 



to tones at the CF and this only in P2 animals (N = 53, 
r = -0.36, P < 0.01). 

The spontaneous activity patterns observed in time- 
interval histograms were similar to those of the starling 
(Manley and Gleich, 1984; Manley et al., 1985). In 
general, the spike intervals showed a quasi-Poisson 
distribution (Fig. 1 la). However, prominent preferred 
intervals were seen in 15% of time-interval histograms, 
but only for cells whose CF was 1 kHz or below. In 
some cases, peaks were discernable up to long interval 
lengths (Fig. lib). An analysis of the modal intervals 
shows a large number of cases in which the interval of 
the TIH mode is longer than the period of the cell’s 
CF (Fig. 12a). In a few cases, the mode of a TIH 
showing preferred intervals lay not at the first peak, 
but at the second or third peak. Similarly to the situa- 
tion with regard to the TIH mode, an analysis of ‘basic 
intervals’ (N = 14, calculated according to Manley et 
al., 1985) of TIH showing several strong preferred-in- 
terval peaks revealed that these basic intervals tend to 
be somewhat longer (on average 18% longer) than the 
CF-period (Fig. 12b,c) 

Discussion 

Data from single auditory-nerve fibres in birds are 
available for the pigeon (Gross and Anderson, 1976; 
Hill et al., 1989a; Sachs et al., 1974; Temchin, 1980, 
1988) for the starling (Manley, 1979; Manley and 
Gleich, 1984; Manley et al., 1985) for the redwing 
blackbird (Sachs et al., 1980) and for the chicken 
(Manley et al., 1987). In the present data, the recessus 
of the Scala tympani was opened and fibres recorded 
directly in the cochlear ganglion. This is a rapid tech- 
nique, although the bone is more vascularized in these 
young animals than in the adult starling, which can 
lead to more bleeding. In addition, a fine capillary 
vessel suspended in the Scala tympani can lead to 
problems of electrode placement. In the chicken also, 
this surgical approach does not allow easy access to the 
high-frequency end of the ganglion. This basal end can 
also be affected by the surgery due to its proximity to 
the opening in the bone. 

Tuning of single fibres 
The data reported here describe the activity of sin- 

gle auditory-nerve fibres, the great majority of which 
synapse with tall hair cells only (Manley et al., 1987, 
1989). In the basal half of the chicken’s papilla, most 
short hair cells do not receive any afferent innervation 
(Fischer et al., in preparation). In common with all 
other vertebrate auditory fibres, the single units of the 
avian auditory nerve are highly frequency selective. 
The tuning curves are, if anything, more sharply tuned 
than those of mammals in the equivalent frequency 

range (Manley et al., 1985; Sachs et al., 1980), at least 
when measured as the sharpness of the tip region 
(Qnida). When compared to those of a mammal, how- 
ever, avian tuning curves do not show such a consistent 
asymmetry, with the high-frequency flank being steeper 
than the low-frequency flank. 

Only about 25% of the chicken fibres of animals of 
both age groups showed a clear break in slope on the 
low-frequency flank. These slope breaks were, how- 
ever, not as consistently found and nowhere near as 
prominent as the low-frequency ‘tails’ of higher- 
frequency mammalian nerve fibres. Nevertheless, the 
frequencies at which the break in slope occurred bore 
a clear relationship to the cell CF and the slope break 
always occurred within a relatively narrow range of 
SPL (Fig. 4a). It is likely that these details of the shape 
of the tuning curves are related to the macro-mechani- 
cal analysis of frequency in the avian cochlea. Further 
discussion on these aspects must await the availability 
of comparative data from other avian species. 

Except that there is a paucity of data from very 
low-CF fibres for the older animals (due to their inac- 
cessibility), the distribution of CF was essentially the 
same for both age groups. In both cases also, there was 
a wide range of fibre thresholds even within individual 
animals. Single-fibre staining in the starling papilla 
suggests that there is a gradient of sensitivity of affer- 
ent fibres, those innervating more neural hair cells 
being more sensitive (Gleich, 1989; Manley et al., 1989). 
The threshold in the starling rises across the epithe- 
lium at the rate of about 6 dB/hair cell, such that hair 
cells that are in the middle of the epithelium have 
thresholds of more than 80 or 90 dB SPL (Gleich, 
1989; Manley et al., 1989). We have previously shown 
that in the chicken also, almost all active fibres in the 
auditory nerve innervate only one single tall hair cell 
(Manley et al., 1987). It appears that these THC fibres 
are the only or at least the main carriers of auditory 
information from the inner ear to the brain. If the 
same threshold-hair cell pattern as reported in the 
starling is present in chickens, then most of the wide 
range of fibre thresholds could be explained on this 
basis. Of course, it is not possible to exclude other 
factors, such as damage to the cochlea, as causes of 
reduced sensitivity in some cells. 

Despite this caveat, it seems likely that the lo-15 
dB threshold difference between the two age groups 
for fibres with CF > 1.5 kHz is real. It matches well 
the difference for frequencies in this range in thresh- 
olds of cochlear-nucleus evoked-response audiograms 
measured for l- and 21-day old chickens (Saunders et 
al., 1973). In that study, the thresholds showed only a 
slight improvement in sensitivity over this time period 
for frequencies below about 1 kHz, but a 10 to 20 dB 
improvement above 1 kHz. This also correlates with 
the data of Lippe and Rubel (1985) and Rebillard and 
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Rubel (1981) and suggest that, at age P2, the ontogeny 
of sensitivity at the highest frequencies is not quite 
complete, even though the tuning is mature. Saunders 
et al. (1986) demonstrated the presence of strong 
changes in the properties of the chicken middle ear 
before hatching. Even following hatching, there is a 
gradual change in middle-ear admittance up to 10 
weeks post-hatching. It is likely that all of the thresh- 
old difference above 1 kHz evident in our data is due 
to an improvement in middle-ear transmission. It 
should not be forgotten, however, that in the develop- 
ing chicken, efferent fibres are adult-like only 1 week 
after hatching (Whitehead and Mores& 1985b), and 
myelin matures even later (Fermin and Cohen, 1984b), 
but it is not at all obvious how these changes could 
have a selective effect on threshold. 

Although there is obviously a strong parallel in 
these and previous data on avian hair cells and their 
innervation to the organization of inner and outer hair 
cells of the mammalian organ of Corti (Manley et al., 
1989), we still do not know the role of the SHC 
population in the avian basilar papilla. It remains to be 
seen whether the organization of avian hair-cell popu- 
lations is due to the same kind of division of labour as 
currently hypothesized for mammalian inner and outer 
hair cells (Patuzzi and Robertson, 1988). Recent data 
on the innervation patterns of tall and short hair cells 
is certainly compatible with such a hypothesis. Not only 
does a very large proportion of afferent fibres inner- 
vate THC, but the majority of SHC in the high- 
frequency area of the papilla receive no afferent fibres 
(Fischer et al., in preparation; Manley et al., 1989; 
Singer et al., 1989). Thus basal SHC must have a 
function within the hearing organ, a function that may 
be similar to the reverse transduction hypothesized for 
mammalian OHC. If this were the case, the THC 
would, at least at higher frequencies, be transducing a 
stimulus resulting partly from the passive movement of 
the tectorial membrane and partly from active move- 
ments of the short hair cells. The fact that the most 
sensitive primary fibres in the starling innervate neural 
THC (that is, on the neural side of the superior carti- 
laginous plate: Gleich, 1989; Manley et al., 1989) im- 
plies that any influence from the SHCs must be via the 
tectorial membrane. However, we still know too little 
about the mechanisms of hair-cell stimulation in birds 
or, indeed, in mammals. 

Tonotopic organization 
Recently, the use of single-fibre staining techniques 

has permitted tracing the origin of responses in differ- 
ent frequency ranges to specific locations in the papilla 
of the starling and the chicken (Gleich, 1989; Manley 
et al., 1987, 1989). A strong tonotopic organization was 
evident, the low frequencies being analyzed at the 
apical end and the high frequencies at the basal end. 

The distribution of frequencies in these species is such 
that much less space is devoted to octaves below 1 kHz 
than to those above. In the starling, the CF distribution 
in the low-frequency range is about 0.1 mm/octave, 
whereas at high frequencies it is (as in the chick and 
pigeon) near 0.6 mm/octave (Gummer et al., 1987; 
Gleich, 1989; Manley et al., 1988). In the chick, the 
distribution of frequencies is very similar (Manley et 
al., 1987; Manley, 1990). Afferent fibres leaving the 
avian hearing organ maintain their relative relationship 
to each other into the ganglion while fibre bundles 
from the ganglion to the brain twist together in the 
nerve (Board and Rasmussen, 1963). Thus it is not 
unexpected to find that the various CF of the nerve 
and cochlear ganglion are distributed highly systemati- 
cally in space. 

Activity patterns in response to pure tones 
For excitatory stimuli, the discharge rate to a stimu- 

lus generally increases monotonically with increasing 
sound pressure, the mean rates over the entire stimu- 
lus sometimes exceeding 300 spikes/s in animals of the 
older age group. These rates are often higher than 
equivalent rates reported for mammals (Manley, 1983). 
In mammalian rate-level functions, there is also a 
tendency for the slope of rate-level functions and the 
discharge rates to be lowest at frequencies above the 
CF (Sachs and Abbas 19741, which is at least partly 
traceable to the characteristics of the macromechanics 
of the organ of Corti (Patuzzi and Sellick, 1983). Simi- 
lar rate-level functions to those presented here were 
reported for nerve fibres of the redwing blackbird, for 
which Sachs et al. (1980) describe a range of slopes and 
saturation characteristics resembling those found in 
mammals. It is interesting to note that the intensity 
functions at CF and at other frequencies differ in a 
parallel way in both age groups studied here. This 
would suggest that, if the relative slopes at and off CF 
are determined to a significant extent by the macrome- 
chanics of the hearing organ, as in mammals, then the 
basic patterns of these macromechanical, motions at 
and off CF are already present in P2 animals. 

The lower maximal discharge rates and somewhat 
wider mean dynamic ranges (expressed in dB) in P2 
animals at the CF, 0.32 octaves above and 0.25 octaves 
below CF probably indicates that at this age, the synap- 
tic processes and/or the electrical properties of the 
nerve-fibre membrane are not completely developed. 
An examination of the durations of action potentials 
and their after-potentials in animals of the two age 
groups (a factor which could have a strong influence on 
maximal discharge rates) gave no indication of system- 
atic differences in these parameters. Even though there 
is no significant difference in spontaneous discharge 
rates between the age groups, there may be differences 
in the size or mobilization of transmitter reserves 
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needed for responses to stimuli. In addition, it is of 
course possible that maturation of the macromechanics 
also plays a significant role in steepening I/O slopes 
both at CF and at other frequencies. 

Our data thus indicate that the main change in 
physiological response properties of post-hatching 
chicks is seen in the I/O functions of single primary 
fibres. With age, these functions become steeper (the 
dynamic range in dB decreases) and there is a larger 
difference between spontaneous rate and maximal 
driven rate (Fig. 7). It should be noted that the sub- 
stantially higher slopes of the I/O functions of P21 
animals will influence the magnitude of recorded 
summed potentials - such as the CAP - recorded 
under equivalent conditions and may give the impres- 
sion of a threshold shift which is not present at the 
level of single fibres. 

Single- and two-tone rate suppression 
The phenomenon of primary suppression (Gross 

and Anderson, 1976; Manley et al., 1985) has only been 
studied systematically in recent years (e.g., Hill et al., 
1989a; Temchin, 1988). The use of audio-visual criteria 
or threshold-hunting automatic procedures to examine 
the tuning properties of nerve fibres has led to the 
tendency to ignore STRS effects, as they are not read- 
ily detected by these techniques. An automated proce- 
dure examining responses to a large matrix of frequen- 
cies and pressure levels, however, readily reveals the 
presence of such suppressive side-bands on tuning 
curves in the starling (Manley et al., 1985; Manley and 
Gleich, 1991). Of course, STRS effects can only be 
seen in cells with a significant spontaneous activity. In 
such response areas, the discharge rate of the cell 
during the stimulus falls below the spontaneous rate - 
sometimes even to zero. Although in the case of very 
sensitive cells the possibility cannot be completely ex- 
cluded that the fibres are not truly spontaneously ac- 
tive but are responding to uncontrolled, low-level noise 
(especially at very low frequencies), many fibres show- 
ing this phenomenon are rather insensitive. 

Primary suppression is often accompanied by an 
‘off response, where the discharge rate after the stimu- 
lus offset briefly rises above the spontaneous level. In 
the pigeon, primary suppression areas can be symmet- 
rical about the excitatory curve, stronger on one side or 
the other, or even completely absent on one side (Hill 
et al., 1989a; Temchin, 1988). The present data are 
similar, in that we found STRS both on the high side 
and the low side of the tuning curves, but it was 
sometimes absent on one or both sides, especially in 
cells with broader tuning curves. The sensitivity of 
these suppressive areas varied less than the CF- 
thresholds of the individual fibres and were often al- 
most as sensitive as the excitatory tuning curve. Such 
suppressive areas were not, as Temchin (1988) found in 

the pigeon, only seen in cells which showed preferred 
intervals in their spontaneous activity. Curiously, Sachs 
et al. (1974) report that in the pigeon nerve, ‘sponta- 
neous activity was never inhibited by acoustic stimuli’. 
However, STRS will not be detected by threshold 
routines which search for a rise in the discharge rate. 

We (Manley et al., 19851 suggested that the fact that 
birds show primary suppression and mammals do not, 
may be related to the absence of a firm connection 
between the inner hair cells of mammals and the 
tectorial membrane. Unlike mammalian inner hair cells, 
all avian hair cells are firmly connected to the tectorial 
membrane (see Manley, 1990 for refs.). The participa- 
tion of the tectorial membrane in two-tone effects has 
also been suggested for reptiles (Manley, 1990). It 
seems likely that these two phenomena are mediated 
by similar mechanisms and/or structures. 

In both mammals and nonmammals, the phe- 
nomenon of two-tone rate suppression (TTRS) has 
similar properties to those described here for primary 
suppression. In mammals, the threshold for suppres- 
sion of a CF tone (at about 10 dB above threshold) by 
a second tone is lower for frequencies of the second 
tone which lie above the high-frequency flank of the 
tuning curve than for frequencies of the second tone 
which lie below the low-frequency flank (Sachs and 
Kiang, 1968; Manley, 1983). In the chicken, we ob- 
served no consistent behaviour in this regard. TARS 
has been described for the pigeon by Sachs et al. (1974) 
and Hill et al. (1989b). Its characteristics differ in birds 
from those in mammals. Thus, avian auditory-nerve 
fibres tend to have no particular asymmetry of the low- 
and high-frequency suppression areas; they may be of 
different size and strength and one or both may be 
absent. 

Spontaneous activity 
The distribution of spontaneous rates in birds is 

consistently unimodal, whereas it is bimodal in mam- 
mals (Sachs et al., 1980; Manley et al., 1985). The 
spontaneous rates reported here (somewhat over 20 
spikes/s) are the lowest ever reported for birds. In 
some other avian species, the mean spontaneous activ- 
ity rates of primary fibres lie above those typically 
recorded for mammalian auditory fibres. In the starling 
the mean rate of all fibres was 48 spikes/s (Manley et 
al., 19851, more than double that reported here for the 
chicken. 

There is some confusion in the avian literature 
concerning the spontaneous rate of pigeon auditory 
afferents. Whereas Sachs et al. (1980) report a rate of 
90 spikes/s for both the pigeon and the redwing black- 
bird and Temchin (1988) gives an average rate of 78 
spikes/s for spontaneous activity in 26 pigeon units, 
Hill et al. (1989a) found an average rate of only 35 
spikes/s. It would be unexpected if the rate difference 
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between chicken and starling on the one hand and 
pigeon and redwing blackbird on the other hand (or 
even between different populations of pigeons) were so 
large. Temchin (1988) usually added a Tubocurarine 
analog to his anaesthetic regime for the pigeon. Sachs 
et al. (1974) found that the same anaesthetic technique 
as they used for the pigeon gave ‘normal’ results for 
the cat, making it unlikely that the difference in the 
bird rate data are due to anaesthetic effects. However, 
there are indications that differences in spontaneous 
rates may indeed be partly an artefact of different 
anaesthetic regimes or even depth of anaesthesia. In a 
study of primary afferents of the vestibular system in 
anaesthetized and unanaesthetized pigeons, for exam- 
ple, Anastasio et al. (1985) found the rates of sponta- 
neous activity to be about 80% higher in the unanaes- 
thetized state. Different anaesthetics and changing lev- 
els of anaesthesia may thus produce different degrees 
of depression of the activity. 

Preferred intervals in spontaneous activity 
The typical quasi-Poisson distribution of intervals in 

spontaneous data is, in avian and some reptilian affer- 
ents, strongly modified by the presence of preferred 
intervals. In such cells, the activity is highly non-ran- 
dom, such that certain intervals occur more often and 
others less often than expected (Gummer, 1989; Man- 
ley, 1979; Manley and Gleich, 1984; Manley et al., 
1985; Temchin, 1980, 1988). A number of interesting 
properties of these preferred intervals have been 
demonstrated: 

1. They are only found in some cells of relatively low 
CF, mostly below 1.0 kHz. The limit in frequency 
would be influenced by the phase-locking ability of hair 
cells and nerve fibres (Gleich and Narins, 1988; Hill et 
al., 1989~). 

2. These intervals are not the result of inadvertent 
stimulation of the cells or of background noise (Manley 
et al., 1985; Temchin, 1988). 

3. Within each histogram, the positions of the peaks 
are highly consistent (Manley et al., 1985). The inter- 
peak intervals are inversely related to the CF of the 
cell. In the chicken data reported here and in the 
starling, they are on average longer than the CF period 
(18 and 19%, respectively; Fig. 12 and Manley et al., 
1985). In the pigeon, they are either at the CF-period 
(1.02 + 0.08, Temchin, 1988) or are about 10% longer 
(Gummer, 1989). 

4. Even in low-CF cells of the starling and the 
chicken that show no preferred intervals, the mode of 
the histogram is itself slightly longer the CF period 
(Fig. 4c) and is thus a special case of a preferred 
interval. 

These details suggest that the spontaneous activity 
of many avian auditory fibres is influenced by a rhyth- 
mic behaviour of individual hair cells. Such preferred 

intervals have also been reported for auditory-nerve 
fibres of some reptiles (Manley, 1979; Crawford and 
Fettiplace, 1980; Eatock et al., 1981) and were inter- 
preted as evidence for electrical tuning of hair cells. In 
the phase response characteristics of primary auditory 
fibres of the starling, Gleich (1987a,b) found evidence 
of an electrical tuning whose best frequency averaged 
20% lower than the acoustic CF of the cell. This 
corresponds well to the discrepancy noted above be- 
tween preferred intervals and the period of the CF in 
the chicken and starling. It thus appears that in the 
starling and chicken, the electrical tuning mechanism 
has a centre frequency about 20% below that of the 
putative, additional, mechanical tuning frequency. 

The question of functional changes during development 
The tonotopic organization of the THC-afferent sys- 

tem of the chicken appears to be stable after hatching 
(Manley et al., 1987). The data of the present report 
indicate that essentially only those parameters of the 
activity of single auditory-nerve fibres of chickens that 
describe the discharge rates and not frequency tuning 
show significant changes between animals of the ages 
P2 and P21. 

The present data indicate a small improvement in 
nerve-fibre threshold at the highest CF between P2 
and P21. In the past, a number of changes in threshold 
have been described during development of the hear- 
ing organ of the chicken. Saunders et al. (1973) showed 
that the brain-stem evoked-response thresholds gradu- 
ally improve more than 70 dB from their onset near 
embryonic day 12, but mainly up to about one day after 
hatching. Thereafter, the thresholds changed little, as 
did the round-window microphonic. A rapid and very 
large part of this improvement in sensitivity is due to 
the middle ear becoming filled with air between the 
19th embryonic day and hatching (Saunders et al., 
1973). Unfortunately, few other studies have taken 
middle-ear changes into account, especially the effect 
of the loss of fluid from the middle ear at about the 
time of hatching. It is well known that fluid in the 
middle ear can strongly affect the sensitivity of the ear 
and does this in a frequency-specific fashion, acting as 
a low-pass filter. Some possible effects of middle-ear 
changes on the patterns of acoustic trauma on the 
papilla of the post-hatching chicken (Rubel and Ryals, 
1982, 1983; Rubel et al., 1984; Ryals and Rubel, 1982, 
1985a,b; Ryals et al., 1984) have been discussed else- 
where (Cotanche et al., 1984, 1987; Manley, 1990; 
Manley et al., 1987). 

In contrast to the situation in post-hatching chick- 
ens, the kitten shows a maturational gradient both for 
spontaneous discharge rate and frequency selectivity 
(Remand, 1984). In kittens, the tuning curves change 
from broadly insensitive to a narrow V-shaped curve 
during the first 30 days after birth (Romand, 19871, a 



result which is impossible to explain by putative changes 
in middle-ear function. In the cat it appears as if the 
tuning-curve ‘tip’ gets added to the broad, insensitive 
region at a later stage of development. In gerbils, 
c~~chlear-microphonic data indicated that, although the 
tuning of the second turn of the cochlea does not 
change after the onset of hearing responses, the tuning 
of the basal turn does (Ajmand et al., 1988). A recent 
study of cochlear-ganglion cells in gerbils (Echteler et 
al., 1989) confirmed Romand’s suggestion, that the ‘tip’ 
region of the tuning curves develops later than the 
low-frequency ‘tail’. In contrast to this, the present 
report shows that tuning curves of primary fibres of 
chickens show the same dependence on CF in the age 
groups P2 and P21, so that any changes in tuning-curve 
properties must occur before hatching. Similarly, 
masked CAP tuning curves for chicks of different ages 
~Rebillard and Rubel, 19811 show almost no change in 
tuning sharpness with age. 

Our data indicate that after hatching, the tuning 
properties of the chicken’s inner ear change insignifi- 
cantly. Thus in the post-hatching chick, not only the 
t~)notopic [organization of the hair cells on the basilar 
papilla, but also the tuning properties of the periphery 
arc stable. This is remarkable, because the sensory 
epithelium continues to grow after hatching (Ryals et 
al., 1984; Manley et al., 1987). The changes we have 
demonstrated in the driven discharge rate properties 
(as seen in the l/O functions) may well be related to 
factors that are known to complete their maturation 
after hatching. For example, efferent fibres are adult- 
like only 1 week after hatching ~Whitehead and Mor- 
est, 19XSb1, and myelin matures even later (Fermin and 
Cohen. 1984b). 
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