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Basilar Papilla of the Canary and Zebra Finch: A Quantitative 
Scanning Electron Microscopical Description 
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ABSTRACT Morphological parameters of the apical surface of canary and 
zebra finch basilar papillae were quantitatively evaluated by scanning electron 
microscopy. The papillar length is - 1.6 mm in both species. The zebra-finch 
papilla has a larger number of hair cells and is wider in the apical half of the 
papilla as compared to the canary. These two small songbird species have the 
smallest number of hair cells and the smallest papillae of the bird species 
investigated to date. The orientation of the hair cells is much more homog- 
enous as compared to other species. Also, the discrepancy in the number of 
stereovilli of neural and abneural hair cells is much larger than in other bird 
species. A detailed analysis of gradients across the papilla in the canary 
revealed that anatomical parameters change in the neural half, whereas they 
remain rather constant in the abneural half of the papilla. There were, 
however, no obvious borders that separated distinct hair cell populations in 
either species. o 1994 Wiley-Liss, Inc. 

During the last 20 years, a number of 
aspects of the physiology and morphology of 
the avian hearing organ have been studied 
(review in Manley, '90; Manley and Gleich, 
'92). After initial qualitative descriptions (re- 
view in Smith et al., '%), quantitative evalu- 
ations of anatomical parameters of the avian 
basilar papilla (e.g., Fischer, '92; Fischer et 
al., '88, '92; Gleich and Manley, '88; Tilney 
and Saunders, '83; Tilney et al., '87) were 
carried out. Together with physiological in- 
vestigations (e.g., Fuchs et al., '88; Manley et 
al., '85, '89; Sachs et al., '74), including the 
labelling of characterized single cells (Gleich, 
'89; Manley et al., '87, '91; Schermuly and 
Klinke, 'go), these anatomical studies contrib- 
uted to a better understanding of the func- 
tion and evolution of the avian basilar papilla 
(Manley and Gleich, '92). 

Many quite fundamental questions related 
to hair cell specializations in birds remain 
unresolved. The most important of these is 
the problem of the characterization of hair 
cell types and their function within the sen- 
sory epithelium. Whereas it is clear that tall 
and short hair cells that are morphologically 
quite different generally exist on the neural 
and abneural edge of the epithelium, respec- 
tively, there are intergrading types between 

these extremes and no clearly separated hair 
cell groups as in mammals. Tall and short 
hair cells, for which arbitrary morphological 
criteria have been defined on the light and 
electron microscopic levels, have been found 
in every species, whereas so-called intermedi- 
ate and lenticular hair cell types have not 
always been identified (Firbas and Miiller, 
'83; Fischer et al., '92; Gleich, '89; Smith et 
al., '85; Takasaka and Smith, '71; Tanaka 
and Smith, '78). Previous anatomical data 
have demonstrated that the distribution of 
hair cell types within the sensory epithelium 
is species-specific (Fischer et al., '88; Gleich 
and Manley, '88; Smith, '85). 

Some obvious anatomical specializations 
have been correlated with specialized func- 
tions. For example, the elongation of the 
barn owl (Tyto aZba) cochlea and the lack of 
morphological gradients in the basal half of 
its basilar papilla reflect the owl's extended 
high-frequency hearing range and its special 
emphasis on the octave between 5 and 10 
kHz (Fischer et al., '88; Koppl et al., '93). In 
the pigeon (Columba Zivia), morphological 
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specializations and the increased number of 
hair cells abneurally at the apex of the co- 
chlea are correlated with the presence of in- 
frasound perception (Gleich and Manley, '88; 
Kreithen and Quine, '79; Schermuly and 
Klinke, '90). In species in which a great deal 
of detailed knowledge exists with regard to 
anatomy and physiology (starling, chicken, 
and pigeon), it is obvious that tall hair cells, 
generally found in the neural part of the 
papilla, receive a much stronger afferent in- 
nervation than abneural hair cells. Recent 
detailed anatomical studies showed that in 
the starling (Sturnus vulgaris) and chicken 
(Gallus gallus), most short hair cells are not 
afferently innervated at all (Fischer, '92; 
Fischer et al., '92). Thus these data 
strengthen the suggestion that tall hair cells 
have a different function than short hair cells 
(Manley et al., '89). In most bird species, the 
height of the hair cells generally reduces to- 
ward the basal end on both the neural and 
abneural sides. Recent data indicate that in 
the barn owl, whose cochlea processes higher 
frequencies than those of other species so far 
investigated (up to 10 kHd, this size reduc- 
tion is continued to such an extent that the 
very base of the cochlea has, according to the 
classical definition, no tall hair cells at all. In 
this area, however, the neurally lying cells do 
have a dense afferent innervation (Koppl et 
al, '93). Thus we conclude that it is not the 
shape of a hair cell (tall vs. short) that deter- 
mines its function, but itsposition (neural vs. 
abneural) and innervation. The question thus 
arises as to  whether it is still at all useful to 
distinguish between hair cell populations us- 
ing the hair cell shape. In addition, many 
other anatomical features, and especially the 
more subtle differences in morphology, can- 
not as yet be correlated with function. Under- 
standing of these problems requires the col- 
lection of detailed, quantitative data on 
gradients of hair cell morphology both along 
and across the basilar papilla in representa- 
tive species of a variety of avian families. 

For the present study, two species, the 
canary (Serinus canarius) and the zebra finch 
(Taeniopygia LPeophilal guttata), were se- 
lected as representatives of small songbirds 
because their hearing has already been char- 
acterized psychophysically (Dooling, '92). In 
addition, their vocalizations differ substan- 
tially from each other and from the vocaliza- 
tions of the starling, the only other songbird 
whose cochlea has been studied quantita- 
tively. Using protocols described previously 

(Gleich and Manley, '88), we collected data 
across the papilla, from hair cells located 
neurally, in the middle and abneurally, in 
each case for different positions along the 
length of the papilla. Special emphasis was 
placed on the comparison of neural and ab- 
neural hair cell parameters to characterize 
the differences between the extreme forms of 
tall and short hair cells. As differences be- 
tween neural and abneural hair cells were 
generally more pronounced in the canaries 
than in the zebra finches, a number of param- 
eters were quantitatively analyzed in continu- 
ous series across the papilla in two cochleae 
of the canary, in order to characterize the 
transition from tall to short hair cells more 
exactly. 

MATERIALS AND METHODS 

For the present investigation, we used nine 
cochleae from a total of five female canaries 
(Serinus canarius) and three cochleae from 
two zebra finches (Taeniopygia guttata) of 
both sexes. The young adult birds were ob- 
tained from different local dealers. Although 
we do not know the exact age of the birds, 
they were probably <1 year old. We also 
have no record of their previous auditory 
experience; however, they were probably 
housed in larger aviaries at the dealers. The 
methods for the quantitative scanning elec- 
tron microscopic (SEM) analysis of the basi- 
lar papilla surface have already been de- 
scribed in detail (Gleich and Manley, '88) and 
are only briefly outlined here. The care and 
use of the animals reported on in this study 
were according to the requirements of Ger- 
man law. 

Birds received a lethal dose of anaesthetics 
(30-50 mg/kg xylacine and 60-100 mg/kg 
ketamine), and the base of the cochlea was 
dissected free. Fixative (2.5% glutaralde- 
hyde, 15% concentrated aqueous picric acid 
in 0.1 M phosphate buffer) was gently per- 
fused through a small hole in scala tympani 
and through the ruptured round window 
membrane for several minutes. The cochlea 
was then removed from the skull and the 
surface of the papilla was dissected free of 
bone and of the tegmentum vasculosum. The 
specimens were postfixed for 2 days. After 
several washes in phosphate buffer (0.1 M, 
pH 7.4), the tectorial membrane was re- 
moved and the cochleae were osmicated (1% 
OsO4 in phosphate buffer) for 1 hour. After 
three changes in phosphate buffer, the speci- 
mens were dehydrated in graded series of 
alcohol, transferred to liquid carbon dioxide 
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for critical-point drymg, and sputter-coated 
according to standard procedures. 

Photographs of the papillary surface were 
taken in the SEM at selected and defined 
locations. Low-magnification reconstructions 
of the whole papilla (final magnifications 200- 
800 times) were used to measure gross dimen- 
sions (papillar length, papillar width, hair 
cell numbers, and the number of hair cells 
across the papilla). Strips across the papilla 
from neural to abneural and -50-100 pm 
wide, were reconstructed at high magnifica- 
tion (2,000-4,000 times) at 8-10 equally 
spaced positions along the length of the pa- 
pilla. These reconstructions were used to de- 
termine the orientation of the stereovillar 
bundle by measuring the angle between the 
long axis of the bundle and the neural edge of 
the papilla. The strips across the papilla were 
each subdivided into areas that were 10 km 
wide and contained on average seven hair 
cells (range 2-18). The average hair cell orien- 
tation was determined for each of these ar- 
eas. Iso-orientation contours for the entire 
papilla were then calculated from these data. 

Groups of three to five hair cells on the 
neural and abneural side, as well as in the 
middle of the papilla, were selected on the 
high power prints, or were photographed at 
magnifications up to 10,000 for further analy- 
sis. For these hair cell groups at specific 
locations on the papilla, we measured a num- 
ber of parameters: the apical surface area of 
each hair cell, the area of the hair cell surface 
covered by the stereovillar bundle, the num- 
ber of stereovilli per hair cell, and the length 
of the long and short axis of the bundles as 
seen perpendicular to the hair cell surface. In 
addition, the position of the stereovillar 
bundle on the hair cell was characterized by 
measuring the distance both between the 
neural edge of the bundle and the neural 
border of the hair cell as well as between the 
abneural edge of the bundle and the abneural 
border of the hair cell, in both cases perpen- 
dicular to the long axis of the stereovillar 
bundle. Because all of the data were obtained 
from the same hair cells, we were then able to 
estimate the average diameter of single ste- 
reovilli as the square root of the ratio of the 
area covered by the bundle and the number 
of stereovilli. 

The ratio of the long and short bundle axes 
was a measure of the bundle symmetry. The 
ratio of the abneural bundle distance and the 
neural bundle distance was used to identify 
so-called lenticular hair cells. Lenticular hair 

cells have been described in other avian spe- 
cies (chicken and barn owl, Smith '85). They 
characteristically have their stereovillar 
bundle placed excentrically nearer the neural 
side of the hair cell, and the cuticular plate is 
present only in the neural part of the hair cell 
(Smith, '85; Smith et al., '85). 

To characterize gradients across the pa- 
pilla in more detail, a number of parameters 
were determined for a larger number of hair 
cells (generally 20-30 of known position 
across the papilla) at three locations 20%, 
50%, and 80% from the base in high-power 
reconstructions of - 100-pm-wide strips in 
two canary cochleae. These data were ana- 
lyzed as a function of the distance of each 
hair cell from the neural border. 

The area measurements of hair cells and 
the surface occupied by the stereovillar bundle 
were performed using the program HVEM 
3D (Laboratory for High Voltage Electron 
Microscopy, University of Colorado). The 
dimensions determined from the SEM speci- 
mens have not been corrected for the shrink- 
age that occurred during fixation, dehydra- 
tion, or critical-point drying. 

The data are coded systematically in the 
figures throughout this report. To increase 
clarity in the figures that compare canary 
and zebra finch, we show only smoothed 
weighted averages of the raw data (Cleve- 
land, '79). The neural position is coded by a 
continuous line, the middle of the papilla as a 
dashed line, and abneural as a dotted line. To 
illustrate the degree of raw data variability, 
we included the average of each individual 
obtained at the neural position as open tri- 
angles. To identify statistically significant dif- 
ferences between measures obtained from 
neural and abneural hair cell populations 
and between canary and zebra finch data, we 
performed Mann-Whitney U-tests for seg- 
ments of the basilar papilla with correspond- 
ing distances from the base. Differences are 
only reported in the results section if the 
statistics indicated a difference in the respec- 
tive measure with a two-tailed significance 
level of 5% or below. The figures that demon- 
strate in detail the variation across the ca- 
nary papilla show smoothed weighted aver- 
ages of the pooled data as well as the raw data 
obtained from the two canary cochleae ana- 
lyzed (coded by open squares and open tri- 
angles). 

RESULTS 
For the morphological comparison, nine 

cochleae of five canaries and three cochleae of 
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neural 

basal apical 
Fig. 1. Serinus canarius and Tueniopygia guttata. Low-power SEM micrographs of the 

basilar papillae of a canary (top) and a zebra finch (middle). A sketch (bottom) indicates the 
orientation of the papilla. Dots in the sketch of the papillar outline indicate the positions of high 
power micrographs illustrated in Figure 3. Bar = 200 Fm. 

two zebra finches were available. In the canar- 
ies, three papillae of two birds and in zebra 
finches two papillae of two birds were suffi- 
ciently well preserved and free of large arti- 
facts to allow detailed examination. In two 
canary cochleae from two birds, the param- 
eters were analyzed in detail across the pa- 
pilla at locations 20%, 50%, and 80% from the 
base. Measurements of the gross dimensions 
were performed on all papillae. 

The basilar papillae of canary and zebra 
finch resemble the typical avian form, with a 
slightly bent papilla that is narrow at the 
base and becomes wider toward the apex. In 
Figure 1, typical overviews of a canary (top) 
and a zebra finch (middle) basilar papilla are 
shown together with a sketch (bottom) indi- 

cating the basal and apical as well as neural 
and abneural directions. 

Gross papillar dimensions 
The length of the papillae and the total 

number of hair cells for the individual co- 
chleae evaluated are listed in Table 1. The 
average papillar length determined for the 
canary was 1,648 2 96 ym, whereas it was 
1,625 I 37 pm in the zebra finch. A Mann- 
Whitney U-test indicated no significant differ- 
ence in papillar length between canaries and 
zebra finches (P > 0.1). In the zebra finch, 
the variation in total length among papillae 
was rather small, the difference between the 
shortest and largest papilla being only 5% of 
the average length. In the canary, however, 
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the variation was larger, the difference be- 
tween the shortest and longest papilla being 
22% of the average length. Even the right 
and left side of individual birds differed by up 
to 16% (Table 1). 

The average number of hair cells was 
2,998 2 120 in the canaries and thus signifi- 
cantly smaller than the 3,573 k 190 found in 
the zebra finches (Mann-Whitney U-test; 
P < 0.05). In canaries, the variability in hair 
cell numbers was less than the variability in 
papillar length. This difference was most ob- 
vious in canary #2 (see Table l), where the 
right and left side differed substantially in 
length (1,442 vs. 1,712 pm), but much less in 
the number of hair cells (2,990 vs. 2,860). 
Indeed, a larger number of hair cells was 
found in the shorter papilla. There was no 
tendency for shorter papillae to contain fewer 
hair cells. The basilar papillae of canary and 
zebra finch thus have about the same length, 
but the number of hair cells was on average 
16% higher in the zebra finch. 

The width of the papilla as a function of 
the distance from the basal end was mea- 
sured in eight canary (Fig. 2a) and three 
zebra-finch (Fig. 2b) cochIeae. The width in- 
creased from the base toward the apex, 
reached a maximum between 60% and 80% 
and then decreased again in both species. 
Between 40% and 80% from the base, the 
basilar papilla of the zebra finch was signifi- 
cantly wider than that of the canary (Mann- 
Whitney U-test, comparing the width for 10% 
segments along the papillae; P < 0.05). Near 
the base and the apex the width of the basilar 
papilla was very similar in canaries and zebra 
finches. The maximum papillar width was on 

TABLE 1. Length of the busihrpapilla and the number 
of  hair cells for individual animals' 

~ ~~ 

Papillar Number of 
Specimen length (bm) hair cells2 Sex 
Canary lr 
Canary 11 
Canary 2r 
Canary 21 
Canary 31 
Canary 4r 
Canary 41 
Canary 5r 
Canary 51 
Zebra finch lr  
Zebra finch 2r 
Zebra finch 21 

1,806 3,155 female 
1,605 2,895 female 
1,442 2,990 female 
1,712 2,860 female 
1,664 2,926 female 
1,676 3,000 female 
1,686 ND female 
1,671 ND female 
1,568 3,160 female 
1,660 3,843 male 
1,573 3,425 female 
1,640 3,450 female 

'In two canaries (1 and 2) and in one zebra finch (2) both the right 
and left cochleae were fully analyzed. 
ND = not determined. 

average 142 pm (range 130-155 pm) in the 
canary and 175 pm (range 170-180 pm) in 
the zebra finch. 

The number of hair cells across the papilla 
as a function of the position along the papilla 
(Fig. 2c,d) followed the width of the papilla. 
The number of hair cells across the papilla 
was significantly larger in zebra finches as 
compared to canaries between 60% and 80% 
from the basal end (Mann-Whitney U-test, 
comparing the number of hair cells across 
the papilla for 10% segments along the papil- 
lae; P < 0.05). For more basal and apical 
portions of the papilla, the difference be- 
tween canaries and zebra finches was not 
significant. 

Apical hair cell surface area 
Typical high-power pictures of canary hair 

cells are illustrated in Figure 3, together with 
sketches that illustrate a number of the mea- 
sures performed. The top row shows neural 
and the bottom row abneural hair cells. The 
examples in the left column are 20% from the 
base, the middle column is 50%, and the right 
column 80% from the base. In the following, 
the gradients along and across the papilla 
that could be deduced from these prints are 
quantitatively analysed. The sketch shows 
the outline of a hair cell and its stereovillar 
bundle and indicates some of the measured 
parameters. 

The apical surface area of the hair cells 
showed systematic trends in both canary and 
zebra finch (Fig. 4). In both species, neurally 
lying hair cells had systematidly smaller 
surface areas along the papilla as compared 
to abneural hair cells. In contrast to the 
canary (Fig. 4a), the apical hair cell surface 
area showed no systematic variation along 
the papilla for the middle and abneural posi- 
tions in the zebra finch (Fig. 4b). Hair cell 
surface area of abneural hair cells was signifi- 
cantly smaller in zebra finch as compared to 
the canary between 30% and 70% from the 
base. 

The variation of the hair cell surface area 
across the papillar width is shown in detail 
for a basal (20%), middle (50%), and apical 
(80%) position in two canary specimens (Fig. 
5) .  The values a t  the most neural, middle, 
and abneural positions were consistent with 
the description obtained from the other three 
canary specimens and shown in Figure 4. At 
the base (Fig. 5a), the hair cell surface area 
showed a small maximum in the middle of 
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Fig. 2. Serinus camrius and Taeniopygia guttuta. The width of the basilar papilla (A and B) 
and the number of hair cells counted across the papilla (C and D) as a function of the distance 
from the basal end. Results are shown for eight canaries (Aand C) and three zebra finches (Band 
D). Shown are the smoothed weighted averages (continuous lines) and the raw data (open 
squares). 

the papilla. At the 50% position (Fig. 5b), 
hair cell surface area varied little in the neu- 
ral fifth of the papilla but increased rather 
abruptly to almost 60 pm2 and remained 
near this value in the abneural two thirds of 
the papilla. At the apex (Fig. 5c), the hair cell 
surface area increased almost continuously 
across the abneural three quarters of the 
papilla. 

Analysis of the stereovillar bundle 
Area of the stereovillar bundle 

A s  the micromechanical properties of the 
stereovillar bundle influence the responses of 
the hair cell, we analyzed the stereovillar 
bundles in some detail. The area of the apical 
hair cell surface that is covered by the stereo- 
villar bundle as a function of the hair cell’s 

position on the papilla is shown in Figure 6. 
In both species, the surface area occupied by 
the bundle decreased from - 15 pm2 at the 
base to 5 pm2 at the apex. Between 20% and 
80% from the base in the canary and between 
40% and 90% in the zebra finch, the area 
occupied by the bundle was significantly 
larger in neural than in abneural hair cells. 
The hair cells in the middle of the papilla 
between the neural and abneural position 
tended to have intermediate surface areas in 
the canary (Fig. 6a), whereas they appeared 
more similar to neural hair cells in the zebra 
finch (Fig. 6b). 

The details of the variation of bundle area 
across the papilla at the three positions in the 
canary (Fig. 7) were consistent with the data 
of Figure 6a. At all three positions studied, 
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Fig. 3. Serinus culzarcus. High-power SEM micro- 
graphs of canary hair cells. The top row shows neural and 
the bottom row shows abneural hair cells. The left col- 
umn gives examples at  20% from the base; the middle and 
right column show hair cells from 50% and 80% from the 
base, respectively. These positions are indicated by the 
dots in the sketch of Figure 1. The sketches at the bottom 

illustrate a number of measures performed on the hair 
cells. The outlines of the hair cell and the bundle illus- 
trate the area measurements. The left sketch indicates 
the long (1) and short (s) axis of the stereovillar bundle. 
The right sketch illustrates the distance between the 
bundle and the abneural (a) and the neural (n) hair-cell 
border. Bar = 10 pm. 

the bundle area decreased from the neural 
towards the abneural edge of the papilla. 
Number of stereovilli 

The distribution of the number of stereo- 
villi in individual hair cell bundles was very 
similar in canary and zebra finch (Fig. 8). In 
both species, the number of stereovilli was 
significantly larger on neural hair cells as 
compared to hair cells in abneural positions. 
This difference was largest in the basal half 
of the papilla, where the number of stereo- 
villi of neural hair cells remained almost con- 
stant at around 200 in both species over more 

than half of the papillar length. In the apical 
half of the papilla, the number of stereovilli 
on neural hair cells decreased from 200 to 
below 100 at the apex. The number of stereo- 
villi on hair cells in the middle of the papilla 
was, in both species, only slightly larger than 
that of abneural hair cells and decreased in 
both groups from 150 or 180 at the base to - 60 at the apex. 

The details of the variation of stereovillar 
number across the canary papilla (Fig. 9) 
were consistent with the results of Figure 8. 
The number of stereovilli decreased at  all 
positions from neural to abneural. 
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Fig. 4. Serznus canarius and Taenzopygia guttatu. The hair cell surface area as a function of 
the distance from the base. Averaged data are shown for three canary (A) and two zebra finch (B) 
specimens. The smoothed weighted average for the functions of neural (continuous lines), 
middle (dashed lines), and abneural (dotted lines) hair cells are given together with the raw data 
obtained from neural hair cells. 

Diameter of single stereovilli 
The difference between neural and abneu- 

ral hair cells with respect to the number of 
stereovilli (Figs. 8, 9) was much more pro- 
nounced than that for the area occupied by 
the stereovillar bundle (Figs. 6, 7). Thus the 
diameters of stereovilli of neural hair cells 
must be smaller than those of abneural hair 
cells. As the stereovillar numbers and the 
bundle areas were determined for the same 
hair cells, the average area occupied by a 
single villus was estimated by taking the 
square root of this area as an estimate of the 
average stereovillar diameter (Gleich and 
Manley, ’88). The diameter of stereovilli was 
systematically and at most positions signifi- 
cantly smaller in neural hair cells (-0.25 
pm) than in those from middle or abneural 
positions on the papilla ( N 0.28 pm) in both 
species. The stereovillar diameter did not 
change much along the length of the papilla 
in these specimens. A detailed analysis of 
mean stereovillus diameter across the canary 
papilla confirmed the finding that stereovilli 
were on average slightly thinner on neural as 
compared t o  abneural hair cells. 

at the base to 3 p,m at the apex (Fig. 10a,b). 
Bundles on neural hair cells were systemati- 
cally longer than those of abneural hair cells 
except at 10% from the base in both species, 
the difference between positions being larger 
in the canary than in the zebra finch (Fig. 
10a,b). The short axis of the stereovillar 
bundles showed only small variations along 
and across the papilla in both species (Fig. 
10c,d). 

The detailed characterization of the varia- 
tion of the hair cell bundle axes across the 
canary papilla (Fig. 11) confirmed the small 
neural-abneural variations shown in Figure 
10. The bundle long axis decreased in length 
gradually from neural to abneural at all three 
positions investigated (20%, 50%, and 80% 
from the base). The bundle short axis showed 
little variation across the papilla at the posi- 
tions 20% and 50% from the base, with the 
exception that the most neural hair cells had 
slightly longer bundle short axes. In the most 
apical position investigated (Fig. 110, the 
bundle short axis showed little variation 
across the papilla. 

Dimensions of the stereovillar bundle 
The long and short axes of the stereovillar 

bundle in the plane of the papillar surface are 
two measures that characterize the shape of 
the bundles. Fipure 3 indicates in the sketch 

Symmetry of the stereovillar bundle 
The ratio Of the long and short 

is a measure ofthe shape ofthe bundles (Fig. 
12). High values indicate elongated bundles, 

of a hair cell (1;ft) the parameters known as 
the bundle long (1) and short axis (s). In both 
species, there was a tendency for the long 
axis of the bundle to decrease from N 8.5 wm 

whereas low values characterize rounded ste- 
reovillar bundles. In both species, these ra- 
tios were larger at the base, but the patterns 
differed significantly at most positions along 
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the papilla between canary and zebra finch. 
In the canary (Fig. 12a), the change of the 
bundle shape was small in the basal 60% of 
the papilla at all positions across the papilla. 
For abneural canary hair cells, the elonga- 
tion of the bundles decreased gradually from 
the 60% position toward the apex, whereas in 
neural hair cells, the bundle shape ratio de- 
creased more apically, resulting in signifi- 
cantly more elongated bundles of neural hair 
cells in the apical 40% of the papilla. In the 
zebra-finch cochlea (Fig. 12b), neural hair 
cell bundles were significantly more elon- 
gated than those of abneural hair cells be- 
tween 20% and 40% from the base. The 
bundle elongation in the zebra finch de- 
creased over the basal third of the papilla and 
then remained rather constant toward the 
apex. 

The detailed analysis of the variation of 
bundle shape across the canary papilla re- 
vealed that it did not vary systematically 
across the width at the basal and middle 
positions. In the apical position, however, the 
elongation of hair bundles decreased con- 
spicuously in the neural third of the papilla 
but remained rather constant in the abneu- 
ral two thirds. 
Position of the stereovillar bundle on the 
hair cell 

The right sketch in Figure 3 indicates the 
distance between the neural (n) and abneural 
(a) edge of the bundle and the borders of the 
hair cell. These measures are shown quanti- 
tatively along the basilar papilla in Figure 13. 
In both species, the patterns shown for neu- 
ral and abneural cells were clearly and signifi- 
cantly different along the whole papilla. The 
bundles of neural hair cells were consistently 
located very close (1 km) to the neural border 
of the hair cell (Fig. 13a,b). Only at the most 
apical position in the canary did this distance 
increase slightly. In contrast, for hair cells 
from the middle and abneural position in 
both species, the distance between the bundle 
and the neural hair cell border increased 
from - 2 p,m at the base to  5-6 p,m near the 
apical end. The distance between the bundle 
and the abneural border of the hair cell (Fig. 
13c,d) showed no differences between hair 
cells from neural o r  abneural positions along 
the length of the papilla in the canary. In the 
zebra finch, however, the distance of the 
bundle to the abneural hair cell border was 
significantly larger for neural hair cells be- 
tween 40% and 70% from the base as com- 
pared to abneural hair cells. In the canary, 



0. GLEICH ET AL. 

A 
A 

- 0  

B 

Zebra Finch 

0 20 40 60 80 100 0 20 40 60 80 100 
Distance from Base (%) Distance from Base (%) 

Fig. 6. Serinus cunarius and Tueniopygia guttata. The area of the hair cell surface occupied 
by the stereovillar bundle as a function of the distance from the base for neural (continuous 
lines), middle (dashed lines), and abneural (dotted lines) hair cells. Open triangles show raw data 
obtained at the neural position. Averaged data are shown for three canary (A) and two zebra 
finch (B) specimens. 

the abneural bundle distance for all hair cells 
decreased continuously from the base to the 
apex (from 2-2.5 bm at the base to - 1 brn at 
65%). 

The detailed analysis of the bundle dis- 
tance to the neural and abneural cell border 
in the canary (Fig. 14) showed complex varia- 
tions across the papilla. The distance to the 
neural cell border (Fig. 14a,c,e) increased at 
all three positions from neural toward the 
middle of the papilla, reached a plateau, and 
decreased then slightly toward the abneural 
edge. The bundle distance to the abneural 
cell border (Fig. 14b,d,f) was very variable at 
the most basal position, leading to a complex 
fluctuating pattern in the smoothed average 
between the neural and abneural side of the 
papilla (Fig. 14b). At 50% from the base, it 
showed a low maximum in the neural half of 
the papilla (Fig. 14d). At 80% from the base, 
this parameter was rather constant across 
the papilla (Fig. 140. 

Although the SEM does not allow investiga- 
tion of cuticular plates, potential lenticular 
hair cells (see introductory section) could be 
identified by finding those cells for which the 
ratio of abneural to neural bundle distance to 
the hair-cell border is above unity (i.e., the 
bundle is located on the neural side of the 
hair cell). The ratio of abneural to neural 
bundle distance along the papilla (Fig. 15) 
differed significantly between neural and ab- 
neural positions in the papillae of both spe- 
cies. In the canary (Fig. 13a), neural hair 
cells in the basal two-thirds of the papilla had 
a ratio greater than 1 and were thus potential 

lenticular hair cells. In the most basal posi- 
tion of the canary papilla, some hair cells in 
the middle and on the abneural side of the 
papilla had their stereovillar bundle also 
placed excentrically on the neural side of the 
hair cell. In all other hair cells from the 
canary, the stereovillar bundle was located 
on the abneural hair cell side. In the zebra 
finch (Fig. 15b), the maximum of eccentric 
bundle placement toward the neural side of 
the hair cell was in neural hair cells at - 40% 
from the base. In this species, hair cells in the 
middle and abneural side of the papilla did 
not qualify as potential lenticular hair cells 
due to the abneural location of their stereovil- 
lar bundle on the hair cell. 

The detailed analysis of the variation of 
hair bundle location across the canary papilla 
(Fig. 16) showed that this parameter differed 
at the three locations tested along the pa- 
pilla, confirming the data presented in Fig- 
ure 15. Thus in the canary, potential lenticu- 
lar hair cells were very common in the most 
basal 10-20% of the papilla and restricted to 
the neural portion of the papilla between 
20% and 60% from the base. At more apical 
locations, there were hardly any potential 
lenticular hair cells. 

Orientation of the stereovillar bundles 
The left sketch in Figure 3 indicates the 

long axis (1) of the stereovillar bundle. We 
measured the angle between the bundle long 
axis and the neural edge of the basilar papilla 
to  determine the orientation of the stereovil- 
lar bundles. As in other bird species investi- 
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gated (Fischer et al., '88; Gleich and Manley, 
'88; Tilney et al., '871, the orientation of 
stereovillar bundles in canary and zebra finch 
showed a systematic variation over the sur- 
face of the basilar papilla, as shown in iso- 
orientation contours for two canary (Fig. 
17a,b) and two zebra finch (Fig. 17c,d) co- 
chleae. In both species, the long axes of the 
stereovillar bundles on the neural and abneu- 
ral side of the papilla were oriented parallel 
to the neural edge of the papilla (indicated by 
low values for orientation angles) so that if 
shearing forces are perpendicular to the pap- 
illar long axis, these bundles would be maxi- 
mally stimulated (Hudspeth and Jacobs, '79). 
Hair bundles toward the middle of the papilla 
(i.e., between the neural and abneural edge) 
were rotated such that their most excitatory 
direction is pointing more toward the apex 
(indicated by larger values for orientation 
angles). The maximum bundle rotation in- 
creased systematically from the basal toward 
the apical end of the papilla, reaching be- 
tween 30" and 40" at the apex of the canary 
and zebra finch papilla (Fig. 17). In the basal 
two-thirds of the papilla, the rotation of hair 
bundles was generally small ( < 20") in both 
species. 

DISCUSSION 

The present study illustrates that the basi- 
lar papillae of canary and zebra finch are very 
similar in many respects. However, signifi- 
cant species-specific anatomical differences 
exist at the SEM level between the basilar 
papillae of these two small songbird species. 
This is consistent with other avian data in 
that the cochleae of the avian species investi- 
gated to date (see, e.g., review in Manley, '90; 
Manley and Gleich, '92) are each morphologi- 
cally unique. We are not aware of any studies 
that show sex- and age-related variations of 
cochlear hair cell morphology in adult birds. 
Ryals and Westbrook ('88) demonstrated that 
in quail hair cell numbers did not change as a 
function of age between 3 months and 6 
years. In addition, it has been shown that 
birds have the capacity to restore a normally 
appearing basilar papilla even after severe 
hair cell loss (Cotanche and Corwin, '91). 
This capacity for regeneration is even pre- 
sent in senescent birds (Ryals and West- 
brook, '90). In our specimens, we did not see 
any of the pathologies typical for drug- or 
noise-induced trauma to the cochlea. Thus 
we can exclude the possibility that gross hair 
cell pathologies affected our measurements. 
We cannot, however, exclude very subtle ef- 
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fects of the previous auditory experience on 
hair cell morphology in our specimens. How- 
ever, considering the ability t o  repair major 
hair cell loss in birds and the fact that we 
investigated young adult birds, we believe 
that differences in prior auditory experience 
did not seriously affect our data. 

Gradients across the papilla: Are there 
separate hair cell groups? 

Some investigations of anatomical gradi- 
ents have studied whether changes may oc- 
cur not only along but also across the papilla 
and have looked at neural, abneural, and 
central positions (Fischer et al., '88; Gleich 
and Manley, '88; Tilney and Saunders, '83). 
However, in view of the different criteria 
used to delineate different hair cell types, we 
felt it necessary to investigate the morphologi- 
cal gradients continuously across the papilla. 
Such an analysis should allow the discrimina- 
tion of distinct hair cell groups that can be 
identified as tall, intermediate, short, or len- 
ticular hair cells according to systematic dif- 
ferences in the anatomical parameters. 

The results of Figures 5, 7, 9, 11, 14, and 
16 demonstrate that each anatomical feature 
changed in a complicated fashion across the 
papilla and that each parameter changed in a 
unique way. This point is emphasized in Fig- 
ure 18, where some of the gradients across 
the papilla (hair cell surface area, stereovillar 
number, area of the stereovillar bundle, 
length of the long and short axis of the bundle, 
and the distance of the bundle to neural and 
abneural hair cell border) are shown overlaid 
and scaled both with respect to their maxi- 

mum value (Fig. 18a,c,e) and to the distance 
from the neural papillar border (Fig. 18b,d,f). 
These graphs demonstrate that, on average, 
parameters changed more in the neural half 
of the papilla and remained comparatively 
stable across the abneural half. 

We also subjected the data to a cluster 
analysis (SPSS/PC+ statistics package) to 
determine whether there were objective crite- 
ria permitting the definition of distinct hair 
cell groups over the whole papillar area that 
might correspond to the previously described 
hair cell populations (e.g., tall and short). 
Analyzing all the data from the three posi- 
tions (20%, 50%, and 80% from the base) 
together did not recognize clusters that were 
separated across the papilla; rather, it de- 
tected a difference between the apical versus 
the more basal positions. 

Thus the data at the three positions were 
each subjected to a separate cluster analysis. 
(1). At 80% from the base, the analysis sug- 
gested only two clusters. However, one of 
them contained only the most neural hair 
cell; all 47 other cells were put into the sec- 
ond group. Unfortunately we could not ana- 
lyze more hair cells within 25 pm of the 
neural papilla edge at this position. The mea- 
sure of group diversity showed only a very 
small and gradual decrease by increasing the 
number of groups from 2 to 10, indicating no 
useful further subdivision of the 47 abneural 
hair cells into additional clusters. Thus ac- 
cording to the cluster analysis, all hair cells 
at least within the abneural 85% of the pa- 
pilla belong to a homogenous population, ( 2 ) .  
At 50% from the base, the cluster analysis 
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Fig. 9. Serinus cunarius. The number of stereovilli as 
determined in two canary specimens for hair cells across 
the papilla at (A) 20%, (B) 50%, and (C) 80% from the 
basal end. Open squares and triangles code data from two 
different individuals. The heavy lines shows the smoothed, 
weighted average through the data. 

suggested a classification into three groups. 
Group I consisted of two very neural hair 
cells; the 17 group IT hair cells were re- 
stricted to the neural 30% of the papilla; the 
group I11 contained the 42 more abneurally 
lying hair cells. (3). At 20% from the base, the 
analysis also suggested a clustering of hair 
cells into three groups. Group I contained 
eight hair cells, seven of which were within 
the neural 20% of the papilla (the other one 
was at the abneural edge). Hair cells of groups 
I1 and I11 were more abneural than those of 
group I but showed an almost complete over- 
lap in their positions. 

Considering the grouping by the cluster 
analysis with respect to the gradients shown 
in Figure 18, each of the eight suggested 
clusters consisted of a hair cell group that 
showed a unique set of characteristics. This 
was especially true if one compares neural or 
abneural clusters from different positions 
along the papilla. Thus, in our view, the hair 
cell groups suggested by this cluster analysis 
cannot be interpreted in terms of distinct 
groups of tall, intermediate, or short hair 
cells that can be recognized as equivalent 
along the entire papilla. Thus the present 
data emphasize strongly that it is not pos- 
sible to define any sets of anatomical criteria 
to distinguish consistently between tall, inter- 
mediate, and short hair cells at any and all 
positions in the papilla. In addition, the con- 
stellation of features varies between species. 
In fact, in view of the complex trends shown 
in the different parameters, a good case can 
be made that every hair cell is unique and 
that all characteristics change gradually both 
across and along the papilla. Although we 
were not able to discriminate between hair 
cell types on morphological grounds, it may 
be convenient to retain the terms “tall,” 
“short,” and such to describe broad morpho- 
logical categories, because the afferent and 
efferent innervation patterns might justify 
such a classification (Fischer et al., 1992). 

Comparison of anatomical differences 
among different species 

In order to keep the effects of different 
methodologies to a minimum, this compari- 
son between data is mainly restricted to the 
results of SEM studies that employed similar 
methods to measure the different param- 
eters. 

The basilar papillae of canary and zebra 
finch were the shortest of all birds investi- 
gated to date. If we take into account that, 
due to the shrinkage of the tissue, the values 
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of papillar length in SEM specimens were 
smaller than those obtained with whole- 
mounts or serial sections (a difference of 15- 
30%; Fischer et al., '88; Gleich and Manley, 
'88) the basilar papilla of two other small 
songbird species, the pine sisken (Carduelis 
pinus) and the house sparrow (Passer domes- 
ticus, Smith, '81; '85) are of similar length to 
those of canary and zebra finch. 

Among songbirds, the total number of hair 
cells in the canary (3,000) was clearly lower 
than in the zebra finch (3,570) and the star- 
ling (5,830; Gleich and Manley, '88). The 
only nonsongbird species with a low number 
of hair cells investigated to date is the shear- 
water, Puffinus puffinus, (3,830; During et 
al., '85). The hair cell number in the parakeet 
(Melopsittacus undulatus) is 5,370 (Manley 
et al., '93), whereas it is -10,000 in the 
chicken and the pigeon (During et al., '85; 

Gleich and Manley, '88; Goodley and Boord, 
'66; Rosenhall, '71; Tilney and Tilney, '86). 
The highest hair-cell numbers have been 
found in two owl species, 14,780 in Asio otus 
(During et al., '85), and 16,300 in Tyto alba 
(Fischer et al., '88). 

The width of the avian basilar papilla in- 
creases gradually from the base toward a 
maximum and then decreases again toward 
the apex. However, the papillar dimensions 
vary considerably among species. In the 
chicken basilar papilla, published values for 
the width vary between 150 y m  (Tilney and 
Saunders, '83) and 300 ym (Tanaka and 
Smith, '78). Published figures of chicken pa- 
pillae (e.g., Cotanche, '87) and our own obser- 
vations (e.g., Fig. 1 in Gleich and Manley, 
'88), however, indicate that the maximum 
width of the chicken papilla is -250 ym. 
Smith ('81) reported the maximum width of 
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the basilar papilla of several bird species, but 
due to different methodology, they are diffi- 
cult to compare with SEM material. The 
basilar papillae of song birds are narrower 

and thus have fewer hair cells across the 
papilla than in nonpasserine species. The 
canary basilar papilla described in the pre- 
sent work is the narrowest and has the small- 
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Fig. 12. 

est number of hair cells across the epithe- 
lium, and in this respect is followed by the 
zebra finch and the starling. 

The values obtained for the apical surface 
area of hair cells also depend on the species 
investigated. In the barn owl, the hair cell 
surface area was fairly constant across the 
papilla at any given location, but varied from - 80 pm2 in the basal half to - 40 pm2 in the 
apical half of the papilla (Fischer et al., '88). 
In all other bird species studied to date, there 
were not only changes along the papillar 
length, but also systematic differences be- 
tween the surface area of neural and abneu- 
ral hair cells. At the base and the apex of the 
papilla, the surface area of neural and abneu- 
ral hair cells is similar and -30-40 pm2 in 
the canary, zebra finch, starling, pigeon 
(Gleich and Manley, '88), and chicken (Til- 
ney and Saunders, '83). The surface area of 
neural hair cells shows no or little systematic 
variation along the length of the papilla in 
the starling and only a slight decrease from 
the base to the apex in pigeon, chicken, ca- 
nary, and zebra finch. The maximum apical 
surface area of abneural hair cells was species- 
specific with respect to the value reached at 
the respective locations along the papilla. In 
the pigeon, a distinct maximum of 120 pm2 
was reached in the middle of the papilla 
(Gleich and Manley, '88). In the chicken (Til- 
ney and Saunders, '83) and the starling, the 
maximum of 80 pm2 is also located in the 
middle of the papilla, being only a broad 
maximum in the starling (Gleich and Man- 

ley, '88). However, in the canary and zebra 
finch, in contrast to the other species, the 
maximum of abneural hair cell surface ( - 80 
pm2) was reached more apically, in the apical 
third of the papilla. 

As the properties of the stereovillar bundle 
are expected to contribute to the microme- 
chanics and the tuning mechanisms operat- 
ing in the cochlea, they were characterized in 
some detail. The area of the hair cell apex 
occupied by the stereovillar bundle decreases 
gradually from the base toward the apex in 
all species except the barn owl, the decrease 
being most pronounced in the pigeon fol- 
lowed by canary, zebra finch, and starling. It 
is only in the canary and zebra finch that 
neural and abneural hair cells differ with 
respect to the area covered by the bundle. In 
these two species, neural hair cells in the 
middle between the base and the apex had 
systematically larger bundles than abneural 
hair cells. 

In all species studied, the number of stereo- 
villi decreases from 190-250 at the base to 
below 100 at the apex, but apical hair cells of 
canary and zebra finch had on average more 
stereovilli as compared to those of other spe- 
cies at this location. The most striking differ- 
ence between the species studied to date, 
however, concerns the discrepancy in the 
number of stereovilli between neural and 
abneural hair cells. In the pigeon and star- 
ling, neural hair cells have slightly larger 
stereovillar numbers than abneural hair cells 
in the basal half of the papilla (Gleich and 
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Manley, '88). In the chicken (Tilney and Til- 
pey, '88) and the barn owl (Fischer et al., 
881, a comparatively small difference be- 

tween neural and abneural hair cells exists 
and extends farther apically. In the budgeri- 
gar, there is a rather conspicuous difference 
in the stereovillar number of neural and ab- 
neural hair cells in the basal two-thirds of the 
papilla (Manley et al., '93). In the canary and 
zebra finch, however, the stereovillar num- 
ber shows a very prominent difference be- 
tween neural and abneural hair cells along 
almost the entire papilla. 

In most species, the average stereovillar 
diameter is between 0.25 and 0.35 pm; only 
the barn owl has considerably thicker stereo- 
villi. In the canary, zebra finch, budgerigar, 
and pigeon, there is no systematic variation 

of stereovilli diameter along the papilla, 
whereas diameters increase from the base to 
the apex in the starling and barn owl. In the 
chicken, Tilney and Saunders ('83) and Til- 
ney et al. ('88) report that the stereovillar 
diameter was constant along the length of 
the papilla for neural hair cells, but increased 
from the base to the apex in abneural hair 
cells. The absolute values that they report 
are difficult to compare to our SEM measure- 
ments, because they were obtained using dif- 
ferent techniques. Differences in stereovillar 
diameter of neural and abneural hair cells 
are thus more prominent in the canary, ze- 
bra finch, and budgerigar than in other birds. 
Although the observed differences in the ca- 
nary and the zebra finch are small, it should 
be remembered that an increase in stereovil- 
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Fig. 15. Serinus cunurius and Tueniopygza guttuta. 
The location of the stereovillar bundle on the hair cell 
characterized as the ratio of the distance of the bundle to 
the abneural and neural hair cell border. Symmetrically 
placed bundles have values of 1. Bundles located nearer 
the neural side of the hair cell (potential lenticular hair 
cells) are characterized by values above 1, whereas values 
below indicate that bundles are located nearer the abneu- 

lar diameter from 0.25 pm to 0.28 pm means 
a potential increase of 20% in actin content 
and thus bundle stiffness. 

The shape of stereovillar bundles changes 
systematically over the basilar papilla. The 
bundle long axis decreases gradually from 
7-9 pm at the base to  - 3  km at the apex in 
all species with the exception of the barn owl. 
In the canary, zebra finch, and barn owl, the 
bundle long axis of neural hair cells, because 
of the larger number of stereovilli, tends to 
be longer than in abneural hair cells. At the 
apex, the bundle's long axis in barn owls is 
about twice that of other birds. The short 
axis of the bundle shows little variation along 
the papilla in the canary and zebra finch, an 
increase in the starling and barn owl and a 
decrease in the pigeon (Fischer et al., '88; 
Gleich and Manley, '88). A small, systematic 
variation of the bundle short axis was veri- 
fied for the canary by systematically plotting 
this parameter across the papilla (Fig. 11). In 
general, the bundle shape factors in all spe- 
cies investigated show that bundles are more 
elongated at the base of the cochlea than at 
the apex. However, the degree of variation of 
bundle shape along and across the cochlea is 
unique for each of the species investigated. 

Of the parameters used to identify lenticu- 
lar hair cells (Smith, '85; Smith et al., '851, 
we were only able to determine the distance 
between the edge of the hair bundle and the 
abneural and neural hair cell border for rep- 

" .  
0 20 40 60 80 100 

Distance from Base (?A) 

ral side of the hair cell. The location of the bundle on the 
hair cell surface is shown as a function of the distance 
from the base for neural (continuous line), middle (dashed 
line), and abneural (dotted line) hair cells. Data are from 
(A) three canary and (B) two zebra finch specimens. 
Open triangles show raw data obtained at the neural 
position. 

resentative cells. As we could not character- 
ize the cross-sectional shape of the hair cells 
or the cuticular plates in our SEM speci- 
mens, not all of the cells with bundles lying 
excentrically on the neural side of the hair 
cell are necessarily lenticular hair cells. How- 
ever, all hair cells with abneurally located 
bundles are, per definition, not lenticular. Of 
course, as the location of the bundle on the 
hair cell surface varied gradually with the 
cell's position on the papilla (Figs. 15, 161, 
there might be a gradual transition between 
lenticular and other hair cell types. 

The pattern of hair cell orientation on the 
basilar papilla of the canary and the zebra 
finch is similar to that in other birds investi- 
gated, except that the maximum rotation of 
the bundles toward the apex is smaller in the 
canary and zebra finch (3040") than in the 
pigeon, starling, barn owl and chicken (70- 
90"; Brix, '91; Fischer et al., '88; Gleich and 
Manley, '88; Tilney et al., '87). In addition, 
the maximum bundle rotation in the canary 
and zebra finch was restricted to the most 
apical tip of the papilla, whereas it is found in 
the apical third of the papilla in the starling 
and pigeon. 

Correlation of anatomical features with 
auditory performance 

The above discussion shows that a number 
of morphological gradients of the canary and 
zebra finch cochlea differ from those in other 
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villar bundle on the hair cell were determined in two 
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avian species. A number of these differences 
indicate that typical “basal” (ie, high fre- 
quency) features are more pronounced than 
typical “apical” (i.e., low frequency) features 
in the canary and zebra finch: 
1. The maximum width and the maximum 

number of hair cells across the papilla are 
smaller than in other birds (Fig. 2). 

2. The hair cell surface area of abneurally 
lying hair cells reached its maximum fur- 
ther apically than in other species (Fig. 4 
and discussion above). 

3. The discrepancy in the number of stereo- 
villi of neural and abneural hair cells is 
much more pronounced in the canary and 
zebra finch than in other species, and 
apical hair cells have rather high numbers 
of stereovilli (Figs. 8’9). 

4. The shape of stereovillar bundles on api- 
cal hair cells is more elangated than in 
other species (Fig. 12). 

5. The maximum rotation of the stereovillar 
bundles is reached at the extreme apical 
end and is small compared to other species 
(Fig. 17 and discussion above). 

Thus, although no frequency map or other 
physiological data are available for the ca- 
nary and zebra finch cochlea, the emphasis of 
features typical of the cochlear base indicates 
improved high- and less-developed, low-fre- 
quency hearing. Behavioral data at least 
partly bear out this expection. Surveying the 
behavioral audiograms for 23 different spe- 
cies of passerine and nonpasserine birds 
(Dooling, ’921, canaries and zebra finches 
have among the poorest sensitivity at fre- 
quencies below two kHz. The threshold at 0.5 
kHz for the average bird (23 species) is - 27 
dB SPL, whereas for canaries and zebra 
finches it is 46 and 51 dB SPL, respectively- 
almost two standard deviations above the 
mean for the 23 species. 

In terms of high-frequency hearing, how- 
ever, the canary and zebra finch are in fact 
similar to other passerines that have been 
tested. For the average passerine, the best 
frequency of hearing is at 2.9 kHz, where 
thresholds on average are - 5  dB SPL. At 
higher frequencies, sensitivity declines at the 
rate of - 35 dB per octave, to a threshold of 
60 dB SPL at 9.7 kHz. Published audiograms 
for canaries (Okanoya and Dooling, ’85) and 
zebra finches (Okanoya and Dooling, ’87; 
Hashino and Okanoya, ’89) show that their 
best frequency of hearing is slightly higher 
(3.3 kHz) with a best threshold near 12 dB 
SPL. The high-frequency 60 dB-threshold is 
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Fig. 17. Serinus canarius and Taeniopygia guttata. 
The pattern of hair-cell orientation on the surface of the 
basilar papilla from four specimens (A-D). The neural 
edge of the papilla is converted to a straight line and 
represented by the x-axes. The heavy lines indicate the 
abneural edge of the papillae. Thin lines are the iso- 
orientation contours representing different angles of hair 
cell rotation towards the apex, as indicated by the num- 

reached at 9.7 and 8.7 kHz in the canary and 
zebra finch, respectively, and is thus similar 
to the average of other passerines. Thus we 
conclude that the “basal” features of the 
cochleae of these species are not correlated 
with improved high-frequency hearing, but 
with reduced low-frequency sensitivity. 

We also studied correlations between a va- 
riety of audiogram parameters (threshold at 
0.5 kHz, high-frequency cutoff at 60 dB SPL, 
best frequency, best threshold, and band- 
width 40 dB above threshold) and the gross- 
anatomical parameters (length of the papilla, 
number of hair cells, maximum width of the 
papilla, and the maximum number of hair 
cells across the papilla) for the six avian 
species where both data sets are available 
(canary, zebra finch, starling, budgerigar, pi- 

0 20 40 60 80 100 
Distance from Base (%) 

Zebra Finch 
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bers close to the line. An angle of 0” means that the long 
axes of the stereovillar bundles are parallel to the neural 
edge of the papilla, higher values indicate that the hair 
cells are rotated toward the apex and indicate the angle 
between the neural edge of the papilla and the long axis of 
the stereovillar bundle. Two examples from (A,B) canary 
and (C,D) zebra finch are shown. 

geon, and barn owl). The audiogram data 
were obtained according to Dooling (’92) from 
several reviews (Dooling, ’80, ’82; Fay, ’881, 
whereas anatomical data were taken from 
several additional studies (Fischer et al., ’88; 
Gleich et al., ’88; Manley et al., ’93). We 
found inverse relationships between the au- 
diogram threshold at 0.5 kHz and the three 
parameters length of the papilla (number of 
species, n = 6, r = -0.84, P < 0.051, total 
number of hair cells (number of species, 
n = 6, r = -0.91, P < 0.05), and maximum 
papillar width (number of species, n = 6, 
r = -0.82, P < 0.05). The best threshold of 
the audiogram is inversely related to the 
length of the papilla (number of species, 
n = 6, r = -0.97, P < 0.05) and the total 
number of hair cells (number of species, 
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bundle distance to abneural hair-cell border = intermedi- 
ate black line; bundle distance to neural hair-cell border = 
intermediate dotted line; length of bundle long axis = 
thin black line; length of bundle short axis = thin dotted 
line. These graphs do not indicate clear borders that 
discriminate clearly between hair cell types. However, 
most of the parameters investigated show more promi- 
nent changes in the neural half of the papilla as compared 
to the abneural half. 
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n = 6, r = -0.89, P < 0.05), whereas the 
bandwidth of the audiogram (40 dB above 
the best threshold) shows a positive relation 
to the maximum width of the papilla (num- 
ber of species, n = 6, r = 0.82, P < 0.05) and 
to the total number of hair cells (number of 
species, n = 6, r = 0.84, P < 0.05). 

Masking data and anatomical data that 
have been collected in the same laboratories 
using the same procedures were available for 
the canary, zebra finch, starling, and budgeri- 
gar (Okanoya and Dooling, ’87; Langemann 
et al., pers. comm.). Comparing the critical 
ratios at the frequency of best hearing for 
each of these four species with the anatomi- 
cal data revealed trends for an inverse rela- 
tionship between the size of the critical ratio 
and the total number of hair cells on the 
papilla (number of species, n = 4, r = -0.84, 
0.1 < P < 0.051, the maximum width of the 
papilla (number of species, n = 4, r = -0.95, 
P < 0.05), and the maximum number of hair 
cells across the papilla (number of species, 
n = 4, r = -0.90,O.l < P < 0.05). Canaries 
have unusually large critical ratios (32 dB) in 
their region of best hearing, followed by ze- 
bra finches (27 dB), starlings (24 dB), and 
budgerigars (19 dB). 

The observations described above indicate 
that the growing comparative data base con- 
cerning the performance and anatomy of the 
hearing organs of different avian species is 
providing a new basis for elucidating the 
relationships between structure and func- 
tion. With regard to the species described in 
the present study, the short and narrow papil- 
lae of canary and zebra finch correlate with 
comparatively high thresholds at low frequen- 
cies and with a low spectral resolution at the 
frequency of maximum sensitivity. High- 
frequency thresholds, however, are similar to 
those of other passerines. 
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