Probing Otoacoustic Emissions in
the Budgerigar (Melopsittacus undulatus

Given the complex nature of their vocalizations, birds have
AbSt Fa Ct become an increasingly attractive model for studying neuro-
physiological mechanisms underlying the processing of
complex sounds. However, much is still unknown about the function of the peripheral
auditory system in birds, and there are significant physiological differences between
birds and mammals (e.g., hair cell distribution, lower prestin density, structure of the
tectorial membrane). The present study explores this issue by characterizing several
types of otoacoustic emissions (OAE) in the budgerigar (Melopsittacus undulatus).
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>» Parakeet auditory thresholds are relatively low, but
chiefly confined to lower frequencies (Fig.1). The inner
ear morphology of birds is quite different relative to
mammals (Fig.2) and is known in quantitative detail for
the parakeet (Manley et al. 1993): short papilla (~2.5 mm)
with ~5400 hair cells. Furthermore, there is evidence for a
traveling wave at work in the bird ear (Gummer et al.
1987), however hair cell somatic motility appears absent
(He et al. 2003; Koppl et al. 2004). The middle ear consists
of a single ossicle (columella).

FIGURE 1 - Parakeet audiogram. Data
from Brittain-Powell et al. (2002)

» Otoacoustic emissions (OAEs) provide a non-invasive
strategy for characterizing the tuning of the auditory pe-
riphery in both mammals (Shera et al. 2002, 2010; Joris et e
al. 2011) and non-mammals (Bergevin & Shera, 2010). In
addition, detailed descriptions of OAEs in various species
provides information relevant to the mechanisms under-
lying generation of emissions (Bergevin et al. 2008).

» In the current study, we measured stimulus frequency
emissions (SFOAEs) and distortion product emissions
(DPOAEs) in the anesthetized budgerigar with several
guestions in mind:

FIGURE 2 - Morphology of the avian basilar
papilla. Figures from Takasaka & Smith (1971)
and Gleich & Manley (1988).

1. Given that most modeling efforts on OAE generation focus on the mammalian ear, what can
we learn by considering ears where significant morphological differences exist (Fig.2)? For ex-
ample, how do differences in the nature of the traveling wave affect OAE generation?

2. Given that knowledge of the bandwidth of peripheral filters is essential for studies of the
neural coding and processing of complex sounds in the auditory periphery, can we use
SFOAEs to characterize sharpness of tuning in the parakeet? Previous studies have sug-
gested relatively sharp tuning in the parakeet (Dooling & Searcy, 1985), though a clear mor-
phological basis for such (i.e., a fovea) is absent (Manley et al. 1993). Will SFOAE properties
show unique properties in the parakeet?

Methods

> Measurements were performed at the University of Rochester. Data was collected from
8 ears of 8 different birds. The birds were of both sexes and ranged in age from 3.5-10
months.

> Birds were lightly anesthetized using either isoflurane (gas) or ketamine and xylazine or
ketamine and dexmedetomidine (injectable, sub-cutaneous). Feathers about the external
auditory meatus were gently trimmed and the OAE probe was then sealed to the head
using grease. Recording sessions typically lasted 1-3 hours. At the completion of each re-
cording session, animals were returned to the holding cage and monitored until fully re-
covered from anesthesia.

> OAEs were measured from ears using either an Etymotic ER-10C or ER-10A/ER2 probe
system. Stimuli were generated and recorded digitally using Lynx TWO-A sound cards con-
trolled by custom software.

> SFOAE were obtained using a two-tone suppression paradigm (Shera & Guinan, 1999).
Suppressor parameters: fs=fp+40 Hz, Ls=Lp+15 dB. Most SFOAE data were collected using
a probe level (Lp) of 40 dB SPL. The DPOAE paradigm used a fixed f2/f1 ratio (discrete
tones, sweeping f1 from ~0.5-6 kHz) and equal level primaries (L1=L2).

> SFOAE phase-gradient delays were computed via centered-differences (Shera &
Guinan, 2003). Trends (e.qg., thick lines in Figs.4, 7 & 8) were computed using locally-weight-
ed regression (loess). Confidence intervals (95 %) for the trends (shaded regions) were
computed using bootstrap resampling.

Results

> Evoked emissions were measurable in all birds examined. Emission mag-
nitudes were relatively small when compared to other vertebrates, and
similar to chicken (Bergevin et al. 2008). No spontaneous emissions were
detected.

> Overall, emission magnitudes matched qualitatively to behavioral
thresholds, being confined to the most sensitive portions of the audio-
gram (Figs.1, 3 & 5). Over the majority of the frequency range tested,
SFOAE phase-gradient delays were similar to or smaller than those of
chicken (Fig.4).

> Variability across individuals was apparent and possibly due to differ-
ences in type of anesthesia and/or depth (Kettembiel et al. 1995). How-
ever, this was not explored in detail in the current study.

> Some evidence for dependence upon probe level was observed in the
SFOAE phase-gradient delays (typically larger for Lp<40 dB SPL), but this
was not explored in detail in the current study nor is it readily apparent in
the DPOAE data for those levels tested (Fig.5).

>» DPOAE properties (Figs. 5 & 6) are summarized as follows:

e With f2/f1 = 1.25, Both 2f1-f2 and 2f2-f1 appeared around the most sensitive region of
the audiogram, then expanded outwards in frequency with increasing stimulus levels
(Fig.5) - similar to that of DPOAEs in mammals

e 2f1-f2 increased compressively with primary sound pressure level while 2f2-f1 grew
almost linearly above f2~3 kHz (Fig.5); non-monotonic growth is apparent

e 2f1-f2 phase was nearly constant with frequency for larger f2/f1 ratios - similar to that
of mammals

e 2f2-f1 phase depended strongly upon frequency for f2 below ~3 kHz, while that depen-
dence decreased at higher f2 - similar to that of mammals

e Between f2/f1 ratios of 1.25 and 1.45, characteristics of 2f1-f2 and 2f2-f1 changed little
— unlike mammals, parakeet DPOAEs appear less ratio-sensitive

e At the smallest (1.02) and largest (1.65) ratios, DPOAE magnitudes were greatly reduced

Discussion

> We use SFOAEs here to estimate the sharpness of tuning of the parakeet’s peripheral au-
ditory filters by use of tuning ratios, defined as Qerb/Nsf (Shera et al. 2010). To do this, we
first estimate tuning ratios for the chicken (Fig.7, inset), then apply the chicken ratios to
estimate Qerb for the parakeet (Fig.8).

> However, several considerations need to be factored in. First, there is significant variabil-
ity across (and within) studies characterizing tuning in chicken auditory nerve fibers
(ANFs). Second, it is unclear whether it is reasonable that these ratios can be directly ap-
plied to the parakeet (e.q., an apical-basal transition was not considered here, though is
suggested by the 2f2-f1 phase in Fig.6). Nonetheless, given the similarity between SFOAE
phase-gradient delays between chicken and parakeet (Fig.4), our results suggest that pe-
ripheral sharpness of tuning is similar between these two species. Relatively minimal
DPOAE fine structure (Figs.5 & 6) and weak ratio-dependence (Fig.6) are consistent with
such a conclusion.

> Dooling & Searcy (1988) indicated that peripheral tuning in parakeet is similar, if not
sharper, than that of humans. Several lines appear inconsistent with such a conclusion
(e.g., Shera et al. 2002; Joris et al. 2011). It still remains to be seen as to how parakeet’s re-
markable psychophysical abilities can be explained, but morphological aspects of the pa-
pilla must factor in (Fig.2; Manley et al. 1993; Gleich & Langemann, 2011).

> DPOAE phase characteristics were qualitatively similar to those of mammals (e.g., flat
2f1-f2, steep 2f2-f1), consistent with chicken and even gecko (Bergevin et al. 2008) but not
other lizards. Given the work of Gummer et al. (1987), this observation motivates further
study as to what role (if any) traveling waves are playing in the non-mammalian ear.

> Future work should entail a more detailed account of the dependence upon stimulus
level, as well as better characterizing the effects of anesthesia (e.g., Kettembeil et al. 1995).
Measuring behavioral estimates of tuning (via forward-masking) can also be compared to
OAE-based estimates of tuning. Lastly, middle-ear measurements in parakeet can help im-
prove our understanding of how the middle ear influences both OAEs and the audiogram
and how emissions make their way out of the inner ear.
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FIGURE 3 - Parakeet SFOAEs (magnitude and phase) measured at
Lp=40 dB SPL. Data are from 8 ears from 8 different birds. Dashed
brown curve shows the approximate magnitude noise floor. Red points
indicate average magnitudes in octave wide bins (including the SEM).
Also included in the magnitude is a relative indication of parakeet be-
havior thresholds (Brittain-Powell et al. 2002; solid blue curve shows
threshold multiplied by -1). Error bars have been omitted from indi-
vidual curves for clarity. The dashed red curve in the phase indicates
the integrated phase-gradient trend (see Fig.4). Some phase curves
have been offset vertically (by an integral number of cycles) for clarity.
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FIGURE 4 - Cross-species comparison of SFOAE phase-
gradient delays in stimulus periods (Nsf). Data points and
trends are shown for both parakeet (blue) and chicken (red).
Chicken data are from Bergevin et al. 2008 and were mea-
sured using the same paradigms and stimulus level (Lp = 40
dB SPL). These delays are slightly smaller than those for
mammals such as cat and guinea pig (Shera & Guinan, 2003)
and comparable to those of gecko (Bergevin et al. 2008).
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FIGURE 5 - Parakeet DPOAE level dependence. Data are shown for both a representative individual (right) and compiled data across all
ears (left). Left plots show 2f1-f2 and right plots 2f2-f1. For all data, primary levels were equal (L1=L2) and the primary ratio was fixed at
f2/£1=1.25. Brown dashed curve shows approximate noise floor. Note different abscissae.
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FIGURE 6 - Parakeet DPOAE primary ratio dependence. Data are shown for both a representative individual (right) and compiled
data across all ears (left). Left plots show 2f1-f2 and right plots 2f2-f1. For all data, primary levels were equal (L1=L2= 65 dB SPL) and
the primary ratio was fixed as the tones were swept. Brown dashed curve shows approximate noise floor. Note different abscissae.
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FIGURE 7 - Chicken ANF quality factors and estimates of the

‘tuning ratio’. Auditory nerve data taken from studies noted in legend.

Loess fits are shown for regions where SFOAE were measurable and
sufficient ANF data existed. Estimates of the chicken ‘tuning ratio’
(Qerb/Nsf; inset) used Nsf values from Fig.4 (Lp=40 dB SPL). It was as-
sumed that Qerb ~1.75 - Q10 (Shera & Guinan, 2003).
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FIGURE 8 - Estimate of parakeet Qerb. Rough estimates
based upon the assumption that the parakeet tuning ratio
is similar to that of the chicken. Estimates are confined to
regions where there was both sufficient SFOAE and
(chicken) ANF data available. No uncertainty is shown, but
it is large given the scatter in the ANF data. Note that unlike
Shera et al. (2010), no correction was made for an ‘apical-

basal’ transition.
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