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Structure and Function of the Auditory and
Vestibular System ‐ 1

Increasing elaboration of the auditory end‐organ during evolution. Increasing length of the
‘cochlea’ associated with higher frequency hearing. Upper limit in turtle ~ 1 kHz, in chicken
~ 5 kHz, in humans ~ 20 kHz.
BUT, is this simple idea really true?
But we will see today that this simple rule does not necessarily hold true.
By comparison, utricle, saccule and 3 semi‐circular canals are roughly comparable among
vertebrates.
The ‘lagena’ a presumptive vestibular epithelium found at the low‐frequency end of the
auditory end‐organ, is absent from mammals.
Although the length of the auditory epithelium is only 1 mm long in turtle (a representative
reptile) compared to ~ 30 mm long in a mammal (human), nonetheless the turtle
epithelium is tonotopically‐arranged, with highest frequencies represented nearest the
saccule, and low frequencies further away.
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Closer view of the turtle’s basilar papilla (auditory end-organ). The elliptical basilar
membrane is ~ 1 mm in length, on which resides a stripe of ~ 1000 hair cells. The
basilar papilla is tonotopically arranged, best frequencies of ~ 1000 Hz are found for
afferent fiber responses on the right-hand end, and ~ 50 Hz on the left-hand end.
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Active hair bundle mechanics were studied in an intact epithelial preparation of the
turtle’s basilar papilla (‘cochlea’). The white bars seen on the right are the tips of
the hair bundles which serve as light pipes when properly oriented. The
physiological resilience of tissue from cold-blooded vertebrates makes these
particularly tractable experimental models. The turtle’s ‘cochlea’ continues to
function for many hours after removal from the animal. The response of individual
hair cells can be recorded electrically, and bundle movements imaged, while
calibrated forces are applied to the hair bundle.
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‘Positive’ deflection of the hair bundle opens mechano-sensitive ion channels.
These permit the entry of potassium and calcium. Calcium ions act through both
slow and fast processes to return the bundle to its original position. The slow
process involves myosin, the fast is a direct action of calcium on the transduction
channel, causing it to close. Both processes generate a ‘restoring force’. The rapid
action of calcium on the channel underlies oscillatory motions that provide
frequency tuning.
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Hair cell depolarization opens voltage-gated calcium channels located near synaptic
ribbons in the basal half of the hair cell. Nearby calcium-sensitive potassium
channels open with a delay, causing a ‘restoring’ hyperpolarization. This electrical
tuning mechanism provides frequency selectivity up to ~ 1000 Hz for hair cells of
non-mammalian vertebrates.
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Tonotopic map of turtle cochlea based on ‘ringing frequency’ of hair cell membrane
potential.
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Potassium currents evoked by positive voltage commands in turtle hair cells. The
‘ringing frequency’ obtained from voltage oscillations in the same cells is shown on
the right. Note that the potassium currents activate and deactivate more rapidly in
hair cells with higher ringing frequencies.
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The cell-specific kinetics of potassium currents is evident at the single channel level.
That is, macroscopic gating kinetics are intrinsic to the individual potassium
channels of each hair cell. This implies that some structural feature of the
potassium channel varies in a systematic way along the tonotopic axis of the
cochlea.
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The hypothesis of electrical tuning of turtle hair cells is summarized here. Cellspecific potassium channel gating kinetics underlie voltage oscillations that can
confer frequency selectivity onto the mechanosensitivity of the hair cell. This
specialization includes the number of channels, as well as their gating kinetics.
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Work from several laboratories showed that the responsible potassium channel was
the large-conductance (BK), calcium-sensitive, voltage-gated potassium channel.
This channel is encoded by the ‘slo’ gene (named for the Drosophila mutant from
which it was first cloned), now known as KCNMA1.
This channel has six transmembrane segments that characterize most voltagegated ion channels. Plus some variants have an additional N-terminus
transmembrane segment (S0). Different from other voltage-gated potassium
channels, the ‘slo’ channel has an extended C-terminus tail that may be entirely
cytoplasmic, although that has not been proven. There are potentially 4 more
transmembrane segments, based on sequence homology. The most significant
feature of the sequence is that there are numerous splice sites and which
alternative exons can occur. This potentially gives rise to an enormous number of
combinatorial variants on the basic channel structure. Does this potential genetic
heterogeneity underlie the kinetic variability seen in hair cells?
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Studies of BK channel expression patterns have been carried out in turtle, and in
the chicken basilar papilla – a structure intermediate between that of turtles and the
mammalian cochlea.
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mRNA for the slo beta subunit is expressed in a gradient, at highest levels in the low
frequency cochlear apex, as predicted by its effect on BK channel gating kinetics.
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Outer hair cells from the low frequency apex of the rat cochlea have smaller, slower
K currents. Outer hair cells from the high frequency base have larger, faster K
currents. Now known that these ‘basal’ K currents flow through BK channels.
However, there is little or no evidence for tonotopic variations in BK kinetics, and
few splice variants have been found. So, no evidence for electrical tuning.
However, BK channels are ‘tonotopically’ expressed, and developmentally regulated
in a manner similar to that observed in the chicken basilar papilla.
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Smaller surface area means that input capacitance is smaller in higher frequency hair cells.
Increasing conductance (transducer and basolateral) means that input resistance is lower is
higher frequency hair cells. The membrane time constant is the product of membrane
resistance times capacitance,
m = RmCm
so this term is smaller in higher frequency hair cells.
Consequently, the corner frequency of a low pass filter (where output falls to half the
input)
The corner frequency of a low pass filter,
fcorner = 1/2m
representing the hair cell shifts to higher frequencies in outer hair cells from high frequency
positions along the cochlea’s tonotopic axis.
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This species of frog lives on the banks of very noisy mountain streams. So to be heard,
they make sounds at very high frequencies, much higher than the sound frequencies made
the rushing water.
And, not only male frogs make sounds (as is case for most frog species), but also the
females call to help the male frog find them. The female frog sounds also contain high
frequencies and the male frog then can find her more easily.
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Figure 1 | A. tormotus can detect and respond to ultrasound
b, Sound spectrogram (top left panel), waveform (bottom panel) and average amplitude
spectrum (right panel) of a representative antiphonal response (produced 401 ms after the
stimulus onset—shown between the two vertical cursors in the left panel), stimulated by
the US components of the stimulus (390‐ms long, to the left of
the white vertical cursor). c, Ambient background noise recorded within 3m
of Tau Hua Creek in the absence of frog calls, recorded with a custom‐made
ultrasonic microphone having a high‐pass cutoff frequency of 15 kHz with a
roll‐off of 10 dB per octave (hence the appearance of a progressive decrease
in spectral energy from 0.1 to 15 kHz; see Methods). The noise has a nearly
flat spectrum below 10 kHz when measured with a sound‐level meter3.
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To study this scientists caught male frogs during the breeding season and played female
calls to them. They wanted to see whether the male frog paid attention to the female call,
and could find them using it.
Explain what is happening in the video, be sure to point to the frog and the tape target
marks on the floor.
Show both videos. The second one emphasizes that the frogs make long (ballistic) leaps
that are very accurate.
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Figure 2 | Males’ phonotactic responses to a female’s courtship call.
a, Representative phonotactic orienting responses from six males. Circles
represent the landing site of a hop; the arrow indicates the hop’s direction
towards the loudspeaker broadcasting the female’s courtship call. C, glass
cover. b,Image showing a male frog reaching the centre of the diaphragm of the
loudspeaker (taken froma video recording of the frog’s phonotaxic responses).
On hearing a female call, a male
usually oriented his body towards the loudspeaker — this was followed
by a long‐distance hop towards the loudspeaker (Fig. 2; see
Supplementary Video). The precision of the long‐distance (range:
30–75 cm) hops was remarkable, with an average azimuthal error
of just 0.7 +/‐ 3.3 degrees (n=41).
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Figure 1 | A. tormotus can detect and respond to ultrasound
b, Sound spectrogram (top left panel), waveform (bottom panel) and average amplitude
spectrum (right panel) of a representative antiphonal response (produced 401 ms after the
stimulus onset—shown between the two vertical cursors in the left panel), stimulated by
the US components of the stimulus (390‐ms long, to the left of
the white vertical cursor). c, Ambient background noise recorded within 3m
of Tau Hua Creek in the absence of frog calls, recorded with a custom‐made
ultrasonic microphone having a high‐pass cutoff frequency of 15 kHz with a
roll‐off of 10 dB per octave (hence the appearance of a progressive decrease
in spectral energy from 0.1 to 15 kHz; see Methods). The noise has a nearly
flat spectrum below 10 kHz when measured with a sound‐level meter3.
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Figure 2 | Averaged auditory‐evoked potential (AEP) data from the
torus semicircularis validate the ultrasound sensitivity of A. tormotus.
a–f, Shown are AEPs recorded from the torus semicircularis of A. tormotus
(a, b), O. livida (c, d), and P. nigromaculata (e, f) in response to ten
tone bursts over 1–40 kHz presented at a rate of 0.5 bursts s21.
a, c, e, Representative AEP waveforms. b, d, f, Corresponding peak‐to‐peak
amplitudes (N1 2 P1) of the AEPs (black) and N1 latencies (blue) as a
function of tone frequency. TheN1 latencies of the AEPs for the upper end of
the species’ hearing ranges were not measurable. N1 and P1 refer to the first
negative and positive peaks of the AEP, respectively.
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Figure 4 | The ear is responsible for ultrasound sensitivity in A. tormotus.
a, b, AEP data recorded from the torus semicircularis of one A. tormotus in
the intact condition (a) and occluded condition (b) show that ear occlusion
abolishes the AEPs. c, Low‐power photomicrograph (£2) of a horizontal
section (stained with haematoxylin and eosin) through the right ear of a
male of A. tormotus. See http://www.beckman.uiuc.edu/profiles/feng/
videofiles/ for three‐dimensional (3D) reconstruction of the ear canal. Tym,
tympanum; EC, ear cavity; XC, extracolumella. The opening of the ear cavity
on the body surface is posterior to the retina (R); this opening was covered
for the ear occlusion experiment described in b. Scale bar, 400 mm.
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In the lagenar portion of the amphibian's membranous labyrinth are two areas of hair cells, the
amphibian and basilar papillae, that are found in no other vertebrate group. The basilar papilla lies
on the posterior wall of the saccule between the oval window and the round window, another
membrane‐covered opening between middle ear and inner ear. Vibratory energy enters the inner
ear at the oval window, passes through the basilar and amphibian papillae causing them to vibrate,
and then dissipates at the round window.
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Tuning of the Tectorial Membrane in the Basilar Papilla of the Northern Leopard Frog
R. L. M. Schoffelen,1,2 J. M. Segenhout,1 and P. van Dijk1,2
The basilar papilla (BP) in the frog inner ear is a relatively simple auditory receptor. Its hair cells are
embedded in a stiff support structure, with the stereovilli connecting to a flexible tectorial
membrane (TM). Acoustic energy passing the papilla presumably causes displacement of the TM,
which in turn deflects the stereovilli and stimulates the hair cells. Auditory neurons that contact the
BP’s hair cells are known to have nearly identical characteristic frequencies and frequency
selectivity. In this paper, we present optical measurements of the mechanical response of the TM.
Results were obtained from five specimens. The TM displacement was essentially in phase across
the membrane, with the largest amplitudes occurring near the hair cells. The response was tuned
to a frequency near 2 kHz. The phase accumulated over at least 270° across the measured
frequencies. The tuning quality Q10dB values were calculated; the average Q10dB was 2.0±0.8
(standard deviation). Our results are comparable to those of neural‐tuning curves in the same and a
similar species. Also, they are in agreement with the response of an associated structure—the
contact membrane—in a closely related species. Our data provides evidence for a mechanical basis
for the frequency selectivity of the frog’s BP.
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In the lagenar portion of the amphibian's membranous labyrinth are two areas of hair cells, the
amphibian and basilar papillae, that are found in no other vertebrate group. The basilar papilla lies
on the posterior wall of the saccule between the oval window and the round window, another
membrane‐covered opening between middle ear and inner ear. Vibratory energy enters the inner
ear at the oval window, passes through the basilar and amphibian papillae causing them to vibrate,
and then dissipates at the round window.
Neither papilla have a basilar membrane, but rather sit on thick tissue making up the walls of the
saccule.
The basilar papilla is a tubular evagination of the ventrocaudal wall of the saccule and has a lumen
that is typically elliptical (Figs. 1, 2). The organ lacks a basilar membrane, and the hair cells rest in
the cartilaginous tissue, forming a semicircular sensory epithelium. Ventral to the sensory
epithelium is a gelatinous tectorial membrane (TM) which is attached to the lumen walls. A thin
contact membrane is located on the medial side of the organ separating the perilymphatic and
endolymphatic systems (Fig. 3).
The amphibian papilla is located on the medial wall of the saccule. Like the basilar papilla, this
organ lacks a basilar membrane, and the hair cells are anchored to the dorsal wall of the papilla
(Fig. 6). A TM lies ventral to the sensory epithelium, and its size and shape change along the length
of the organ (Fig. 6). The tectorial curtain (Fig. 6E,F) attaches the TM to the ventral wall of the
organ, and it is only in this region that the TM is attached to the ventral wall. The sensory
epithelium has an S‐shaped structure (Fig. 7) consisting of a rostral triangular patch and a caudal S‐
segment.
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Studies of BK channel expression patterns have been carried out in turtle, and in
the chicken basilar papilla – a structure intermediate between that of turtles and the
mammalian cochlea.
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Although a large number of alternative exons have been sequenced from the
chicken basilar papilla by Carl Oberholtzer and colleagues, 3 particular alternative
exons were most prominent. Each of these alternative exons occurs at a different
splice site within the extended carboxy terminus of the slo mRNA.
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Each splice variant was individually cloned into the slo ‘backbone’ mRNA. The fulllength cDNAs were then injected into HEK 293 cells and studied in this
heterologous expression system. The alpha61 splice variant in particular produced
channels that had significantly slower gating kinetics than those of the ‘backbone’
channel.
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In addition to alternative splicing of the pore-forming alpha subunit, accessory, or
beta subunits also exist, and can be shown to be expressed in chicken cochlear hair
cells. When co-expressed with the different full-length splice variants, much slower
channels were produced, as though the beta subunit somehow magnified the
original kinetic differences.
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Thus, one could define a range of BK channels with differing calcium sensitivities
and gating kinetics.
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The gating kinetics of the different BK channel isoforms allow one to predict where
along the tonotopically-organized chicken basilar papilla one would expect to find
each channel type. Because the beta subunit profoundly slowed gating kinetics,
this accessory subunit ought to be most prominent in the low frequency, apical, end
of the cochlea.
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