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1 . ABSTRACT

Traditionally the study of fish hearing is achieved either by psychophysical method {e.g.,
behavioral training) or invasive eiectrophysioiogicai recording (e.g., microphonics, single unit

recording). A non—invasive, the auditory brainstem response (AER) recording method is

developed to study fish hearing. With the use of the ABR method and the removal of gas from

various gas holding structures, it is proved that the mechanically coupled or directly linked gas

holding devices are used byfish to enhanced hearing.
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2. INTRODUCTION

Scientific study on fish hearing dates back to the turn of the 20'“ century. Parker [1] was perhaps

the first to conduct a well defined experiment investigating the hearing of cyprinid fish and the

work was followed by Biglow [2]. Subsequently quantitative work on the range of frequencies over

which fish can hear and on representatives of several different families was carried out by von

Frisch and his associates [34]. Over the years several methods have been developed to

investigate fish hearing. Behavioral methods usually involve training fish by using electric shock or

food rewards to respond upon hearing a sound, In the classical conditioning method, fish respond

with innate behavior such as stereotyped defense responses [51. cardiac suppression [61 or

ventilatory suppression [7]. The drawbacks of the classical conditioning method include the stress

caused by the electric shock, the response can be ambiguous (especially at threshold level) and

is not applicable to species that can not be conditioned by the shock [8]. A second behavioral

method is instrumental avoidance conditioning in which fish is trained and learn to cross a barrier
in the tank upon hearing a sound to avoid electric shock [9]. The advantage of this method is that

the response is unambiguous. However, due to free movement of the subject. the precise

calibration of sound perceived by fish is difficult to obtain. in addition, the training may require

excessive long time [10]. A third behavioral method is operant conditioning which involves positive
reinforcement of training fish to pack paddles in response to sound [11-13]. The drawbacks of this
paradigm are: 1) long duration of training for some species; 2) high degrees of variation in
learning among individuals; 3) fish has to be large and responsive enough to perform the paddle

pecking task. in addition, this method can only be applied to fish using striking mode for food
gathering.

On the other hand. electrophysiological methods have less limitation associated with training

subjects. Measurement of microphonics from auditory organs while presenting acoustic stimuli to

the test subjects is widely used to measure auditory sensitivity of fishes [14]. In addition, single-

unit recording is used to measure single nerve fiber discharge patterns [15]. Electrophysiological

recordings allow faster data gathering than behavioral methods albeit with some constraints: 1)
preparation is complex and invasive surgery is required; 2) the placement of electrodes is

restricted to specific endoragns and thus responses recorded do not necessarily represent the

whole auditory pathways. A third recording method is the auditory brainstem response (ABR)
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which is a non-invasive tar-field recording of synchronous neural activity in the eighth nerve and

brainstem auditory nuclei elicited by acoustic stimuli [16].

The purpose of this paper is summarize the ABR recording technique developed in my laboratory

and to share with colleagues the technical details of the protocol and the experience of using it

over the past 5 years [17]. The results obtained from various experiments [18-21] on fish hearing

carried out by this newly developed protocol are also summarized and to demonstrate that fish

evolved to use various anatomical structures to enhance its hearing. New insights gained from the

studies are shared to point to new directions of research on fish hearing.

3. MATERIALS AND METHODS

The block diagram in Figure 1 shows the overall layout ofthe AER system. The system uses a

Windows-based PC to control 7 electronic modules for signal conditioning which are

manufactured by the Tucker Davis Technologies (Gainsville, Florida). Sound stimuli waveforms

are generated with TDT 'Sig-Gen" software and short (20 ms) pure tone bursts are presented with

'Bio—Sig' software through DA1 (diitalvanalog converter) and a PM (programmable attenuator)

to a power amplifier via speaker to broadcast stimuli to the subjects. A microphone is placed

inside the soundproof chamber and in conjunction with MA1 (microphone amplifier) and M31

(monitor-speaker) to monitor the presentation of acoustic signals inside the chamber.

 

Figure 1. - Block diagram of the auditory brainstem response recording system. Components inside the

soundproof chamber are enclosed by bold lines. Signal conditioning modules are enclosed by dashed
lines. Image shows electrode positioning on fish.

Test subjects are sedated with the injection of gallamine triethioide (@1137, Sigma Chemicals

Co., St. Louis. Missouri.USA) and secured with the aid of a micromam'pulator inside a rectangular

15-Iiter plastic tub filled with water, A reservoir placed inside the sound proof chamber provides

gravity-feed highly oxygenated water to keep fish alive during the recording. The overflowed water

is siphoned out to a tank that holds a sump pump to recycle water back to the reservoir. The

height of the fish is adjusted so that the nape region is about 0.5-1.0 mm above the water. One

Teflon-coated silver recording electrode is placed on the midline of the skull over the medulla
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region while the reference electrode is placed about 5mm anterior to the recording electrode. A

hydrophone is placed inside the tub right next to the head region of the subject in order to

calibrate the sound pressure level presumably perceived by the fish. The acoustically evoked
potentials are recorded by electrodes and are amplified 100 x by a first stage Grass P-15 amplifier

and are fed into a spike conditioner (PC1) and amplified 100 x again. The recorded brainwaves
are routed into the computer and are averaged by "Bio-Sig“ software. A TGG (timing generator) is

used to synchronize ND and DIA conversion. The oscilloscope is used to monitor real time

brainwaves and the output of the hydrophone.

The recorded ABR traces of opposing polarities (one thousand sweeps each) are averaged

together forming a 2000-sweep trace to eliminate any stimulus artifact. At each test frequency.
this is done twice and is overlaid to examine if traces are repeatable. The lowest sound pressure

level where a repeatable ABR can be obtained, as determined by overlaying replicate traces. is
considered the threshold. In addition to the visual inspection method. a Spearman Rank Order

correlation coefficient with r value less than 0.3 between two traces also indicates that two traces

are not repeatable and is hence considered below the threshold.

Goldfish use Weberian ossicles to mechanically couple gasbladder to the inner ear. Gouramis

holds air inside the suprabranchial chamber which is in close proximity to the inner ear. Mormyrid

weakly electric fish has otic gasbladder tightly coupled to the saccule of inner ear. These tightly

coupled gas-holding structures have been suggested to pickup pressure component of the

passing sound waves and transmit it into the inner ear to enhance overall hearing. To test this

hypothesis. goldfish (Carassius auratus), blue gourami (Tn'chogaster trichopterus), kissing
gourami (Helostoma temminckil). dwarf gourami (Colisa lalia), and a mormyrid (Brienomyrus
brachyistius). all have coupled gas—holding structures are used. In addition. the oyster toadfish
(Opsanus tau) which does not any coupling between the gasbladder and the inner ear but with

close proximity to each other is used as a control to demonstrate the effectiveness of mechanical

coupling in hearing enhancement. Radiographs are taken for each species to help localizing the

position of gas-holding structures. The baseline audiograms are taken with the ABR protocol. The
gas inside the gas—holding structures is removed either by needle attached to syringe (for

gasbladder) or flush out with water (for suprabranchial chamber). The audiograms are taken again

after removal of gas.

4. RESULTS WW

Typical acoustically evoked brainwaves are WWW
illustrated in Figure 2. It consists of a series 7:

of pronounced peaks. When the stimuli isW
attenuated. the amplitudes of the evoked

potentials are also reduced accordingly.W
The obvious sign of brainwave generated
below threshold is when two traces can not H
replicate itself and in many places opposite WWW

polarities are observed (see Fig. 2. 60 dB
traces), WWrum-um

The audiogram of goldfish clearly indicates W
that at least it can hear up to 4kHz and with *—°—'—‘°-—°—°—t—'—

best hearing frequency between 500 and
800 Hz (Figure 3; lower trace). Upon the ""1""

":3me of 4 935 from. the Qasmaddef- Figure 2 - Acoustically evoked brainwaves of goldfish ‘
Signmcam Increase In ‘hreShOIds '5 in response to 600 Hz tone burst attenuated in 5dB
Obsered in 3” frequenCieS (Figure 3- Upper step. Averaged traces of two different runs for each
trace). The removal of gas de~couples the level are overlaid. dB in relative scale.  Proc. I.O.A. Vol 23 Part 4 (2001)
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mechanical link between the gasbladder and the inner ear, The removal of gas from

suprabranchial chamber also caused significant elevation of thresholds in blue gourami, kissing

gourami and dwarf gourami (Figure 4, 5, 6).
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Figure 3. Audiograms of goldfish with intact
gasbladder (filled circles) and deflated
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gasbladder (open circles). Error bars indicate
standard error. N=6
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Figure 5. The audiograms of kissing gourami

before (solid circles) and after

(open circles) removal of air bubbles. Error
bars indicate standard error. N=5
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Figure 4. The audiograms of blue gourami

before (solid circles) and after (open circles)
removal of air bubbles. Error bars indicate
standard en'or. N=5

130

150

1‘0

I30 -

120

no

roe

 

owrmnwmmmwmm

m0.”

Figure 6. The audiograms of dwarf gourami

before (solid circles) and after (open circles)

removal of air bubbles. En'or bars indicate
standard error. N=5

The presence of otic gasbladder on each side of ear provides an unique chance to examine how

individual otic gasbladder plays a role in modulating the overall hearing ability of morrnyrid weakly

electric fish (Brienomyrus brachyistius).
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Figure 7. The audiograms of morrnyrid weakly
electric fish (Bn‘enomyms brachyisfius) obtained
from three experimental conditions. Solid circles:
otic gasbiadder intact fish (N=4). Open clrdes:
one side of otic gasbiadder deflated (N=4). Solid
triangles: two sides of otic gasbiadders deflated
(N=4).
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Figure 8. The acoustically evoked brainwaves
of Brienomyrus brachyistius in response to 500-
HZ, 125-dB lone burst. Trace A: otic gasbiadder
intact fish; Trace B: one side of otic gasbiadder
deflated; Trace C: two sides of otic gasbiadder
deflated.

The results in Figure 7 indicate that significant increase of hearing thresholds are observed after

both sides of otic gasbiadder are deflated. However. removal of gas from just one side of otic

gasbiadder does not result in any significant change of threshold when compares to the baseline
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Figure 9. The audiograms of oyster toadfish
before (solid circles) and after (open circles)
removal of air bubbles. Error bars indicate
standard error. N=5
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data. The acoustically evoked brainwaves in

Figure 8 also illustrate the reduction of potentials
after both otic gasbiadders are deflated (Trace C).
Only moderate reduction of potentials is seen in
fish with one side of otic gasbiadder deflated.

The oyster toadfish is the only species examined
that does not have any mechanical coupling
between gas holding device (e.g., gasbiadder)
and the inner ear. In terms of relative distance
between the gas holding device and the inner ear,
the toadfish has the closest distance between two
structures among 6 species examined.
Nevertheless, the removal of gas from gasbiadder
of toadfish does not result in any change of
hearing threshold. Based on the results obtained
from 6 species examined, it is concluded that
mechanical coupling between gas-holding device
and inner does play a major role in enhancing
overall hearing ability of certain groups of fish.

19  



  

Hong Y. Yan A Non-Invasive Electro-Physiological Study of Fish Hearing

5. DISCUSSION

The conventional psychophysical mrthods (e.g.. heart beat rate conditioning; undenNater paddle

pecking) of measuring audiograms from fish cantake up to weeks or even months to complete

[11,22]. The AER recording method offers a rather rapid acquisition (i.e.. within days) of data

which enablesresearchers to conduct a broader scale of comparative study on fish hearing. The

non-invasive recording approach also has the advantage of repeated recordings from the same

subject after receiving experimental treatment. e.g., withdrawal of gas from gas-holding structure
[19-21] or noise exposure [23]. The smallest size of fish recorded so far is 18 mm [24] and

therefore the technique offers a practical way of investigating ontogenetic changes of hearing

ability of fish which is impossible through the psychophysical methods or other

electrophysiological methods The additional advantage of the ABR method is that it records
overall responses to acoustic stimuli along the ascending auditory neuronal pathways [25] which

certainly gives better resolution that those obtained by microphonics or single unit recordings. It is

important to point out, however, that the ABR technique does have its limitations. Since it records

the overall acoustically evoked responsesfrom many neuronal generators along the auditory

pathways. how each generator contributes to the overall hearing is not clear. This discrepancy of

understanding has to wait until detailed mapping of auditory pathways of fish aswell as recording

from experimental lesions to specific neuro-generators are achieved. In addition, it has been well

documented that audiograms generated from electrophysiological recordings tend to have higher

thresholds than those obtained by behavioral methods [17,26]. The same acoustic presentation

system used to acquire ABR audiograms should be modified to obtain behavioral audiograms in

order to compare possible existence of differences of two types of audiograms obtained.

Feedback from many colleagues who adopted the ABR system that was developed in my

laboratory [17] indicates vibration of recording electrodes in response to low frequency (less than

200 Hz) acoustic stimuli tends to cause artifacts which are incorporated into averaged responses.

Our original report [17] does not offer detailed description on the fabrication of the electrode. The

following figure (Figure 10) gives a detailed description of the electrode.

Teflon coated silver wire

‘
Plastic Pipet

    

 

    

Shielded Cable¢

Capillary Glass Tube Connector

Figure 10.- Schematic diagram of the configuration of recording and reference electrodes

The key point of electrode fabrication is to provide rigidity to the electrode. The first step is to

encase Telfon—coated silver wire with capillary glass tube. It is then housed inside a 10—cm long

plastic pipet. The glass pipet can also be used. However, plastic pipet is easier to saw off with

appropriate length as required by the setup. Both ends of the electrode are sealed with Epoxy

glue to the pipet to provide firm contact with the housing unit to prevent any in sync movement

with the acoustic signals. The whole electrode is clamped firmly to the micromanipuator. During

the recording. the tip of electrodes have to be pushed firmly against the skin of the skull of fish to

avoid any in sync vibration with acoustic signals, in particular at low frequencyrange. A simple

way to detect whether vibrational artifacts are picked up through the electrodes is to run a test run

of ABR recording with a preserved fish under highest sound pressure that can be generated from

the system. A dead fish should not generate any physiological evoked potentials and the

averaged response should show only a flattened wavy line representing noises from the system.

When two tests. replicated from preserved fish, are overlaid both traces should not be identical

due to random noise process. In addition. 2 or 3 attenuation levels of ABR should also be
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generated and no difference of these waves should be noticed because dead fish should have no
response to different sound pressure levels.

Myogenic noises can distort averaged brainwaves. To avoid this artifact some form of
neuromuscular junction blocker has to be administered to the fish prior to the tests. A very widely
used chemical is gallamine triethiodide. an antagonist for muscarinic acetylcholine receptors. The
dosage, however. has to be empirically determined due to great latitude of responses to this
chemical in different species. Among some 30+ species of fish examined so far in my laboratory,
only one species. the Little skate (Leucoraja en‘nacea) fails to respond to this neuromuscular
junction blocker. However, d-tubocurarine chloride (T2379, Sigma Chemicals) is found to be able
to sedate the animals [Caspor B. and Yan HY. unpublished data]. Gallamine trithiodlde exerts its
blocking effect on all teleosts tested but fails on Little skate, the only elasmobranch examined.
This observation indicates that there are possible different types of neurotransmitters or receptors
to the neurotransmitters between elasmobranchs and teleosts.

Tight coupling of the posterior element of the Weberian ossicles to the gasbladder in goldfish is
very obvious under the view of radiograph [20]. The removal of gas from the gasbladder
essentially renders the function of Weberian ossicles obsolete. The significant elevation of hearing
thresholds (Figure 3) after gas removal supports the long held hypothesis [3-4] that mechanically
coupled gasbladder does assist in fish hearing. This change is also evident by a simple
examination of the changes of amplitude of evoked brainwaves before and after gas removal. For
example, a goldfish shows a peak-to-peak to potential of about 2.35 (N in response to a signal of

300 Hz tone burst at 132 dB. After the deflation, the amplitude drops to 0.3 uV with the same
stimulus [20]. The elevated thresholds return to its baseline values 7 days later after deflated
gasbladders are allowed to refill [20]. These data further validate the role of coupling between
inner ear and gasbladder in enhancing overall hearing of goldfish (Figure 3).

Most of fish houses their inner ear inside the skull to protect this vital sensory organ. The layout of
inner ears in gouramis is an exception to the norm. The otic capsule that contains the three
hearing endoragns is encased in a membrane-like thin bony structure and protrudes into
suprabranchial chamber. The advantage of such an anatomical arrangement can be interpreted
as to maximize the exposure of inner ear to the compressible gas held inside the chamber to
enhance their hearing. Significant elevation of thresholds to three gouramis examined after
removal of gas from the suprabranchial chamber and refilling of gas inside the chamber brings
thresholds back to baseline level support the hypothesis that gas held inside the chamber
facilitates and enhances overall hearing of gouramis (Figures 4, 5. 6)[19].

The direct coupling of otic gasbladder to the saccule of morrnyrids prompts von Frisch to suggest

it may play a role in hearing enhancement [4]. The deflation of both sides of otic gasbladder leads
to significant elevation ofhearing threshold (Figure 7) as well as reduction of evoked potentials
(Figure 8). Thus, the hypothesis first raised by von Frisch that the tightly coupled otic gasbladders
can transmit the sound pressure component of the acoustic signals into the inner ear to enhance
overall hearing ability in mormyrids is confirmed. However. the finding that deflation of only side of
otic gasbladder does not result in any significant change of hearing threshold is somewhat
intriguing. Our hypothesis originally predicts that deflation of only one side of otic gasbladder
should lead to an elevated threshold in between those of baseline and deflation of both otic
gasbladders. Interestingly clinical work has demonstrated monaural stimulation of human subjects
resulted in an acoustically evoked brainwave that is similar in shape but with reduced amplitude

when compared to bilaterally-stimulated [27]. A similar finding is observed in morrnyrid work [21]

when comparing trace 8 (one otic gasbladder deflated) with trace A (otic gasbladder intact fish) of
Figure 8. Even with deflation of one otic gasbladder, the saccule should be still functional, albeit
with lesssensitivity. The acoustically evoked brainwave is the summation of neuronal activities
from various neurogenerators at different sites in the ascending auditory pathways [25]. In
humans, the first bilateral representation of acoustic stimuli occurs at the olivary complex where it
receives inputs from both ipsilateral and contralateral cochlear nuclei [25,28]. Therefore. as long
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as one ear is properly stimulated. neurogenerators on both ipsilateral and contralateral sides of

the ascending pathways above the first cross over site (the olivary complex) are stimulated.

Hence, the overall acoustically evoked wavefcrrn does not deviate greatly from the waveform

generated in monaurally and binaurally stimulated subjects [27]. The auditory pathway of a

morrnyrid (Pcllimyrus isidcn) has been well mapped [29]. The bilateral projection pattern of

saccular nerve fibers into dcrsomedial zone of the descending octaval nucleus (dzD) suggests

that auditory inputs from each ear may be combined early in auditory processing at this major

first-order nucleus. It is suggested that the bilateral projection pattern of primary afferents into dzD

may have evolved to integrate information from the two ears and to create a fused representation

of the pressure component of the sound field [29]. Assuming a similar pathways in B. brachyistius

then it is possible that B. brachyistius integrates acoustic inputs from both ipsi- and contralateral

sides of ears at the dzD nucleus. This may explain why there is little difference in the acoustically

evoked brainwave between otic gasbladder-intact and one-side deflated fish (Figure 8; trace A vs.

trace B).

There is an unexpected finding in the organization of otic gasbladder in B. brachyistius.

Histological sections reveal tight coupling between the otic gasbladder and the saccule as first

suggested by vonFrisch [4] and Stipetic [30]. However, about 20% in distance from the top of the

otic gasbladder, a thin and slightly slanted septum (about 2 pm in thickness) separates the otic

gasbladder into two unequal sized chambers. In light of this finding an interesting question to ask

is what function of acoustic sensation is served by such a two-chamber amplification design? This

intriguing question requires further study.

Gasbladders have been compared to pulsating underwater bubbles that are strongly resonant

structures [31]. The gas inside the gasbladder is readily compressible and pulsates when exposed

to sound, re-radiating the sound in all directions, including toward the ears [32]. van Bergijk [33]

even argues that “a fish with a swim bladder is thus potentially sensitive to a spectrum of far-field

sounds ranging in frequency from below 100 Hz to somewhere in the low kHz range since the

swim bladder is a simple resonating device.” The notion that gasbladder aids in underwater

hearing is widely accepted and can be seen in many fish biology and ichthyology textbooks [34-

35]. The deflation of gasbladder of oyster toadfish shows no significant change of thresholds [20]

indicating that the accepted notion may not be completely correct. However, taken together the

findings from goldfish. gouramis, mormyrid and compare it with the finding in oyster toadfish, it is

clear that only gasbladder that has direct or mechanical coupling between gas-holding device and

the inner ear can enhance hearing of fish.

It has been widely accepted that species having a particularly efficient mechanical coupling

between the gas-filled chamber and the otolith organs, i.e., the hearing specialists, tend to have

high sensitivity to sound pressure and may hear in a relatively wide frequency range [36-38]. The

results of gas-holding device deflation experiments clearly demonstrate elevation of hearing

thresholds after the treatment (Figures 3-7). However, removal of gas fails to reduce any change

of hearing frequency range and it seems to contradict the long held belief of the role of coupled

gas—holding device in extending the hearing frequency range. The observed fact points to a

possibility that there exists distinct differences between the sensory hair cells of hearing generalist

and hearing specialists. Further experiments are needed to elucidate this issue.

Fish hearing research, at least in terms of measurement audiograms, has long lagged behind-

those of mammalian and avian species despite more than half of vertebrate species are fish. The

constraint of physical media. i.e., water is a major factor and lack of a rapid protocol of

measurement is another technical limiting factor. The auditory brainstem response protocol

reported and discussed here represents an improvement in the pace of acquiring baseline hearing

ability data of fishes. The noninvasive nature of the technique also provides researcher greater

latitude of manipulation in the treatments of subjects for various experimental purposes to address

more questions relate to fundamental hearing ability of fishes.
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The removal of gas from gas-holding device confirms its role in the enhancement of hearing, at

least in terms of hearing threshold. However, it is also discovered that such a device in fact does

not necessary contribute to the enhancement of hearing frequency. It remains an enigma as to

how wider frequency range is achieved among hearing specialist species.

6. ACKNOWLEDGEMENTS

The following colleagues and former laboratory associates contributed to the work mentioned in

this paper: Walter Colon, Stewart Curtsinger, Michael Fine. Nancy Horn, Todd Kenyon, and

Federich Ladich. Jeffrey Corwin, Michael Fine and William Saidel provided critical comments

throughout the development of the protocol and the execution of experiments. Funding supports

were provided by National Institute of Mental Health (MH 58198), National Institute of Deafness

and other Communication Disorders (DC 01729). Institute of Museum and Library Service (LL
90187), Deafness Research Foundation, National Organization for Hearing Research, Kentucky

Water Resources Research Institute, Center for Ecology, Evolution and Behavior, and Vice

Chancellor Office for Research and Graduate Studies of the University of Kentucky. This work is

dedicated to Dr. l-Chiu Liao. Director General of Taiwan Fisheries Research Institute, on the

occasion of his retirement and more than 30 years of contribution to the fisheries research in

Taiwan.

REFERENCES

[1] Parker GH. The sense of hearing in fishes. Am. Nat. 1903; 37: 185-204

[2] Bigelow H3. The sense of hearing in the goldfish Carassius auratus L. 1904: 38: 275-284

[3] Frisch Kvon. Uber den Gehorsinn der Fische. Biol. Rev. 1936; 11: 210-246

[4] Frisch K von. The sense of hearing in fish. Nature (Lond.) 1938; 141: 8-11

[5] Myrberg AA and Spires JY. Hearing in damselfishes: an analysis of signal detection among

closely related species. J. Comp. Physiol. A 1980; 140: 135-144

[6] Chapman CJ and Sand 0. Field studies of hearing in two species of flatfish Pleuronectes

platessa (L.) and Limanda Iimanda (L.)(family Pleuronectidae), Comp. Biochem. Physiol. A.

1974; 47: 371 -385

[7] Banner A. Evidence of sensitivity to acoustic displacements in the lemon shark, Negapn'on

brevirostn's (Poey). in Cahn PE (ed) Lateral line detectors. Indiana University Press.

Bloomington. 1967, pp. 265-273

[8] Nelson DR. Cardiac responses to sound in the lemon shark, Negaprion brevirostris. in Gilbert

GW, Mathewson RF, Rall DP (eds) Sharks, skates, and rays. Johns Hopkins University

Press, Baltimore, 1967. pp. 533-544

[9] Behrend ER and Bitterman ME. Avoidance conditioning in the goldfish: exploratory studies of

the CS-US interval. Am. J. Psychol. 1962; 75: 18-34 ,

[10] Weiss BA, Strother WF and Hartig GM. Auditory sensitivity in the bullhead catfish (Ictalurus
nebulosis). Proc. Natl. Acad. Sci. 1969; 64: 552-554

[11] Yan HY and Popper AN. An automated positive reward method for measuring acoustic
sensitivity in fish. Behav. Res. Methods Instrum. 1991; 23: 351-356

[12] Yan HY and Popper AN. Auditory sensitivity of the cichlid fish Astronotus ocellatus (Cuvier).

J.Comp. Physiol. A. 1992; 171: 105-109

Proc. I.O.A. Vol 23 Part 4 (2001) 23  



   

   
Hong Y. Yan A Non-Invasive Electra-Physiological Study of Fish Hearing

[13] Yan HY and Popper AN. Acoustic intensity discrimination by the cichlid fish Astronotus

ocellatus (Cuvier). J. Comp. Physiol. A. 1993; 173: 347-351

[14] Saidel WM and Popper AN. Sound perception in two anabantoid fishes. Comp. Biochem.

Physiol. A. 1987; 88: 3744

[15] Enger PS and Anderson R. An electrophysiological field study of hearing in fish. Comp.

Biochem. Physiol. 1967; 22: 571-525

[16] Jewett DL. Volume conducted potentials in response to auditory stimuli as detected by

averaging in the cat. Electroencephalogr. Clin. Neurophysiol. 1970; 28: 609—618

[17] Kenyon TN. Ladich F. and Yan HY. A comparative study of hearing ability in fishes: the

auditory brainstem response approach. J. Comp. Physiol. A. 1998; 182: 307-318

[1 B] Ladich F and Yan HY. Correlation between auditory sensitivity and vocalization in anabantoid

fishes. J. Comp. Physiol. A. 1998; 182: 737-746

[19] Yan HY. Auditory role of the suprabranchial chamber in gourami fish. J. Comp. Physiol. A.

1998; 183: 325-333

[20] Yan HY. Fine ML, Horn NS and Colon WE. Variability in the role of the gasbladder in fish

audition. J. Comp. Physiol. A. 2000; 186: 435-445

[21] Yan HY and Curtsinger WS. The otic gasbladder as an ancillary auditory structure in a

mon'nyrid fish. J. Comp. Physiol. A. 2000; 186: 595-602

[22] Yan HY. Investigations of fish hearing ability using an automated reward method. in Klump

GM, Dooling RJ, Fay RR. Stebbins WC (eds) Methods in comparative psychoacoustics.
Birkhauser Verlag, Basel, 1995, pp. 263-275

[23] Scholik AR and Yan HY. The effects of undenNater noise on auditory physiology of a cyprinid
fish. Hearing Res. 200; 152: 17-24.

[24] Rigdon SM and Yan HY. Comparisons of auditory sensitivities and sensory hair cell densities

between adult and juvenile bluegill sunfish. Soc. Neurosci. Abstr. New Orleans. 1997; 77.11.

[25] Hall JW. Handbook of auditory evoked responses. Allyn and Bacon. Boston, 1992.

[26] GorgaMP, Kaminiski JR, Beauchaine KA, and Jesteadt W. Auditory brainstem response to

tone bursts in normally hearingsubjects. J. Speech Hear. Res. 1988; 31: 87-97

[27] Levine RA. Binaural interaction in brainstem potentials of human subjects. Ann. Neurol. 1981;
9: 384-393

[28] Yes! WA. Fundamentals of hearing. 3 rd ed. Academic Press. San Diego. 1994.

[29] Kozloski J. and Crawford J. Functional neuroanatomy of auditory pathway in the sound-

producing fish Pollimyms. J. Comp. Neurol. 1998; 401: 227—252

[30] Stipetic E. Uber das Gehororgan der Mormyriden. Z. Vergl. Phsyiol. 1919; 51: 740-752

[31] Harris GG. Consideration on the physics of sound production by fishes. in Tavolga WN (ed)
Marine bioacoustics. Pergamon Press. New York. 1964. pp- 406-417

[32] McCartney BS and Stubbs AR. Measurements of the acoustic target strength of fish in dorsal

aspect including swimbladder resonance. J. Sound Vib. 1971; 15: 397-420

[33] Bergein WA van. The evolution of vertebrate hearing. in Neff WD (ed) Contributions to

sensory physiology, vol. ll. Academic Press. New York. 1967, pp. 1-49

Proc. I.O.A Vol 23 Part 4 (2001)  



  
Hong Y. Yan A Non-Invasive Electra—Physiological Study of Fish Hearing

[34] Moyle PB and Cech JJ, Jr. Fishes-an introduction to ichthyology. Prentice Hall. Upper Saddle

River, New Jersey.

[35] Helfmann GS, Collette BB. and Facey DE. The diversity of fishes. Blackwell Science. Maiden,
Massachusetts.

[36] Popper AN and Fay RR. Sound detection and processing by fish: critical review and major

research questions. Brain Behav. Evol. 1993; 41: 14-38

[37] Popper AN and Fay RR.Evolution of the ear and hearing: issues and questions. Brain

Behav. Evol. 1997; 50: 213-221

[38] Popper AN and Fay RR. The auditory periphery in fishes. in Comparative hearing: fish and

amphibians. Fay RR,Popper AN (eds). Springer-Verlag. New York. 1999, pp. 43-100

Proc. I.O.A. Vol 23 Part 4 (2001)

   

     

   

 

   

  
  



Hong Y. Yan A Non-Invasive EIech’oPhysiological Study of Fish Hearing

 
Proc. I.O.A Vol 23 Part 4 (2001)  


