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" SECTION I. INTRODUCTION AND LITERATURE REVIEW



INTRODUCTION

Hearlng plays an 1mportant roie in many behav1ers of anlmals.. In'some
anlmals, ‘the aud1+ory system may function as an alarm system for the detection
of predators, while in others audition may serve in the detection of prey.
Acoustlc communication amoﬁg 1nd1v1duals can functlon in social 1nteractlons ‘
such-as mating behavior, parental recognltlon, terrltorlal defense and the
fermation Qf a’sociel hierarchy; |
| Acoustic comﬁunication involves botb an emitter and a receiver. The
emitter must pessess a meehanism for generating a mechanical disturbance in
the surrounding medium which can be propegated ag an aceustic pressure wave
through-tﬁe environment. The receiver must possess'a meChaﬁism for the
detection and reeognition of this emitted signal. :Furthermofe, the spectral
eparameters of the acoustic signal must fall within the capacity of the
receiQing system to detect‘and analyse these cues before acousticiodmmunication
can take place. |

The physical propertles of fhe receiving system determine the spectral
energies which w1ll be detected and analysed. The auditory perlphery is a
mechanical system which transduces.acoustic energy into‘the elecﬁrical events
of the nervous system. This mechanical system is eomprised'of structures
possessing mass, stiffness and resistance, and these physical parameters will
affect thevfrequency response of the system. For example, an increase in
mass will ﬂend to attenuate high freQuencies, while an increase in'stiffness
‘ﬁill attenuate iow frequencies. An increase in resistance will attenuate
the energy transmitted and decrease the sbarpﬂess ®f mesnaance.' The physical
~propert1es of the structures of the ear w111 determine the frequency select1v1ty
and sen51t1v1ty of the auditory periphery, and thus will dlctate which |

: speetrel_energies of the calls will be encoded and analysed by the central

auditory system.



There has evdlved twb basic s£rategies which‘underiie the recognitioh

' bf speoies—speéific vocalizations. Birds and mammals have evolved a géneralized
ear that is_not only caﬁable of deiectihg frequencies which fall into the |

' rangé of gpectral energies present in théif‘célls} but it is also sénsitive'to

. other frequenéieé'as weil; As‘é result, much of the neural processing of

-the species-specific call is carried out by the central nervous system (CNS)}
The CNS‘ﬁust sépa:até the neural information encoded for thebbiologically
signifigant featuies of . the call'from neural information representing othef
extraneous acoustic signals. | |

On the other hand, the sbeqtral energigs of anuran.v06élizationé not
only fall within the ffequenoy range of their auditory system;vbut the
dominant spectral energies iﬂ the calls are so well matched to the frequency
‘éeléctiyity of the auditory sysfem, that the earféppeérs to act as a "sensory
filter" to their calls (Frishkopf étal.,’1968). Thus, unlike the generalized
ear of birds and mammals, the anuran peripheral audltory system is»specialized
for the selective detection of acoustic,Signals that have thé same spectral
features as those found in their calls. - The CNS is primarily iﬁtegrating
neural iﬂformdtion encoded for the acoustic ?arameters present in anuran
vocalizations, >Since'the centra1 auaitory"pathways of anurans follow the
basic design found in higher verfebrates, the_anuran auditory system is a
useful modellfor investigating the'ﬁeqral Basis of acoustic -communication
‘ énd complex feature detection.

This thesis is an investigation into the development of the anuran
"sensory filter". Developﬁental changes in the morphology of the'periphéral
audi{ory sysiem mayvalter the mechanical propertiesrbf its structures résulting
in changes'invfrequency selectivity and sensitivity. Changes in the filter
charécteristics‘of‘ihe auditory periﬁhery with age may have an affect on
the detection and fecognition of species~specifib calls{landbthﬁs, may be

behaviorally signifigant. )
| L\\» e e U rr-'"/”/,/



THE ANURAN AUDITORY PERIPHERY

" General Structure

The perlpheral audltory systen of anurans 1s‘d1v1ded into an external
‘ear, middle ear and inner ear. The external ear cons1sts of the tympanlc
" membrane and.the surrounding cartilaginous ring (tympanlc annulus). The
. middle ear is comprised of an air filled cavity containing»thfee fused
middle ear bones: plectrum, columella and operculum (Figure 1). The distal
end of the plectfum attaches to the tympanic membrane, and the proximal end
of the plectrum, which is calied the extra-columella, is fused to'the distal
end ofrthe columella., The pioximal end of the columella is fused via the
columellaf footp}ate to the operculum, whicn is connected to the oval window-
of the inner ear. The opercularls muscle is present in anurans (Lombard
.and Straughan, 1974; Wever, 1979, Baker, 1969) and connects the operculum
to the suprascapula. The function of the opercularis 1s'equ1voca1, but
has been suggested to function in the maintenance'of_body posture (Baker, 1969)
and to serve_in'the transmission of acoustic energy to the inner ear
 (Lombard and Straughan, 197l Wever, 1979).
The fluid filled inner ear is suspended.within the bony otic capsule
by loose connective tissure (Figure i). The sensory epithelia of the receptor
organs are bathed in endolymphatic fluid; which_is separated from the peri-
1ymphatio fluid by the membrane of the perilymphatic sac. Vibiations set
~up in the perllymph by the movement of the oval window are transmitted to
.the endolymph throughvthe<contact membranes. Unlike hlgher vertebrates,
anurans possess'two'distinct auditory organs, namely,the amnhibian_and'basilaf

papillae. The amphibian papilla is a unique structure found only. in amphiblans,



whereas,the-baéilar papilia is -the presumptive hémolog'of_the mammalian .
cochleav(Qan Bergeijk and Witsch, 1957). Moré recently, howe&er, it- has

beéﬁ suggested that the basilar papilla is_also a uniquevamphibian structure
“and ‘is not homologous to any cherAvertebrate inner ear organ (Ldmﬁard; 1980).
The. three semicircular canals, ﬁtricle;-iagena and saccule are vestibular
ofgans. Thé saccule has aisoibeen_shown to resbndbto high intensity‘

acoustic stimuléﬁion (MoffatAand Capranicg,v1976)'-'

The sensbry organs of the inner ear'afe innervgted by the bipolar fibers
of the VIIIth cranial nerve, which has its ganglion Tocated just within the
wall of the -otic capsule (Figure 2);”The VIIIth nerve 1is ségregated into
anterior and postefior rami such that no interweaving of the.anteriof and
posterior fibers occurs (Bobrd etal., 1971). Fibers innervéting the>two '

_ auditbry papillae are found exclusively in the posterior ramus (Boora etal;,
1971) and project to tﬁe dorsal medullary nucleus (Gregory, 1972; Métez,'1979;
Lewis‘e£ai., 1980 Fuzessery.and Feng, 1981). Efferent fibefs-frqm the central
nervoué system are found to-terminafe'on the amphibian papilla (Flock and

Flock, 1966), but not on the basilar papilla (Frishkopf and Flock, 1974).

The Middle Ear

The middle eaf of‘terrestrial vertebrates functions as an impedance
transformer Eetween air and the fluid filled inner ear. Since the characteristic
impedancé of the inner ear fluid is much greater than that of air, most of
- the acoustic energy that falls incident on the air-fluid interféce will be
_refleCted rather than transﬁitfed. The transformer action of the middle ear

R -
increases the sensitivity of the ear by 40 dB as demonstrated experimentally

'by observing the sensitivity of the microphonic potential of the inner ear

before and after sectioning the middle ear'(Strother, 1959),



The impedance transformer action of the columellar middle ear ofuanurens
afpears to be accomﬁlished b& tmree mechenisms (Seunders and Johnstone, 1972;
 Moffat amd Capranica, 1978). The\primary.mechanismAis that the area of the
tympanie membrané 1s greater than the erea'of'the oval window resulting in
_ a-hjdraulic lever. In‘additiom, a columellarrlever appears to exist having
ifs‘fulcrum et the hinéed extracolumellaecolumella junction.. This columellar
‘lever acts to amplify the force transmitted to the oval window through‘the
mechanioalladvamtagevof the system. A third more -subtle lever due to the -
curvature of the tympanic membrane elsovappears to exist in the anuran middle
ear. These-three’lever systems areztme same basic lever mechanisms £hat
:operate in the ossicular middle ear of mammals (Mﬁller, 1974). Indeed for
- the frequency range that the amuran auditory periphery responds to, the
-sensitivity of thevcolumellar.middle ear is equal to thet found in mammals
(Saunders and Johnstone,‘i9?2; Moffat and Capranica, 1978).

Mechanical measurements of the vibrations of the anuran tympanic membrahne v
indicate that the middle ear ects as a low pass filter, and the upper cut off
frequency of this low pass filter can be directly related to the mass of the .
middle ear structures (Saunders and Johnstone, 1972; Moffat and Capranica, 19?8).
Larger species of anﬁrans‘having more massive middle-ear structures have a
lower upper cut off frequeney than do smaller species. One study indicates.
that the middle ear acts as a damped resonator in whieh the volume of the
mouth cavity, Bustachian tube and middle ear cavity determines the resonant
frequency of tme middle ear response (Chung etal., 19?8; 1981). However, the
mode of stimulation employed by Chung etai diffefs from that of the previous
studies (Saunders-and'Johnstone; 1972; Moffat and Capranica,'1978). Further-
more, the displacement amplitude of the middle.ear response observed by Chung
etal (1978; 1981) is well beyond the calibration of their system, andfthus

their resulfs are highly questionable.



Structure of the Anuran Auditory Papillae

Basilar Papllla

The basilar papilla is a tubular evagination of the ventrocaudal wall

- of the saccule (van Bergeijk and Witschi, 1957; Geisler etal., 196@ Wever, 1973)

The organ lacks a baSilar membrane, and the- sensory epithellum‘is a semi-

circular crest of stationary hair cells and supporting cells.anchored 1njthe

medial wall of the surrounding cartilaginous ring. The stereOCilia of the

sensory hair cells‘projeot intola gelatinous tectorial membrane which stretches

aeross the sensory epitﬁelium. Using'mechanieal scale models of the basilar
'papilla to qualitatipely study £hé vibratiops ef the tectorial membrane, van
Bergeijk (1957) concluded that traveling waves occur in the tectorial memprane

‘ resulting in a place mechanism of frequency analysis in this organ. However,

’recent electrophyslologlcal ev1dengeﬁsuggesislihai_lhe ba51lar papilla acts. ;U

as a §;FP1€ tuned resonat

Jggapgag;galand_Moffailligzzjiandmlaeksma”Lgngigpic

organization (Lewis etal., 1982a).

Based on the morphology of the spereocilary'bindles, three types of
hair cells are typically distinguished in the basilar papilla (Lewis;and i,
1975). Type A hair cells have short, graded_bﬁndles of stereocilia of small
~diameters and a long unbulbed kinocilium. This type of hair cell-is found
on the lateral eages of the sensory epithelium and appears to have a morpho-
genetic.relatienship to other'haif cell types (Lewis and Li, 1973; Li and
Lewis, 1974). ‘Type'D hair cells are'found in the medial regions of the
sensory epithelium and are characterized by short, graded bundles of stereo-
cilia with a short bulbed kinocilium. Type F hair cells have long, graded
stereocilia with a long unbulbed kinocilium. ‘EVidence indicates that only

the hair cells posses51ng bulbed kinOCilia are in contact w1th the tectorial

" membrane, while hair cells having unbulbed k1n00111a are free standing (Lew1s, 1977a).



Cpmparativé studies of the surface.morphology of the basilar pépilla

. have shown that the tdtél number.of hair cells appears £o be‘speéies related

in that'thevnumber of hair cells is directly proportional to thevSiZe‘of the
.gnuran‘spécies (A1fs aﬁd:Schﬁéider, 1973; Lewis;;1978).' Moréover, the orientation
bf the kinobilia of the'haif cells aléo‘différs among the varioué anuran

b

species (Lewis, 1977a; 1978).

Amphibian Papilla

The amphibian papilla is a more complex auditory organ than the baéilar
papilla and is located on the‘medial wall of the saccule-just ventrai to
the utricle (Geisler-etal[, 1964; Wever, 1973); Like the aﬁurén basilar
papilla, the amphibian papiila 1écks a basilar mambrane.- The'hair cells of
the éensory ebithelium are anchored to £he roof,bf‘the amphibian papilla
vwith the stereocilia projecting ventrélly into a gelatinoué tectorial membfane.
The size and shape of the epithelium‘differs-among anuraﬁ species ranging
-from a simple patch of epithelium found in the primitive tailed frog; Aséaphus
truei (Lewis, 1981a) to the S—shaped'epithelium consisting pf a rostral
triangular patch and an extended caudal S-segment of epithelium observed in
more derived anurans (Lewis, 1977b; 1978).

The sensory epithelium contains three types of hair cells based on
steréocilia morphology (Lewis and Li, 1975). As in the bésilar papilla,
Type A and typé D hair cells are found along the 1étera1 edge and medial
regions of the epitheligm, respectively. Type E~gair c2lls z2re found in
the central regions of the.amphibian'papiila>and are characterized bty long,
graded bundles of stereocilia with a long bulbed ki.ﬁociliﬁm. The bulbed
 kinicilia of type E and type D hair cells appear tovbe firmly attached to

the tectorial membrane (Lewis, 1976).



?

The tectorial membrane éf»the amphibian papilla is a délicate gelatinous
struc%ure which shrinks during histological processing. Lewis (1981b) has
examihed thevtectarial mém%rane as a whole mount in the wet sfate under phase
Qon£fast‘microscopy. The.teétorial membrane completeiy:fills‘the amphibian
Qapilla chamberband is mpst masgsive- in £he fostral region bf thé‘organ, while
being less massivé in the caudal region. Lewis (1981b) suggests that the
_'difference in the sige Qf the tectorial membrane between the féstral and
caudal ends of the papiila may be in part responsible for the tonotopic
organizatioh along the epithelium of the organ (Lewis etal., 1982a; 1982b).
Lewis and Leverenz (in press).suggest that the tdnoﬂopy of the amphibian
papilla may be due to a local resonant hetwork. The local resoqaﬁt frequency
is due to the local mass of the tectorial mémbrane and the local stiffness
which reéults.from the number of stereociliary bundleS'asséciated with the
teptorial membrane ét a given locus. Interestingly, thé tectorial membrane

and its associated structures in the mammalian cochlea also appears to act as

a distributed resonance system (Zwislocki; 1980).

.Eiectrophysiologidal Studies of -the Anuran Auditpry Periphery
The first attempt tolrecord the electrical activity of the anuran
auditoryvsystem was made by Adrian etal (1938). fhey observed the‘compound
©  action potential fiom the VIITth ner&e of decapitated frogs in response to
‘mechanical vibrations and speech sounds, and they concluded thaf frogs are
'sensitive to- intense -sounds énly. Strother (1959) was the first investigatoxr
to demonstrate that-the anuran auditory periphery is sensifive to sound by
obsérvihg the micrbphonic poteﬁtial from the inner ear of intact bullfroés

in response to pure tones.
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Much - of whet is presently ﬁhderstoed about the physioclogy of the
peripheral auditory system of -anurans is based on the results of single unit

" studles of the VIIIth nerve_ffom a variety of anuran speciesi Rana catesbeiana

'(Frishkopf and Goldstein, 1963; Frishkopf and Geisler, 1966; Liff and Goldstein,

19703 Feng etal., 1975); Rana pipiens (Liff, 1969; Liff and Goldstein; 1970,

TN,

Mudry etal , 1977 Feng, 1980; 1982,/§e;é and Shofner, 1981; Megela and

Capranica, 1981); Rana clamltans (Sachs, 1964); Scaphiopus couchi (Capranica

‘and Moffat, 1975); Eleutherodactylus coqui (Nafins and Capranica, 1976; 1980);

Bufo americamus (Capranica and Moffat, 1980); Hyla cinerea (Ehret and Capranica,

. 1980; Megela and Capranica, 1981). TFrom these studies, several. common respohse
properties of anuran auditory fibers can be observed, and these responses
are summarized below to give.a general survey of frequency analysis in the
anuran auditory ﬁeriphery{ |
Anuran auditory fibers exhibit frequency selectivity in respense to
‘.single pure tones at various ffequencies of constant intensity, and this
ffrequency select1v1ty is reflected in- thevV shaped exeltatory tuning curves
possessed by a1l VIIIth nerve fibers. A tuning curve is characterized by its u)h“/ﬁ2
‘ (:ges; ex01tatory frequency (BEF) which is the,f§eguency that the fiber has /

[ N - e
its lowest threshold of excitation. /The BEFs of anuran auditory fibers typically

fall into thfee distinet populations. The low frequency population‘of

auditory flbers is generally in the range oﬁ:}OO ESENEEj;p 3ll species, and
these fibers exhibit nonlinear responses to comblnszze; tones. The mld_and high
frequency fibers do not show nonlinearities in their neural responses.

It has been demenstrated in the bullfrog that the'high frequency fibers are
.derived from the baSilaf papilia, while the low and mid frequency populations

originate from the amphibian papilla (Frishkopf and Geisler, 1966; Feng etal.,

1975; Lewis etal., 1982a; 19825).
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The distribution of BEFs.fer the mid frequency and high frequeney
selective auditory fibers are species—sfecifie and typieallyAcorrespond_to
the domlnant spectral energles present in anuran calls. In addition, there
‘ ex1ets a relation between the body 31ze of the anuran and the frequency
'selectiv1ty of these two. populatlons. For example, in the bullfrog, the mid
and high frequency populatlons range from 500-900 Hz and 1000-1700 Hz, |
respectlvely (Feng etal., 1975). In the green tree frog, which is conslderably
smaller than the bullfrog, fhe_distribution of the mid and high frequency
auditoryvflbers are 500-1200 Hz and 3100-3800 Hz, respecﬁively (Capranica,-19?6),
' Furthermore,,ln the Puerto Rican tree frog there ex1sts a sexual dlmorphlsm
in body size, an%iei%fifiéify)dlfferences between the mean BEFs cf the mid
and hlgh frequency populations are found in males and females. The mid and
high frequency populations of audltory fibers have means of 890 Hz and 2290 Hz,
;espectively in females, while in‘the smaller males tﬁese populations have'v.
’ means of 1060 Hz and 2990 Hz, respectively (Narins and Capranica, 19763 1980).
Thus, ‘in larger enurahs the mid and high frequency populations ofvauditory‘
fibers are dis{ributed over a lower frequency range than in smaller anurans.
These diffefencesvin the frequency selectivities of.these two populations
among the varioﬁs sized anurans may reflect differenees in the physical
properties of the middle eers and/or auditory organs. | |

The qi§EEE~3£”££EQE§EQX~§EEEEEEXizzlff?ibited by the tuning curves cen
be measured quantitetiyely by the QYo gp value (Kiang etal., 1965), The Y, &B
is defined as the ratio of the BEF to the frequency bandwidth at 10 dB above
iﬁreshold.' Sharpexr tuning cﬁrves, which show e greater degree of frequency
eelectivity, have hlgher values of QlO 4B than do broad tuning curves. Typical
velues'of le 4p for anuran auditory fibers range from 1-4 (Capranlca,.1976)
ana.are’Similaf to values obtained for avian (Sachs etal., 1974) and
mammalian (Kiang etal., 1965; Evans, 1972) auditory fibers fdr'the same.rahge

of BEFs.
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The thresholds of excitation at BEF fdf'anuran’auditory fibers range
widely from 10 dB SPL to 100 dB SPL (c‘apranica, 1976;Nari'ns and Capranica,
1976). The sensiti#ity of the High’fiéQuency‘populétion éf auditory fibers
éppears to be related to body‘éize in that’sﬁaller species tend . to have |
higher tﬂresholds of‘excitation thaﬁ do 1aréer species'(Loftus—Hills and -
Johnstone, 1970; Capranica etél., 1973; Loftus—Hillg,‘1973); As the intensity
is increased above_thresﬁold‘at BEF{ the firing rate of the fiber increases
monotoﬁically over .a dynamic range of 20—@0 dB (Liff and Goldstein, 1970;
Cépranica and Moffat, 1975; Caprénica, 1976; Feng, 1982). Iniadditioh to the
increase in firing iéte,.the latency of the néural response decreases as
intensity is increased over a 30-40 dB range (Feng, 1982). Furthermore,
high ffequency,and low ffequencyuselecfive auditory fibers generally show
little adapta£i§n during a maintained tone bu?st at inténsities above threshold,
while mid frequency fibers exhibit rapid adaptation (Megela and Caprénica,
1981). However, if the tone is bresented‘undér conditions where the baékground
_noiée iS_of suffibient energy, the excitatdry néural response will be to the
noise rather than to the tone (Ehret and Capranica,»1980). Thus, the excitatory
reéponse to the tone is suppressed or ﬁasked.

-When a low fréquency auditbry fiber is stimulated by an e%citatory tone,
the addition of. a second tone of.sufficieﬁt energy and frequency will also
.suppfess the excitatory ﬁeural réspdnse. This is called two—tbne inhibition

_ T it
-(two—tone suppreSSiOn)Aand is one type of nonlinear response to combination

tones exhibited by the anuran auditory periphery. I the,exbitatory tone
is held at a’bonstant intensity, an inhibitory tuning curve can be generated

by varying the frequency and intensity of the second tone. The inhibitory

tuning curve is‘characterized by its best inhibitdry frequency (BIF) which is

the frequency that the fiber has 1its lowest threshold of‘inhibitibn. The
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BIF and inhibitory tuning curve always lie outside of the excitatory tuning
curve and above the‘BEF (Frishkopf and. Goldstein, 1963; Liff and Goldstein,
o inhibition is observed below fii;/;/) >

| <i4§EF of the fiber. . : : , sy o -

Recently, Capranica and Moffat (1980) have shown that low frequency

. 1970; Capranica and Moffat, 1980)

selective auditory fibers also resﬁond to the intermddulafion distortion

, 18 greater than £,-and both f, and £, 1ie outside

of the excitatory tuning curve ). 'The response to distortion products is

product, £, (where

excitation, but this excitation can be inhibited by the addition of a third
tone i.e. shows two-tone inhibitioh. Thus, the distortibﬁ product acts as a
gsingle‘excitatory tone. The excﬁtatory responSe to the.distortiondﬁroduct is
tthe second type of nonlinear response that low frequency fibers exhibit to
cbmbinétion tones. Two-tone inhibition and intermodulation distortion‘are
" not under efferent neural control (Frishkopf and CGoldstein, 1963; Liff and
Goldstein, 1970; Capranica and Moffat, 1980) nor do these responses appear
to be due to nonlinéarities in the middle ear (Cépranica and Moffat, 1980).
Thése ﬂonlinear responses appear té be due to the mechanical nonlinearities
within the inner éar. Since the anuran auditory organs lack a basilar
membrane, which is'thought to give rise to nonlinearities in the mammalian
* cochlea (Rhode and Robles, 1974: Rhode, 1977), Capranica énd Moffat (1980) :
" have suggestedkthat fhe mechanism'underlying these nonlinear responses in the

anuran ear may involve the tectorial membrane.
DEVELOPMENT OF THE ANURAN AUDITORY PERIPHERY

This section describes the development of the peripheral auditory system
in anurans. Since different investigators use different systems for the identi-
fication of the embryonic and metamorphic stages of development, stage numbers

presented in this sectlon follow those of Witschi (1956) and are shown in
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Figure 3 iﬁ order to present'g_coherent summary ofvthe developﬁent of
the anuran,audiiery-periphery. '.

- The anuran auditery'periphery begins-to differentiate in the late
:neufuia (stage 16) and earlyltaiibﬁd stages (stage 17) when fhe*ectodermal
otic placode invggiﬁates_te form the otic vesicle (Witschi, 1949); The
‘;medial wall of the otic vesicle gives rise to neuroblasts which will aggregate
and differentiate into the VITTth nerve sanglion (Witschi, 19@9).A'From..
stage ZO.when the anuran larva hatches-tovstage 23 When’the opercuium fold
is apparent, fibers from the VIIith nerve'gangliOn froject into the medulla
forming the‘ventpal (vestibular) root of the VIIIth nerve (Larsell, 1934).
At this time (stage 23), the amphibian papilla begins to differenfiate off
the medial wall of the saccule, bu£ no dorsal (aceustic) root-fibers of the"
VIIIth nerve have formed (Larsell} 1934),

When the hindlimbvbuds begin-to form (stage 25), the dorsal root of the
© VIIIth nexrve begins to develop‘as a few fibers connect the ﬁedulla with the
amphibian papillé‘(Larsell, 1934). >As the hindlimb buds grow, the amphibien’
papilla epitheliumvbegins to evaginate and the tectorial membrane begins to
appear (Larsell,_1934). When the lengtheof the hindlimb bud is equal to its
width, the tectorial membrane of the amphibian papilla thickeng and the basilar
4 pdpilla begins to differentiate as a short tube on the ventrocaudal wail of the
saccule (Larsell, 1934). A tectorial membranelin the basilar papilla elso
begins to develop around fhis time. | v

Interestingly, the.sensory epithelium of ﬂhe_amphibian papiila develops
from two separate patches of epithelium (Li and Lewis, 1974), These two
patches corfespend to the rostral triangular patch of‘epitheliuh and>the_caﬁdal
S—segﬁent. The'patches are separate in tadpolesiwhere the hindfoot paddle
is formed (siage 27) and beéin to fuse when thevhindfoot is fully_developed
_ (etage 29)} In contrast, the sensbry epithelium of the basilar pepilla develops

from a single epithelial patch (Li and Lewis, 1974).
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The anuran ear undergoes anvextensive transformation during metamorphosis.
The tympanio'membrane and middle ear have not yet differentiated in tadpoles,
but in some larval anurans a bronohial coiumeila is found. The hronchialﬁ
columella is a solid rod made-up of mesodermal fihers‘and oonnects_the_ ,
bronchial membrane of  the bronchus to the round window of the inner ear
(W1tschi, 1949, 1955) The function of the bronchial oolumella has not been
demonstrated, but it is- thought that the lungs -serve as pressure detectors
and that the bronchial columellae transmit v1brations’from the 1ungs to
the inner ear in an analogoos manner as the swim‘bladdervand Weberian ossicles
in'the ostariophysian fish (Witschi; 1949). The‘presence.of the bronchial
columella in larval anurans appears to be limited to Ranid anurans (W1tsoh1, 1955)
. The bronchial columella begins to differentiate when the hindliimb buds
; of the tadpole first form(stage 25). The .columella is fully developed
between the timebthe hindlimbs differentiate'(stage 26)_unti1.the time the
forelimbs are.fully deVeloped‘(stage Bi).- During the climactic period of
metamorphosis (stages 31-32), the bronchial columella degenerates and the
' tympanic ooiumella develops connecting the tympanic membrane to the oval window,
The post-metamorphic development of the peripheralvauditory’system has
‘been investigated in only one study; Sedra and Michael (1959) have examined
the post»metamorphio development of the,middle.ear_in the Egyptian toad.
In the newly metamorphosed toad, the columella is differentiated and its
distal,end_is-a mesenchymal mass which wili differentiate into the plectrum.
The operoularis muscle has not yet attaohed to the operoulum, and the tympanic
membrane begins to differentiate. A few Weeks following metamorphosis, the
plectrom begins to become>oarti1aginous. While the tympanic membrane is\
. further differentiated, the tympanic annulus 1Is not fully developed being
only sickleeshaped. The columella has increased in size and is well chondrified.
- One year after metamorphosis when the toad is half grown; the middle ear is’

similar'to'that of adult toads. The tympanic annulus is a full cartilaginous
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fing, the tympanic membrane is fully differenpiated the plectrum ie
~complete1y chondrlfled and is attached -to the tympanic membrane. The middle
ear cav1ty and Eustachlan tube are. also fully developed at thls time. These
observatlons suggest that there may be a perlod of tlme durlng post metamorphic
growth when the'mlddle ear of the toad may be 1nefflclent in transmlttlng
vsounds to the inner-ear‘resulting in a reletive insehsipivity to eipborne
‘ sounds (Capranlca, 1976). | |

One electrophy31ologloal study has attempted to 1nvest1gate the development
of auditory sensitivity in anurans. Welss etal (1973)vreeorded phe micro-
‘phonic potentials from thebinner earvof bullfrog tadpoles in response to
pure tones of varylng frequency and 1ntenslty Comparison of their results
with those of adult bullfrogs (Strother, 1959) shows that the tadpoles are
”typlcally‘ZO—hO dB less sensitive than adults. Unfortunately,_the tadpoles
in the study were'presehted with aipborne acoustic stimulationArather than
with ﬁatexbofne sounds. Thus, it is difficult‘to interpret the reeults of
Welss etal, since the auditory periphery of the bullfrog tadpole possesses
a bronchial columella and would thus be epecialized for the reception of
_ waterborne sounds, Since‘the_tadpole does not poesess an impedance‘transformer
for girborne soundS,_oﬂebmight expect padpoles to be less sensitivevthan

adults to airborne sounds.
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© STATEMENT OF THE PROBLEM

Duxiﬁglthe post—metemorphic development of anuraﬁs there is typicallyA
an increase in‘the body size of the animal;: Civen‘tﬁe'results ef comparative
studies relating frequency eelectivify and sensitivity of the auditory
periphery to body sigze as_well as fhenfindinge of‘Sedra and Michael (1959>’
it suggests that changes in ihe freqUency selectivity and sensitivity may
~also occur in the periphefal auditory éystem.during post—metamorfhic develoﬁment.
This tﬁeSis ie anvinvesiigeﬁion of the phyeioiogicai and anatomieal_development‘

of the anuran auditory periphery following metamorphosis. The North

American bullfrog, Rana cetesbeiana, is ﬁsed in this study because (1) there
is a large increase in body size during~pdst—metemorphic development-as shown
_ ie Figﬁre Ly (2) therevexists an abundance of useful backgreund 1iierature
_ion the anafomy and physioloéy of the auditory periphery in adult bullfrogs;v.

~(3) there is also'background literature available con the 'structure of adult

bullfrog vocallizations and the behavioral response to the mating call.



_ figure‘l, Séhemaﬁic diégrém illustréting a caudal view of the peripheral.
| | audit@ry system of anﬁrans. | |
AMPHIB. PAPIL. Amphibian papilia
BAS. PAPIL. Baéilar papilla'
COLUM. Columella
ENDOLYM, EndblymphA
ENDOLYM. SAC Endolymphatic sac
ENDOLYM, DUCTv Ehdolymphatic duqt
LAG. Lagena
. MED. OBL. Medullé oblongéta
OPERC. Operculun
OTIC CAP. Otic cpasule
0.W. Oval window
PERILYM. CIST. Perillymphatic cistern
. PERILYM. DUCT Perilymphatic duct
PERILYM. SAC Perilymphatic sac
- PLECT. .Plectrum
POST. VIIlth GANG. Posterior VIIIth nerve gahglion,
| POST. VIIIth N. Posterior VIIIth nerve
VPOSTJvVERT. CAN, Pésterior vertical canal
R.W. Round window
SACC. Saccule
TYMP. Tympanic membrane
UTR. Utricle
UTR. SAC. FOR. Utricular-saccular foramen

(From Frishkopf and Golstein, 1963)
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. Figure 2. Schemafic diagram‘illuétrating the innervation of the inner '

. -ear érgané in anurans. The anterior‘ramus of the VIIIth-nerve
(VIIIn.) innervates £hé,anterior vertical canal (AVC),vhorizontal!
canal (HC), utricle (U)'and saccule (8). The poétior_ramus of
the VIITth nerve (VIIIn.) innervates the lagena (L),’émphibién

. papilla (AP), basilar papilla (BP) and posterior Verticél canal
(PVC). The ganglion of thé VIIItE nerve (VIIT n. gang.) lies Just

within the -wall of the otic capsule (OG).‘

‘(Frém‘Feﬂg etal., 1975).
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Figure 3A.

Schematic diagrams“showing the embryonic stageé (1-21) of

- anuran development.

a: frontal view

¢t caudal view

~dt dorsal view

s: lateral view

v: ventral view

(From Witschi, 1956) -
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Schematic diagrams showing the late embryonic'(22425) and

early’métamqrphic_(26f28) stages of anuran development.

~d: dorsal view

vi ventral view

s: lateral view

(From Witschi,_1956)



25




Figuré 3¢ Schematic diagr@ms showing_the.laterfmetamorphic stéges (29-33)
of aﬁuran'developmenf,. |
a: dorsél view
. vi ventral view

gt lateral view

(Fromeitschi, 1956)
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Figu'rve# Post-metamorphic juveniie (1eft) and adult (right) bullfrogs.
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INTRODUCTION

Ahufans are capable ofAdiscriminating conspecific mating calls from
those of éther species (Martéf and Thompson, 1958; Capranica, 1965; Little-
john and Loftus-Hills, 1968). One Of.the undeflyinq mechanisms éf this
discrimination is that the éeripheral agditory system acts as a filter that
is selectively responsivevto the dominant spectral energies present in the
call (Frishkopf, et al. 1968).

Comparative studies have shown that an inverse correlation exists
betweeh the body size of' the anuran and the dominant spect;al energies

. present in the calls, i.e., smaller species of anurans produce higher fre;
quency sounds (Biair, 1965).' A,similar relationship has aléo been observed
within a giyen species (Capraﬁica, l965{>dldhém and Gerhardt; 1974; Ryan,
1980). Comparisons of the peripﬁeral auditory selectivities from several
anuran species (sachs, 1964; Frishkopf et al. i968; Capranica and Moffat,
1974, 1975; Moffat ana Capranica, 1974; Feng et al. 1975; Capraniéa, 1976;
Narins and  Capranica, 1976; Mudry 9E-§lf 1977) as well as central auditory
responses (Loftus-Hills and Johnstone, 1970; Capranica et al. 1973% Loftus—
Hills, 1973) also'show an inverse relationship bgtween body size and high—
frequency selectivity (response to frequencies at a constant intensify)
and sensitivity (responsé to intensities at a éonstant freéuency) of the
'audito;yvsystem. Furthermore, mechanical measurements of the vibratibn of
the middle ear -in several anuran species reveal that the upper cut-off fre-
guency is.lowe} in large speéies‘than in small species (Saunders and John-
stone, 1972; Moffaﬁ,and Capranica, 1978). Thus, the size of the anuran

presumably influences the selectivity of the auditory periphery due to the,

x
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differences in the sizes and masses of the peripheral auditory structures
found among the various'species.

A relationship.bétWeen auditory selectivity and body size has not

o . . :

been demonstrated ontogenetically within a given species,. in spite of the

fact that there can be a dramatic increase in body size as well as in the

'size of the peripheral auditory structures during post-metamorphic.develop-

menf, In maturing bullfrogs; for example, there is a lO—fdld increase in

the diameter of thé tympénum (Fié. 1). The sizes of the middle ear cavity,
mouth cavity and columéllar bones:alsovincrease with age and body size,

and thus the acoustic transmission characteristics‘oflthese strUcfures are
presumabiy altefed. Theée observations suggest that the fréquency selectivity
and sensitivity of the‘bullfrbg auditqry periphery may undergo some changes
during the devélopment following metamorphosis.

Previous single unit studies Qf the ffequency seleqtivities of adult
VIIIth nerve fibres have reveaied Ehaf.threé-populations of auditory fibres
generally exist (see Capranica, 1976 for review): low~fr¢quency selective
fibreé which show two-tone inhibition} and mid- and.high—frequency'seleétive
fibres which are non-inhibitable. With this in mind, fhe purposes of this
stﬁdy‘were: i) to examine the aéoustic response properfies of single
primary auditory fibres from early post-metamorphic bullffdgs and ii) to
compare these ;esponse_properties to those‘of adult bullfrogé iﬁ crder to
gain an understanding of the functional development of the anuran auditory
periphery. Evidence is presented that a number of the response propérties

change during post-metamorphic development.
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METHODS

.Two groups of bulifrogs (Rana catesbéiana) were obtained from Charles -
Sullivan (Nashville, Teﬁn.): adults and early post-metamorphic frogs with
snout-vent lengths ranging from 152-178 ﬁm and 27-46 mm, respectively.
During sufgery the animals were anaesthetized by surrounding them in
crushed ice (Kaplan, 1969), and the V;IIth nerve was exposed‘by a dorsal
approach (for details, see Feng, 1980). Briéfly, the skull overlying
the nerve was removed, and the choroid plexus was carefully laid medially
to expose ﬁhe'nerve. The'dura;-membranes surrounding the nerve were reﬁoved
with a sharpenéd‘tungsten needle. The dorsal approach has the advantage '
: of recording VIIIth nerve:activity with the mouth éavity éloéed, thus

preserving its gcouétic property.

The animais'were aliowed to ?ecover from hYpothermia for 2-3 hours
and were later immobilized with aﬁ intramﬂscula# injection of d—tubocufarine
chloride (3 mg/ml) during the recording session. Adults weré injected
initially with 4 ml/Kg body weight whereas froglets received 2 ml/Kg..
Periodic injections were .administered to the animal during the recording
session to maintain immobilization. Wet gauze was placed overijw;animal to
facilitate cutaneous respiration and prevent evaporétive water loss. Blood
fiow through the‘vessels of the éhoroid plexuS served as a useful monitor
of tbe'physiolog%cal condition of the animai:

Animals were placed in a sound proof room {(Tracoustics) which was
fmainta;ped at 20-22°C. sSingle unit responses were recorded using 3 M NaCl-
filied glass micropipettes (16—20 MQ). The electrodes were advanced by

‘a hydraulic microdrive (Kopf 1207). from outside of the souhd proof room.

Extracellular action potentials were amplified, filtered from background
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noise, énd‘aiSplayed on a storége’oscilloscope (Tektronix 5115) as well
as audiomonitored. Firiné:rates were determined_byvé gated»electronic
counterb(Coulbourn Ril«ZS). Neural résponses}were recordeq on magﬁetic
tape (Akai GX-630D-SS tape recorder) for off-line computer analysié.

Acoustic stimuli weré.presented-through an earphone (Beyer‘DT48)
enélosed in a brass housing, whi;h also held a condenser microphone
(Bruel and'Kjaer 4134) with a 1/8 inch probe'tube attachment. The ear-
phone housing Wasnseéled around the.tympanum-wi£h.non—toxic silicone rubber
cemeht (General Elebtric;RTV~l625-té provide é closed acoustical system.
The absolute sound pressure ievel at the tympanum was monitored on a sound
leVél meter (Bruel and Kjaer 2209)7 The measqred sound pressure level
was corrected for the frequeﬁcy response of the érobé tubé to give the actual
sound pressure }ével at the tympanﬁm in dB‘éPﬁ withvreferepce to 2 X lO—S
N/mz. The frequeﬁcy‘response of the acéustic system was flat within * 5 dB
.ovexr the range of lOQ-4SOO Hz.

Acoustic stimuli consisted of white noise and pure tones. These
stimuli had a duration . of 100 ms and a symmetrical rise-fall time of 5 mé.
Stimuli were présented at 1-1.2 s intervals. The intensity of the acoustic
stimuli was controlled with a Hewlett-Packard 350D attenuator.

White noise at a sound pressure level of 110 dB SPL was used as-a
search stimulus for exciting auditory fibres of the'VIIIthvherve. When
an isolated unit responded to the search stimulus, single pure tones of
- varying frequencies and intensities were presented to detefmine the tuning.
" curve of tﬁe unit ana its best excitatory frequency (BEF), i.e., the fre-

quency at whigh the unit had its lowest threshold of excitation.
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RESULTS .

Response characteristics of a total of 242 primary auaitogiﬁgggxgs

”froh-ll adults and 346 auditory fibres from- 22 froglets were studied.

All auditory fibres respénded tonically to'bursts of pure tones for all
intensities above threshold leveis as shown by the post—stimulus time
histogramSvin Fig. 2. The response,of the low frequencyvauditory fibres
was phased-locked to the stimulus in.both groups éf'frogs (Fig. 2).
Spontaneous activity in the absence of any acoustic stimuiﬁs wés noted in

most additory fibres from adults and froglets.

Distribution of Best Excitatory Frequencies
The BEFs of adult auditory fibres fell into three populations (Fig. 3a):
a low frequency population with a peak around 100~300 H%, a mid-frequency

. population with a peak around SOO—GOU”Hzpand'a\ﬁfﬁﬁiffééﬁency,population

~—

with a peak arounq"iZCO—ldéﬁ\ﬁz. The high-~frequency selective fibres in

, ' - - ‘ ,

\\N ~~~~~~~ / )

adults all had BEFs of less than 1700 Hz. As in the adults, three popu-
lations of auditory fibres weie.distinguishable from early post-metamorphic
frogs (Fig. 3b). However,'the distributions of these populations covered
broader frequency ranges than those in adults. For instance, the BEFs
of the low-frequency population in post-metamorxrphic frogs ranged from
100 to 800 Hz. The BEFs of the mid-frequency selective fibres ranged
from 900 to l700>Hz, and those of the high;frequency population ranged
from 1800 to 2500 Hz,v Note that the distribution of the froglet high-
frequency population was outside that of the adults.

" Each adult auditory fibre possessed a V-shaped tuning curve with a

distinct BEF.' Typical tuning curves from adults are shown in Fig. 4a.
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It is interesting to no&e thatlfhe high—frequenéy selective fibre had aﬂ
upper cut-off frequeﬂcy'at 96 dB SPL of 3125 Hé.' In'general, ‘the upper‘
cutéoff frequencies at abouﬁ,lOO dB éPL were beiow:BSOO Hz ahd no adult
high-frequenéy selective fibre coﬁld be séimulated beyond 4000 Hz at any
intensity. |

The majority of froglet auditor? fibres possessed V—shapéd tuning
curves, although some high threshold units having bfoadér tuning curves
mimicking a U-shape were also fQundr Typical tuning cufﬁes of the‘three
populations from fgogleté are sho@n in Fié. 4b, Inspecfion of the tuning
curve.for the high—f;equency seléctive fibre (Fig. 4b).showed that the
upper cut-off frequency was 5500 Hz at 86.d3 SPL.-,The upper ffequency
limits of all high frequency selective fibres.at about 100 4B SPL was
6000 Hz, which was considerably highervthan_iﬁ adults.‘ The tuning cufve'
of the mid—frequency.selective fibré in the froglet (uﬂiﬁ F2, Fig. 4b)
had a high cut~off-frequency of 3500 Hz at 88 dB SPL and resembled that of
the high-frequency seleéfive fibre of the adult (unit A3, Fig. 4a). Such
a comparison is more clearly shown in Fig. 5. The tuning éﬁrve from an
‘adult high-frequency selective fibre (dashed line) and that of a ffoglet
mid-frequency selective fibre (s@lid line) with éimilar BEFs and threéhoids
.of excitation were_almost identicai.

A more quantitative analysis was undertaken to assess the sharpness
of the tuning'curves in the two groups of frogs; An indicator of the

“sharpness. of tuning is the‘QlO dBﬂvalue, where QlOdB =
: - BEF ‘
bandwidth at 10dB above threshold

(Kléng et al., 1965). Higher QlOdB

values indicate sharper tuning curves. The Q value was measured
. ¢ )

10. 4B
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‘for each unit whenever possible, and the 5istributiohs of these values

for 77 adult and 107 froglet:auaitqry unitg-are shown in Fig. 6. vValues

of QlO 3B ranged from 0.5 to 3.0 and 0.1 t&-2.6 for adults and froglets,

respectively. There was no significant differences in the means of Q.. ..
- LT LY

values between the two groups of frogs (ANOVA, p > 0.05). Nevertheless,

oy

there was a larger number of units with lower QlO 4B values appearing in

froglets than in adults (seé outlined box, Fig. 6). These broadly tuned

-units generally had high thresholds of excitation {(units F4-Fé6, Fig. 3b)}

B

Distributions of Thresholds

*

Thresholds of excitation at the unit's BEF ranged widely for both

adults (225103 dB sPL, Fig. 75) and froglets'(22—132 dB SPL,'Fiq; 7b),

' with some noticeable differences in distribution as shown by the outlined

boxes in Fig. 7. 1t can be seen that whilé few adult units 5ad threéholds
greater than 100 dB SPL, 20% of the low—fiéquéncyiselectiQe fibres in the.
froglets,vhaving BEFs less than 800 Hz, had thresﬁolds gfeater than 100 dB SPL
(box 1). These high threéholdslcaﬁnot be attribgted to a decrease in the’.

physiological condition of the frog during the recording session, since

units having lower thresholds were often subsequently encountered. High-

frequency selective fibres in adults, havihg BEFs between 1000 to 1700 Hz,
had thresholds clustered between 20 and 60 dBiSPL. However, thresholds
of . froglet auditory fibres having BEFs in the same frequency range were
Widely distributed between 2Q~lOS dB SPL, &nd 39% of these fibres had
thresholds exceeding 6O>dBASPL tbox 2) . Fihally,fbox 3 in Fig. 7 shows
the distribution of‘thresholds fér.the high-frequency selective fibres

that had BEFs between 1700 to 2500 Hz in the froglet. This popdlation-



is absent in thHe adult. Note that the thresholds oflthé high—fréquency
population in adults is distributed over a 40 dB range, whereas in the
froglets the high-frequency selectivé fibres hadvthresholds distributed

over a 70 dB range.

Two-Tone Inhibition Properties

The Suppression:of the auditory response of a primary fibre to an

" excitatory pure fone by the additiop‘of a se¢ond tone has been defined

as two-tone inhibition (Sachs and Kiang,'l968). A ﬁotal of 90 auditory
fibres from 6 frbglets and 52 fibres from 3 aaults were tested for

" two-tone inhibition (Fig.}B).~ Units of the low~frequency population

were all inhibitable in.adults‘as well as in froglets with a‘few ex-
‘céptipns. Thése exéeptions were low-frequency selecﬁive fibres having
high thréshélds of excitation. Note that in the froglets, low-freéuency
’Selective fibres with BEFs extending to 675 Hz, but mostly beléw 500 Hé,
exhibited two-tone inhibition. Data from;the adults shéwed that generally
only units with BEFs below 200 Hz, but'alﬁew exténding to 600 Hz, exhibited
two-tone inﬁibition. On the other hand, mid- and high~frequency selective
units in both groupé of frogs, regardless of their thresholds of excita-
tion, did not show two-tone inhibition.

The best inhibitory frequencies of.indiVidual units were examined,
and data_from‘the'adults and frogleté showed some differences. The
excitatorybtone was fixed a£ 10 dB above thresheld at the unit's BEF,
and the freqhency and intensity of the second tone was variéd to find the
inhibitory tuning curve and the best inhibitory fréquéncy (BIF),.i.e./

~ the frequéncy.with the lowest threshold to reduce the:excitatory response

by 50%. The BIF was always above the‘BEF'ofjeach'unit, and generally
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the inhibitory tuning curve was outside of the excitatory tuning curve at

the high frequency side. . For example, Fig. 8a illustrates excitatory and

- inhibitory tuning curves of an auditory unit obtained from a 28 mmAfrog—

let that had a BEF of 340 Hz and a threshold of 54 dB SPL. The auditory

v

respohse‘to this tone at 64 dB SPL (10 dB above.threshold) was inhibited with
thé addition of a second tone. The BIF was 1370,Hz.at a thfeshold of 92.

dB SPL, which was 28 dB (AI) above thé intensity of the 340 Hz tooe. The
exoitatory and inhibitory responées of this unit are shown by the post-
stimulus time histograms in Fig.'8. The excitatory reéponse at 340 Hz

at 64 dBR SPL (10 dB above threshold) was tonic and phase-locked. The

- addition of a second tone at 1370 Hz at 92 dB SPL>suppressed the excitatory

response by half and completeiy inhibited it at 97 dB SPL (Fig. 8). The

distributions of BIFs are shown in Fig. 9. The BIFs .of the low-frequency

. selective . fibres recorded from froglets ranged from 700 to 1700 Hz, which

corresponded to the BEF range offmid«frequéncy selective fibres in the

froglets (and the high-frequency selective fibres in the adults). On the

»other hand, BIFs in the adulté ranged from 485 to 990 Hz, corresponding

to the mid-frequency BEF range for adults. The AI values for two-tone

inhibition ranged from 3 to 40 4B . and 8 to 42 dB in froglets and adults,

| respéctively.

DISCUSSION

The results of the present study reveal some of the basic differences

.and similarities in the response characteristics of primary auditory fibres

in adults and early post-metamorphic bullfrogs. 1In each group studied,

"three populations of auditory fibres were found. The shapes and sharpness

of the tuning curves of these populations as well as the tempordl.fixing.
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patterns were similar, but the distributiéns of BEFs differed. The BEF
range of mid—frequéncy'selective fibréslin the‘frOglefs cdrreéponded to

ltfhatiof the adult high—frequendy selective fibrest The fange of BEFs of
the froglet high-frequency selective fibres -extended well beyond the range
of BEFs of the adglt high~frequency population. The upper limit of BEFs
was 1700 Hz in adults and 2500 Hz in fipglets,.and the upper limit of ghe
auditory response at 100 dB SPL was 3500'Hz and GOOb_Hz in adults and
froglets[ respectively. = These results clearly indicate ‘that early post-
metamorphic bullfrogs reépond to higher'frequencies than do éﬁults. This
is in agreement with trénds observed in comparative studies (Loftus—Hills
and Johnétone, 1970; Loftus—Hilis, 1973), where smaller species were

- shown t§ be more responsive-to higher frequencies thgn largérvspecies.
In addition, it'is interesting to note that the sensitivity of thevhigh—
frequency population in frogiets (threshold range of 30 to 100 dB SPL)
was poorer in comparison to the sensitiVity of the high-frequency population
in adults (threshold range of 20 to 60 dB SPL). This pattern is consistent
with the trends observed from comparative‘studies, i.e., higher fréquency
selectivity in smaller species_ié associated with higher thresholds
_(Loftué—Hills,‘l973; Cépranicg gﬁ al., 1973).

In addition to the differences in high-frequency selectivity observed,
there.were notable differences in the sensitivity and distribution of the
low-frequency populaﬁion of primary fibres between the two groups of frogs.
‘Although the thresholds of theblow—frequency seleétive'fibérs were widely
distributed in both groups, high threshold units were more commonly observed

in froglets. Whereas the BEFs of the great majority of low-frequency selec-

tive fibres of the adults fell within a range of 100 to 450 Hz, the low-
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frequency population in the froglets had a broader range of 100 to- 800 Hz.
Only low—fréquency select;ve fibres from the two groups of frdgs showed
two-tone inhibition.] The BIFs of the adults_ranged from 485 to 990 Hz

and were in close agreement with prévious stﬁdiés Qﬁ the bullfrog (Frish-
kopf, et al. 1968; Liff and Goldstein, 1970; Feng et al. 1975), whereas
the range o£ BIFs of the froglets was 700 to 1700 Hz. It is intriguing
£hat in Qach group, the BIF rahgebcorresponded to the range‘of BEFs of mid-
frequency selective fibres;

These.resﬁlts'are in contrast to earlier work by Frishkopf EElii'
(1968) in which no correlation'between~the body size and fréquenqy selec—
 ;ivity of the bulifrog peripheral audito;y system was observed. More
recently, Capranica and Moffat (1980) also faiied to observe ahy sig-
.nifiéantrchange in the distribution of BEFs from American toadé ranging
from 10 to 50 g body weight. We havé, however, additionally studied
thé BEfs of 117 single auditory fibres from the VIIIth nerve of 6 inter-
mediate size bullfrogs (62~67 mm) and found that the high—ffeqqency
pbpulatipﬂ was ceﬁteredvaround 1800 to 2000 Hz thich was intermediate be-
tween'froglets and full—éiée.adults)with ﬁo fibres having BEFs above.

2050 Hz. The low- and mid-frequency populations of these intermediate frogs
were practically identical to those of the adults. Thus, it appears that
the change in the distribution.df BEFs during the post-ﬁetamorphic growth

éf the bullfrog‘is a continuous %nd gradual process. Therefore, the de-
gree to which the frequerncy selectivity of the auditory system can be
correlated with bbdy size may reflectvthe degrée:to which the peripheral
strucfures change with bddy size. It ié noteworthy that Narihs‘and

Capranica (1976) have also shown that in the Puerto Rican treefrog,



where:a éexual dimocrphism in quy'size exists, the distribution of high-
,frequeﬁcyvselectivé,fibres differed between adult males énd females.
Correlatioﬁs betweenvbody'éize énd frequency_seleétivity in a growing anuran
may have gone undeteﬁted iﬁ preViéus studies if only subtle differenées ex—

isted in the peripheral auditory structures  among the animals used:

N
o

Behayiou%gl studies have advocatea the fﬁnétional significance
N : :

of the mating call structure in adult bullfrogs (Capranica, 1965). The
effect adult calls have on froglets, howevér, has not been demonstrated.
'The froglets are notvreproductiveiy mature (Howard, 1978), and they
obwviously wouid not be participating in mating. QOWever; it could be
advantageous‘for froélets to detect theladult mating calls, since
‘larger addltsvare potentiai predators. IntéreStingly enough, the low-
and mid~ffequency populaéions;of auditory fibrés found in the froglet
- corresponded to the dominantvspectral energiles present in the adulﬁ matiné
call (Capranica, 1965).  Iﬁ addition, the BIFS observed in the froglets
Qere inithe frequency range of lOOOvto 1700 Hz, whicﬁ corresponded to
the dominant high—frequéncy'peak of "adult mating calls (Capraﬁica, 1965).
Thus, it is-possible that the presence of ?Qo~t0he inhibition in the frog—
let primary afferent fibers may provide a ée?ipheral basis for predator
. avoidance. The biological significance of the high-frequency population
of auditory fibres in early post-metamorphic bullfrogs is.also unclear.
It is not known whether froglets produce sounds.

The differences in the frequency selectivities and sensitivities
qf the peripheral auditofy systéms of adults and froglets raise guestions
as to what morphological mechanisms are responsiblebfor these observed

changes. during post—metamorphic development. A dramatic difference

can be seen in the size of the tympanum between the two groups (Fig. 1),
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and diffe;ehces in thé sizesqu—the middle ear cavity and columellar bones
are aléo obvious. These moiphological changes:presumably alter the trans-
mission of acoustic enefgyvtévthe inngr ear. "Unfortunately, the middle

ear trahsfer functioﬁs have nog been studied in,the two groups of bull-
frogs. However, ‘meChanical measurements of the t?mpanum and middle

ear displacementsvas a functign of frequency from Varioug anuran speéies
indicate that these structures act as a low-pass filter and dictate the upper
cut~off-frequeﬁcy of the éeripheral auditory sjstem (saunders ahd John-
stone, 1972; Moffat and Capranica, 1978)1 Furthermore, smaller species are
cdrrelated with higher upper cut-off frequencies. Thus, it is likely that
the extended frequency range of.froglets is in paft attributable to a
higher upper cuﬁ—off frequency in the. middle ear response than that found
in adults. - The increase in the mass of the middleAea: with body size

woulé primarily attenuate the transmission 6f high-frequency soundé.

In additidn'to.the changes in the size of the tympanum and middle ear
structﬁres, tﬁe volume of the mouth cavity also shéws a dramatic increase in
size. 'Recently it has been suggested that the resonance propefty of the
moutﬂ cavity playé an essential role ih determining»the frequency selec-—
_fivity of the peripheral auditory.system (Chung et al. 1978;.Pettigrew
et al. 1978). This hypothesis was later refuted by Moffét and CapraQiCa
(1978) and by Gerhardt and Mudry (1980). The resultsvfrom fﬁe adult bull-
frogs using the dorsal recording.approach (with the mouth cavity closed)
are in close agreement with those obtained'using a ventral recording ap-
proaéh in which the mquth cavity was held bpened (Feng et al. 1975).

Thds, it is uglikely tﬁat the resonance characteristic of thé mouth éavity is
'én important factor in determining the frequency selectivity of the éuditory
system. Therefore, observéd differences‘between the.ffequency seiec—

tivities of the adult and froglet auditory peripheries cannot be attributed
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to the differences in the volumes of the mouth cavities. S It is wgrth noting,
" however, that the mouth.cavity does play an essential role in genéréting
'the direétionaL cues of the périphéral auditory.sfsfemv(chung et al. 1978;
A. S. Feng and W. P.Shofnefrin preparation).

The inner-eaf is-énother possible source for the variations in fre-
quency selectivities and sensitivities ogserved between adults and frog-
lets. Anurans are unique amongithe vertebrates in that they éossess two
auditory organs (Géisler et al. 1964) selective to different frequéncy
ranges. It‘has been deménstrated.in the adult bullfrog that éhe low-
and mid—frequency\selecﬁive fibres originate from tﬁe amphibian papilla,
whereas the basilar papilla gives rise to the'high—frequency selective -
fibfés (Feng et al. 1975; Le&is_gg'é;, 1980). It is probable that the
léw—f:equency popglation in froglets (100-800-Hz) is derived from tﬁe,
amphibian papilla, since fibres selective>to thié frequency rangé also
originate in the amphibian.pépilla in adults; However,bthe origins of
_ the mid—frequency‘population of the froglet cannot be directly comparedv
to the adult organization, since the range of froglet mid-frequency
selective fibres‘was the same as that of the adult high-frequency (basi-
lar papilla) populatioh. Nevertheless, the observation. that the range
of BIFs cor;ésponded to the range of mid-frequency selective fibres in
both adults and froglets suggests that the froglet mid—freqﬁency éopuiation
is probably derived from the amphibian papilla. Therefore, the froglet
high-frequency pqpulation»presumably originates from the basilar papilla.
If these suppositions werg correct, however, then'the,adﬁlt basilar papilia,
-which is believed to éctvas a simple resQnating striicture (Capxanica and

Moffat, 1977), would have different resonance characteristics from those of

froglets. Thus, some morphological changes in the basilar pabilla must
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occur during post—metamprphic'demelopment to'account for the varying réson—
énce'éharacteristiés. Inferesting;y, Li and Lewis (1974) havé‘shéwn that
thévsizebof the basilar paﬁilla isvsmaller in tadpoleé than in adﬁl;s.

It is possible that this relationship also‘holds true for early post-
metamorphic and adult bullfréésbbut further investigations are necessary

to extend these findings té froglets and .to clérify the basis for the

changes in frequency selectivities and sensitivities observed between

the two groups of frogs..
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' The diameter. of the tympanum as a function of body size for

the bullfrog; Measurements were taken using a céliger. Females

( 0 ); males ( @& );.sex not determined (i&ﬁ.
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Post-stimulus time histograms (PSTHs) of primary auditory fibres

showing the temporal response characteristics of the fibres to

100 ms tone bursts at.each unit's best excitatory freqﬁency

at 10 dB above threshold for 20 presentations.

va. Tonic and phase-locked responses of an adult low-freguency

selective fibre. (BEF=210 Hz,‘threshold=96 dB SPL).
b. Tonic and phéée—locked responses of avfrgglet iow—frequency
selective fibre. (BEF¥250 Hz, threshola=82 4B SPL).
é. Toﬁic responses of an adult high?freqﬁency selective fibre.

(BEF=1375 Hz, threshold=47 dB SPL).

d. Tonic responses of a froglet high-frequency selective fibre.

(BEF=2210 Hz, threshold=57 dB SPL).

Bin width=0.5 ms.
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,HistogramS(Ifthe distributions of best éxcitatory frequencies.

Bin width=100 Hz.

a. BEF distribution of 242 adult'primafY‘units. Low=£frequency

¥

selective fibres with BEFs ranging from 100 to 400 Hz generally

showed two-tone inhibition; mid-frequency selective fibres with
BEFs ranging from 500 to 900 Hz generally were non-inhibitable;

high-frequency selective fibres with BEFs ranging from 1000 to

1700 Hz were hon—inhibitable.

‘b. BEF diétribution of 346 froglef fibres. iLow—frequency

-selective fibres with BEFs ranging from 100 to 800 Hz generally

showed two-tone inhibition; mid-frequency selective fibrés

with BEFs ranging from 1000-1700 Hz were non-inhibitable; high-

- frequency selective fibers with BEFs ranging from 1800 to 2500

Hz were non-inhibitable.
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Representative tuning curves from the three populations of

auditdry fibres in adults and froglets.

" a. Tuning curves obtained from adults. Units Al, A2 and A3

had BEFs of 295 Hz, 800 Hz and 1350 Hz and thresholds of 30

dB SPL,‘48 dB SPL and 40 dB SPL, respectively.

b. 4Tuning curves obtaiﬁed from'froglets. Units Fl, F2 and F3-
had BEFs of 324 Hz, 1250 Hz and 2175 Hz and thrgsholds of 40
dB SPL, 33 dB SPL and 46 dB SPL, respectively.l Units F4, F5
and F6 répresent broadly tunéd, high threshecld units and had
BEFs of 390 Hz, 1000 Hz and-20i0 Hz with threéholds of 98 dB

SPL, 103 dB SPL and 92 dB SPL, respectively.
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“Similarity- in the tuning curves of an adult high-frequency

. selective fibre (dasﬁedvline) and a froglet mid-frequency

selective fibre {(solid line).. Thézadult fibre had a BEF of 1350
Hz and a threshold of 41 dB SPL, and the froglet fibre had a BEF

of 1345 Hz and a threshold of 39 dB SPL.
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Fig. 6.
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Scatter‘diagrams<3f Qld aB values in adults and froglets as a
function of unit's BEF.
a. Distribution of adult values (N=77) with a range of 0.5 to

3.0. The outlined box indicates the absence of units with QlO 3B
values less than 0.5.

b. Distribution of froglet values (N=107) with a range of 0.1

to 2.6. The outlined box indiéates that units Wi#h.QlO aB values

less than 0.5 were found.
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Fig. 7.
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Scatter diagrams of the distributions of‘tﬁreSholdsvin adglts
énd-frogléts.

a. Thresholds of adult fibres (N=242) ranged from 22 to 103 aé.
SPL. Box 1 indicates that féﬁ units having BEFs between 100 and
800 Hz with thresholds‘above 100 daB éPL were found. Box 2 indi-
cates that few units having BEFs from 1000 to l700.Hz with thres-
holds above 60 dB sSPL were found. Box 3 indicates that no units

with BEFs above 1700 Hz were found.

b. Threshiolds of froglet fibres (N=346) ranged from 22 to 132

dB SPL. Box l»indicates that units with BEFs:from 100 to 800 Hz

haviﬁg thresholds above lQO dB SPL were commonly found; Box 2
indicates that units wiﬁﬁpBEFs between lObO'and 1700 Hz having
thre§holds abéve'60_dB SPL were often found. Box 3 shows the*
disﬁribution of threshélds of unité having BEFs %rom 1700 to

2500 Hz.
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Two-tone inhibitory response characteristics:frdm a low-frequency
selective fibre of a post—metamorphic frog.

a. Egcitatory and inhibitory tuning curves are shown by the
solid line and dashed line, respectivély. BEF=340 Hz at an
excitatory threshold of 54 4B SPL. BIF=1370 Hz at‘an inhibitory
threshold of‘92 dB SPL. |

b. PSTH Jf the unit's excitatory respoﬁse to a 340 Hz téne at
5? ?BRS?L (10 @B above tﬁreshold#. |

c. DPSTH éf the uﬁi£;é i;giﬁiﬁory Qésponse to a combination of

a 340 Hz tone at 64 dB SPL and é 1370 Hz tone at 92 dB SPL
(threshold of inhibition).

d. PSTH of the unit‘s inhibitory response to a combination of

a 340 Hz tone at 64 dB SPL and a l37Q‘Hz.tone at 97 dB SPL

(5 dB above the threshold of inhibition).

All PSTHs shown are for 20 presentations of a 100 ms tone burst.

Bin width=0.5 ms.
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Scatter diagram Qf the distributions of best inhibitory fre-
quehcies for adults ( 0 ) and froglets .( @ ). BIFs ranged
from 485 to 990 Hz in adults and 700 and 1700 Hz in froglets.

N=19 for adults. N=25 for froglets.
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SECTION III. QUANTITATIVE LIGHT MICROSCOPY‘OF THE AMPHIBIAN PAPILLA
TECTORIAL MEMBRANE : "CORRELATION WITH THE TONOTOPIC.

ORGANIZATION OF ADULTS
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INTRODUCTION

In all terrestr1a1 vertebrates, a frequency map ex1sts a]ong the length of
the sensory epithelium of the peripheral aud1tory organ- (1,3,10,14—16,20,22,25,
27). The basis: of th1s tonotopic map in the mammalian cochlea and avian basilar
~papilla 1s:primar11y due "to the spatial gradation in the width of the basilar
‘membrane (2,7,21,24,26). The change ?nAwidth'gives rise to a graded compliance
and a graded variation of the natural frequency of vibratioﬁ of the basilar
membrane along the length of the auditory-d?gan (1). 1In some reptilian-species,
however, the tonotopic organfzatioh is not related tb the Spatia] gradations in
the width of thé basilar membrane (17,19) but rather to the variation in the
height of steréoci]ia-of the haif cells along the basilar papilla (}7,25),

In anurans, which possess two distinct'auditory organs (amphibian>and
ba$i1ar p@pi11ae),va tonotopic map has been showﬁ to be present in. the amphibian
 papilla, but not in the ba#i]ar papilla (14,15). However, the basis of the -
tonotopic organization in the amphibian papilla is unc1éaf. This organ lacks a
basilar membrane (6,28), and the variation in the height of stereocilia of the
‘hair cells cannot be related with the tonotopic map, since the gradations in
sféreociiia height occur along the media1—1atera} axis'(11,12); while .the change
in frequency selectivity is along the rostral-caudal axis (14,15), Lewis

(13~16) has proposed that the tonotopy in this organ may be due to the spatial
gradation in the thickness (and therefore mass) of the tectorial membrane (TM).
‘While the morphology of‘the amphibian‘pap111a and its TM has been previously
described (6,28), it has not beén quantitative1y analysed. In this papef, wev
describe results of quant1tat1ve measurements of the TM and the1r relat1on to

the tonotoplc organ1zat1on of the. pap111a.
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'MATERIALS AND METHODS

Thréé adult bulTfrogs (Rana catesbeiana) ranging from 13-16 cm in
sﬁout—vent,length were used in this_stuéy. The aniﬁa]s were anesthetized with
pentdbarbito1 (65 ﬁg/Kg) andrdecapitated.‘ A ventral openiﬁg was immediately
mgde into the otic capsule; and a small incision was made into the saccule with
é sharpened tungsten needle. The inner ear was then perfused with 4%
g]utaraldehyde in 0.1 M phosphate buffer at_pH'7.4. One otfé capsule from each
animal was excised and stored in bufféred fixative a£.4°C. Following fixation,
the otic capsules were washed Tn'phosphate buffer and decalcified in 0.5 M EDTA
in phosphate buffer. The decalcified otic capsules were further washed in
buffer, dehydrated in an ethahol.series,‘¢1eared in benzené, and infiltrated and
" embedded in paraffin (melting pofnt 56—57°C). Serial sections (15um) were cut
on a rotary mjcrotome in the.frontal plane, This plane cuts through the
amphibian papilla along its rostral-caudal axis; vThe'sectiohs were stained in
hématoxylin and eosin and viewed on an Aus Qena'Flouva1 and 01ympus -BH-2
fmicroscopes. | | | |

FCamera 1ucida‘drawings of every section_of the amphibian papilla TM were
digitized and analysed on a'PdP—11/23 computef to obtain measurements of their
hejghts, widths, and cross sectiona]bareas. The width measurements were taken
at the base of.the TM immediately opposing the sensory epithelium, whereas the
maximum heights perpendicular to the base were used as the heigh€ measurements.
The éross secfiona1 areas were actual measurements from the drawings and were
not produéts of the height and widfh measurements. No correction was made for
tjssuelshrinkage which occurred auringjhistOTogica1 processing. Thus, these
' measureménts are;underestimates'of their true VaTues. Since the TM appears to

’;be a thogenous-ge1atinous‘structure it is reasonable to assume that the



o

shrinkage will be}uniform_fhroughout the length of the organ and should not

affect the relative dimensioné of the TM.
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RESULTS

The amphibian papi11a is located in the medial wall of thé'sa@cu1e.- The
sgnsory epithelium can be clearly vf§ua1ized in a‘scanning electron miéfograph
prepared-fof a separate study (Shofner aﬁd Feng, in preparation) and it consists
of two distinct patches: a rostral triangular patch and an S—shaped caudalvpatch
(Fig. 1). The amphibian papilla Tacks a basilar membraﬁe, and the sensofy hair
cells are anchored.to the dprsa1’cart11aginous Timbic wall (Fig. 2)‘ The T™
1ies ventrally fo thé senéory-epithelium,as showh in Fig. 2. The total length
of the TH rahged from>960-1185 um with an average of 1060 = 114 um.

The TM associated With the rostré] patch is not attached to the ventral
Timbic wall (Fig.'ZA). In the most rostral sections as'jTIustratedlin Fig. 2A,
the TM has more or less a reétangu1ar shape. Proceeding caudally, both the

,l rostral and caudal patcheé of ebithelium can be seen in 1nd1v1dua1'sections
(Figs. 2B-E). In this bimodal region the two patches aré initia11j,contiguous
(Figs. 2B-C) and are disjoinéd further caudally (Figs. 2D-E). The TM in this
bimodal region takes on a V~shéped appeafance making it possible to separate the
membrane associated with each individual patch, We have arbitrarilly bisected
’the'membrane as a line of separation in order to quantify ™ measuréments‘ As
shown in-Fig. 2, each bortion of the Tif becomes narrower proceeding caudally.

In Figure 2t, only that portﬁon of ™ associated with the caudal patch is
visible. | |

‘Caudal to the bimodal region,vall sections show only the caudal patch of
sensory epithelium (Figs. 2F-K). At approxi@ately the mid-point of this region,
the TM becomes broader and forms the tectorial curtain (sensing membrane of
Wever), which anchors the TM to the ventral limbic wall (Fig. ZG). Caudal to

“the tectorial curtain (Figé._ 21-K), the TM appears as a é%éllvstructure and is
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vfno lbnger attached to‘thé veﬁtra] Timbic wall. Caudally from the tectorial
curtain, the Tumen of the Organ becbmes enclosed by fhe 1imb1c wa]ls (Fig. 2J).
At the extreme cauda1 end only a thin contact membrane is present separating
'the endolymph from the per11ymph (Fig. ZK) |

.The max1mum height of the TM varies systematically a]ong the 1ength of the
papilla, and its distribution is similar in individual organs (Figs. 3A-C)
despite slight deviations in the Sectioniﬁg plane. The maximﬁm_height of the T™M
associaﬁed with the rostral triangular patch is approximately constant following
Vthé initial increase in thevmost rostral end and has an.average value of 150 um
(Fig. 4A).. From the bimoda} region to the caudal end of the papilla, the'TM
aésociated with the caudal patéh increases'in height fo an average maximum of
270 um at the tector1a1 curta1n, and then decreasos to an approx1mate1y constant
VTeVeT with an average of 80 um (Fig. 4A) In one of the pap111ae however,
there is a distinct increase in the he1ght at the cauda1 extreme of the organ
(Fig. 3C). This is attr1buted to the spec1f1c angle of th sectioning plane
used in this specimen being deviated slightly from the frontal plane.

The width of the TM a]éo-varies along the length of the papilla, and while
its pattern is strikingly similar~émong individuals (Figs. 3D-F), jt‘différs- |
from that of the height (Figs. 3A-C). The TM.width associated with the rostral
patch is relatively constant with an average value of 230 ym (Fig. 4B). In
contrast, the TM associated with the caudal patch is more variable in width than
that portion associated with the'rostfa1 patch. Proceeding. caudally, the width
first decreases to an average minimum of 55 um (Fig. 4B) at the -caudal end of
the bimodal regjon-(Fig. 2F). The width then increases in the régidn of the‘

tectorial curtaih (Fig. 2H) to reach an average peak value of 130 um (Fig. 4B).



80

-Caudal to the;tectoria1 Curtain,'the width once again decreéses to a re]étiveTy
constant value (average of 70 ym) and it gradually increasés at the cauda1lend
to an average of 100 um (Fig.‘4é). -

- The cross sectjonél area of the TM éésociatéd.with thé rostral patch has an
approximately constant value in each fndivfdua1 speciméh (Figs. 3G-1) with an
average of 3.0 x 104 ym? (Fig. 4C). On the other hand, the TM area
f]uctuatés along.the length of the caudal patch (Figs. 3G-1). The area
decreases throughout the bihodal fegion reaching a local minimum with an average
of 0.9 x 104 um2 in the caudal end of thfs region (Figs. 2F,4C), and
increases again to reach an.avefage of 1.3 x 104 umz at’ the tectoriai
curtain (Figs. 2G-H, 4C). Depending'on the specific angle of the éectioning
plane, this Tocal minimum can be quite prohounced (Figs. 3G-1) or somewhat less
distinct (Fig. 31). The average vé]ﬁes df the area in thié region apﬁear less
variable (Fig. 4C). .Caudal t0 the tectorial curtéjn, the area decreases to a
minimum éverage value of 0.4 x 104 umz and increases again in the caudal end
~of the organ to an average of 1.0 x 104 umz (Fig. 4C),

| Comparison of the distribution in the cross seétiona]\areavof the TM along
the length of the papilla to those df the height and width (Figs. 3, 4) shows
that the area distribution closely follows fhat of the width more so than that
of the height. The contrast is most evident f}om the bimodal region to the
tectorial curtain where minimum cross sebtionaW area is assoﬁiated with'minimum
width and maximum height, and maximumlarea is associated with’maximum width and

minimum height.



 DISCUSSION

| v} The angran auditofy system iS'unique among vertebrates in.that anurans

vpossess two distinct auditory>0rgan$, némely fhe basilar:and amphjbian papillae.
-Thé basilar pépiT1a gfves rise to high fréduency selective auditory fibers
(5,14) and appears to act as a tuned mechanical resonator (4). The amphibian
papilla is ‘innervated by Tow and'}ntermediate frequeﬁcy auditory fibers:
(5,14,15) and has a tonotopic organization along its sensory epithe]fum_With Tow
frequencies represented'rostra11yvand'intermediate frequencies represented
caudally (14,15).‘ While both auditory organs lack a basilar membrane, they do
possess separate tectoriéT_meﬁbranes.

The present quantitative study of tﬁe.morphology Of'amphibian papilla TM in
bullfrogs shows that the height, width and cross sectional area do not appeaf to
be Iineariy graded along the length of the organ. Sihce all sections were cut
-at a'uniform'thickness,_the cross sectional area provides a measure of the
volume, and thus the mass of the TM. The TH associated with the rostral paﬁch
‘has a more or less uniformlheight and width; and hence an approximately constant
area. The TM is most méssiVe|in this region due to the large values in the
" height andeidth. From the bimodal region to the teétoria] éurtain, the height
and width of TM undergo oppposite'varfatiohs along the length of the epithelium
resulting in a relatively constant area (or mass). The TM is Teast massive
caudal to the tectorial curtain due to the minimum width and heiéht. Therefore,
the area (or mass) of the TM seems.to be spatially graded in a more dr less

step-wise fashion.
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It has been proposéd tHat tﬁe spatial gradatiohs in‘the mass of the T™
“along the sensory epithelium may give rise to the tonqtopic,organization-Tn thg
“amphibian papi]]a (13—15). The results éf the present quantitative study:
support éhis hypothesis. Dfrect‘comparison’between our* normalized data (Fig.
"4) and the composite tonotopic map of ‘the ampﬁibian papilla (Fig.b4 of ref. 15)
shows that the most massive TM in the rostral region of the epithelium is also
the region innvervated by auditory fibers having the lowest best excitatory
‘frequencies,~i.e.;_BEFs (< QOO’HZ). Furthermore, auditory fibers which possess
. the highest best excitatory frequencies'(500~1000 Hz) innervate the caudal most
region of the epithelium.where ™ is 1ea$t massive. From the bimodal region to
the.tecforial curtain, the TM has intermediate mass, and the fiberé innervating
thfs portioﬁ of the epithelium also héve 1ntermedfate va1ues.of BEFs (300-500
Hz). ; - .

In addition to this general trend, Lewis et al. (15) noted that in the
rostral triangular patch there apears to be a tendency for BEFs to decrease. as
one moves caudally. While our data shows that the TM area (or mass) is
re]atfve1y constant in this region, there is nevertheless a tendency for the
area (or mass) to in¢rease moving caudally. In the S4segmenf, Lewis et al. (15)
observed a trend of increasing BEF as one proceeds caudally, but deviations from
this trend are also observed in the region of the tectorial curtain. It is
interesting to note that our area measurements show a general decreasing trend
as ohe moveé caudally with some deviations around the tectorial curtain. Thus,
our quantitative data provides strong support toAthé hypothesis that ™ is the

primary contributing factor for the frequency map. Further support of this
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hypothesis comes from'studieé in the post—metamorphit juvenile bullfrog where

. the frequency ée]ectivity of the amphibian papilla is higher than that of the
fadq]t (23). Compar1son of the amphibian pap111a TM between- Juvenlles and adults
sdggestsithat the absolute mass of.the ™ in each locus is a primary factor in
determining frequency selectivity of the region (Shofner and Feng, in
preparation);

It is unclear, however; exaétly.how the spatially graded mass of the TM is
related funcfiona]ly to the tonotopic‘map in the émphibian_papi]?a. From
aeoustic emission studies in the frog, Palmerkand‘wi1son (18) provided evidence
that a travelling wave may occur in the TM of amphibian pap111a which lacks a
basilar membrane. The presence of the graded mass suggests that the T™ cou1d
~support a~traveTT1hg wave much like the basilar membrane in the mammalian
cochWea, Given the different ho1arization'patterns of hair cells along the
sensory epithelium in the amphibian pap111a (11,12) however, if indeed a
trave111ng does occur, then the axis of v1brat1on of TH must also vary a1on9 the
epithelium to maximally excite the hair cells (8,9). Whether or not the TM does

indeed support a travelling wave requires further physiological studies.



Figure 1

A. Scanning electron micrograph of the bullfrog amphibian papilla.
The tectorial membrane has been excised to observe the sensory
epithel ium. '

B. Schematic drawing of the sensory epithelium illustrating the

_positions of the frontal sections (a-k) in Figure 2.

R: rostral
L: Tlateral

RSE: Rostral triangular patch of sensory epithelium

 [m'CSE: Caudal S-segment of sensory epithelium

-:ffVIIIAP: Branch of VIIItH cranial nerve which 1nnefvates the sensory

“epithelium

‘Calibration mark: 100 um









FigureﬁZ. A-K. Representative fronta] sections from an individual bullfrog
amphibiah pépi]]a along its length. See text fér-descfiption.
RSE: Rostral triangq]ar patch of Sensory epithelium
CSE:. Caudal S—segment of sensbry epithelium -

TM: Tectorial membrane

TC: Tectorial curtaih»of ™

DW: Dorsal Timbic wall

VW: Ventral limbic wall

CM: Contact membrane

VIIIAP: Branch of VIIIth‘crahiql nerve which innervates the sensory
epithelium. |

Calibration mark: 250 um
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Figure 3. Distribution of fhe héight, width and cross séctiona1 area of the

© tectorial membrane from frontal serial sections of the_amﬁhibian
papilla of three iﬁdividua]s. Fi11ed,circ1e§‘are measurements taken
from the tedtorium associated Qith the rostral triangular patch of
sensory epithelium, while measurements from TM associated with thev
caudal S-segment are shoWn as open circles. ‘Note that the ordinates
“are logarithmic scales.: |
A-C. - Maximum height of the tectorial membrane measured perpendicular
to its base. Representative frontal sections shown in Fjg. 1 are
marked correspondihgly a-k fo% that 1ndividﬁa1 in A.
D-F. Width of the tectorial membrané‘measured at its base. Fronfal
sections in Fig. 1 are marked a-k in D.
G-I.  Cross sectional areas of the tectorial membrane. Measurements
are the actual cross sectional areas as determined from digitized
camera lucida drawings and are not the productsvof the height and

~width data. Frontal sections in Fig. 1 are marked a-k in G.
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Figure 4.

Norma11zed d1str1but1ons of the height (A), width (B) and cross

_sect10na1 area (C) a]ong the epithelium length. The length of

individual tectorial membranes were converted to percentages of the

total length where 0% and 100% represent the extreme'rostral and

‘caudal sections, respectively. Values of height, width and cross

sectional area were determined every 3-5% from each individuals, and

the‘va1ue$ for ‘a given percent length were averaged. The 100% length
of the tectorium Was convprted to an average of 1060 um, and the
average values were then graphed with respect to this normalized

length. Vertical bars represent standard dev1at10ns of average

‘values. TFilled and open circTes are averaged values taken from

tectorial membrane: assoc1ated w1th the rostra] triangular patch and
the caudal S-segment of the sensory ep1the11um respect1ve}y. _Note

that the oridinates are logarthimic scales,
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SECTION IV. QUANTITATIVE LIGHT AND SCANNING ELECTRON MICROSCOPY OF

THE AMPHIBIAN AND BASILAR PAPILLAE DURING POST-METAMORPHIC

DEVELOPMENT



INTRODUCTION

During the deve]opment of the bullfrog fo11ow1ng metamorphosws, we have

'previous1y'shownvthat there is a downward shift in the frequency selectivity of

the auditory periphery (Shofner and Feng, 1981). While three populations. of

primary auditory fibers are found in both adult and post-metamorphic juvenile

bullfrogs, the ranges of best excitatory frequencies (BEFs) in the two groups of

N

frogs differ: low frequency seleetive fibers in adults end‘juveni1es range from
100-4OO Hz and 100-800 Hz, respective1y; intermediate trequency fibers in adults
range_from 500-1000 Hz_andx900-1700 Hz fn juveni1es; high frequency selective
aud1tory fibers range from 1000-1700 Hz and 1800-2500 Hz in adults and
Juven11es respect1ve1y It has been’ demonstrated in the adult bu11frog that
the Tow and 1ntermed1ate frequency select1ve aud1tory fibers innervate the
amphibian papilla tonotop1ca11y (Lewis et al., 1982a; 1982b), whereas the

basilar papilla acting as a tuned_mechanical resonator {Capranica and Moffat,

1977) gives rise to the high frequency auditory fibers (Feng et al., 1975; Lewis

‘et al., 1982a).. While this has not yet been directly demonstrated in the

juvenile, indirect evidence suggests the same situation occurs {see discussion

“and in Shofner and Feng, 1981).

The downward shift in frequency selectivity during post—metahorphic
development is presumably due in part to the increase in the sizes of the
tympanic membrane, middle ear cavity and middle ear bones. The middle ear acts
as a low pass filter and primarily detenmines the upper cutoff frequency of the
aud1tory perwphery (Seunders and Johnstone, 1972: Moffat and Capranica, 1978).

The changes in m1dd1e ear structures can, therefore, exp1a1n the decrease in the

~upper limit of hear1ng observed with age (Shofner and Feng, 1981). However, the

more refined tuning of 1ndividua1bauditory'fibers are primarily determined by
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~ the physical propertie;‘of the'auditory organs, and hence the obserVed shifts in

the frequency selectivities of the three populations of auditory fibérs‘from the
two organs cannot be attﬁibuted to changes,in middle eaf structures alone.
‘Morphological changes in the auditory organs hay'é1SO occur duringv |
post—metamorphic’development and contribute to the‘physiologica1 changes.

“While the anatomy of the two auditory orgahs in bu11frégs have been
previously désér?bed (van Bergefjk and Witschi, 1957; Geisler et al., 1964§  -
Frishkopf and Flock, 1974; Léwis and Li, 1975; Lewis, 19763 1977a; 1977b; 1978),
they have nof been quantitatively analysed nbr have the post-metamorphic changes
been observed.' The purpose of the present étudy is.to>inQestigaté and |
quahtitatively analyse thespost-metamorphic development of the'bu11frog
‘amphibian and basilar papillae under 1ight and scanning electron microscopy and

tOﬂdTSCUSS the functional implications-of the observed morphological changes.
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MATERIALS AND METHODS

Adult and post -metamorphic juvenile bu11froqs of both sexes (snout vent

' 1engths of 13-17 cm and 3.5-4.9 cm, respect1ve1y) were obta1ned from Charles -

Sultivan (Nashville, TN).. Animals were anesthet1zed under pentobarbitol (65
mg/kg) decap1tated and the otic capsules were’openeﬁ»ventra]]y»to expose the
membranous Tabryrinth, vAn incision wao_made in the saccule with a sharpened
tungsten needle and the inner ear was then perfused with 4% glutaraldehyde in
0.1 M phosphate buffer (pH 7.4). Whole heads were stored in the same buffered
fixative at 4°C. |

Light Microscopy

Three adu]t and three juvenile otic capsules were eXcised from the fixed
heads under phosphate buffer, decalcified in 0.5 M sodium (tetra) ethylehe
diamine tetraacetate in 0.1 H phosphate buffer (pH 7.4), washed in buffer, and
dehydrated through an increasing ethanol series. Dehydrated otic capsufes were
then cleared in benzene, infiltrated with melted Paraplast (melting point
56-57°C) and embedded in Paraplast. Serial sections (15um) were transversely
cut on a rotary microtome andoevery section was mounted on ge1at1n’sobbed

slides. The frontal plane was most useful in studying the auditory organs,

since it involved cutting transversely through the basilar papilla and along the

rostral-caudal axis of the omphibian_papilla,' This sectioning plane can cTear]y
depict the relation between the sensory epithélium and tectorfa1 rembrane for
both orgyans‘° The mounted sections were deparaffinizedAin xy?ene, re—hydrated‘
thpough a_decheasihg ethanol series and stained in Mayer's hematoxylin and
codhterstaihed in 1% aqueous eosin. Sections were then dehydrated, cleared and

covehs]ipped.
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v The basilar and amphibian papillae were observed on an Aué Jena Fluoval or
'O1ympus BHsé microscope. The‘sen$ory epithelium Tength was déterhined as the
preduet'of section thickneSS'and'the'tota7 number of sections in which fﬁe
epithelium was observed. The area of the contact membrane 1n'individua1
sections was calculated as the product of contact membrane width and section
thickness, The total area was obtained by summing all the 1nd1vidua1 cross
sectional areas. Cross sectional areas of the 1uhen and tectorial membrane were
measured from camera lucida drawings digitized on a'Houston'Instruments‘Hi—Pad
and analysed on a PDP 11/23 computer. Cross sectxonal vo]umes of individual
sect1ons were determ1ned from the product of the cross sect1ona1 areas and
section thickness. Total volume was obtained by.summing all the cross sectioda]

- volumes.

Scanning Electron Microscopy

A tdta1 ofvsix adult and seven Jjuvenile basilar papillae, and four adult
and eight juveni]e-amphibian pdp111ae were. observed. Following fixation, the
bas11ar and amph1b1an papillae were d1ssected out of the inner ear under
phosphate buffer, washed in buffer, dehydrated through an increasing ethanol
series and dried in a Tousimis Samdr1—790 critical point drier using Tiquid
carbon dioxide as the transitional fluid. Amphibian papillae were processed as
described above ‘with the exception thdt specimens were post~f1xed in 1% osmium
tetroxide in 0.1 M phosphate buffer (pH 7.4) following their removal from the
otic capsule. The dried duditory organs were mounted on aluminum stubs usingf
eo11oida] graphite 1nrisoprdpano1 and coated with gold/palladium in an SPI

sputter coater. Specimens were observed in a Cambridge Stereoscan or an
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International Scientific Instruments DS-130 scanning\electron microscope at 20
KV.
ATT quantwtat1ve measurements were obtained from stereopa1r scann1ng

~electron m1crographs using the formu1a (Royde and Howell, 1977)

_C0S O X - XR - (1)
L sin © ' :

where © is the angle of tilt, X; and Xg are the distances between the same
two points in the left and right»micrographs,‘respectiveTy, and 7y is the
he1ght of the photographwc point (FIGURE 1). The true distance (T) between the

two points measured is then determined us1ng the Pythagorean theorem,
T= T | (2)

In order to determine the area of the bas11ar pap111a Tumen, the spec1men was
first oriented such that the d1rect1on of tilt was a1ong the length of the
papilla and a stereopair micrograph was made as illustrated in Figure 2. The
specimenbwas then rotated 90° such-that the direction of tilt wés along the
width of the organ and another stereopair was taken (FIG!RE 2). From the two
sets of stereopawrs, the true width and true. 1ength were determined and the area
was calculated using the formula for an e111pse. Where possible, the height of
tﬁe tallest stereocilia of the amphibian papilla hair ceYWs were determined from
stereopair scann1ng electron micrographs in which the direction of tilt was a-
Tong the length of the stere0c111a bund]e and where the ta11est stereoc111a
could clearly be Qbserved. The heights of the stereoc111a of the bas11ar pa-

pilla were not determined since theventire basilar pap111a was observed and it
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wag not possible to orient.the specimen to clearly observe the.taTTest
stereocilia. . N _

No corﬁect%on was madé for‘tiésué‘shrinkage invéll of’the'Tight and
écanning eiectfon microscopic measurements. The inner ear is Co&pTex in its
histology being comprised of cartilaginous, epithelial, neural and gelatinous
structures. There will be differential shrinkage among the various types of
tissue within the inner ear, i.e., cartilaginous structures will shrink Tess
than ge]atinous'structures such as the tectorial membrane. vHoWever, since there
are;no’fundémenta1 histo]qgica] differences for each tissue type in the auditory
organs of the two grodps of frogs, it is reasonable to assume that differential
- shrinkage of a given type ofvtissue'between juvehi1es and adults will be
minﬁma]. Thus, while the reported values may be underestimates of the true
va1ﬂes, there should be'little éffect on the relative dimensions.

For all quantitative measurements, the means and standard deviations were
determined. A one-tailed t-test was used to establish statistical differences

in mean values between the two groups of animals.
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RESULTS

Bas11a papilla

The ba511ar papilla is a tubular evagination of the ventro- cauda1 wall of
the saccule and has a Tumen that is typ1ca11y elliptical in shape (FIGURES 3 and
4). The organ lacks a basilar membrane, and the hair cells rest on the
carti1agindus-tissge forming a sensory epithelium which is semicircular in
shape. Overlying the sensory epithelium is a ge1at1nous tectorial membrane (TM)
’whﬁch is attéched to the Tumen walls. A thin contact membrane is located
médial?y to the'sensory epithelium separating the pehi1ymphatic and
endolymphatic systems (FIGURE 5);

During the postametémorphic.deve]opmént of the bu}]frog, there is an
overall inérease in the size of the basilar papilla (EIGURES 3 and 4). From
steregpair scanning electron micrographs (FIGURE 6), a 1.6 fold increase in.
Tumen area was observed (FIGURE 7): the mean value is 3.71 X 104 um? in
juvenile bu]]frogs and 6.29 x 104 um? in adults (p<0.0005). From serial
reconstruction of the papilla, we found that the mean Tumen volume (FIGURE 8) is
8,54 x 106 um3 in juveniles.and 2.39 x 107 um3 in adults (p<0.0005),
which is a 2.8 fo]d increase with age.

Concurrent wvth the increase in Tumen Vd]ume, the mean TM volume (FIGURE
8) increases by 2.6 fold. The average T volumes are 1.22 x 105 um3 aﬁd
3.27 x 105 um3 in juveniles and adU]ts, respectively (p<0.005).1 There is
also a 1.9 fo]d en]argeﬁent of the area of the céntact mémbféne during
post-metamorphic dévelopment with mean values of 1,40i0.21”x 104 um? in

juveniles and 2.6520.54 x 104 um? in adults (p<0.01).



105

The change.in TM.vo1ume was accompanied by a‘s1ight increase in the length
of the sensory epitheWiuh with means of 9549 um in juveniles and 120x15 um in
' adults (p<0.05). The total nuhber of hair cells also increases with
post-metamorphic growth with means of 10612 aﬁd 122417 in juveniles and adults,
vrespect19e1y (p<0.05).

Thrée types of hair cells are found in both juvenile and adu]t basilar
-papiT]ae'(FIGUREv9)'using hair cell classification criteria of Lewis and Li
(1975). Type A hair cef1s are characterizéd by short bundles of stereocilia.and
a Tong unbulbed kinocilium, ahd they are located in the lateral edges of the
epithelium in. both juVeniles and adults. Type F hair cells are found in the
~central regions of the ebithe]ium in both grdup% of animals, and they are
characterized by long graded bund]eé of stereocijia and a long uhbu]bed
kinocilium. Type D hair cells possess short graded bundles of éterebci1ia and a
shorf bu1bed kinoéi]ium, and they are found in the medial regions of the |
epithelium in both groups. Interestingly, in the juveniles along the lateral
edge of the sensory epithelium an occassional immature looking hair cell was
observed having short stere@cilié and no kinocilium (FIGURE 9F). In both
juvenile and adult organs, the kinoci]ﬁa of all hair cé11s are oriented
médio—latera11y.

Amphibian papilla

.The amphibian papilla is located on the medial wé]] of the saccule. Like
the basilar papilla, thﬁs organ lacks a baéi]ar memﬁrane, and the hair cells are
-anchored to the dorsal wall of the papilla (FIGURE TO).' A'teéforié] membrane
.(TM) 1ies ventrally from the sensory epithelium, and its size and shape change

aTong the length of the pap111a (FIGURE 10)." The fectoria] curtain (Figure

)
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TOE—F)'attqches'the ™ to the ventré]lwall of the organ, and'it is on]y.in this
' regidﬁ where the TM is attached to the ventral wal].' The,ﬁehsdry epfthe1iumv
has an S—shaped structure (FIGURE 11) consisting of a rostral trianQU}ar patch
and a cauda]VS—segment. Frontal sections tﬁrough‘the amphibian papilla at the
]evef of the bimodal region (Figure 10C-D) show both patches of epifhelium and a
V-shaped TM. | |
‘ Durding pést—métamorphic development, there 1is an increaée in the size of

the amph%biaﬁ papilla (#IGURE 10). There is a péra11e1 1ncneasé in the length
of the tectoria] membrane‘(FIGURE.12)“with meéns of 725+48 um and 1060114 um in
juveniles and adults, respectively (p<0.005). Quantitative aﬁa]yéis of'the ™
shows that its cross §ectiona1 area is spatfa11y graded in a step—wise'fashjon
along the length of the papilla in both juveniles and adults, and that the
absolute cross sectional afea increases with postjmetamorphic development
(FIGURE 12). Iﬁvorder to facilitate comparison.bétween the two groups of
animals, the data are normaTized as percent mean 1ength‘in-Figuré 13. The T™
areas associated with the rostral triangular pafch of epithelium (fi]]ed_circieé
bin Fig. 12) have.more or ieSs constant va1ues'6f;1.0 x 104 um2 and 3.0 x

104 um2 in juvenile and adult bullfrogs, reépective]y. From the bimodal

region to the tectorial curtain (open circles left bf the arrow in Fig. 13) the
TM areas have Tower values and flucuate slightly a1ong’the }ength of the
epithelium around values 5.0 x 103 um? in juveniles and 1.1-x 10% um? in

adults. Caudal to the tectorfa] curtain (open circles right of the arrow in
Fig. 13), the cross sectional'areas have the 1owes£ values: around 2.8 x’103

w2 and 5.5 x 103 wm@ in juveniles and adults, respectively. The increase
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in-TM area in the extreme caudal end 1S'én artefact resulting from sectioning

»

the curved pap111a at the selected ang]e.‘

From the 1ow power scanning e1ectron m1crographs (FIGURE 11), there does
not appear to be a dramatic difference in the length of the aﬁphjbien papilla
between the two groups of frogs. However, a quantitative analysis from serial
sect1ons of the organ shows that the 1ength of the sensory ep1the11um increases
swgnwfwcant]y with age with means of 720+84 ym in 3uven11es and 1020479 um in
adults (p<0.01). Since most amphibian papillae used for scann1ng electron
microscopy had parts of the sensory epithe1ium either obscured by ™ debris:or

had areas where stereocilia were pulled out during the removal of the TM, it was

“not possible to obtain accurate hair cell counts from a 1érge number of

specimens;_ However, observation from the cleanest juveni]e and adult papillae
shows that they Had approkimate1y 1050 and 1420 hair cells, respective1y.

The orientation pattern of hair cells was similar in both juveniles and
adults. Kinocilia of hair-ce11s are oriented rosfra1-cauda11y in the
rostral-triangular patch. In the S-segment, however, kinocilia are tangentially
oriented with respect to the epithelium rostra1 to fhe tectorial curta1n, and
medio-laterally 0r1ented caudal to the tectorial curtain. |

| ‘The sensory epithelium of both juvenile and adult bullfrogs also contains
three typeé of hair cells (FIGURE 14). Type A.and Type D hair cells, similar to
those found 1in the basiTaf papilla, are located aloﬁg the Tateral and the medial
regions of the epifhe]ium, respéctivé]y, in both groups of frogs, In the
entra1 regions of both‘groups, type E hair cells are found, and they are
character1zed by long graded stereocilia and a long bulbed kinocilium. In the

Juven11e, intermediate type hair cells are occass1ona11y observed between type A
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and Type E hair cells (FIGURE 15)." These hair cells show most of the

morphological characteristics of tybe A hair cells (i.e., shortﬁbund1és of

stéreoci]ia and a long kinocilium) with the éxtepti¢n of "having a bulbed

‘kinocilium (one of the features of type E hair cells).

~ The maximum height of the stereocilia of the predominant hair cell type
(type D) in the amphibién papilYa_can be determined from stereopair scanning
éTectrbn micrographs, sfnce their stereociliary bund1es are typjca11y
straﬁght following histojogicalvprocessing for scanning électron microscopy
(FIGURE 16). -The’curvatUﬁe of stereocilia of other hair cell types make
stereopair mesurements impractical to.carry out. In the adUlt, the  maximum
height of'fhe stereocilia of type D hair cells appears to be uniform along the
rostra1-cauda1 axis of the sensbry epithe]ium'(FiGURE 17). .On the other hand,
there is a noticeable differenée in the maximum height of the stereocilia along
the Tength of the juvenile amphibian papilla, i.e., there is a progressive
decrease in the mean height as one moves caudally (FIGURE 17). Comparison of
stereocilia heights between juveniles and adults ShOws that in the rostral
triangular patch‘of epithelium the mean heights are similar between the two
groups, while in the caudal fai1 (region C, FIGURE 17) the mean height increases

wifh age having a mean of 3.8 um in juveniles and 6.6 um in adults (p<0.005).
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DISCUSSION

The.resu1t§ of the present study show thét‘the morpho]ogyiof the basilar
pqpi1la thangés duringvpostametahornhicfdeve}opment. The TM-vo]ume,'1umeh _
volume and contact membranevaréa increase‘dramaticé11y duriné this period of
growth, and these increases will alter the functioﬁa] properties bf the organ
contributing to the observed physiological changes_(Shofner and Feng, 1981).

“Assuming that the density of the TM does not change appreciably during -

| development, the increase in M volume indfcates an increase in T mass. The
increase in TM mass increases the Toad on the stereocilia of those hair ce1Ts
~ associated With-an overlying téctoria1 membrane resulting in a decrease in their’
natural frequency of vibration.  Add1tiona11y, the enlargement of the lumen
volume with age increases the acoustic compliance resulting in a decrease in the
feSonant frequency éf fhe organ. This factor would alter the.frequency
selectivity of the hair cells, particu1ariy those'hair'ceWYS which may be free
standing (Lewis, 1977a).

‘The basilar papilla is known td give rise to the-high frequency population
of auditory fibers in the adu]t butlfrog (Feng et al., 1975, Lesz etAa1;;
1982a). Assuming that the basilar papi]1avis a tuned mechanical resonator as
suggested by~Capraﬁica and Moffat (1977), measuranehts of‘1uﬁen volume and
contact'memhréne area allow us to evaluate the resonance properties and acoustic
characteristics of this organ. The resonant freguency (fd) of a Helmholtz

resonator having acoustic inertance of M and acoustic compliance of C is given

by
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Under conditions where viscous forces are negligable and inertial forces are

dominant, M and C are

pL'

M=—g— ) - ‘ _b . (4)
and

~ _ v ' : ' . (5

C =z - (B

where p is the density-of the medium, c is the velocity of sound, S is the area
of the resonator open1ng, V is the resonator volume, and ' is the effective
lTength of the resonator’neck. For a Helmholtz resonator without a neck, as is
the cése for the basilar papi]]a, 2! is-giyen as 16a/3w, where a is the radius
of the resonator opening (Kinsler and Frey, 1962); For the basilar papilla, the

radius of the contact membrane is taken as a. Assuming that the density and

“velocity of sound in endolymph are those for sea water at 25°C, namely, 1026

'Kg/m3 and 1531 m/sec, respectively, substitution of the reported values of

contact membrane area for S and Tumen vo]ﬁme for V into equations 3-5 for adult
and juvenile basilar papillae, results in f4 of 6.5 x 10% Hz and 9.2 x 109
Hz; respectively (Table 1). These calculated values are several orders of
magnitude larger than the BEF ranges of the high frequency selective auditory
fibers in both groups.df frogs (Shofner and Feng, 1981) suggesting that for this
system the viscous forces probably cannot be ignored.

If we now assume that the viscous forces of th1s system are -dominant and

'
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inertial forces are neg1igab1e, different M and C values can be determined.

2

Acoustic inertance (M) is defined as the ratio of the effective mass-of the

resonator opening to the square of its area (Kinsler and Frey;_1962)._ Under the

assumed conditions, the effective mass is given as nS/c where n is the

coefficient of viscosity.' Thus,
=N ’ o ,
M=os2 7 cs | | § (6)

Acoustic compliance (C) is defined as the ratio of resonator volume to applied

pressure (Kinsler and Frey, 1962). For conditions where viscous forces

‘dominate, pressure is nz/pS and thus,

_ v _ pSY , o .
CC st e - | (7)

- Using the viscosity of sea water for endolymph (n = 0.001 Newton sec/m?), the

calculated fy from equations 3, 6 and 7 are 1259 Hz and 2128 Hz for adult and

 .juveni1e basilar papillae, respectively (Table 2). These values match closely

to the mean BEFs of the high frequency populations of primary afferent fibers
which are 1379i145_Hz in adults and 2122+169 Hz in juveni]es (Shofnér and Feng,
1981). These results indicate that (1) the basilaf papilla 1ndeed behaves as a
tuned Helmholtz resonator but under the condition whereAvisco&s forces are

dominant, and '(2) the high frequency population of auditory fibers of juVenile.

- bullfrogs also originates from the basilar papilla, since the match can be

‘extended to this group of frogs. Therefofe, the remaining low and intermediate
ffequency selective fibers in the juvenile bullfrog are presumably derived from

‘the amphibian papilla much like the situation in adults.
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The present study shows that the morpho1ogy of the amphibian pap111a .also

. changes dur1ng post—metamorph1c development. The cross sect1ona1 area (or
volume), and thus cross sectiona] mass of the TM is spatja11y graded in a
étep—wise manner a1on§ the 1ength of the papj11a in both juvenfle and adult
bu11frogs, but the absolute values are sma]]er in juveniles. Since fhe
'amph1b1an papilla in adult bullfrogs is tonotopically organized along 1ts Tength

| (Lewis et al., 1982a; 1982b) and since this tonotopy is well correlated with the
fspatial'gradations in TM)mass (Lewis, 1981; Shofner and Feng, subm1tted), it is
therefore conceivable that a tonotopiclorganizatioh may also be present in the
juvenile amphibian papiTla. Namely, 1ow'frequencies are repreeented rostrally
~Where the TM is most massive and higher (intermediate) frequencies are
represented caudally where the T is 1e§s massive. More definitive
physiological experiments, however, will be réqeired.to demonstkafe the presence
of such an organization in the juvenile.

The increase 1e ™ mass during post-metamorphic deve1opment will alter the
functional properties of the organ. The en1argement,of.the TM mass with age
increeses the load on'the étereecilie resu?tingvin a decrease in their nature1
frequency of vibration. -Phjsiolbgita11y, the range of BEFs of'the intermediate
frequency popu1ation‘in the juvenile bullfrog is beyond the—frequency range of
the aduTt amphibian bapi11a fibers (Shofner and Feng, 1981). It is interesting
to note that the T™ 1in the caudal tail of the juvenile ambhibian pepilla is
clearly Tess massive”than that of.theradult‘counterpart (FIGURE 13), and that
th1s reg1on of the ep1the11um is associated with the intermediate frequency
population (Lew1s et a1., 1982a,b). Additionally the d1str1but1on of BEFs of
the juvenile 10& frequency population extends into the range of the adult
1ntenned1ate frequency population (Shofner and Feng, 1981), and our present

anatomical data show that the TM mass associated with the rostral portion of the
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S-segment ih‘the juvehf1e papfl]a has approximately the same value as that of
the T™ éf the caudal tail in the adult (FIGURE 13). Thus, there appears to be a
cTose'corre1atfon between the absoldte T™M mass and the frequency sé]eétivity of
: individual Toci along the 1engfhvof the organ.
~In addiﬁionvto thé change in ™ mass_wﬁth age, there is also an increase in
the height of the stereoéilia'in the caudal tail of the organ. The height of
the stereocilia of tybe D hair cell, the predominant hair cell type, is uniform
along the length of the aduTt ampﬁibian-papi11a. On»the:other hand, tﬁérelis a
' systeﬁatic decrease in the'stéréocf1ia height as one moves caudally fn the
,juveni1é organ. The‘sﬁohter stereocilia possesses a greafer stjffness which
results in a higher nafura] frequéncy of vibration. Thus, the extended BEF
range of the juvenile low and intermediate frequency populations is presumably
the. result of a ;ombinatibn of less massive TM-and ‘shorter stereocilia.
Comparison of the morbho1ogy of the juvenile and adult amphibian papillae
with data from VIIIth nerve recordingé (Shofner and Feng, 1981) may provide some
1nsight'into.a.possib1e mechanism for two tone inhibition (suppression) in Tow
frequency auditory fibers of Ranid anurans. Physio]ogjcé]ly, the range of best
 inhib1tory frequencies (BIFs) of 10& frequency s;1ective fibers in both juvenile
and adult bullfrogs coincides with the range of intermediate frequency fibers
in both groups of animals. -Anatomical data show that hair cells in the rostral
tfiénguTar'patch are oriented along the rostrocaudal axis, while those in the
’caudalitai1 are ofiented along the medio-Tateral axis in both_groups of frogs.
| Sihce the maximum hair{cel] response occurs if it i§ stimhiated along the axis
of stereocilia qrientdtion (Hudspeth and Jacobs, 1979; Hudspeth, 1082) then in

order for.different tones to maximaTIy excite the hair cells in different



lpétches of the organ, the TM must Vibrate along different axes. Namely,
intermediate frequency tones vibrate the caudallTMvhediolatera1Ty and low
vfreéuency tones,vibfate,the rostral T™ rostrocaudally. If this is the case, the
preseﬁce of intense mechnical energy dué to the suppressor tone at intermediate |
frequencfes (which vibrates the cauda].TM»medio1atera11y) may interfere with the
rbstrocauda1 vibrétion‘pattern of the'rbstra] ™ to excitatory low frequency
tohes. - Such mechanical interference can decrease the neuralvrespdnse to the
excitoritone. While this hypothesis has its attractivéneés, it does not explain
Why intermediate frequency auditory fibers, whfch innervate the caudal
~epithelium, cannot be inhibited by 10@ frequency tones which excite-the rostral
vpatch‘associéted with fhe most massive TM. Nevertheless, it is possible that
the presence of the tectorial curtain may determine the direction of mechanical
interaction between the rostral and caudal TM.. This scheme is in contrast to
that of the mammalian cochlea where two tone inhibition is thought to arise from
the nonlinear properties of the basilar membrane motion (Rhode and Robles, 1974;
Rhode, 1977). In the spadefoot toad, fwo tche inhibition of low frequency
fibers occurs (Capranica and Moffat, 1975) but the amphibian papilla of this
species lacks a caudal extention of sensory epithelium (Lewis, 1977b). The
' meéhanism of two tone inhibition in this case is unknown, but the phenomenon may
be similar to that ofrrepthes (Ho]ton and Weiss, 197R)>where only hair cells
associated with the TH show two tone inhibition.

The above discussion suggests that the mbrpho1ogy of the auditory organs

plavs a critical role in detefﬁining the frequency selectivity of the auditory

periphery. While there are increases in the diameter of the tympanic membrane

o RSB A ot S vt bt S L DS A . e R B e
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and midd]evearystructures during post-metamorphic déve]opment (Shofner and Feng,
']981),‘these changes will primarily alter the upper frequency limit of the
systém. Comparative studies.have shown;that the anuran middle ear acts-as'a Tow
pass filter and that the uppér cut off frequency ‘is inversely related to the
body siié and tympanic membrane size of the frog (Saunders and Johnstone, 1972;
Moffat and,Capranica, 1978). Thus, a downward shﬁft in the upper cut fo
frquency presumably occurs during the post-metamorphic growth of the bullfrog.
However, our data suggest that the morphological characteristics of the
amphibian and-basilar papillae are the major elements which Shape the
distribution of BEFs recorded from the VIIIth nerve. |
Beyond the changes ih frequency selectivity which occur during
post-metamorphic development, éhanges»in the sensitivity of the varfous
popufations of auditory fibers occur with agé'(Shofner énd Feng, 1981). It is
unclear what‘tﬁe morphological basis of these sensitivity changes are. We
observe an increase in the lengths of the sénsory epithelia as well as in the
nuhber of hqir cells of the auditory organs during post-metamorphic growth. If
the ratio of anitory_fibers to hair cells increases, then there may be an
increase in sensitivity as observed in sharks (Corwin,.persona1 communication).
‘Maturation of the 1nnerVatidn pattern of the hair ce11s appears to be important
for the increase in auditory éensitivity during development in mammals (Pujol,
et al., 1980; Lenoif et al., 1980). |
The growth of the sensory epithelia in the saccule, basilar and amphibian
papillae in larval anurans (Lewis_and Li, 1973; Li and Lewis, }974) aé well as

macula neglecta 1n‘sharks (Corwin, 1981) appears to occur at the lateral edgés

of the epithelium. Our study in‘post—metamorphic frogs supports this finding.
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It is only along the lateral edges of the basilar papiTia in juvenile bu11frogs.
thét immature hair cells are occasionally observed. In thé amphibian papiila,
it‘is a1bng'the TaferaT edges where intermédiate type hafr cells are observed .
The morpho]ogical,Characteristics of the stereociliary bundles of the -
intermediate hair cells further suggest that a transformation;from type A to
type E hair cells may occur. This observation Tends furfher éupport to the
hypothesis that type A hair cells are morphogenétic.precursor;cel]s (Lewis and
Li, 1973; Li and Lewis, 1974). If this apbafent différentiation of hair cells
is accompanied by changes in their inherVatfon, then thresholds of excitatioh
may be modified during post-metamorphic development.. The morphological basis of
threshotd chaﬁges during'post—metahorphic development, however, requires further

- investigation.
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Schematic diagram illustrating how quantitative measurements of the -

true dimension (T) are calculated from Sfereopair scanning e1ectrqn
micrographs. T is first projecteﬁ as length X; in the left
micrograph of the stereopair.  The'specimen is then ti]fed-by 0
degrees-and T is projected as Xp from the right micrograph of the
stereépair. The hefght of the photographic point (Zy) can be
calculated as described in the text, and«T can then be determined

from the Pythagorean theorm. .
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Schematic diagram illustrating how the Tumen area of the basilar
papilla is determined»frdm scanning electron micrographs. A

étereopafr was first taken with the direction of tilt along the

'height of the organ, and the true length (Tp) was determined. The

specimen was then rotated 90°. A second stereopair was taken with
the direction of tilt along the width of the organ, and the true
width (Ty) was calculated. The area was calculated using the

formula for the area of an_e]]fbse.
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Figure 3.  Scanning electron micrographé of aduit (A)-and juvenile (B) basilar
papillae.
L:  Tumen
™: tectorial membrane‘
SE: sensory epithelium

Calibration mark =100 pm
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Figure 4. Light micrograph§ of frontal sectibns through ;uveniTev(A) and adult
(B) basilar papillae.
L: Tumen |
TM: tectorial membrane
SE: sensory'epifhé1iwn
VITIBP: branch of VITith(nerve_which innervates the basilar papilla

Calibration mark = 100 um
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Figure‘S.vaLight micrographs of frontal (A) and horizontal (B) sections through
the basilar pépi]]a shéwing the contact membrane.
CM: contact membrane |
TM: tectorial membrane
E: endolymph
pP: perilymph

Ca]jbration-mark = 100 um
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Figure 6. Stereopair scanning electron micrograph of the basilar papila.

Width of entire micrograph is 465 um.






Figure 7.
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Histogram of the mean lumen area of juvenile (J) and adult (A).
basilar papillae as determined from stereopair scanning electron

micrographs. Vertical Tlines show standard derivations.

9
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‘Figure 8. Histograms of the mean Tumen volume and mean tectorial membrane.
“volume for juvenile (J) and adult (A) basilar pap111ée as determined
from serial sectioned otic capsules. Vertical Tines show shandard

deviations..
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A-B. Scaﬁning electron micrographs showing the gradation of the
three hair ceTl"tybes along the mediolateral axis in juvenile (A)
and adult (B) basilar papillae. Calibration mark = 100 um.

C-F. Scanning electron micrograpﬁs'of fhé thrée‘types of hair cells ‘
found in juvenile and adult basitar pépi11ae. See text for

description. (C) Type D:; (D) Type F; (E) Type A; (F) Immature hair

- cell. Calibration mark =1 um
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Figure 10.
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Light micrographs of fronta]»sections_taken along the length of the
juvenile and adult amphibian papillae.’
A-B. Frontal sections thrdugh the'rostra1lregion of .the papilla.

C-D. Frontal sectioné’through the_bimoda] regidn of the papilla

5

showing both patches of epithelium.

E-F.  Frontal -sections through the region of the tectorial curtain,
G-H. Frontai sections through the caudé1 tail of the papillae.
RSE: rostral triangular patch of sensory epithelium.

CSE: caudal S-segment of sensory epithé1ium,

™: téctoria] membrane

TC:. tectorial curtain »

VIIJAP: branch of VIIIth nerve which innervates the amphibian
papi1ia.

Calibration mark = 200 um
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Scanning electron micrograpﬁs of the sensory epithelia of juvenile
(A) and adult (B) amphibian papillae.

RSE: rostral triangular patch.of sensory epithelium,

CSE: caudal S-segment of sensory epithe]iumf

VITIAP: branch of VIIIth nerve which innervates the amphibian

papilla.

Calibration mark =100 um.
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vFigure 12.
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Mean crdss sectional areas of the tectorial membrane (TM) as a

function of mean length for juvenile (brokén Tine) and adult (solid

; Tine) amphibién papillae. Filled and open circles are values of the

™ assocfated with the rostral triangular patch and caudal S-segment

of epithelium, respective1y.'
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Figure 13,
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Mean cross sectional areas of TM normalized as a functfon of percent
mean_]ength for juvenile (broken line) and adult (sd1id Tine)
amphibian papillae. Filled and open circles are values of ™
associated with the rostral triangular patch and caudal S-segment of

epithelium, respectively. The arrqw_indicates the location of the

‘tectorial curtain. Verticél Tines show standard deviations..

-
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Fjgure 14, A, Scanning electkqn mickograph showing the gradation vathe three
hair cell types along the mediolateral axis obseryed in the juveni]e
amphibian papilla. .Calibration mark = 10 pm.
'B~D."Scanning'e1ectron micrographs of thé three types of hair cells
found in the -amphibian papilla. See text for description. (B) Type

A; (C) Type E; (D) Type D. Calibration'mark = T um.
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ngure 15. A. Scanning electron micrograph showing the lateral edge of a
juvenile amphibian papilla. Calibration mark = 5 um.
B. High magnification of the most Jateral hair cell on the-above'
figure (indicéted by the arrow). Npte-the bulbed kinocilium.

Calibration mark = 1 um.
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Figure 16. Stereopair of a type D hair cell from the amphibian papilla.

Width of the entire micrograph is 11 um.
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VFiguré 17. Histograms of the mean height of the tallest stereocilia of type D
| hair cells aTong the sénsory epithelia of a juvenile and an adult
anphibian papilla. : |

a. Mean height from rostral triangular patch;

b. Mean.height from the ﬁegion around thebtectoria1 curtain.

c. Mean height from tﬁé cauda1‘tai1.

Schematic at the topvof figure.%1lgstrates regions along the

epithelium where measurements were made.



HEIGH’T (pm)

b

1

JUVENILE

ADULT




150

84P $90404 SnOOSLA Buluwnsse sej|ided Je|Lseq s[Lusaanl pue 3|npe Lo¢,ﬁ

*gqebt bau

owv Aousnbad

JUBLOSBJ puUP mAuv aouerL | dwod dL3snode ‘() BOUBRIUBUL DLISn0de JO SaN|BA nmpm_:uﬁmu; 1 °1qeL

By , .
ZH 0L X 276 T 170l X 9°¢ J/BE 0L X €78 ITINAAND
_ 7y S :
6 |
ZH 0L X §°9 s |70l X 66 LJU/BH 0L x 079 1inay
AN | .
4 g W

L 374vL



151

“quruLWOp

0

9JB S3240} SNOdSLA Buiwnsse se|jLded 4e[LSeq D[ LUBANL pue 3|npe 4o} (4) Adusnbadl

qURUOSaJ pue (J) Souel|dwod O13SNEDR () 20URIUABUL OLISNODR 1O SBN[BA Pale(Nd|e) "7 9[qel

_ m ,
7H 8212 NIU%WH RIS R 3TINIANC
H 6521 ot 0L X 89 /6% 9" 42 | 11nav
, . 2 1 , .
. -
s 5 !

¢ 47dvL



152

LITERATURE CITED ‘ v

Boyde, A{,'ahd P. G. T. Howell (1977) Taking, presehting and. treating stereow
daté from'thé SEM II. In C. Johari (ed): Scann%ng Electron |
Microscopy/1977/1. Chicago: IIT Res. Inst, bp.-571-580.

CapraniCa, R.”R. and A. J. M,'Moffqt (1975) Selectivity of the periphefalv

»

auditory system of spadefoot toads (Scaphiopus couchi) for sounds of

bio]ogfca] significance. J. Comp. PhySiol. 100: 231-249,

Capranica, R. R., and A. J. M. Moffat (1977) Place mechanism underlying
frequency analysis fn the téad‘s inner(ear; J. Acous. Soc. Amer. 62: S36.

Corwin J. T. (1981) Postembryonic production and aging of inner ear hair cells
in sharks. dJ. Comp. Neurol. 201: 541-553.

. Feng, A. S., P. M. Nafins,'and R. R. CaprahiCa-‘(1975) Three populations of

primary auditory fibérs in the bullfrog (Rana catesbeiana): Their

peripheral origins and frequency sensitfvities. J. Comp. éhysibl. 100:
221-229.

Frishkopf, L. S., aha A. Floék (1974) UTtrastrdéture of the basilar papilla,
an auditory organ in the bullfrog. Acta Otolaryngol. 77: 176-184°~ o

Geister, C. D.,'H. A. van Bergeijk, and L. S. Frishkopf (1?64) The inner ear
of the bullfrog. J. Morphol. 114: 43-58.

Holton, T., and T. F. Weiss (1978) Two-tone rate suppression in lizard cochlear
nerve fibers, relation to rebeptor organ'morpho1dgy. Brain Reg. 159:
219-222. | | . |

'Hudspeth, A. J. (1982) Extracellular éurrentvflow and the- site of transduﬁtion

by vertebrate hair cells. J. Neurosci. 2: 1—#0.



153

Hstbeth,_A. J., and R. Jacobs (1979) StereociTia mediate transduction in

.> vertebrate hair cells. Proc. Nat. Acad. Séi; 76: 1TH06-1509.

Kinsler, L. E., and A. R. Frey (1962) Fundamentals of Acoustics. 2nd Ed; New
York: John Wi]ey and'Sons, Inc. ’

Lewis, E. R. (1976) Surface morphdlogy of the bullfrog amphibian papilla.
Brain Behav; Evol. 13: 196-215. |

.Lewis, E. R. (1977a) Comparative scanning electron microscopy sfudy of the

anuran ba§i1ar papilla. Proc. Elec. Mic. Soc. Amer. 35: 632-633.

Lewis, E. R. (1977b) Structural correlates of function in the anuran amphibian
papilla. In 0. Johari and R. P._Beckef (eds):v Scanning Electron
MicrOSCObY/1977/II. .Chicago: 1IT Res. Inst., pp. 429-436.

Lewis, E. R. (1978) Comparative studfes of the anuran auditory papillae. In
R. P. Becker and 0. Johari (éds):’ Scanning Electron Microscopy/1978/11.
Chicago: IIT Res. Inst., pp. 633-642. -

Lewis, E; R. (1981) Suggested evolution of tonotopic organization in the frog
amphibian papr}a.. Meurosci. Lett. 21: 131-136. | |

Lewis, E. R., R. A. Baird, E. L. Leverenz, and H. Koyama (1982a) Inner ear:.
Dye injection reveals peripheré1 origins of specific sensitivities.

Scfence 215: 1641-1643.

' Léwis, E. R., E. L. Leverenz, and H. Koyama (1982b) The tonotopic organization
of the bullfrog amphibian papilla, an auditory organ lacking a ba§i1ar
membrane. J. Comp. Physiol. 145: 437-445.

Lewis, F. R., and C. W. Li (1973) Evidencé coﬁcerning the morphogenesis of

saccular receptors in the bullfrog (Rana catesbeiana). J. Morphol. 139:

»

351-362.



154

Lewis, E. R., and C. wQ Li (7975) Hair cell types and distributions in the

| otd]ithic and auditory ofgans of the'bu11ffog. Bfain-Res.-83: 35-50.

Lenoir? M., A. Shnerson, and R. Pujo1‘ (1980) Cochlear receptof-development in
the rat with emphasis on synaptogenesis,b Anat. Embryol. 160: 2534262L

Li, C. W., and E. R, Lewis {(1974) Morphogenesis of auditory receptor ebithe]ia
in the bullfrog. In 0. Johari and I. Corvin (eds): Scanning Electron
Microscopy/1974. Chicago: 1IIT Res. Inst., pp. 791-798.

Moffat, A. J. M., and R. R. Capranica  (1978) "Middle ear sensitivity in anurans
and reptiles measuréd by Tight scatteringispectroscopy. J. Comp. Physiol.
127: 97-107. | o

Pujol, R., E. Car]ier, and M. Lenoir (1980) Qntogenetié approach»to inner and
outer ﬁair cell funﬁtion. Hearing Res. '2: 423-430.

Rhode, W. S. (1977) -Some observations on two-tone interaction measured with
the Mossbauer effect. In E. F; Evans and J. P. Wilson (eds):
Psychophysics and Physiology of Hearing. New York: Academic Press, pp.

2741, |

Rhode, W. S., and L. Robles (1974) Evidence from Mﬁésbauer experiments for
‘nonlinear vibration in the cochlea. J. Acous. Soc. Amer. 55: 588-596.

Saunders, J. C., and B. M. Johnstone (1972) A comparative analysis of middle
ear function in non-mammalian vertebrates. Acta Otoloaryngol. 73:
353—361, ’

Shofner, W. P., and A. S. Feng (19871) Post—metamorphic development of the

frequency selectivites and sensitivities of the peripheral auditory system

‘of the bullfrog, Rana catesbeiana. J. Exp. Biol. 93: 181-196.



155

Shofnef, W. P., and Féng,-A.:S. (submitted) A quantitative 1ight microscopic
study of the bul]frog‘amphibiah papilla tectorium: Corre1§tion with the
‘tonotopic organization. Hearing ﬁes. | | |

van Bergeijk, W. A. and E. Witschi-(1957) The basilar papila of the anuran ear.

Acta Anat. 30: 81-91.



SECTION V. PHASED-LOCKED RESPONSES OF AMPHIBIAN PAPILLA AUDITORY FIBERS

TO LOW FREQUENCY TONES



157

INTRODUCTION

The amphibian papilla of the bullfrog is tonotopically organized along
its length with low frequehcies represented rbstrall& and higbef freQuencies
represented céudally*(Léwis etal., 1982a; 1982b). The tonotopy observed in
the amphibian papilla appears fo_bé due in part to the spatial grédations
in the massAoflthe tectorial membrane (Lewis, 1981} Lewis and Leverenz, in
press; Sections TIT and IV of this thesis). It has been suggested that these
sﬁdtial gradations in mass may give risé to a traveling wave in the tectorial
‘membrane of the amphibian papilla (Palmer and Wilson, 1981 Lewis etal., 1982b)
analogous to that found in the basilar membrane of the mammalian cochlea
where there exists spatial gradatidns in the compliance of the membrane
(Bekesy, 1960). The phase locked'heural discharge of mammalian VITTth nerve
fivers (Pfeiffer and Molnar, 1970; Anderson etal., 1971; Geisler etal., 1974)
and anteroventral cochlear nucleus neurons (Gibson etal., 1977; Brugge etal.,
1978) to the stimulus. cycle has been used to determine the travel time of the
mechanical disturbénce along £he basilar membrane. This travei time is
proportional to the propagation velocity of the traveling wave (Gibson etal.,
1977). The purposé of the present study is to investigate the phased locked
responses of auditory fibers derived from the amphibian papiila of the bullfrog
in order to gain some insight into whether a traveling wave may occur in the

-tectorial membrane.
METHODS AND MATERTALS

Intermediate sized bullfrogs ranging from 6.2-6.7 cm in snout-vent
lengths were obtained from Charles Sullivan (Nashviile, TN), Animals were
‘anesthetized with pentobarbitol (65 mg/Kg), and the VIIIth nerve was exposed

dorsally as described in Section II. Methods used for single unit recording and

acoustic stimulation have been described in Section IT1.
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When an auditory fiber was isolated, its best excitatory frequency (BEF)
was first determined. After the BEF was‘characteriZed the phase locked
neural responses to the stimulus cycle of different low frequency tones

were studied. Actlon potentlals were generated in response to tone bursts of
100 msec dufatlon having frequenc1es from 50-400 Hz. The frequency of the
tone was increased in 50-100 Hz increments whlle the intensity was malntalned
at a constant level. DNeural responses and acoustic stlmull were Teceorded

on magnetic tape (TEAC A-2340SX tape recorder) for off line computer analysis.‘

Cycle histograms having 50 usec binwidths were generated and stored on
a PDP—11/23 computer. The zero crossing of the negative slope of the sine
wave was ﬁsed as a phase reference of O in each cycle histogram. The
degree of synchronization and mean phase angle nere calculated according to
Goldberg etal (1969) for each cycle histogram. The mean phase angle can’
vary from 0 to 27, and the defree of synchronlzatlon can range from O to 1
where O implies no phase locking of the neural response tc the stimulus and

1 implies perfect phase locking (Goldberg etal., 1969).
RESULTS

.A total of 56 single auditory fibers was isolated from 3 intermediate
sized bullfrogs, and the phased locked responses -fo the stimulus cycle
were ottained for 18 fibers.

Figure 1 shows the cycle histograms obtained from an auditory fiber
having a BEF of 705 Hz in response to frequencies ranging from 100-400 Hz at
an intensity of 100 4B SPL. It can be observed from thevcycle histograms that
as the stimulus frequency is-increased, there is a shift in the nean phase

angle of the neurai response, The cumulative shift in mean phase angle as
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a function of stimulus frequency is shown in Figure 2 for six fibers étudied
vfrom'one animal. Each phase—frequency plo£ has béen fit with a regression
line. The slopes of these linear phase%frequehcy plots appear to be independent
of the BEF apd are similar for all fiberé having values of approximately

0.018 rad/Hz. The basilar papilla fiber has é BEF of 15301Hz and a slope

of 0.024 rad/Hz.
DISCUSSION

The results of the present study suggest that for auditory fibers
innervating the amphiblan papilla,.the.cumuldtivé phase-frequency function
is independent:of the BEf. In addition, the slopes of these phase-frequency
plots are similar in é given'animal. The slope of the linear phase-frequency
function is .an estimate of the time it takes the mechanical disiurbanéé at
the oval window to reach a givén location along the auditory organ (Anderson
efal.,.19?1; Gibson etal., 1977). Since the slopes of the phase-frequency
piots appear to be similar and independent of BEF for amﬁhibién papilla fibers,
it suggests that the travel time of the mechanical'disturbahcé may be the
same for all loel along the tectorial membrane.

The results obtained from the VIIIth nérve fivers in the present study
are in contrast to those obﬁaﬁned from the mammélian VIIIth nexve (Pfeiffer
énd Molnar, 1970:; Anderson etal., 1971; Gelsler etal,,k1974) and the antero-
ventral cochlear nucleus (Gibson etal., 1977; Brugge etal., 1978). In mammals
the slbpe of the oumulative phase-Trequency function is dependent on BEF such
that there is a systegafic decrease in the sloﬁe with increaSingbBEF. The
relétibnship between the siope and BEF in mammals indicates thét the time delay

for high frequencies is less than that for low frequencies and is thought to :
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feflect the propagation velocity of the traveling wave (Gibson etal., 1977).
If this is the case, then the results of the present study suggest that a
travellng wave may not occur in the tectorlal membrane of the amphibian |
papilla. Thls conclusion is conslstent with the hypothesls that the input
~acoustic énergy is distributed over the surface of the entire tectorial
membrane_and the local resonant characteris£ics,of the tectorial membrane
determine the.frequency at a given locus (Lewis and Leverenz, in press).
However, the results of the present study are preliminary, and further

experiments are required before a definite conclusion can be reached.



Figure 1.

- 400 Hz: mean phase 0.34 T ; r

Representative cycle histograms obtained from an amphibian
papilla auditory fiber having a BEF of 705 Hz. The phased-locked
responses shown are for stimulating frequencies of 100 Hz,

200 Hz and 400 Hz at 100 dB SPL. The cycle histograms have been
normalized to a 50 bin histogram. Thus, each bin is 0,04 T,
Mean phase and synchronization (r) are as follows:

100 Hz: mean phase 0.55 TT; r = .819

200 Hz: mean phase 1.727 ; r = .821
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Figure 2. The cumulative phase shifts as a function of stimulus frequency
for 5 amphibian papilla fibers (solid lines) and 1 basilar
papilla fiber (dashed line) from the same animal. The BEF of each
fiber is given at the top of each phase-frequency plot. Data points

have been fit with regression lines.
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CONCLUDING REMARKS

Summary of the Results

During the pOst;metamorphic development ofvthe builfrqg, there is a
gradual downward shift in the frequency selectivity of the peripheral auditory
sysfem. This downward shift is thé consequence of develdpmental changes in
the sizes of the various peripheral auditory structures. As*these.structures
increase in size during post—metamorphic development, their pbysical properities.
are modified resulting in changes in the frequency selectivity of the
peripheral auditory system.

The decrease in the ﬁpper limit of hearing with age appears to be
primarily the fesult.of the increase in the area\(and mass) of the tympanic
- membrane and the mass of the middle ear bones. As the middle ear structures
become more .massive, there presumably is an atténuation of high frequency
vibrations in the middle ear resul£ing in a decrease in the upper cut off
frequency of the middle ear response. Mechanical measurements of the vibration
of the tympanic membrane are necessary in order to determine the frequency
response of the middle ear during post-metamorphic development. Only then can
: thé contribution of the middle ear to the shift in frequency selectivity
be resolved.

Whilé the increase in the mass of the middle ear bones may be an important
factor in decreasing the upper limit of hearing during post-metamorphic
development, it is unlikely to be the primary contributor to the decreases in
the frequency selectivities of fhe three populations of aggitory fibers in the
VIIIth nerve. Although a decrease in the upper cut off frequency of the middle

ear response wlth post-metamorphic age may result in the elimination of the
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high frequency population observed in juvenilee, it cannot acceunt for the
shifts in the frequency selectivities of the low and intermediate frequency
popuiations due to the low pass fiiter characteristics of\the middle ear
(Saunders and Johnstone, 19?2;iMoffat and Capranica, 19?8).> Thus, -the tuning
properties of the individual auditory organe are important factors in shaping
the distribution of best excitatory frequencies (BEFs) during post-metamorphic
development. B |

The downward shift observed in the frequency selectivity ef the high
frequency population of auditory fibers from the basilar papilla seems to be
the result of two factofs. First, the basilar papilla apparently acts as a
tuned resonator under conditiens,where fluid viscosity is the‘important component.
~ Based on calculations, changes in the acoustic inertance and acoustic compliance
of this resonator seemingly occﬁr during post—metamorphic‘development as a
resuit.of the enlafgements of the resonator opening (eontact membrane ) and
_ volume (lumen). As a consequence of the changes in acoustic charadteristics.
of the basilar papilla, there is a decrease in the calculated resonant frequency
of the organ, In addition to the changes in the resonance properites, there is
a dramatic increase in the mass of the tectorial membrane during this period
of development, which pfesumably results in a.decrease in the frequency selectiv-
ity of the hair cells associated with this structﬁre_by increasing the load on

the stereocilia. While the shift in the upper limit of hearing can he attributed
to the middle ear, it is the resonance characteritics of the basilar papilla that
determine the frequency selectivity of the high frequency populations of fibers,
and not anv resonance characteristics of the middle ear.

- The intermediate frequency population of auditory fibers is derived from
the caudal tail of the amphibianlpapilla, and the downward shift in their
fpeqﬁency selectivity during development appears to be due in part to an increase

in the mass of the tectorial membrane.associated with this region of the papilla.
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As in thé basilar papilla,,the increase in tecorial membrane maés presumably

results in aﬂ increase.of the load on the hair cell stereocilia. In addifion

to‘the'eniargement of the tectorial membréne, there is also ablengthening of”
the stereéqilia of the predominant hair cell tjpe in the caudalltail of the

amphibian papilla. This_increase.iﬂ stereocilia height tﬁeoretically results
in a decrease in thé stiffness of the.étereociliéry bundle. Both of the

above factors, namely the increase in tectofiai membréne mass and the increase
in stereocilia height, result in a decrease in the frequency selectivity of

the hair cells in the caudal tail of the amphibian papilla;

The overlap between the frequency sélectivity of the juvehile low frequency
with that of the adult intermediate frequency populatiqn appears to be due in‘
part to the absolute mass of the tectorial membrane which has similar values
‘in‘the Sisegment of the amphibian papilla rostral to the tectorial éurtain\in
Juveniles and caudal to‘the tecotial curtain in adults. Low frequency selective
fibers in both groups of frogs show two-~tone inhibition; Eut the frequency
éelectivity for inhibition shifts downward with post—mefamozphic age. This
shift appears to be related to the iﬂcrease in the mass of the tectorial membrane
in the caudal tail of the amphibian papilla, since the frequency‘selectivity :
for inhibition:corresponds to the excitatory frequencieé in this regioh of the
sensory epithelium. Thus, the mechanism underlying two-tone inhibition may
involve a nonlineaxr interaction between the tectoyial membrane in the caudal
tail and rostralitrianguiar‘regions cf the papilla;

In addition to the changes in freguency selecﬁivii&, differences. in the
sensitivity of some auditory fibers of the various populations are found
between the two groups of frogs. The'thréshold of excitation of the ﬁajority
of auditory fib?rs are similar betwéen Jjuveniles and adults with the most
-sensifive fibers in both groups having threéholds around 20 dB SPL and suggests
‘. that the impedance transférmer,actioﬁ of the middlé ear is mature in juvenile
bullfrogs. Thus, the middle ear sensitivity may not be éble to accountvforlthe

populations of high threshold fibers that are present in juveniles, but
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absent in adults. Mechanical measurements of the middle ear aré-necessary,
to establish ifs sensitivity during post-metamorphic development, nevertheless.

It i; likely- that changes within the inner ear are in part'responsiblé
'for‘the sensitivity changes of some fibers. = In the basilarlpapilla,"the
increase in the sensitivity of the highér'thfeéhold fibers during post-
‘metamorphic developmen£ does not appear £o be due to changes in the number of
hair cells innervated by a single auditory fiber, 'since one axon innervates
only one hair cell in the adult (Lewis etal., 1982a). Howéver, if arnerve
fiber innervates immature hair cells in the juvenile, then the threshold of
excitation may be high. On the other.hahd, the increase in sensitivities of
some amphibian papilla fibers may possibly be the résult of chdnges in the
\innervation pattern of the hair cells. For instance, in the adults, a single
fiber innervates 1—15 hair cells (Lewis'etal., 1982&; 1982b). If there is an
increase in the number of hair cells innervated by a single‘auditory nerve fiber
during post-metamorphic growth, the sensitivity of the fiber'may be increased.
Furthermore, some hair cells in the amphibian papilla appear to differentiate
into -other hair cell types. Ir this apparent transformation is accompanied
by changes in the innervation pattern;‘increases in the sensitivity of the‘
‘fiber may result. Intracellular staining of single auditory fibers in the
juvénile bullfrog are required in order to relate the sensitivity of the
fiber to its innérvation pattern of the hair cells.

In addition to the possible changes in the innervation patterns of the
hair cells, the tectorial membrane may also play a role in this increase in
sensitivity. Since a basilar mémbrane does not exist in the'anuran auditory
papillae; the bending of the hair cell stereocilia in response to acoustic
‘stihulation in +the anuran audiﬁory.orgénﬁ is présumably due to the viscous
coupling'between the stereociliary bundle and endolymph. - The tectorial membrane

may serve to increase the effective surface area over which the frictional



coupling between endolymph and stereocilia can actfupon,,thus increasing
the'senSitiviiy-Of displacement of‘the stereociliary‘ﬁundleg If this is the
case, the enlargement of the técﬁorial membraﬁe during,post—metambrphic
deveiopmenﬁ may further increase the-éffective area for viscoﬁs coupling
.rgsultiﬁg in an increase in the sensitivity of . the hair Jo11g assbbiated

Vﬁith the tectorial membrane.
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- Behavioral Significance

The behavioralsignifiéance: of the frequency selectivities of the
three populations of auditory fibers has been described for adult anurans.;
The'dominant_speétral energies of anurén calls aré cloéely matched to the
frequency selectivities of the basilar and amﬁhibian‘papillae such that
the auditory periphery 1is spécialized for the deteotion of biologically
- signifigant sounds. Thus, the central auditory system.is only'prdceSSing
acoustic information which contains the séme spectral features as those
found in anuran calls.
The spéctral energies found in the matiﬁg call of the adult méie bullfrog
ére bimodally distributed (Capfanica, 1965; 19663 1968). There is a low
vfrequency peak of enérgy centered around 200-300 -Hz, and a broad peak of
' spectral energy is typically centered arbund 1400—1500 Hz. In.addition to
these two spectrél peaks, a relative absence of aéoustic energy is found
froﬁ 500-700 Hz. However, other calls prodﬁced by both male and female
bullfrogs such as territorial éails; reléase calls and warning calls possess
substantial spectral energy around 500-800 Hz (Capranica, 1965; 1968).

When the bullfrog mating call is presented to a group of adult male
bullfrogs, it evokes a high.levél'of mating éalling from the ﬁales (Capranica,
1965; 1966). However, the playback of mating calls from other anuran species
fails to evoke mating calling in the male bullfrogs, thus demonstrating that
the bullfrog can recognize its own species mating call from tﬁose of other
species (Capranica, 1965). Female bullfrogs do not exhibit this evoked
vocalizgation in response to the mating call, but presumably would shdw phono-
taxis toward the loudspeaker (or male bullfrog) as described for other families

of anurans (Martof and Thompson, 1958; Gerhardt, 1974; 1981; Ryan , 1980).

Thus, the mating call is attractive not only to adult males, but presumably

to adult females as well.
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Using synthetic mating calls, Capranica (1965; 1966) has_demonstrated
the essential spectral featureé of the mating qéll which stimulate the
-evoked vocal résponse in male‘bulifrogs. When'éither the'high ér low frequency
~peak of energy is fiitered frqm the.call, evoked mating calling by males
does not occur. When an gdditional frequency compbnentvbf 500 Hz is added
to the synthetic call, the evokéd vocal response can be partiéliy'or totally
suppressed depending on the relétive amplifude of the‘500.Hz component to the
low frequency peak. Furthermore, if both low and high frequency peaks are
present; but’the low frequency energy is systematically shifted toward .500 Hz,
the evoked vocal response systematically falls_off. Interestingly,i~ smaller
youngexr males_(}—h inches). produce a bimodal mating call with a low frequency
peak of energy around 500-700 Hz rather than at 200-300 Hz as in larger adult
bullfrogs (6-7 inches), aﬁd this call of the younger frogs 1s unattractive
to the adults (Capranica, 1965; 1966). »

" The results of Capranica (1965; 1966) demonstrate that the simultaheous
presence of low frequency energy centered around 200-300 Hz and high frequency
energy centered around 1400-1500 Hz is required in the spectral distribution
. of the mating call in order to render this call attractive behaviorally.
Physiologically, the low frequency peak in the mating Call.cdfresponds to the
frequency selectivity of thé low frequency population of auditory fibers, which
innervate the rostral triangular patch and the initial S-segment of the
amphibian papilla sensory epithelium (Lewis etal., 1982a; 1982b). The high
frequency energy in the mating.call matches the frequency selectivity of the
High frequency population of auditory fibers, which are derived frbm the
basilar papilla (Lewis etal., 1982a; Feng etal., 1975)7 Thus, in order fo‘évoke
the behavioral iesponse in adul£ male bullfrogs, thevrostfal regions’ of the
amphibian papilla and the basilar papilla. must be simultaneously excited.
in addition to the presence of 1oﬁ and high fréqueﬁcy energy, an absence of

acoustic energy aroung 500-700 Hz is a prerequisite for 'the evoked vocal response
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to occur. This frequency peak cdrtesponds to the fréquenéy selectivity of

the intermediate ffequenéy auditory fibéré derived from the caﬁdal tail

of the amphibian papilla (Lewis, etal.;.1982a; 1982b) as well as to the

frequency Selectivity for two-tone .inhibition of low frequency auditory'fibérs.
' : :

" The excitation of the low and high frequency fibers by the two dominant
spectral energy peaks in the mating ;all provides a peripheral mechanism for
the stimulatidn of the behavioral response. In addition, these two populations
project to different reglons of the dorsal medullary nucleus (Lewis etal., 1980;
Fuzessery and Feng, 1981).and their inputs appear to convetge in higher auditory
centers. For example, many auditory neurons in the thélamus shOW'nonlineaf
excitatdry responsesvtq coﬁbinations of low and high frequency tones, which
may sexrve as a central mechanism in the stimulation éf this behavior (Mudry
etal., 1977; Fuzessery and Fené, in press). The suppression of the neural
activity of the low ffequency auditory fibers by intermediate frequencies via
two-tone .inhibition serves as a peripheral mechanism ih suppressing the evoked
calling response (Capraniéé, 1965). 1In the central auditory system, the
intermediate frequencies also inhibit the neural respénses ﬁf many thalamic
neurons (Fuéessery énd Feng, in press) .

In view of the cldsé match between the frequency selectivities of the
adult amphibian and basiiar papilliae. to the dominant spectral energies present
“in thé Eullfrog calls, it raises thevqueStion as to what might be the behavioral
signifigance of. the frequency selectivities of the Juvenile auditory, organs.

The juvenlles used in the present study are much less than one year old based
on their body 1engtﬁ (Howard, 1978) and will not begin to produce a mating call
until they are one.yeér past metamorphééis (Dickerson, 1969). While newly
transformed bulifrogs have been heard to give an alarm or warning call (Wright,
1914), the spectral structure of this. juvenile éall ig unknown. In adults,

however, the warning call has a broad unimodal distribution of spectral energy
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. below 1500 Hz and. a monotonic decrease in-eﬁergy at higher frequéncies (Capranica,
1965; 1968) Thus, it is unknown ﬁhether the freqﬁeﬁcy selectivity of the
Juvenlle perlpheral auditory system is matched to the domlnant spectral energies
of supposed Jjuvenile calls. - Nevertheless, it is interesting to note that the
dominant spectral enérgies of the bullfrog mating call .are closely'matéhed'
to the frequency selectivities of the low and intermediate frequency populations
of auditory fibers in the juvenilés. Moreover, Jjuvenile bullfrogs apparently
are present during the adult mating season.
| In the bullfrog, the transformation from tadpole to frogitakes place from
June to August (erght, 1914 Dickerson, 1969) while the mating season lasts
from May through July in northern states (W11115 etal., 1956 Howard, 1978),
but extends from April to November in Florida (W11115 etal., 1956). Thus,
newly metamorphoseo bullfrogs are present durlng at least part of the mating
season. However, Juvenlle bullfrogs are not reproductlvely mature (Willis etal.,
| 1956, Howard,v19?8) and hence, will not be participating in matlng. Typical
- behavior for the newly transformed frogs is to hide themselvés during the day
and to veﬁture out at night (Dickerson, 1969). It is at nigﬁ£,’however; when
the males are.generally calling for a suéﬁained period (Howard, 1978). 1In
" view of this, might the detection of the adult mating call have some behavibral
significance for the juveniles?

Tt is possible that when juveniles come out of hiding that the detection
of the adult mating call may serve in the recognition of the‘oalling males as
potential predétors. Adult bullfrogs are voracious eators and do prey on
smallexr froés (Dibkerson, 1969);_ If the same peripheral and central mechanisms
which processlthe acéustic information in the adult are élso present in the
Juvenile, fhglﬂhe mating call is presumably unattractive to ju?enile bullfrogs.
Since the two dominant spectral peaks of the mating call are matched to the
frequency selectivities of the Juvenile low and intermediate frequency popula-

tions of auditory fibers, the call presumably exclites the rostral and caudal -
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amphibian papilla in Juveniles, rather than stimulatihg'thé rostralkamphibian
papilla and basilar papilla éé in adults. Furthermore, since the 1400-1500 Hz
component-éf‘the mating call édrrespbnds to the ffequency selectivity for
inhibition of low fréquency fibers in the Jjuveniles, then this spectral
component of the call presumably suppresses the neural activity of the low
frequency population. Thus, th—tgne inhibition may serve as a peripheral
mechanism for the recognition of_calling males as potential predators. Moreover,
the excitaﬁion of thé intermediate frequency population by the 140041500 Hz
componen? presumably inhibits the neural activity of the juvenile thalamic
néurons rather ﬂhan éxciting them as in adults. This presum@tive central
inhibition in juveniles ma.y serve as a central mechanism in the récognition '
~of the males as predators. Systematic behavioral studies are required to
establiéh whether or not this behavioral significance in Jjuvenile bullfrogs

actually exists.
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