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Abstract ,. 

~pontaneous and fesponse activity were reêorded from single 
~, ~-

auditory herve fibres in the lizard, the Tokay gecko. The effect of 
\. ' , . 

~emper~~ure chan~e on ~he frequency selec~ivity (tun~ng) of the fibres 

• was studied in some detail. Small increments ~n temperature were 

found to censistently shift the frequency respense curves (or tuning 

cUrves) of ,the animal toward higher frequencies. Cooling had the 

reverse efféct. Temperature was monitqred either oraliy or within the 

cochlea contralateral to the exposed auditory nerve. The resuiFs are -

compared with temperature effects that hav~ been reported for cochlear 
/ 

potent1als'and, recently, for aud1tory nerve fibres in other 

species. Their-implications with respect to auditory tuning mechanisms 

are discussed. A number of general properties o~ the fibres' activity 

were also determined. 
, 

Computer analysts of tnese data revealed intereat-

ing patter~s of both spontaneous and response activity. An attempt ls 

made to relate these patterns ta morphology and possible tuning,mechanlsms' 

~n thé Tokay's inner'ear. 
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, . , 

chez le lézard gecko de Tokay les activités 
, a 

C spontanées et provoquées des fibres nerveuses auditives simples~ 
1 __ 

On a étudié en détail les effets ae changements de température sur 

la sélectivité de fréquences (tuning) des fibres. 
1 

On a trouvé que de légères,augmen~ations de température élèvent 
1 

les courbes de réponses aux fréquences (tuning curves) à d,es .fréquences 1 
1 

plus hautes. Le' refroid~ssement.des fibres p~oduit l'effet contraire. 

"Les température; enregistrées ét_aient orales' ou cochléaires et dans 
~ 

ce dernier cas contràlaterales au nerf a\ial:ti, exposé. 

On a comparé les résultats aux effets déjà .apportes 

de température sur les potentiels cochléaires du lézard gecko, et aussi-, '-------

plus recemment, sur les fibres auditives d r autres espe.ces· et on a di'scuté 

, ' 
des implications quant aux mecanismes de séléct~vi€é auditive. On a 

dégagé un certain nombre de propriétés génerales de l'activite des fibres. 
Cl 

• • 
L'analyse par ordinateur de ces données révèle des schémes intéressants 

d'activité spontanée et provoquée. 

On a tenté d'établir un rapport entre les schèmes d'activité et la 
'" f . 

morphologie et les mécanismes possibles de selectivite (tuning) de 

l'oreille interne du Tokay • .. 
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Preface 

This thesis is based ~n research conducted between June, 1976 and 
/: 

March, 1978. 'The re~earch is original in that aud~tory ne~e fibre 
~ ,-

activity has not been previously examined in the Tokay gecko, and bas 

been'studied in very few other reptil~s. To my knowledge, the effects 

of temperature change on the activity of single auditory neurons had 
" 

not been examined in any species prior to this project. , 
, 

The bulk of the thesis consists of two pape~s which wil~ bé 8ub-

mitted for publicàtion. Because of the complementary nature of thes~ 

papers, they constitute a two-part report and will be submitted together 
. 

as such~ For this reason a connecting text was not considered necessary. 

Thé result's reported in these papers were obtained from 44 an1mals • 
, • I~ 

The data from nine of these animaIs were collected and analysed by 
1 

Lorrâine Pawson; these results are included in the report on general 

properties of auditory nerve fibre,actlvity (Paper l ~f this thesis). 

As specified in the thesis guidelines outlined by the Facultyof' 
1 , 

Graduate Studies and Research of McGill University, the foliowing rfgl.l1-, 
1 

\ ation must'be èited: 
1 

• 1 

, The 'studen~ has the option, subject to the approva~ of th~ } 
'Department, of incl~ding as part or the thesis the text of an \ ... 
original'paper, or papers, suitable.for submdsslon to.learned 

. journa1s for pu~lication. In this case the thesis must still 
conform to aIl other tequirements explained in this document. 

~ Moreover, a f~11 introduction, and other material (e.g. ~- 1 

perimentat data or details or equipment and e~perimentàl design \ 
often omitted in journal articles) may,need to be'provided in \ 
addition. If more than one manuscript ls Included, connecting 
text and joint 9ummary-conclusions a,re·required. A mere . 
collecto~ of manuscripts la not acceptable; nor can reprints of 
publisped papers be accepted. 

Whi1e the inclusion of manuscript8 co-authored by the 
candidate and others ls not prohibited for a test period, the 

(i) 
. , 

'. 



.. 

, 0 

L 

~ • 
. 

! 

, 
" j', ... 
" ~ 

• 
......... ~ - .... ,- ~ .,-

candidate ls warned to make the most explicit claim for ~ 
his share in such work~ snd supervisor,s and others will 

.have to bear witness to the accuracy of such claims before 
the oral committee. Please note that the task of the . 
external examiner 1s muc~more difficult in such cases. 

,-
l, 

.J 

,II am indebted ta Lorraine Pawson for ber cheer1ng presence and 
1 }' 

expe# help, iarticu~r1y in the more tedious aspects of statistical 
~ 

anbysis. Thanks are 'due ta Prof. 'Y.L. Werner for his part iu in-
l , 

spiring the temperature èffects research, and to Prof. R.R. Capranica 

for his interest and advice co~cerni~g the same. r would like to thank 

Seth Pullman ~or his help in assembling the thesis, 4°~ general 

encouragement. l am especially g::ateful to Dr. ,G.A. ~anley for his 
\ 

" " 

invaluable ideas an4, generous and enthusiastic support throughout this 

study. 
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Introduction l ' 

, ' 
The vertebrate 1nner ear has successfully resisted efforts ta 

• 
fu11y understan,~ the mechanisms underlying peripheral frequency ana1ys18. 

Not surprisingly, ,these efforts have ~ostly focussed on the mammalian 

system. The work of von Békéoy (1960) estob1iahed 0 mechonica1 b.:~ 

for frequency, analy;sis within the tnalmlléÏlian coc,blea. von Békesy ",' 
, ' 

demonst~ated that sinusoidal st~ulation of the cochlea produces 

travelling waves along the eiongate basilar membr~e supporting the 
, . 

sensory epithelium (organ of Corti). The travelling wave develops 
, 1 

slowly from the 'basal 'end of the cochlea (adjacent to the stapedial 
~ 

footplate)~ reaches a maximum amplitude, and decays apically. The 
. <' 

distance from the basal end at which the maxtmum occurs·varies w1th 

the frequency of the pure tone stimulation. With high frequency 

stimuH, ,the displaoement of the basilar membrane l'eache,s'a maximum 

relatively early and damps out quickly; thus the apical end is litt le 

" 

affected by high freq~en~ieB. Lower frequen,cies displace a gr~ater 

length of the cochlear partition (basilar membrane plus organ of Cortil. 
" 

• 

The travelling wave rises more slowly to a maximum and decays more apieally. 

Therefore, ,dif(erent frequencies are represented at different positions , . 

Along th~ membrane. Furthermore ~ the 'pro8~ésston from high to low 

frequencies ia continuoue fram base to ape~. This distribution of 
, ' ( 

frequeneies along ... the basilar membrane ca~ be ~ul1y 'explained in terma 

of a baso-apical gradient in tts phys,ieal propertie~,. lt becomea . 
gradually wider and ~re flexible with 1ncrea~ing'distance from,the 

basal end. 
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.. 
Clearly the mechanical tuning of the basilar me~brane must 

, 
determine the distribution of frequencies in the over1ying organ' 

-, l ' 

Confirmation of ,this is supplied Py recordings from 
0_' 

o( Cortl. 

, l " 
primary,afferents emanating from dtfferent positions along the 

• 

,-
cochlear partiti~n (eg. Robertson and Manley, 1974). However, there', 

il .:; • 
/ > , li 

appears to be an important'difference between the tuning of l the basilar 

membrane and the tuning of primary afferents. Although there 18 some 

controversy surràuudiug ~he techniques that have beeu used to study 

" )" 1 

basilar membrane tun!ng, the avai1able data iridlcate that it 18 much ' 
1 

(J 

broader than the tuning 6f pr1mary ahditory neuron~. (eg. von Békésy, 

1960; Johnstone ~,&.; 1970, KOhlloftél, 1973; Rhode, 1971). The 
, / 

/term 'second Ulter' was cOined to describe a hypothetica1 process 
~ 

bet~een bàsiiar membrane vibrati~n an9 the primary neuronal res~onse 

which is capable of s~arpening the broad mechanica1 tuning (Wilson 

and j~hnstone,' 1972). The nature of this cochlear ,~harpening process 

has been the subject of conside~able ~peculat~on. INumer~U9 modEfs 

have been proposed but as suggested by Manley (197h,). some at;e 
- ,J ft 

untestable ~nd oth~rs are in~ompatible with the p, sent)iata. ·For , . 
, 1 

instance, tatera1 inhibition and other forms of p, imary. fibre lnter
,1 

• i 
action (eg. Zwis1ockl, 1975) have been virtuàll~ ruled/0ut by the 

lack of anatomical'eVidence for in:er-f1bre con11cts (Spoend11n,.1975), 
~ , 

" and by recent, i~t,~ace11ular evidence that the h'afr cell receptor 

. potential 18 sharply tuned (Russelil. and selliCk;f 1977)'. That the 

second filter 18 ~et~bolical1y labile is suggestèd by recordings from 

prlI1lary auditory n~uroJls when the cochleà has been' 8ubjected tÔ' mèchllnlè:al 
o , , • t ' : , , , 

ototoxic drugs, or hypoxia' (Evans, 19l5; Robertsçn & ):fanl~y" . 
• Il :J: 

/ ,rW, ... ~.~ ~ • 

"',1: J v 

damage, 
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1974). Under these conditions the sharpness of tunin~ in the primary 

l neurons is r~duced ta the extent that their tuning curves approach 

the resonance curves of the hasilar membrane. The implication i8 

that the amount by whic~ the normal sharp tuning i8 reduced repre8enta 

the contribution of a metabolically labile second fiiter. 

The potentia1 value ,of a comparative approach to the question of 

~r,equency selectivity has be~n generally overlooked. Primary auditory 

·afferents ln te1eosts (Fay, 1978; Furukawa and Ishii, 1967), anurans 
,'If ' . c 

"(eg. Capraniea, IfJ76), l~zards (Napley,' 1'977; '(,Jeiss ~ aL, 1976; 

th"is thesis), caiman (Ktin~e and Pause, 1977) and birds (Manley and 

Leppelsack, \~1977)' have aIl been shown' to have fairly siD!ple, 

appro;:<imately V-shaped tunlng curves, ~s,do mammalian 'cochlear fibres. 
--.. • l,:) - . r 

Thts does not, of course, ne~~ssa~lî~ imp1y a co~on :uning mechanism. 

AlthougH many vertebrate ~ars have similar features 'in fundamentdl 
-' 

'. 
design, large differences a1so exist •• Among t'errestria1 vertebrates, 

" 1 .... 

the anurans nave evolveg an auditory periphery that devi~tes from .. 
trends discernible in reptiles, birds and mammals (Manley, 1973). 

\ } 

There are two anuran auditory organs, 
Il " , '. CI 

both of which rest against the . 
,wall of the otic capsul~. The coch~ear ducts"of reptile~ and bird~ 

, ~ 

have., a design" more ,comparable to the Jll<llmmaÜan cochlea,. Fot' instance t 

J 

the basilar papilla - homologous in these animaIs to the organ o~ " 
) 

Corti - overli~s a basilar memb~né that 1a at least'partly suspended 
1.-

in fluid,' ana h~nce susceptible to pressure differences on either ~1de. 

3 

'1' lb '. L \ \, 
A tuning curve of an auditory neuron ia a plot of ~ne stimulus intensity, 

required ta evoke a threshold response to a pure ~one against stimulus 
. frequency • 

. . 
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In contrMt to the relativE! unifarmity af tfe, mammalian cochl!!8. {l~._7> '"1 

across different species, lizard inner ear morphology has diversified ..--- -l:l --~ .... 
to an ,extraordinary d'egree. 'Each family has evolved' its own basic' 

d~sign; variations in detailsoccur among species within a famiiy • 
) , . ,-

Family'patterns are so well defined that classification of a lizard ( 

according to family is possible on the basis of cochlear duct anatomy 

alone (Miller, 1966). 
1 

have tendfi)d toward: 

e' The mJr~ diff7rentiat~~izard ~ochlear ducts 

1) elongation of ~he basrtar memhfane and papillaj 

2) elaborà't~ accessory structures; 3) vell defined receptor", cel! (hair 
\ ' 

cell) orientation patterns. The~inner ~ars of lizards thus naturally 
~ 

lend themselves to the study of structur~-function relationships 

(Manley, .. 1977). According to Miller (1966), "r~pti1es .•• are 

remarkable in that they have experimented with the cochlear duct an~ 

modified almost a11 of it"s variaus parts." This is most true for lizards. 

The funftionai çbnsequen~es of these modificadons are accessible, st 
, ' , 

least in theory, if appropriate species are chosen for comparison. Even 

in a single papilla it 1Il8y be' tempting to look for morphological correlat es 

ta ihe variabi1ity in response properties of audit ory neurons. This' 
, ~ 

approach has been taken recently by etudies $ln auditory nerve fibres in .. 
two lizards:' the monitor (Manley. 1977) and the alligator lizard 

'(, 

(Weiss et al.. 1976). Both spec1es have ~Wo fibre populations, a sharpl,y ) 

tuned low f~equency population and a broadly tuned one at higher 
1 

frequencies. In each case, the fibres belonging to the two populations 

. innervate differènt 'Tegiol\s of the papi1'la. We~ss et al. and Manley 

have 'both sugges~ that ~ morphological dichotomy Dlay underlie the 

l, 
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5 

observed ,tuning âifferences. 

\ 
'J:he ftr~t paper in the thesis at~empts to relate certain . . , 

, response properties of Tokay aud1tory nerve fibres to physic:al features 

• 

, . 
1 of its inner ear, in addition ta providing a general ~~scription of 

, " '/. , 
spontaneous and response activity. The secgnd pape~ reports On the affects 

o~ tempera~ure on the fibres' tunins.properties. 
. 

An 1ntroductory outl1ne of Touy peripheral audit~ry anatomy 

follows@ 

, . 
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Anatomy 

.. 
As in aIl li~ards, the Tokay's eaydrum ls close ta the surface of 

, 1 

the head. The oval opening to the shallow"(J mm deep) external audltory ,-

meatus ls slightly smaller'than the meatus diameter, and can he closed by 

a constrictor muscle (Wever, 1963).'The Tokay's middle ear ls illustrated 

in Fig. lb. The footplate of the col~e1la ('stapes) inserts on the oV'al 

window of t~oti~ capsule. Lizards have a release window tnat 

to theOmammali~rdund window (Henson, 1974). 

ls allalogous 

Gekkonid lizards have a highly differentiated cochlear duct that~Q4~ 

been described in detail by Miller (1966, 1973) and Weyer (1974). The " . " 

cochlear duct, saccule and utricle are the three major chambers of the 

labyrinthe The cochlear duct and lagenar macula lie together wlthtn the 
, .- , 

cochlear rece~s'of the bony labyrinth'"(Fig. ~). The periotic sac surround-

tng the cochlear duct consists of two compal\tm~~ts, the scala vestibuli and 

~cala tympan!, which communicate via â narrow channel, the helicotrema. 
~ 

This channel serves to eliminate, slo~ly developing pré~sure differences 

between the Bcalae. lt ia ineffective with respect ta the rapid pressure 

fluctuations created by sound;, pressure ia then ~erted along the cochlear 

partition. The lagenar~aCUla,and vest~bular membrane comprise the lateral 

wall of the COChl~. The vestibular membrane aeparates the per1-

ot~c fluid of the scalae vestibuli and tympani from the endolymph of the 

cochlear duct. The endolymph has a different ionie composition t~an the 

perilymph. In mammala, this reBults io an 80 - 90 ~v potential dlfference 

betwe~n the endolymphatic space (8ce~a,med1a)~~d the perilymphatic 

compartments. This potent'ial lB about 20 m,V in birds and only a fev 

, , 
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.. Figure 1. -A) The Tdl<!ay gecko (Gekko geëko, family: 
;f 

~~, Gekkoni.dae) 
f,. 

B) The midd1e ear of Q. geék;,o, as v1ewed 

from an anteric>r, medlal and ventral position, 

(Modif1ed. fronlWerner and Wever, 19,72) 
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Figure 2. The coéhlear duct of Q. gecko. 

A) latex::al view of the left cochlear dùct ,1 , 
1 • 

B) cross-section through ,the cochlear duct 

(Modif1ed from Miller: 1973) 
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~illivolts in reptiles (Manley, 1:973)'. 
.. r ~ J 

Along the medial wall of the cochlear dùct' are the Umbus and the 

P Jo 
basilar m~mbrane. w~ich 18 itself moaified limbic tissue. lt bridges the 

gap between the dorsal neural limbus and th~ ~~ventral triangular Itmpus .-
(Fig. 2b). The-neural limbus 1s so named because it eontalns the ~oahlear 

ganglion. The b,ipolar 

pra~ess ta the brain 

primary ce~la of this gan~lion e~~ se~d a pro~imal 
and a d1.stal one ta the basilar pa~ The latter-

-consista of columnar hair cells and supporting cella. The fibres run 
. 

between the supporting cella to terminate On the basal and basolateral 

surfaces of each hair cell. A relatively large projection of the neural 
o 

n • ~ .... 1 

limbus, called the limbic lip, overhangs the baàilar papilla (Fig. 2). A 

tectorial membrane extends ventrally fram the edge of the 'limbic lip ta 
<IIioc. 

form attachments with the hair-cell cilia. 

The following descriptiQn of the TOKay's basilar p~pilla 1s based 

on M111er's (1973). observat1Jlns using scanni~g electron micro~copy. The 

Tokay.papilla ia long (approximately 2 ~) by saurian standards, and has 
./ 

more hair cella (appraximately 2100) 'than any other lizard" papillae that 
, -

have been examin~d4 lt tapers from an apical ~ventral), width of about 

~30~ to-40-50~ basally (dorsally), becoming increa~ingly curved toward 

l ,the' basal end. In the apical two-~hirds of the papilla,~a'~rominent . 
J 

midline gap (Fig. 3) divides the apico-basal (10ngitud~a1) rows of hair 
1 

cells int~ an anterior or 'pre-axial' group that faces the neural Ifmbus. 

and a posterior or 'post-ax~al' group that ls directed more toward the 
" 

triangular limbus. The midaxial hiatus is not pr~sent in t;~~ .. 'basal third 

of the papille. 
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Figure 3.:\ 'Schematic diâgram of the basilar pap111a ... 

of -Q. gecko. Small arrows ~d1cate hair ceU, 
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orientations. 
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The tectorial membrane extends from nearly the entire length of 

the limbic l~P. <ec.corial fibres attach to a11 hair cells in the baea\ 

8 

third of the papille, and to the pre-axial cells of the apical two-thirds. 

The connections 'are filamentous on the basal end but tl1ick apically. Each 
, ' - 1 
transverse (antero-po8terior) row of post-axial hair cells on the ap~cal 

part of the papilla i8 covered by a heavy tectorial mass, dubbed '8~let' 

. by Wever (1967) ° Sallets are connected to each other but are independent ( 

of the neural limbus. Each sallet ia in contact with the kinoci1ia and 

possibly the talleat stereocilia of the underlying hair cells oThe kino- _ 

ciliai head, oI'" bulb, ls embedded in the overlying salleta!" or tectoria! 

ç1 
process. According to Wever (1967), attachment of one end of the tectorial 

, membrane to the limbus' causes it ta have rotationa! motion during sound 

st'imulation, in contrast ta the up-and-down vibration of the basi~ar 

membrane. Wever proposed that the ro~ation of th~ tips of the'cilia relative 
r 

/ 

to their bases stimuLates the production of receptor potentials within the 
o 

hair cells. Tre sallets were yisualized as oscillatlng with, sorne lag 

relative to basilar membrane motion, by vit"tue of their inertia. ,Again 

the critical stimulus would be provided~by the difference in the mottons 

of the tips ,and bases or the cilia. 

The stereocilia on the surface of each hair cel1 are arranged in 

wedge-shaped rows.that-sh~w a pr~gressive decrease in heighto_The tallest 

row ia in contact with the kinocl1ium. Hair celi orientation la defined by 

the location of the'kinocilium on the cell surface. In the basal third ~f 

; the Tokay papilla, a1l,kinocilia are located"posteriorly on the-hair cell 

. ... . -
surfaces. Thus, this regiorr of the papilla has a unldirectiona11 hair cell 

orientation wrttern. ln the apical portio~ of the papilla, the kinQcilia 
,l" -ll ~ 1 .... ""· 

"'C"' .. ' ..... 

, . 
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, 
in the posterior longitudinal rows of both pre- and p~àt-axial divisions 

are located anteriorly on'the cell surfaces, (Fig. 3). The kinocilia in 
w' , 

~ 

the anterior rowa of both pre- and ~ost-axial divisions' are located near 
1 

the posterior edges of the cell surfaces. Therefore, the pre-axial and . 
,-

----p--O.S.t.::-~J9.~l_!..egions each have a bidirectional hair cell orientation. pattern, . 
a ~. 

making the apical two-~hirds of the papi11a 'doubly bidirectional' 

1973) • 
l li 

The proximal processes of the coch1ear ganglion cells 

from the other sensory epithelià of the otic capsule. Together they exi~ 

from th, o~ic c~ule as the eighth, vestibuiocochlear nerve, which entera 

the rostral end of the medulla dorsolatera1ly. Ba~~~ar papil1a fibres are 
"J' ",~ . .'.J 

distinguishable from the oth~r, more variable fibre types in being rather 

small and uniform"in diameter (Miller, 1975). They project,to secondary 
, 

auditoty neurons in the cochlear nuele!, 'which<;~è*t'é~d caudally for about 
.. '1 J { 

1.5 mm. from the junction between medul1lc' and èerebellum '(Miller, 1975) • 

" As in other animals, the coeblear nuelei àre large enough to appear as A 

visible e.1evations on the dorsal surface o{ the medulla. / 

f 
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Paper 1: 

Auditory Nerve Fibre Activity in ~ gecko: 

1. Spo'ntaneous ,and response activity. 
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Introduction 
1-

Pertpheral auditory processing in 1izarde is of special int~rest 

because of the extraor~in~ry variab11ity in cochlear ,duct morphology 

(MÙler ~ (1966). .Family,..;specific prop~rties include! the shape of the 
, '" 

bas~ar membranè; the ~hape and hair cell ori~ntation,patterns of the 
/ 

basilar papilla (homologous ,to,the mammalian organ of Cort1); the type , , 

and arrangement of tectorial an~ tectorial-like stru~tures. Within a 

o 
fami~y, size differences and spe~ies-specific variations on the famiIy 

1 < ,. 

, p,lan, ,occur. This great divers~y. of form invites comparison of iEmer-. 
ear perfo~nce ~n different lizards •. ~umerous ~omparative ~tudies of 

(j 
their eochlear microphonic ~~ponses have been done (eg. W~ver and 

10 

Peterson, 1963; Weyer ~ al., 1963; Wevet !!:. al., 1964). A mo~e recent 

apprp~ch ~a~, bee~ ta relate diff~rent types of r~sponse activirY in a 
" ' 

li~ard's primary auditory fibres t~ structural features of its i~ner ear 
\ ~ 

{ManIey. 1977; Weiss et ~., 1976) • 

This paper"âescribes generai fea~ures of spontaneous a~d resp?nse O 

1r '\ 

a~'tivity in auditory ne~e fib:t;es o~ the Tokay gec~f Gekko gecko. The 
, ' 

1 

Members of the family Ge'kkonidae 
() 

Tokay was chosen for several rea~ons. 
l' , 

, . ..,.... ! 

ar~ unusual,lizards in that they use 'their hearing in 
Al. - • , . " ~ . ~ . "-

corqmunicat'ion.· 

"The Tokay ha.s a variety o'f calls,'" some in..!=raspecific. It 1a thexeforè 
. 

. possible in this liza~d' to study th~ activity of audi~ory neurone in 

respoDsè to its calls: Datura1, me~ningful 'sound st~muli. The g~onid 

'1" , 
èochlear -duct 'is .~i'Sh;t:y di.fferentiated; the .ba~llar papil1~ '.g hair 'cel1 

. o~ieDtation pattern and à~cessory teét~ria1 ~tructures are part1cularly 
o 1 

""co1l}plex* (Mil1er,~'1966t 1973, 1974; Wever, "19'74)~ The Tokay's basi1ar 
. . ' .. ~ 

o 

membrane 18 ~ar~~ by ~1zarde' st~ndards ,(appr~x. 2 mm long) and ~as a 

• 1 

• ,. 
- ' 

, .. 

• 
. 
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prono~I\ced apico-basaI" (ventr,o-dorsa1) taper (Miller, 1973, 1974. -.--
,1-/ 

llêver, 1974). ,- , 
Because of' its relatively ~dvanced vocal behaviour 

o • 

and cochlear morpho~ogy, the Tokay's auditory system has received 

more attention th an most 1izards'. Studt~have been ~o~el on tts 

~ddle esr performance (Manley,'1972; Wever and Werner, 1970), it~ 

cochlear microphonics .(H~pp-F,eymond and Palin, 1968; Wever et & .• 1963) t 
; . 

theactivity of its medu11ary (Man1ey, 1972, 1974) and mi~braino " 

(Sammarltano-Klein, 1976) audit ory centres. The anatomy of tts iqper 
t 

, 
e~pp(M11ler, 1966, 1973), cochlear nuelei (Miller, 1975) and torus 

semicirculari~ (Sammaritand:Klein, 1976) has been described. A 

primary fibre study seemed the obvious next s1ep t~ward an understand

ing of processing at the Tokay's auditory periphery. ' 
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Methods 

~ 

Gekko gecko weighing 40-200 g were obtained from Tbai1ànd. The 

data in this paper are from 410 units in' 44 animals. 297 of these 

upits are from 33 experiments whose main purpose was ta ~bserve temp~r

ature effects on tuning curves. Th~se animals, therefore, contrlbuted , , 

mostly tuning cu~e data. 
, 

The animaIs were anaesthetized wlth urethane (ethyl ca~bamate) at 

a dose of 10 ml. o,f 10% urethane per kg. ~ Artific'ial respiration was , 

unneces~ary. In those, experiments which wére'not part of the temperature 
. . 0 

effects study, the gecko wa~ maintained at approximately 24 C with a 
, . ~ 

heating pad draped around its body. In temperature e~fect experfments, 

oral temperature was varied between 20 and 30oe. A ventral surgieal 

approach,was used. An open~ng was made in the floor of the mouth to 

expose the palate. Muscle, b,one and dura overlying left rost:!ral medulla 
1 • 

were removed. A ho le was'made in the araehnoid to reduce the cerebro-

spinal fluid pressure and create a space between the medulla and left, 

otic 'capsule. Small pieces of: tissue could then L ~serted in thiS'" 
,1 

space, thUG pushing the medulla slight-ly tU-- the animal' S right an~ 

exposing the left vestibulocochlear nerve (VIII). This was the prO~1mal' 

part of the.eighth nerve, between its exit from the otie capsule and its 

entry on the dorsal side o( the rostral medul1a. 

Glass microelectrodes were useq'to'record from the posterio~half 

of the nerve. SimUar results ~ere.obtained whether the mieroelectrod'e 

was ;illed. with 4M NaCl or 3M KC!. Uaing a remote hydraulic microd'rive, 

the electrode was driven from .outside the sound=att;enuating semi-arie~hoic 

room conts{ning the animal. Sound s-t'imu~i wer,e delivered free-f:l.eld 

\ . 
\ 

t 1... ,/ 

li gp; :11&41&m 4· :;Xêii,;mg,i@@;;tW;W.W4;tMiW#1 
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from a speaker l m from the gecko's head, facing its left ear. 
\ .. ,/ , 

White noise pulses (50 ms, 2/s) )were pr~s~nted as s~archstimuli. . . \ 

Pure tone pulses (Sa ms, 2/s, 5 ms rise-fall time) with .trapezoidal 
1 

rise-fall characteristics wera used to obtain frequeney-threshold 

tuning curves. Thresholds were determined aud~o-visually. Sound 

~ressure levels were calibrated using a BrUel and Kjaer 0.5 in. 

condenser microphon~ placed next to the left eardrum and a narrow~ 

ban~ wave analyser. Spontaneous, and response activity were'recorded 

on tape for ofi-line computer analysis using time interval histogram 

(TIH) and peristimulus time,hi~tpgram'(PSTR) programs, respeçtively. 

" 
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Results 

At the beginning of each electrode pass. the electrode was 

positioned over some point in the posterior half of the ventral 

surface of th~eighth nerve. In vertical o~ ~ear-vert1ca1 pene-
, 

trations. aIl units eneounte~ed were auditorr and ea811y identifiable 

8 
a~ such by the1r time-locked responses to the search stimuli. Wh en 

., 
the electrode was angled ~audo-rostrally. non-auditory units were 
( 

obtained dorsal to auditQry units, indicating that the electrode had 
, 

paseed out of the auditory part of the nerve. Thé non-audit ory unite 
\ , 

often showed règular "sI;'ontaneous" dis charge and were proesumed to be 

vestibular. The transiti9n from auditory to vestibu1ar nerve was 
! 

fairly abrupt. 

Histologieal control indicated that the atea of the nerve pene
l 

trated contained almost exclusively fibres and not cell bodies of the 

cochlear ganglion an~ nuclei. In a few electrode passes at the distal 
1 

edge of 6he exposed nerve. units were occasionally encountered that 
. 

differed from ~he others in spike waveform and which could be beld over 

", much longer dis,tances (tens of microns rather than several). These 

few units weFe tbought to be prima:y cell boijies. 

(i) ~uning Curves 

The tuning curve or frequency-threshold curve used in this study 

was obtained by exposing a unit to different frequeneies of pure tone 
1 I( ~ 

,stimuli 'and determining the s~und intensity required to evoke a threshold 

jresponse at each freq~ency. A threshold resp\~se wa~ defi~ed as the 

smallest perceptible stimulus-locked in~rease in dlscharge rate over the r 

spontaneous level. 

/,' 

, , 
The frequency to whicfi a unit Is most sensitive ~s ita 

--'",,' ... 
, - 1 

'1 

'j 
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·charaeteristic frequency (~F). Tokay tuning curves have a fairly simple 

V-shape (Fig. 1), in common with auditory nerve fibre data from mammals , 
'- (eg. Evans, 1972;-Kiang, 1965), birds (Manley and LeppeIsack, 1977), 

repti1e~ (K1inke and Paule, 1977; Manley, 1977; Weiss ~ al., 1916), and 

amphibians (ego Capraniea, 1976). CFs in the Tokay auditory nerve ranged 

from 0.15 ta ~ kHz. It is possible to derive a sensitivity curve from 

the cumulative tuning curve data ~Fig. 2). Thresholds at var~s CFs 

are plotted and a curve is drawn through the lowest values. In Fig. 2. ~ 

the sensitivity curve for auditory nerve fibre data ls compared to that , 

for coehlear nucleus neurones (from Manley, 1972) ~nd ta coch1ear miero-

phonie sensitivity funetions {from Hepp-Reymond and Palin, 1968, and from 
f 

( 

Werner and Wever, 1972) •. The data from primary an~ secondary single 

units are in good agreement, and suggest two sen8itiv~ty maxima: one 

at 0.5 - 0.7 kHz and one at 2 - 2.5 kHz. These curves indicate that 

thresho1d$ depend to some extent on the frequencies to whieh the units are 

responsive. That physiologieal condition i8 also a ·factor ie indieated by 
o , 

the observation that variability among fibre thresholds was lower within 

an animal than over different animpls. The high frequency maximum in the 

single unit curves 18 missing fra~ bath cochlear mierophonic sensitivity 
a 

functions, The~poBsible ~ignlfic~nce af this diserepancy ~ill be discu8sed 

later. 

One ~easure·of· the sharpness of a unit's tuning la ita ~10dB value, 

obtained by aividing CF by the tuning curve baadwidth at 10 dB above CP 

thresho1d. In the Tokay, higher Q val~es appeared at h~gher frequeneies, 

creating a greater spread of values than at lower frequeneies (Fig., 3) • 
. 

Q,\a~ue8: above 8 oceurre~ almost exc1u81vely above 2 kHz, while values of 

le88 than 4 oecurred almast exe1usively below 2. kHz. T~ere ar~ insufficient 

data per animal to de termine ta what extent the spread of Q values at a 
1 



l ' 1 

f. 
t 
i 
î 
i 
-, 

1 

i 

. ( 

1 

, 1 

\ 

.. 

Figure 1. Some tun1ng curves for Tokay gecko auditory 
'i. 

nerve fibres, obtained f~om several animals. 

Sound pressure ls expressed in thisJand sub-
I -2 

sequent graphe ~s dB SPL - dB re. 20 ~Nm • 
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Figure 2. Auditory sensitiv1ty curves for-the' Tokay gecko. 

The coch1ear microphonic sen~tivity functions 

are taken from Repp-Reymond and Palin (1968) ~nd 
-

Werner and Wever (1972). Both record the inten-
" . 

sities requ~red to produce a t st:andard't microphonic 

l ' 
response amp'l!tude Qf 0.1 llV RMS at different fre-

qu~ncies of pure tone·stimu1i. The sensitivity 

-curves' derlved from tuning ~of coch1ear 

nucleus neurons (from Man1ey, 1972) and auditory 

1 

nerve fibres (present data) vere arrived at by 
.kf .. , 

drawing curves th;ough the mast sensitive CF thres-- ) 

ho1ds across the Tokay's frequency range. 
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given frequency i,n Fig. 3 'is the result of pooling the \data. 
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q va1ueE,J' 

QO vary for fibres of similar CF in a given an1mal. QlbdB was a1so 

plotted 'against CF thr~shold (Fig. 4) to determine whether there ~as < 

any relationship between sharpneas ol tuning and sensitivity. uBroad 

tuning has been shoWQ to be,associated with elevated thresholds in the 
l' .. or -

event of cochlear trauma, hypoxia, etc~ (Ev8n~. 1974). In Tokay fibres --
there was a weak tendency for higher Q values ta be assoèiated with 

'lower thresholds (Fig. 4). 
/' 

Thu~ in many instanceâ~low Q values were not 
_ - 0 

" 

associated with high thresholds and ~û~~bly did not reflect-4amage ta 
,1 ____ ---------: 

the cochlea. 1 _~ 
1 .----

-------~--~--~-----.~.---~--~~-
~harpness of tuning can also be expressed in terme of the slopes 

, 
two sides - low frequency and high frequency - of the tuning curve (Fig. 5). 

Low frequency slopes ranged from 20 to 240 dB/octave, and high frequency , 

dB/octave. As With Q10dB' higher 17a1ues and greater' 

spread of both low and high frequency slope values 0 

f~equencieB. these trends are fairly continuous for high frequency slopes. 

~ In the graph .of low fréquenc? slope y.' 
lUlz, below whi~h are higher values and 

of values than between 0.8 and 2 kHz. 

CF there is a dis~ontinuity at 0~8 

a carrespondingly greater spread 
, 1 

This has an eff~ct on tne.graph of 

the ratio of high frequency: low frequency s1ope~ (HF:LF) v". CF (Fig. 6a) 

in that the ratios tend ~ be higher' between land 2 kHz than. ~lsewhêre. , , 
1 

Below 0.6 kHz, low frequency slopes were on average as high as high ' 
l, 

frequency slopes. 

"'" . To what extent do the changes with frequency of QIOdB and ~ow ~d high 

frequency slopes depend upon the frequency reâponse of the middle ear? 

The,velocity response of the TokaY's'~olumella Has been studied vith the 

MOssbauer technique (Manley, ,unpublis~ed-datà) (Fig., 7). The response 

falls off at rates of approximately 10 dB/octave bè10w 0.4 kHz and 16 

l, 

1 

, } 

.~! 
1 , r 
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Figure 5. Slopes -of the A) high ~requency and B) low 

frequency sides of' the tuning curve y., CF. 

Slopes were measured between 3 and 23 dB 

abqve CF threshold. 
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dB/octave above 2 kHz. For tuning curves above 2.kHz, the columella 
.-

response, acts to 1ncrease the h1gh frequency slope an~ decrease the low 

frequency slope. The HF:LF ratio 1s thus somewhat inflated. above,2 kHz. 

At frequencies below 0.4 kHz, the middle ear response contribu~es to the 

Iow frequency fail-off and detracts from the high frequency fal1-dff. 

This,has the effect of making HF:LF ratios smaller than they would be 

if the middle ear response were completel~ fIat. A more accu;ate 

representation of 1nner ~ar ~erformance can be obtained-by subtract1ng 

the middle ea, response. Fig. 8 illustrates the effect this has 6n .tuning 

cu~s and the overaii sensltivity curve. , / 

Though not studied systematicallyl: some tonotopu org~:I,zation of the 

nerve was evident. This was not unexpected, since.the Tokay's coch~ear 

nuclei have at least a rough tonotopic organization (Manley, 1972). 

Fibres along the posterior edge of the auditory nerve'had CFs from 0.15 

to 0.6 or 0.7 kHz. Vertical electrode passes through the middle of the 
o 

auditory nerve contacted fibres with CFs from 0.2 to 2.5 kHz; there was 
J 

soxne--teudency for 
1 

to Increase with depth. Higher CFs, fram ~ to 5 kHz, 

were only found deep in th~ anterior part of the/au 

around the midllne of the eighth n~rve. Tonotopic organizat1on of the 

ferv~ and eoehlear nuelei implies a .ystamatie distribu~ion of frequenoie • 

along the basilar papi11a (Konish!. 1970). 

(11) PSTHs 

Peristimu1us time histograms (PSTHs) were construeted off-line from 

the tape~recorded pure tone responses of 76 fibres from 17 animals. Bach 
, , 

J 

PSTH represènts the summed act1vity of a fibre in response to 30 v~eB8ntat-. 

ions of atone burst, de11vered at a constant intensity. The tone b~rst 

" 
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Figure 7. Velocity response of the Tokay's columella -

(middle ear) !.. stimulus frequency., The cuneo 

Is 'an average fram 3 Tokays. 

1 
Il 

'-

, 1 

.... ' , , 

'. .. 
• '. 

, 

. ' 

... - -"'~ ._ ... ~-----
V 

1 

() 

• . ' 

! ' 

L~ , 
V 
f 

I! : 

" , , 

" 
l, 

f ... ~, ,. 
;; 



( 

f 

/" 

O· 
- \ 

/ 

10 

5 

~ . veloéi ty , 

mm/s 

1 

0.5 

0.1 

0.01 

.. 

, -0 ~ " 

, " 
.... ----.... ---_ ....... - ... -. ........ 

,. ............................ __ ............ . , ---··-----···~i·;··p~~·ti~i~:;~~;·10o-dBsPl· 

.' 
, , 
1 -
1 '. 

, 1 . i i i 
0.1 as 1 ", 5 10 

-rrequency , 'kHz 

• \ ' 



f. 
t 
~ 

t, 
i" 
"' Jo 

" 
i, 

r 
~ 

" !' 

" 'i / , 
~ 
r· 
i' 
f,' 
~ 

l 
~ 
~ f.; 
i' 

f 

/ 
} 

Figure 8. Correction of A)' 2 sample tuning'curves 
Q 

B) sensitivity curve derived frqm auditory 

nerve fibre data (as in Figure 2) for fall-. 
l , J 

off in thé" middle-ear re8po~se at low and 

high _ frequencies. The correcte'd curve ,;tn B) 

has been.Qet at an arbitrary dB level. 
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has a 5, ms rise-fall time unless ,0therw1se stated. The b~ginning of 

fa~l-tlme was 50 ms after the_begirining of rise-time, so that the 

~one burst was at full amplitude for 45 ms. 

Three major categories of PSTH could be distingulshed: 1) filled; 

2) semi-peaky;' 3) peaky with a) a single early peak' or b) more than one 

peak,(FiS. 9) •. PSTHà from 73 of the 76 fibres could be classified in 

Chis way. The filled PSTH indicates a sustained response ta the tone-

burst. with only graduaI adaptation or none at al~. In the th~rd 

category, the impulses that comprise the initial peak are highly 

synchronized relaGive to stimulus onset. In thè semi-peaky PSTH the 

phasic onset response is 1ess synch!onised and les9 pronounced than in 

the peaky type, while the subsequent discharge 1s at a proportionally 

lower level.' PSTH type depended to' some extent on CF and stimulus in-
A' -. 

18 

tensity. A unit could produce' a semi-peaky PSTH at low !ntensity, a 

single-peak PSTH at moderate. intensit,ies; and one w!th two or three peaks 

at higher 1ntens1ties (Fig. 10a). For uniformity' s sake, a fibre was 

• classified according to the PSTH it produced in response to atone 'at or 

near CF and approxtmately 20 dB above threshold. The frequency distribution 
1 

of each PSTH type 18 illu8tra~èd in Fig. Il. Filled PSTHs were ooly 
} 

obtairted from fibres with CFa of 0.7 kHz or less. Peaky PSTHa of both 

types were only produced by units with CFs of 0.7 kHz or more. Semi-

peaky PSras occurred over the range 'of 0.4 to 2 kHz, which overlaps th~ 

distributions of both filled ànd peaky units. 

To ~etermine whether this classification scheme was to any extent an 

art1fact of the arbitrar1ly chosen rise-time of 5 ms, the PSTBs of 7 , , . 

fibres were also studied at rise-times of 2.5 and 1.0 ms. Stimulus 

frequency aod intensity were kept constant. Three fil led-type unit~ 
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~igure 9. }1:xamples of the major categories of peristimulus .-
.. the histogram (PSTH) " : A) fil1ed 'B) aemi-peaky 

C) peaky with ~ingle ~eak D) p~aky with ~ltiple 

peaks. The tone buret :l,a depicted as b~innin8 
16 ms later than the origin of' the PSTH. This is 

1 

the Ume delay '(for a 0.5 ms 1:ise-tilne) between 

the tape-recorded stimulus trigger and the cal

culated time of arrival of the tone burst at the 
.. 
lizard 's ear. 
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Figure lO. Changes ill PSTH l'71th sound intens1ty 

t 

l, 

A) PSTHs from a unit with CP • O. 95 'k.H~, in 

- B) 

.. 

• 1 

response ta 0.95 kHz tones'at intensities 

of 8 dB. 20 dB and.40 dB above threshold 

"1ntensity. The corresponding intensities 

in dB SPL were 50, 62, and 82' dB SPL. 

PSTHs ,from a unit with CF - 2.9 kHz- in 

response to 2.9 kHz rones at intensities 

6 dB. 21 dB and 32 4B above threshold in-

tens1ty. The corresponding dB S~L values . 
wer~ 4~, 64, and 75 dBSPt. 
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remained true to "form at the shorter rise-times. 
, 

Peaky PSTHs tended 

to become peakier: individual peaks became more pronounced, and two 

single peak units gained a second peak. Although no semi-peaky ùnits 
, 

were testéd, at least the filled and peaky categories remained stable 

over different rise-times. Several observations lead to the conclusion 

thit single and multiple peak PSTHs have similar origins. (1) In one 

unit that produced two peaks at 5 ms rise-time, the se~ond peak was 

19 

greatly reduced at 2.5 ms and m~re pronounced at 1 ms. (2) The frequency 
~ '1 
1, 

distributions of the two PSTH types were nearly id~ntical (Fig. llc,d). 
, . 

(3) Although changes with intensity were not always examined, the over-

aIl impression vas'that peaky units pro~uced single peaks at low 

intensities and multiple peaks at moderate to high,intensities. Ineipient 

second and third'peaks were often visible at lower intensities. The rate 

at which such peaks developed with intensity determined whether a unit 
;. 

was a single or mult!p~e peak unit at 20 dB above stimulus thre8hol~.· 

Rate-intensity funetions - graphs of average diseharge rate!.. stimulus 

intensity - vere o~tained for nine fibres w!th CFs'ranging from 0.425 to 

2.9 kHz. In each case a series of ten or more PSTHs was taken, using the .. 
, f 

same,tone (at or near CF) at suceessively higher intensities. Increments 

of 3 or 4 dB were used. Ex~ple8 of the differertt ~ypes of funetion 

obtained are shawn in Fig. l2a. The dis charge rates of the two low 
1 

1 

frequeney f111ed-type units ~ereased linearly with slopes of 12 and i4 
~ 

spikes/s/dB, reaching maxima of over 200 spikes/s. Spikes were added 

uniform~y over the PSTH, so that'the filled form was retained. 
1 . 

Peaky 

units 1nereased their rate~more slowly - with an average slope of 

approximately 6 spikes/s/dB -, and often Pl~teaUed~ ~ueh lower d1aebarge 

rates. In these units, the iDittsl pepk ~ec~e more promtnent vith 

" " 

0' 
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Figure 12. Inténsity functions. In A), the di$chârge rates 

of 5 different units in response to pure tone 
, , 

1 
stimuli at or n~ar CF are plotted against 

stimulus intensitY,abov~ threshold.-'The 8tim-

ulus frequency used 1s indicated next to each 

curve. In B) the change in response latency with 

pure tone intensity 18 shown for the same 5 unIts. 
1 

A) and B) are derived from 'the same PSTH series~ 

Latency was meaQured from the beginning of 

stimulus rise-time • 
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increase4 Intensi~y, while discharge rate over the rest of the histograa 

did not Increaee. In a couple of cases, however, spike rate began ta 

rise again at intensitles of 30 - 40 dB abo~e threshold, after having 

_ plateaued. This second rise reflected the growth of second and third ,-

peaks within the histogram. The unit with CF of 2.9 kHz (Figs. lOb, 12), 

although peaky, never plateaued because the later peaks grew with the same 

time course as the initial peak. 
. 

From the nine PSTH series used to obtain rate-intensity fURetions, -

changes in response latency with intensity.could also be determined. 

Lateney always decrea~ed with increased stimulus intensity (~1g. 12b). 

For elght of the nine fibres the,slope of the cbang~was greateat at lover 

intensities. The point at which the slope decreased occurred at different 

intensities above threshold for different units. At intenslties above 

these transition points, the slope was between -0.14 ms per d~ increase 

for seven of the nine units. For intensities below the tran8i~ion point,. 

slopes were 3 ta 4 times as grest. 

A fourth, rare, category of PSTH was encountered: the on-off type 

(Fig. 13). Of the 410 fibres in this study, oolyabout ten véra obaerved 

to give on-off responses! It ls probable that a n~ber of examplea vere 

missed, especially in those cases where only tuning curve data'vere taken. 
, 

Of the 17 fibres for ~hich PSTH analysis ~a done, five gave on-of~ 

responsea. Tva of these were on-off at a1l frequencies on their tunfn& 
. , 

eurves (Fig. 13a) whi1e the other th~ee were only on-off at certain 

frequencies removed from CF. In one case, a 0.3 kHz unit that produced 

a filled P~~ to CF stimulation was on-off at '0.25 kHz. Pige l3e depleta 

an on-off response obta1ned at 0.5 kH~ below a aode~ately bigh CF (~.l 

kHz). 'The PSTH in Fig. 13d wa~ obtained at 0.4 kHz above a low CP 

t " , 
1 
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Figure 13. On-off PSTHs. A) Response of a unit with 

CF" 0.15 kHz to stimulation with 0.15 kHz 

tones a .. t 62 dB SPL. B) As in A) b';'t with 

stimulus intensity raised to 7i dB 8FL. 

C) A.unit wit~ CF· 2.1 kHz,.b, threshold .. 

36 dB SPL, responding to 1.6 kHz tones at 70 

dB SPL (1 dB above thresho1d at tbat frequeney). 

The PSTH of this unit vas peaky in type at 

higher frequen,cies. 'D) The' response of a un~t 

with CF -- 9.3 Jdlz. CP' threshold .. 33 dB SPL, 

to 0.7 kB% tone bursts st 89 dB SPL (5 dB abave 

threshold st that frequency)..-. 
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(0.3 kHz). In aIl five cases, t~eshold was above 60 dB SPL at/the 

frequencies that evoked the on-off response. Thus the units tbat 

were on-off at CF were relatlvely insensitive. 
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PSTH analysis was also dane on the responses of 20 fibres ta a tape-

recorded Tokay call. The enUre calI was 7~0 ms long, and consillted of 

a lS0,ms early component followed by a 190 ma pause and a 400 ma late 

compon'ent. A wide-band sonagram of the calI showed i,t ta be broad-band 

with a pronounced time structure (Fig. 14a). lts energy vas concentrated 
-

below 1.6 - 1'.7 kHz. Higher ftequencies (up ta 3.5 kHz) occurred. but 

were restricted to t~~ early part of ~ach of the two main comPo.n~ts. 

) The 20 fibres had CFs ranging from a.3·to 3.6 kHz. As expected with a 

braad-band call J responses were obtained from aIl 20. The PSTHa con
, 1 

sisted of successive peaks (Fig. 14~), reflecting the pulsed nature of the 

calI. PSTHs from different units, wi~h stmilar CF had 8uperimposable peaka. 
" , 

indicating that each peak was a response ta a specifie pulse wlthin the 

calI. A unit responded maximally, of coufse. to those parts of the cal! 

with most energy aroun4 its CF. For instance, 0.5 kHz units (Fig. 14b) 

responded throughout bath companents of the calI, sinee ~ergy vas always 
1 -

present at 0'.5" kHz. The tèsponse of the 2.9 kHz: unit was much shorter, 

and corresponded ta the occurrence of higher frequencles early in tbe call. 

lt ls interesting to note that a temp9rally atructured calI such a8 

the one used provides an optimum stimulus for units in the peaty PSTH 

category. Within the call, each pulse contalning approprlate frequeneies 

evokes an onset +espanse. The discontinuities prevent the sort of 

adaptation obt~ined from peaky-type fibres vhen pure tane stimuli are 
~ i 

used. Such units respond ta the calI 8S if it were a series of ODs.te, 
1 

and sa produce a series of peaks. 
- \ 
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Figure 14. A) Wide-band Bonagram of 2-part Tokay ca~1.u8ed 

as'a sound stimulus. B) PSTHs of voca1ization 

responses of 4 dlfferent units to the call in A). 

,The CFs of the _unite an indicated. The maximum 

intell8ity w1thln each cOmpOnent was simila'r. For . '; . 
') 

the PSTHs shown, the maximum i~ensity o( the,ca~l 

wa. 35-40 dB above the unite' CF thresholda~ Thia, 

of'cour8e,S8~S nothing ~bout the intensities of the 

fre~uency components relevant to each unit • 
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(lii) Spontaneous Act1vity 

The spontaneous activity of 64 units from 19 Tokays was recorded 0 ... 
on tape' and analyzed in -:the tOrln of Ume interval M$tograms (TIRs). 

As noted by Kiang (1965) the term ~Ifspontaneous" can only refer to ' 
Il 

activity in the' absence "of experimentally çontrolled s~und stimulation • . 
Within the 64 fibres, spontaneous rates varied from 1.6 to 40 8pikes/s~ 

,.. 

UnitaWere- -occas1onaHy-encountered that were never seen to discharge 
, " 

spontaneoualy. Apart from the omlssion of ,8uch units, the data probably 

represent a fairly random sample of spontaneous activity. The diBtribu,t-
" . ,... ... --' 

ion of rates for the 64 fibres (Fig. 154) indicates a much lover average 
... .) ~. t 

rate and smal1er range than are found in cochlear nerv~ fibres in 
, " 

mamma1s (Kiang, 1965; ~nley and Robertson, 1916) and birds (Mauley and 
.-
Leppelsac:k, 1977). The range of apoataneous activity recorded in auditory 

nerve fibres in the monitor lizard, Varanus ben8~lensis (Hanley, 1977) vas 

not ,very different from the Tokay's. ln caiman (KUnke and Pause. 1977) 

and alligator lizard (Weiss .!E.. ~1., 1976), the upper 

vere higher (70 and 80 spikes/s, respectively). ' 

limits of the range 
'-

A TIU indicates interspike interv~l along the abscissa and Gaber of 
r , 

8pikes per given Interval along the ordinate. The zero-order hiatograa 

of a TIR dlvides the period during whtch activity va~ ~ecorded ioto 

8ma11 un1..ts of t1me, and indicat€s the dlscharge rate per unit of tiJae. 

Spontaneous data were u8ually co1lected for l~6 min, and vere on1y 

considered acceptable when the z~rOooQrder hiatogr .. tndicated a relatively' , 

constant discbarge rate throughout the recordlng period. 

Six representatlve TIRs are 11lustrated in Fig. 16. (A) and (B) vere 

from units vith sptlntaneous rates of 29 and 11 8pik~/st &ncI CPs of 1 and 
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ligure 16. Representative time interval hbtolr ... ('tISa) 

of spontaneous actlvlty, fra. 6 fibre •• 

Absc:1ssa: inter8Pl~e interv«l, div1c1ed. into 

0.1 IDS bina. Or~1nate: 

that occur at a ,iven. hterval after the 

1 
previou. one. Note the dlffereut ordinate 

.cales. 
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1. 05 kH·z, respec tive~y. TIRs from units with CFs above 0.5 kRz vere 
< 

generally c~mparable to TIHs from mammals (Kiang, l'h5j Maniey and 
, 

Robertson, 1976) and birds (Maniey and Leppe1sack, 1977) despite the 

Iower spontaneous rates. Units with CFs below 0.5 kHz, on the other 

hand, produced TIRs with unusual early peaks (Fig. 16c,d,e,f). ~t vas 

disconcerting to discover that these peaks occurred at regular inter-

vals that corresponded at le~st roughly, and sometimes closely, to th~ 

reciprocai of the unitls CF. It was at first assumed that the units were 

being 1nadvertenpy stimulated. Since the trigger normally used for 
1 

tones and white noise pulses vas continuously recorded on tape even 

during spontaneous data collection, 1t was possible to check for" 
1 

, 
stimulation through the 'sound system by doins-PSTHs on the spontaneous 

activity. PSTHs for aIl spontaneous data from low frequency units were 

fIat, indicating that the unite had not been responding to sounds 
tOI 

(joming from the speaker. tn subsequent experiments, the amplifier input 

to t~ ,speaker vaa r.-o~. 'core vaa taken ti,keep no~se.outs1d~ the 

semi-anechoic sound-attenuating chamber to a miriimum. In several 

instances, spontaneous activity Mas recorded'both vi~h and without back-

ground noises in the room outside. the recording cbamber. No difference8 

wére discernible in the zer,o-order, histogram or vben the TIRs vere 

compared. In summary t 1 if these units were responding to low-Ievel 

sounds, then they vere doing 80 wi~h a sensitivity far greater tpan wou~d 

be expected frgm their tuning curves. One 0.25 kHz fibre whose TIa had 

several prominent peaks separated by 4 - 4.5 ms intervals bad a CF· 

thresho1d of 6~ dB SPL • 
/' 

A number of other fibres vith CF-related . 
oscillations -, in their TIHs had CP thresholds of 40-50 dB 8fL. The 

sound level (dBA) vithin the sound-attenuating chamber has been measured 
1 - III ) ., 

at 18 dB SPL, with someone in the chamber. ln addition, the ambient 

sound level as measured by a 1/2 ~nch BrUel and Kjaer condenser microphone 



t 
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falls Wit.~ the noise level of the illstrument (30 dB SPL). 

Peaks st interysls correspond1ng ta the 'reèiprocal of the CF were 

, always obtained from units with a CF of 0.4 kHz or less, occasionally from 

0.5 kHz units, and never from units with higher CFs. Inter-peak intervals 

were consistent within a TIR, ànd were in some cases almost ~actly the 

reciprocal of the CF (Fig. 16d) •. The intervals could. howev~, be some-

what shortet or long~r than the reciprocal of the CF. The discrepanéy 

between inter-peak interval and CF reciprocal in Fig. l6c was the 1argest 

seen. The unit·had a CF of 0.3 kHz and inter-peak interval of 5 ms. 

The initial peak was no~ always the most prominent (fig •. 16e). Peaks 

were apparent even in law-rate units with 10w counts in their TIRs (Fig. 

16f) • 
. 

Thè mode or preferred interval of a TIH i8 generally taken ta be 

the highe~t point in a semilogarithmic plot of the number of intervals 

" 
v. the intersplke interval (Fig. 17). In mammals, the mode 18 followed 

by a simple exponential decay in number of interspike interval8 (Kiang, 
• • b 

1965; Manley and Rob~rt8on, 1976). This exponential decay was also 

observed f~r Tokay units ,~th CFs greater than 0.4 ~z. It was especially 

clear in the un1ts wi~ relative1y high discharge rates (Fig. 17a). Th~re 

was more jitter ,in the semilogarithmic plots for low-rate units (Fig. 17b) 

partly because of the lower numbere of apHtes recorded f'rom wch units. 

The presence of peaks in the TIlis of lowJ frequency unite comp1ic:ated the 

appearance of the corresponding semilogarithmic plots (Fig. 17c). The 

dec,y in these cases did not bec01Ile èxponentia1 until some tilDe after 
., , 

the mode, when the oscUlations in the histogr. became weak. 
l, 

, The eXponential deéay' in occurrence of inrerspike int~rva18 ls thoug~t .. 
to indicate an underlying process that is rough1y Poissonian, except for 

Intervals smaller than the mode. The reduced number of 8uch intervals 

1 
'1 
1 

, 1 
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Figure 17. S'emllogarithmic p~ots of UR data frblll 3 

fibres: A) A re~atively high-rate unit 

(29 splkes/s) vith a CF of 1 kHz. Thl~ 

Is the same, unit as ln Fig. 16a. The 

absclssa 18 dlv1~ed into 2 ms bLns. The 

est!mated mode I(arrow) ia 9 1118. B) A 

fairly 1<?w-rate (5 spikellla) unit vith a 

CF of 0.7 kHz. ,Bin wldth 18 8 1118. Hod~ 

18 more difUcu1t to est:1.mate in such 

units, partIy because the total number of 

counts tends td be l~wer. The mode of 

this unit wa. estilllated at 28 1Il8. C) A 

1 

high-rate (40 spikes/s) unit trlth a CF of 'l 

0.4 kHz and oscillations in 1t8 TI~. Thia 

unit Is the S8IIlé as in 1,18. 16d. Bin wldtb ia 

1 1IlS. ~de 18 'taken1to be th~ po1n~ at ~lcb 
the highest peak oecurs; herè tt ,1s 2.5 III's,. 

" 1 

" 

o 

1 8 

' • 
. , , . 

! ' 
r' , 1 

',1 

.. i , ., 
.;~ 
., 

l",' 
l' 
l' 

\ " 

, ' 

i 





( 

Is presumed to be re1ated ta unit: refractorlnes8' (Kiang, 1965). 

This ressonlng cannat ho1d true for the long modes that have been 

recorded fram auditory nerve fibres in the monitor 11z~rd (Manley, 

1977) a~d the Tokay (Fig~ 15b). Unlike mamma1ian MO~eSt whicb are, ,-

a11 within severa1 ms of one another (Man1ey and Robertson, 1976), 
, 

modes in the Tokay varied from 2.5 ta 70 ms. !here was a tendency for 

lower rate units -to bave longer modes (F~8. 18a). The wide range of 

modal values and relationship between mode and rate were also found in 

,auditory nerve fibres of the monitor lizard (Manleyo' 1977). It sbou1d 

be noted that in .the Tokay, all· modes of 5 ms or less were contributed 

by the low frequency units with peaky TIHs. In such units, mode was 
, 

taken to ~e the interva1 corrésponding ta the highest peak (Fig. 16). 

Modes greater than 5 ms were obtained from severa!· peaky TIRs in ~hich 

the Init:f.a! peak was not the largest. 

The sma11est interspike interval, or dead time, of a TIH indicates 
/ 

2S 

the interv~1 be10w which the unit ~s-refractory to spontaneou8 discharge. 

for whatever resson.' The d~S~ibUt10n of dea~ tilDes in the prelJent 

sample is sbown in .Fig. 11Se. ~OU8h mode and dead time were notr cou-

stste~tly related ta each other (Pig. l8c), both showed a tendency toward 

larger values at .. low spontaneous rates (Fig. 18a,b). naatt times of 4.5 
( ~ 

ms or mo~e only occurred at rates of 5/s or less. Some bias, may have 

been introduced by the tendency to record fewer spikes at the low ~i~

chÂrge rates. The accuracy of a dead t:1me. estimation h probably more 

dependent than that of a mode on the~ total number of spikes recorded. 

More data are ueeded because the chance of a unit ftring at !ts true dead 

time 1s almost by 4efinition quite low. This might be expecte(l to be 

eapec1ally true for units with long modes, for whicb the preferred inter-

" .le '. 
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Figure 18. 
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A) Mode (preferred interspike interval) v. 
1 -

f 

spontaneous rate. In A). B) and C).pthe 
! 

, , 

open circles represent the low frequency 

fibres with CF-related peaks in th~ir 

TIRs. B).Dead time (sœallest interspike 

intervaL) y. 'spontaneous rate. C) Mode 
, 

v. dead time. D) The total number of 

spikes recorded.for each unit y. dead 

tirne. Dead times longer- than 4 ms ' 
-' 

correspond to counts of 1e88 than t200. , 
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aplke interval 1s far ~emoved from the infervals at wh1ch refractorineS8 
• 

could play a rôle. A graph 1 of _dud Ume v.. rotal nUllber of spikes .- . 
recorded (F1g. lSd) does show that all/units' w1th dead tilles of 4.5 ma 

or more also had low total splke count. in thelr TIRs.· It 1a tmposa1b1e 
'1> ' 

to say whether the long dead tfme, va~ue8 were a funetion of the low • 

dischar8~ rates or of the low numbers of spikes recorded, or both. . , 
The obv1ous 8oluti~ la to record spontaneous activity fram low-rate 

u~its over longer periode of time. 

No relationship between dead tiae and CF could be discerned (lig. 19b). 
"-

In a gr~ph of,mode~. CF (Fig. 19a) t~e modes from low-frequ~cy units 

with oscillations in th~ir TIRs form • eluster of low values. In con-

trast, the dead times of these units covered a wide range. 
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Figure 19. 

\ 

A) Mode y. cr.- B) Dead tiDi~!.. CF. In 

A) and B). open circles represent the 

low frequency units with CF-related peaks 

in the1r TIRs. 
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Discussion 

~. 

(1) Tuning curves 
, 

..., . Comparison ~ith data fr~m other spe~ie8 iIidiclltes that auditory. 

nerve fibres in .the Tokay are qu1.te sensitive ~d relatively sh~rpl~ 
" 

tuned. ~lOdB v31ues are on average hig~?r than ha~e been, reported f~r 

• auditory nerve'Ùbr'es in the ... Aiiligator lizard (Welss et al., 1976) and 
" -- , 

monitor lizard (Manley, 1977). The fre~uency distribution of Q10dB 

values (Fig. 3) la not un1ike that found in starling auditory nerve 
! 

fibres '(Ma~ley and Leppe1sack, 1977). ,Graphs of QIOdB' low and h1gh 

frequency s10pes y.Qocr have a very differedt appearance in the monftor 

27 

and al11gator'lizards in that two distinct fibre populations are apparent. 
, l , 

~-\ Bath species have a high frequency fibre population that ls more broadly 

tuned than fibres at lower fr~quencie8. In the Tokay, changes with CF' 

of Ql~ÙB and tuning cu~~ slopes ten~ to be graduaI, so that separate 

fibre populations are not evident. Theu was a d~sc'ontinu1ty in the 

relationshlp between 'low frequency slope aqd .... CF at 0.7 kHz. Higher slope 

values occurred at and below this frequency than over the range "0.75 

to 2 kHz.o This' ls not complete1y attributable ta changes in midd1e ear 

transmission effici~ncy. Although below 0.5 kHz fali-off in the coiumella' 

velocity response augments low frequency slopes to some extent, the 
. 

response 18 telatively flat from 0.5 tb·2 kHz (Fig. 7). It appears that 
.. 

there 1~an inner ear contribution to the increased slope values below 
. r 

0.75 kHz. (It is interesting ta note that this 18 the range over which 

, filled PSTHs were observed). The Iliddle and inner ear contributions 
~ 

eff~ct of mak1ng tunlng curves more s~etrical st low 
J ' ". 

together have the 
) 

~ CFs (-Fig. 6s). At higher CFs tunlng cùrves tend to' have higher h1gh 

frequ~cy slopes. A Iraph of hlgr!.~ low frequency slopes (Fig. 6b)_ 
~ 
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gives an overal1 impression of higher high {requenci a}~pes. Thia ia 

re'ttortedly the cbe in caiman (Klintce- 4Dd Pause, 1977) but contrasta 

the apparent s~etry of tuning curves in monitor 11zard (Manley, 

nd st~l~'(Man1e; and Leppelsack, i977). 

the present results wit;h guiDea pig coch1ear nerve 
\ 

data over the'same' f~quency range (0.1 - 6 kHz) revea1s a 
• 1 J4 

, . ~ 

relatively poor performance by a mammalien ~ar at theae low frequéDcies 

, (EvanS', 1972; Harrison, personal communication). Tun1ng'c~rve elopes . 

~ and QIOdB values are on average aignlficantly lower than in the tokay. 
~ . 

the mark~ asymmétry of mammalian tuning curvea at higher cr. ~ however. 
o 

is retained dOwn to 0.1 kHz. 

(11) PSTHs 
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The variety of PSTH types obta1ned from tokay auditory nerve fibres 

\
indicates a greater degree of peripheral filtering tb&n occurs in mamm8 s. 

With the exception of some bats. PSTHs fr~ mammalian coc:hlear nerve' 1 
fibres have been rel8tivel~iform ip ahape (Kiang, 1965). The key to 

, ; 

veripheral filtering in the Tokay ia preaumably in"the morphologiea1 

speC1al1Za:ions of its inner ear. AU lizard bashar pap.1l1ae have dis-
, • 1 

crete areas of un;directional and b1d~rectional hair cell orientation 
~ 

(Mi,ller, 19~4),. 1 In the Tokay the unid,irectionally oriented hair ce1ls' 

are c~nfined tq the ?arrow basal (dorsal) third of the papilla (Fig. 20). 

, The v'ider ap.1.cal (ventral) two-thirds of tlle pa~11la -~s unusua~> 41n beins 
1 /~( 

doubly bidirectional; i.e. there are two bidirectional area~8epa~ated by 
, , 

, , 
, - , 

a longitudinal hiatus'(M111~r, 1973). 'In the ~onitor lizard, VaranU8 

/-,betIgalensls, mapping of the distril?ution of CFs along the papilla has , '" . 
ré.veal~d a corre1ation'b~~~een hair'cell orientation pattern rd PSTH 

h"r • ~ 

type '(Manley, '1977). Filled, semi-peaky and peaky PS'tHs were a1so obtained' 
1 

" ' -i 

1 

.. 

-j 
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Figure 20. Schematic drawings of ~he basllar papillae of 
, 

A) the Tokay: Gekko gecko Cf,rom Miller,} 1974) 

B) the monitor lizard: Varanus bengalensis 
r , 

(fram Miller, 1974, and personal communication). 

'Areaa of unidireétiona1 and bidirectional hair 

" 
cell orientation are relresented by arrowa jn 

che same and opposing o~lentation~, re8pectivel~, 
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from low, intermediate,and higher CF primary fibres, respe~tively. ~ 

this sqeci~s. The varan id papilla has à constriction app~oxtmately 

one-third of the papilla's length fram its apical end (Fig. 20b). 

(Miller, 1974). ~ow ~requency fibres wer~ found to emanate from a uni-

directional region '1:/asal to the constrictior. lntermediate frequencies 
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were located morê basally in a bidirectional area. High frequ~ncy fibres 
"

arase from a bidirectional area occupying the thlrd of the pap1l1a apical 

ta the constriction. Thus in Varanus, filled and peaky PSTHs were~ 

recorded from fibres innervating unidirecti~nal and bidireetional areas 

of th~ papilla, respectively: lt was suggested that hair cell orieritation 

may be the factor determining PSTH type ln Varanu8. 

lt is tempting ta dpplY thls hypothesls to the Tokay, where r~rk-

ably aimilar PSTH "types are produced by a different papilla. If peaky 

PSTH~ are related to the presence of- oPPositely oriented hair cells, 

then higher frequeneies w~uld be located apically on ~he tokay's papilla. 

Filled low'frequency PSTHs ~uld orisln~te ~ the basal unldirecti~al 
th'ird of the papilla. S~ch an arrangement +U1d be sÔmewbat surpJ;'is1Dg 

j 

sinee familiarity with the ~a1ian coch1~~ has ~onditloned us to tbink 

of Iow frequencies as a"pical and bigh freqi1encies as bas,al. Bovever,; lt 
1 

ia not ~own whetber or how meebanical wares occur along the Tokay~e 

basilar membrane., ~lthough it bas Sn apicobasal ;aper, it 1s only 2 mm 

in 1ength. von ~ékeSy (1960) obsérved Jravell1ng W8ves along the eh1cken'a 
Il / 

'basilar membrane, whieh is 4 mm long. UainS,tbe Mos1bauer tec~~1quef 
, , 

Weiss (1977) found no ev1dence for mechanica1 tunin~ i~ the small (0.4 mm) 
/ 

papi1la of the alligator 'lizard. As in Varanus, ~ppins of the alligator 

lizard' 8 8uditorY nerve" showed that low and high frequeneies are / 

l ' 
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represented on unidirectiona1 and bidirectiona1 areaa of the papil1a, 
• 

respective1y (Weiss.!!..!!., 1976). 

That this may also be ,th&~ea8e in the Tokay reeeives further indirect 
, 

support from the diserepaney between eoehlear microphonic and single-
. 

unit sensltivity curves (Fig. 2). The fact that the coch1ear micro-
c 

phonie functions are based 001y on the fundamentai eomponent of tbe 
1 

response may aceount at least in part, for the discrepancy. In round-

windoy reeordings in the Tokay, Hepp-Reymond and Palin (1968) found that 

the second harmonie was often as large as or 1arger than the fu~amenta1. 

Lateral l~e receptor cells of opposing orientations are ~own to produce 

microphonic 'potentials that are out of phase (Flock and Werabll, 1962). 

The presence of significant second harmonie in th~ cochlear micropbonic , 

i8 therefore thought- to reflect the aetivity of opposltely oriented 
., 

hair 'ceÜs <Capraniea, 1976). This reasoning provi4es a. fairly simple 

explanation for the difference between cochlear microphonie and single-

uni.t sensitivity curves in the ~ )The fall-off of the fundamental, 
~ 

above Q.6 - 0.8 kHz w~u1d be expected if hi~ncies st~late a 
.... 

o bidirectional area of'the papilla. The much greate~ sènsitivity of the 

fundamental at low frequencies would be explained if low frequencies are 
l, 

represented on a unidireetional region. 
/' ( 

AS8uming that hair ~ells of opposing orientations do Jrodu~e micr~

phonie potentials that ~re out of phase,' reeordings based on the fundamental 

are clearly inapproprlate when bidirectional areas are involved. The 
1 

se'c~nd harmonie cannat be used as a measure of sensitivity eitber. aince , , 
1 

its amplitude will vary vith the relative phase of Ifhe microphonic8 
o 

produced by the opposing hair ceU populations. Stnce 8Dlphibian and lizard 



i 1 
! , 
t 

l, 

papi11ae have bidirectional areas, cochlear m1crophonic data fram, 
~ 

these animaIs are of questionable value. 
0> 
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The mult'iple peaks present in many of the PSTHs from units with ·CFa 

ab ove 0.8 kHz have not been reported in other speciea. Thelinter-peak ,-

interva! varied from 1.5 ta 4 ms for d1fferent units, remaining con8ta~~ 

st different stimulu~ inten~ities for the s~ unit. Conaidering that 

the dead times for fibres with CFs greater than 0.8 kHz were generally 2 

ms or more (Fig. 19b), it 18 conceivable that multiple peaks reflect a 
, C 

tendency of these units to -fire as rapidly as possible in response to , 

the early p~rt of the stimulus. If a unit were driven ~o fire several 

times in succession as rapidly a~ poJsible,~spikes following the highly 

synchronized initial spike would also be synchronized. , . , 
, ,II 

PSTHs with one or two initial peaks have been ,recQrded from To~y 

cochlear nucleus neurons (Manley, 1974). In the torus semicirculari8 in 
, 

the Tokay midbrain, only single peak PSIRs have been reported (S~ritano-
) 

Klein, 1976). Discharge following ~e' in1tial peak i8 more reduced -in the 

secondary neur~ns than in the primary fibres, and even more réduced in 
o 

the hig,her-order neurons of the midbrain. Contralateral input could .. 
contribute to this reduction. Although lt bas not been atudied in the 

To~y, binaural interaction has been sho~ to occur in bullfrqg secondary 

auditory neurons (Feng'and Capranica,' 1976~. lt i8 cQhceivable that the 
, , 

peaks, which are highly synchronized wieh respect ta stimulus onset, are 

important for sound localization (Manley, 1977). 

On-o!'f responses have dso been reported 1n aud1tory nerve fibres of 
, \ 

the green frog'(Sachs, 1964) and a CF-,M bat (Sugaet al.; 1915). They 
" : l ' --

are apparently âs rare i~ the green frog as in the Tokay. The,on-off 

responses in the bat are pbtained from units with best frequeJciea around 

1 
1 
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the constant frequency component of the orientation pulsé. Special-

izatlon of the area of ,basilar membrane on which these frequencles are 

repriiented ~rovldes a simple mechanies! explanation for the'off response. 

The on-off phenomena in CF-FM bats and Tokays are not likely ta have mucb 

in common. 

The use of atone burst with trapezo1dal r1se-fall eharscter1stlea 

rather than a gauBsian envelope raIs es the possibility that the off 
i 

response ls caused by bandspread during Jtimulus fall-time. The fall of 

atone burst Introduces new frequencies wbich eould provide an effective 

stimulus. However, if bandspread vere the sQUreeuf the off responses 
, ., - 1 Il' 

reported here, they would be expeeted ta occur much more commonly. In 

addition, re~at1ve to ~è~k~TH8, on-off PS1Hs showed suppression of 

diseharge following the onset.peak. This difference in on-off re.pouses 

cannot be related to bandspread. 

(1i1) Sp~ntaneous Activity 

1 ~ If dead time ia assumed to be an indicator-of refractor~ne88, then 

the preferred spontaneous interspike interval (mode) 18 clearly independ-
Q ! J 1 

ent of refractor1ness in these snimals (Fig. lSc).- The range of dead 

tues in' the Tokay (1.1 - 7.5 ms) was very different fram the range for,. 

gu1nea pig spiral 
, 

ganglion cells: 0.4 - 3.6 ms (Manley and Robertson, 

1976)., Compar1son,of spike wavefprms recorded with sfmilar microelectrodes 

f~om Tokay primary fibres and guinea pig spiral ganglion cells (Robertson, 

1976) reveals that the time-course 0: the spikes is ~ignificantly longer 

in the Tokay. This wo~ld influence refractory period and 80 contribuee 
e 

to the diffetence between Tokay and guinea pig dead- times. 
1 

l 

, 
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It Is impossible to rule out low intensity sound BS the source 

of the oscillations observed in the interval histograms of low frequency 

fibres. However, it ie difficult to understand how the units with 

elevated CF thresh'olds - 65 dB SPL in one case - could respond to 8uch 

low-level stimulation. ' The absence of CF~related peaks in TIHs from 

fibres wlth CFs above 0.5 kH~ is a1so not eaai1y explained with this 

Interpretation. 

It is interesting to speculate on other possible, sources of this 

phenomenon. It ia conceivable that it originatea at the levei of 

individual hair cells. In weakly electric fish (mormyrlds and gymnotids) 
o l ' 

çertain phasic electroréceptor eells exhibit large membrane potential 

oscillations when the electrical loading of ,the cells ia reduced - ego 

by removing the over1ying water (Bennett, 1967). In gymnotids, wher~ 

afferents ta phasic e1ectrorêceptors are tuned to th~ frequèncy of the 

electri~ organ discharge (EOD) (Hopkins, 1976),'the receptor,cell 

oscillations oecur at the EOD frequency; The receptor cells which exhibit , , 
this behaviour até of a type that responds ~egeneratively to electrlcal 

stimuli. Hair cells haveftonregenerative membranes (Flock. 1971). bu~, 

then it ls not necessary to postulate that they are capable of ~he large~ 

amplitude oscillations recorded from the electroreceptor cells. Inatead, 

passive fiiter properties in bair ne1I membranes mig~t be sufficient ta 
, 

select low frequency oscillations fram membrane noise. ~e implication 

ia that these flIter properties could form a basis for tuning., 
, 

If one chooses to 8pec~late1that the peaks in the TlHa originate in 
. . \ 

the hair cells, lt becomei necessary to explaln how such oscillations 
\ ' 

could be followed by fibres that presumably innervate more than one'bair 

celle 'Although papillar innervation bas not been examined in the T~kay, , 

!~ 
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auditory afférents are known to each contact several hair cells in all 

non-mammslian systems that have been studied: anuran (Frishkopf and 
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Flock, 1974; Lewis and Li, 1975), bird (Takasaki and Smith, 1971), caiman 

(von During!l al.~ 1974). A fibre will only reproduce oscillations 
o 

in the hair cella it innervat'es if they ate in phase. This would be the 

-'1 
case if ne1ghbouring hair cella were e1ectrically coupled. Weiss ~!!.. 

(1974) have suggested that lateral electrical interaction may occur between 
~ 

hair cella in the alligator lizard. Their proposaI was based on two 

findings in this animal: (1) that receptor potentiala can~ recorded tram 

Bupporting cel1s as weIl as ha1r cells, implyin~ electrical coupling 

between ~he two types of cell. (2) that 8peci~lized junctions occur betwéen 

supporting cells and between supporting and-hair cells, prov1ding a possible 

pathway for electrical interac~~~. The observation tbat inter-peak 

1nterva1 in the Tokay TIRs was sometfmes 1ea8 or greater than the reciprocal 

,of the CF could he explained as the result of coupl1ng between hair cells 
..-' 

of siight1y different CFs. Coupling junctions could conceivably be low-

pass filters that prevent coupling at frequencies greater than 0.5 kHz. 

Of the TINs recorded from 0.-5. kHz fibres, about half did net show' pub. 
\ 

ln those that dia, the oscillations"were weak rélst~v~ to tqose seen in 

lower~ftequency units. It 18 Interesting that at'0.4 kB% or 1e8s, a11 

fibres produce peaky TIHs and fi11ed PSTHs (Flg. 11). 

Of major concern ls the fact that siml1ar'TIHs have not heen r~ 
.. 

ported f.or othe,r animaIs. Since they on1y occur in very low frequency 

units,,,.i.t 18 possible that they have besn over1oo~ed. In JII8JIIIl81s espec- _ 

ia11y. most data are collected f~om hi8her-frequ~cy ,units, sinee such lOr 
" frequency fibres constitute only a sma1I proportion of the population. 

," 1 

On 'the other nand, lt would not be surp~ising i~ this 'phenomenon, apparently 

v 
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related to lov frequency tuning in the Tokay, did ~ot occur in 

1D8lIIIDals. Considedng the differences betWeen lI!8JllllaHall cochlear and 

.Tokay 1nner ea~ morphology, lt uy 'be that very dlfferellJ tWl1Da 

mechanisms have developed. 
, " 

This poss1bili~y would be eoafiraed if ,- ~ 

lt vere sbow that, as has been SU88é8ted t lev frequencies are 

represented basally on the Tokay's papilla. 
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.Introduction 

\ " 

The influenèe of temperature on peripherally recorded aud1tory 
, 

pot7ials has been studied in a variety of animaIs. lt was established 

'earl-y that 
l ' ' 

in mammals the cochlear microphonic (CM) 18 more resistant 
" , 

to~change with temperature than are the neural components (N
l

,N2) of 
1 

the ro~nd-window~recording (Co~ts, 1965; Fernandez et al.~ 1958; Kahana 

~ al., 1950}~ With hypothermia, NI and N2 decrease in amplitude and 

increase in latency. CM amplitude and latency both.remain constant down 
~ 1 o , 

to 5 or ~O C ~eldw normal body temper?ture; further coqling reduces CM _ 

amplitude, but to a 1esser and more variable extent than the amplitude 

of the neural components. Mo~e recently, the mammaiian summating potential 

has been shown to deerease linearly with temperature (Manley and Johnstone, 

1974). In b~rds, N,eeker (~91,O) found that both· CM and SP changed littl~ . 
. 0 ' 

with co01iQg down to 30 C, be10w which they decreas~d in amplitude. 

Campb~11 (1969) recorded CM and evoked potentials from the'cochlear ,. 
," 

nuelei 'in eight lizard speciés, and found them to be generàlly most 

sensitive at temperatures within the animaîs' preferred thermpl ranges. 

Werner (1972, 1976) arrived at the same conclus~on after studying changes 
o 

in CM with temperature in iguanids and geckos. Int,iguingly, Wernér\also 
{.' , 

found th~t the frequencies to which the micropho~ic wasmost sensitive 

inereased somewhat with temperature. In a single experiment, Manley and 
, ' , 

Werner looked at the effect qf temp'eratur~ on the tuning of cochlear 
.... 

nucleus neurons in the Tokay gecko (Gekko gecko) '(unpubl1shed data). 
, 

The resu1ts they obtained in several cella recorded from at differept 
• o 

temperatures supported the eochlear microphonic data and suggested to us 

that closer st~dy might prove ~orthwhile. 'The p08sibility of an effect 
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of tèmperature on auditory tuning ·wae interesting botb! from a 
~ 1 

behavioural-ecologic~l point of view ,and as a potential 'source of 

info~tion aboU~rtebrate'tuning ~~chani~ • 

.lt was decided to investigate the influence of tetttperllture on the ' 

frequency seiectivi.t~ of Tokay aud!tory nerve fibres, these being more 

peripheral thàn cochlear nucleus ne~rons an~ much more accessible than 

hair cella. lt was~'felt .. than an effect on primary fibre activity . 
• t 

interpret in terme of cochlear mechanisms than an 
co t • ~. . , 

a higher-order auditory centr~. Th~ Tokay seeœed a~ 

would be easier ta 

effect observed in 

'approprit,te choice of experiment~animal b~~a~se its au~itory neuro~s 

~are sensitive and sharply tuned (Manley, 1972; P8p~r 1 of this thesis) 

and because it i8 an ectotherm active over a relatively broad the~r 

, range (20 - 40°C) (Werner, 1976). The results obtained vith temperature 
/ , 

changes within thls range would preeumably not be complicated by any 

adverse effects on the animal's general coqdition. 
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~ gesko .Wêighing 40-2~0 g were .imported from Thailand. The 

data reported in this papar are from 75 auditory n~rve fibres in 22 
1 

animaIs. These wer~ the fibres for'which it was possible to obtai~ 

partial or complete tuning curves et more than one eempera~ure. 

Th~ surgical approach to the animal's 1eft proximal eighth nerye 
. , 

and the stimulation and recorfting techniques have bean described (Paper . , 
" 

1 of this .thesis). The a~al's t~perature was controlled by means of, 

a heating pad Wrapped 1008e1y around its head and body: This arrange-

ment permittèd more rapid warming of the head, when desired, than was 

possible with the heating pad around th~ body alone. In most experiments, 

temperature was measured ora11y with a thermistor probe (0.25" diam. , 

,0.063" thick) placed against the rig~-cochlear duct - i.e. contra
I 

lateral to the expased aU?itory nerve. In the last 3 of the 22 exper·i-

ments, the temperature ~nside the right cochlear duct was measuredowith 

a 24-gauge hypodermic probe. The footplate and part of the columella 
. " '.() 

were removed ta a110w insertion of the probe through the aval window. 

Temperature WeS monitor~d and controlled with a thermistor probe monitor 

J \ ecëurate to ± O.loe and located outside the 8oun~-attenuating semi-' 
..,. 

anechoic chamber contalning t~e animal. 

Glass microelectrodes filled with 3M KCl or 4M,NaCl were used to 

record f·rom the pos terior, aUd!tory,' half of the proxilnal portion of thé 

/ vestibulocochlear nerve. The procedure upon encountering an auditory 

fibre (identified as such by its time-locked respJnses to white noise 

pulses) was ta: 1) obtaio a frequ~ncy-threshold or tuning curve a~ one 
1 - 0 

,temperature; 2) change the temperature; usualty only by·O.5 - 2 Ci 
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.. 1 
3) reda the tuning cur~e. In a number of cases it was possible to 

repeat these sters several times before contact was lqst. For the 

75 fibres that con~ributed data, two-thirds of the temperatur~ changes 
. . 

'were decrease~ and the'remainin$ th!rd were incr~es.\_Tnreè of the 

fibres were both warmed ~nd cooled. 
, r f 

The ;ange of temperatures covered 

by th!s study was from 19 to 3loC. 

Cao~ing was usua11y accomplished by simp1y switching off the heat

fng·circuit. The rate of cooling then dep~nded on the an~alrs temper-
- . ,'. ~', . 

ature as thé,heat was switched off, and the ambient temperature. In a, 

couple èf expetiments more rapid, locali;ed cooling was achieved with a 

stream' of cool damp air from a metal tub,e connected t!l an aquarium pump. 

The tube was positioned over the expased braincase and left otic ~apsule: 

its end was flattened so that the opening was 8 mm by l'mm. 
.' 

" 

~ 

'. 
" 

~ l' 

t j 

1 
I-
I 

" ' 

.", 

i" 

l, 
10 

\ 



c 

1 

1 _ 

44 

Results """, 
1'\ 

It prov~d diff~cult to maintain contact with or 'hold' a fibre 
\~ 6 ~ 

while increasing temperature; thus, only one-third of the results 

reported here were obtained while warming the animal. For 25 o~ the 

75 fibres ~t was possible to obtain tuning c~rve~ (complete or partial) 
1 1 

at more than two. temperatures. Temperature changes between the curves 

r 0 
obtained fr9m an individual fibre varied from 0.3 ta 4 or 5 C, but ~ere 
- - 'o' 1 
usually between 0.5 and 1.5 C. Often a given taning curve was obtained . ~ 

over a temperature range of 0.5 to lOC, because temperature had not 

stabilized when tuning was begun. 

The temperature effects shown in Fig. 1 are fairly representative of 

1 
the results. A 10C increase in temperature shifted the tuning curve of 

1 

the unit in Fig. la toward higher frequencies. At the new temperature, 

thresholds on the high frequency side of the tuning curve were conslsteptly 

lower while those on the low frequency side were higher. The frequency 

to which the fibre wa~ most sensitive (its characteristic frequency or CF) 

o . 0 
changed from 0.5 kHz at 22 C to 0.55 kHz at 23 C. The reverse shi~t 

ls shown for a di{ferent unit of similar CF (Fig. lb), cooled from 28 to 

27°C. After cooling, thresholds on the low fcequency Biae~were lower 

while those on' the high frequency side were higher. _ 

~ unit's thresho)d at CF provides a Jiilture of its . 

D 

overall sens1tivity • 

Although changes in CF threshold (threshold at n~ CF minus threshold st 
1 

original CF) with temperature were almost always seen, they were not 

corsistent. In other words, it was not possible to predict a change in 
. , 

sensitivity from the magnitude (within the limita studied) or sign of the 

temperature change. Cooling and warming were bath seen on different 
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Figure 1. 
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1 
\ 

Teœperature effects on the tuning of 2 
\ 

auditory'~erve f~bres w!th CFa atound
o 

0.5 kHz. A) Tuning curvee from.the s~ 

fibre b'efore and after wa+l11ing the gecko 

from 22 to 23°C (oral temperature): ~ 

B) 'Xuning curves fr9m a ,fibre ~ 

an1mal's temperature W8S decreasing. 

., , 

The curves were taken lt oral temperatures 
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occasions to reduce, incre~se, or not affect the ~ibre's lovest 
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thresh'old value. There was no dlscernibIe reIat1on~hip b,etween the 

lalgn of the threshold change and the actual temperatures involved. Thus, 

there was no tendency f~, fi?r~s té be more sensitive st soy tempe~ature 
, ° (- '. / 

or range or temperatures between 20 anq 3 C. Threshold changes with 

temperature were also unrelated to CF. ,p rhaps 1arg;~r and Lore rapid 

~emperature changes than were us~d in this study, and/or changes below 

20°C a~d above 30
0 e would have ha4 a defin te effect. The picture may 

r, , 

also have been somewhat obscured by those occasi~ns in which it could 

Dot be sa~d with confidence t~at threshold -at CF had actual1y been , 
determined - that is, those cases in whlch the true CF may hàve been missed. 

The shape of the tuning curves a1so showed no consistent çhanges vith 

temperature. The shape ~ sharp~ess of tuning can be expressed ln terms 

of QIOdB (CF divided by tun~ng curve bandwidth at 10 dB above thresho1d) 
'i1 

or the slopes o~ the low and high frequency sides of the tuning curve.~ 

Plotting the changes i~ QIOdB aqd low and high freq~ency'slopes per Oc 

, against CF revealed that although changes oft~n occurred, they were highly 

variable and in no preferred direction. , 
• 1 

The frequency shifts were, on the other hand, completely consistent 

in direction, Farming an4 cooling always shif~ed tuning curves to high~r 

and lower frequencies, respectively. The reversibility of the effect ie 

il1ustr~ted in Fig. 2. This fibre was held long enough to give four 

tuning curvee while temperature was decreasing and three more during 

reheating. The shifts obtained vith eooling and reheating wer~, op~osite 

in direction and comparable in magnitude. There was a pause for severai 

minutes between cooli9~ and reheating during which response activity was 
, J// {)!' 0 

recorded. It ls worth noting tHat the tuning cUrVe taken at 24.9 C, 

/ 
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Figure 2. 
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The reversib.ility,af the temperature effect. 

In A), 4 tuning curves.were abtained fram a 

fibre while ~he animalt~ oral temperature . 

a 
was drapping from 29 ta 24.9 ct After a 

, 
pause, the same fibre as in A) was held 

while the animal was warmed back up to 

- a 28.8 C. The 3 tuning curves obtained 

from.lt during this reheating are shawn in 

" B) •. Thè un1t's CF varied from O.AS ta 

0.55 kHz during these procedures. 
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before the:: break, ;1.s almoet identical to the cUrVe takenbetween 24.5 
0, • d ,c • J', 

and 25.5 C. immedlate~ after the break and at the start of reheating. 

A~though more pata were obtained at' lower frequencies. the eff~cts 
~ 

were s1milar ~or higher-frequency units,(eg. Fig. 3b) •• -The 'results in 

Fig. 3 were obtained by cooling with a stream of air, as described in 

Methode. The noise of the airstream (on continuously for 30 a) lmay 
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have been at least partly responsible'for the.increases in CF threshold 

in these qnits with cooling. To test fdr this pos8ibi11ty, a couple of " 

units were subj ected to 30 s of continuous white noise while temperat.ure 

~as held constant., CF sensitivity was reduced by about 5 dB; no frequency 

shift occurred. Thus, in Fig. 3, the frequency shifts are probably re-

liable while the threshold changes are 'prQbably note lt sbould be noted 

, that ~lthough the rate of îOOling was much faster with this method, there 

were no obvious differences in the magnitude of ~he observed frequeney 

shift; that 18, the rate of change of temperature ma;y not b,e important. 
\ -

The results obtaineœwith the intracochlear thermistor probe were 1n-

1 distinguishable .fr~m. those obtained wÜh the oral probe. As mlght b.e 

expected there was some lag between iotracochlear and oral temperâture -

ego 1ntracochlear temperature was slower to increase when thé beating pad 

was on and wo~ld continue to increase a~ter it was awitched off. 0 

Therè are severa! ~ay8 of expressing tbe cumulative frequency shift 

data in graphie forma One la to simply look at changes in CF~wfth 

temperature (Fig", 4a). The problem with this approach 18 thst to be 

very informative tt requires accutate dete~ination of CF. The fineness 

• of tuning required ta determine small CF shifts W8S often not pos'sible 

in the time available between contacting the fibre and 10s1og tt. In 

". \ 
Fig. lb. for instance, visual inspection of the tuning curve slopes at 
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The effect of cooling with a stream"of 
() 

air on the tuning of' A) a unit \7ith a 
~ 

CF of 3.1 kHz at 27.6oC. B) a unit 

w1th a CF of 1.7 kHz at 28.1
0 b and. 

. 0 
27.6 C. 
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the lo~r ~emperat:lll;-e w~uld predict CF to be approximately 0.525 kHz, 

sinee Tokay tuning curves 

(:Paper i of this thesis). 

typieally have a fairly simple V-shape 
~ 'r, ~ r 

Unfortunately ,no th1:eshold, values were taken' 

between 0.5 arfd 0.55 kHz» 80 tha t the pfedictiol\ cannot:- be confirmed. 

If the CF 'of each of the two tuning curves is simp1y takén ta be the 
1 

frequency eorresponding to the lowest threshold value recorded, then 

CFs of 0.55- and 0,.5 kHz and a C~F shtf of 50 Hz are obtained. lt is 
.... 

possible, however, that the CF shift wa.s less than 50 Hz in this case. 
. 

FQr other fibres CF -shift appeared ta be under~stimated beci\llse of the 
\ 
\ ~ 

sarne problem: insufficient threshold data around the original CF value. 
• ~ • i _ 

1 

Threshold differences at each frequency contributing a point to the /' 

.. 
tuning curve were a more reliable indicator of the temperature .... mediated_ . .. 
changes. An effort was made to take thresholds at the sama frequencies 

o ~ , 

'when doing tuning curves at different temperatures 
, 

for a given fibre. 

Wh~t ean be observed in the graph of change in CF with temperature 

(Fig. 4a), despite its limitations, i8 that CF never, decrèased with 

warming or increased with coolins. CF was seen to shift to higher 

frequgncies with warming, to lÔwe~ frequencies with cooling~' or not -at 
~ 

aIl. The largest shifts were,' obtâin~d from fibres with CFs be10w 1.3 

kHz. The -few data points above 1. 3 kHz suggest that ÇF ~~dft may not "he 

ptoporti9nal to CF. Although the data are insuffic1ent ~o warrant serious 

conclusions, • tney are more ·in< keeping with a èF shift that 18 independent 

of original CF. It should be noted that error has been introduced by 

• 0 A 
standard1zin8 6,l1 shifts to a 1 C tfi!D1perature change. This makes the , 

bnwa~r~nted _and pro(ba~lJ.:lflâe olissUmption that temperature change and 

CF shift are linearly related, ~',is the on1y way o,f ç:oping wj,th changes 

of diff~rent magnit~aes. 

" 

, 
" l 
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M Changes in CF per C, ,v. the 'original CF. l'lCF''' f~nal - , 

'J. 

CF - orifinal!CF. In, this and .subsequent graphs: (1) the 

temperature change used to obtain l'lCF per 
o '- ' 

C was also 

given a 1:;ign: negat,;l.ve for cooling (ie. final minus oriS'" 

ina! temperature), -and positive for warming. Thus, both ,a 

dect'aBse in CF wtth cooling and an ~ l.~crease with warnting .J 
-

Have positive values; (2) only 2 tuning curves per unit 

'~re compared, so that ~ach unit made an e~uivalent .. , 

contribution'to the data. Symbols are used to break down 

the total ~temperature range covered by this study into 3 

smaller ranges, and to differentiate between aata polnt~ 
• 

obtained with oral and ~trac~chlear temperatur~ measure-
o . 

< ments. Filled squares: 19-22 C (ora,l temperature);' filled 
, 

-0' 0 
triangles: 22-26 C (oral)'; open triangles: 22 ... 26 C (intra-

o 
cochlear); filled circles: 26-31 C (oral); open circ1es: 

o 26-31 C (intracochlear). Jr) Ch~nges in 'central fz;equency' / 
1 

with temperature!.. original·CF. The' cen tIa! frequency' 

waB determined a8 shawn above t~e grapb. The number of ...... 
data points is reduced rela~ive to A) f because in, sorne cases, 

l 
one side of a tuning 'curve did not extend to 15 dB over CF 

o 

threshold (i.e"only' a partial curve was obtained~ • 

, , , 
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One way of avoiding thé problem of inaccurate CF determination is 

ta look instead at· the f-requency midway between the frequencies intersected 

)y the-low and high freqiiency sides of the tunfng curve at an arbitrary 

1 .' 'intensity (eg. 15 dB 8PL in 'fig. 4b) above CF threshald~ In Fig. 4b, ,- / .. 

. ' 

changes w:fJf temperàture of "central frequencies" determ,ined in this way 
. ' 

aretil0tted ag~inst CF. By comparing Fige. 4a and 4b it can be seen that 

the !'central freq\lency" shifts' more with temperflture than the CF.' This 

is particularlr obvious at/frequenciea above 2 kHz • 
. 

tian can be obtained from" each tuning curve ûshift if one 

hanges wit~ t~mperature at various fr~que1\cies along 
, . . " . 

In. Fig ._~ the tuning purves have beeq,:.. normalized so , the tuning' curve. 
vi, 

that each frequency i5 expressed as a fraction of the original CF. The 

ordinate is change in threshold (final threshold minus original threshold) 

o \ 
per C. To arrive at this value, the temperature shift was given a aign: 

f 

positive for an increase in temperature and negative for 'a decrea~e in . 
temperature. Thus, a decrease in threshold (increase in 8~nsitivity) 

with temperatureincrease will' have a negative value ~hia graph, as 

i in threshold with temperature decrease. A positive . - , ,will an ;lncrease , 
" 

value on the graph Indicates .that threshold either increased (sensitivity 

decreased) with warming or decreased with cooling. In this way equivalent 

effèc~E? are given the sarne aign and the d:lrect:lon of the temperature 

change i5,net indicated. Th~ validity of "thia de~ign la' demontated 

by' the reversibility of the ~emperature ef~ect (F~~. 2).' Thr ahold ' 

difference values were only calculated for these frequencies at which 
, -

thresholds had b~en est1mated bath before and after the temperature 

_change - "i.e. threshold was never estimated from the t~nin~ ~urve. In 

: 
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Fig. lb, for instance, threshold d1fferencea were,calcu1ated at 0.3, 

Q .. 4, 0.5, 0.55, 0:6 and 0.7 kHz. 
, . 

The threshold shift at 0.5 'kHz was 

, 0 
44-48 dB za,-4 ,dB, white thé temp.e'tature change was 27.,.28 .. -1 c. 

• 1 
-, , .. 

\ ..... 0 
Thus the threshold shlft per C at 0.5 kHz had a value of: -4/-1 • +4 

on Fig. 5. , 

From Fig. 5, itl can be seen that threshold changes at CF show no 

signifiC'a.nt trend toward either positive or negative values. Thus 

thresho1d changes above and be10w CF can be considered re1ative1y 

1Jtdepèndent of overall c?anges 1.n sensitivity •. Be16~ CF, thresho1d 

shifts t~nd- to be positive in value. This maans that the low frequency 

side of the tuning cùrve tends to become 1es8 sensitive with warming 

and more sensitive with co.oling. Above CF, the opposite tends tél occur, . 
" 

sa that most threshold shifts have a negat1ve value. The negative 
~' 

, Ir values st frequencies below CF and the positive vdues above CF do not 
c. 

indicate.that whole tuning curves occasionally sh1fted in a .direction 
/ 

opposite to the usual shift. ,This was neyer the case. Instead, thè 

t 

acatter reflects the tendency for tbere to be one or more frequencies 

on a tuning curve (ather than CF) at which the threshold shift deviated 
,1 ( 

from~he shift aeen at most frequencie~. J;or 'instance, in Fig. 2~ -

althaugh the trenl toward lower frequenciEls vith cooling waB cleat. there 
, J 

was some -cross-over on the low-frequency side of the firat three tuning 

curves t~ken: l'he large negative threshold shifts in' Fig. 5 were 
1 

obtained from units that & showed large shifts for very smali temperature 

1 

, 

This illustrates the problem associated 
1 

c~anges (eg. 10 dB per O.jOC). 
, / o . 

~with standardizing aIl temperature changes to 1 C. 'The evidence from 

',' . the other fibres ind1cates that it .1a highly improbablé that sucb large 

o • 
shifts would have actually occurred over a l'C change. 

-' 

" 

~, . 



l 

\, 

'. ,. 

) 
1 

( 

*" 

, . 
., •• _. __ "'l"'l"'" _-_,."--,-1 ~-~ . 

~~_"_""''''''''' .. ,.._~~\'w!\I;.~' Jt:t.~ff_~.~ ........ _ ... 
- , .. ... ---------~~ -~ ... 

J. 

, 1 1 

In Fig. 6; the s~me threshol~ )shift data ar~ 

différently. Frequen~y'" is not normalized ta Cr'. 
./ 

presented somewhat / 
.< 

The· dà t~ are 

divided lnto 3 main categories: thr~shold shifts obtàinëd A) ~t fre-. 
, 

quencfes Iess than 'CF .. i.e. "on the low frequency arm of tbe tuning . 
curvej B) a~ CF; C) at ~reqUen~ies greater than CF. bUS actual 

frequency is shawn, not frequency relative ta CF. T se g phs a1so . 
do'not indicate how far removed from CF a given point ls atong the 

1 

tuning curve. In Fig. 6, different symbols are used t0 represent three 
- • t 

1 il 
different temperature :ranges, an~ to distinguish intracochlear temper- : 'I 

atures from those measured arally., As in Fig. S,oit ia cléar that . , 

tJlreshold shifts on the 16w frequency side of the. tun1ng curve tend ta 

have positive v~Iues;'that ie, th~eeholde t,end ta increase with warm-

ing and decteasè with. cooliug. Agsiu, the opposite tends ta occur on 
'. 

the,high frequency side, and tF thresbolds,show no consistent trend 
-' . 

(' 
to either positive or negative values. In addition, Fig. 6 indicates 

that threshold shifts show similar trends dver dif'ferent temp.erature, 

ranges and d1fferent frequencies. Dàta, points from animaIs whose- intra-

cochlear temperature was measured seem ta fit wel1 with those fram 
" 

ani~als in'which oral temperature was measured. 
li ~~ 
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Temperatùre-induced changes in threshold at 

given frequencies along tpe tuning curve. 

Refer ta text for 4: 

different symbols represent different 

. temperature ranges" within which the data 

points fall. a~d also differ~~tiate between 

'points, obtained wtt:h 
1 

measuréments and ·thos~ obta(n;d ith iti~" 
, .) / ,~ 
coch~ear temperature ~ea8uremen s. Fi1led 

o 

squar,es: ,19-i2oC (oral temperature);. 
t 

filled triangles: 
o ' 

22-26 C (oral); open 

triangles: 
o 0 

22-26 e (intracochlear); filled 

circles: 
o 

26-31 C (oral); open circles: 

26-31oe (in~racochlear). 
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.. 
Discussi,on 

l, 
W~rner (1972, '1976) 

frequencies ta which the 

obseI've'd--that ~igUanid~ 8I}d geckos the 

miCr?Phonyis most- sensitive increase with 

tem~rature up ta a point, beyond which CM sensitivity'd~terior~te8. 

In the Tokay, he found that the overall sensitivity of the CM response 

varied little ~etween 19 and 32°C. 
. , 

For te,mperatute clfanges over the 

if . s~e range: tuning curves of T~ay "auditory nerve fibres s-how frequency l' 

. 
shifts in the same direction as well as no consistent changes in best " 

~h'reshold ~ 
\ . 

In a single experiment on Tokay cochlear nucleus \neurons, 

temperature change was found '-0 shift tuntng curves in a manner in- ~ 

distinguishab1e from the primary fibre results ,(Manley llIld Werner,' un- -
, 1 

.published data). The influence of temperatur~ on freque~cy_selec~1vity 

i6 fhu~ cleariy esta~lished at ;tm;: Tokay' s auditory pet;'iphery, alth~ugh 

. the relationship betwee'Çl the CM effect and the tuning curve .effect may 

not be simple. 

Werner (1972, 1976) has a1so 'demonstrated that the middJ.e ear is not 

'inipl;lcated in the effect of temperature on lizard' CM. CM sensit11l1t~ Gl 

~ 

functiorts optaine4 Dy,d~rect stimulation of the footplate foliowing 

colu.mella (middle, eat.) removal were affected by témperature in the same 
/" 

way ,S functions r~cor~ed ~itli the middle ear intact. Further ~vidence 

for the' insensit~vity ot: middl~ éar transmission to temperature c6mes 

from mammalian st1Jdies (Fernandez et al. t 1958; !<ahana et al. t 1950) in' 
. -- -- , . 

which CM latency was fdtmd to temâin cO"?-~tant ovel' large temperature re-
; 1 

ductions. For the Tokay, an ectotherm vith a broad active thermal range, 

it 1.9 perhaps not r~markable tha.~ temperatur~ ,changes within :this Tange' 1 . 
have little or no effect 0Jl overall "auditOry sensitivity. That cooling 
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1 > from 49 to 30
0

C" or iess does not influence C~ amplitude in mammals 

(Dreschèr~ 1974, 1976') an~ birds (Necker, 1970) is less easlly uriderstood. 

In contraat, the laten.cy and amp,litude of the whole-nerve action 
1 

\ 

potential (AP) change ayatematical!y w1th temperature (Coata, 1965; 

Kahana 'et al:, 1950). 
, 

The poor correlation between~M and AP 

amplitude 'changes with tèmperature led Coats (1965) to suggest that 

~ , 
temperature 'acta primari1y on an excitatory pro cess intermediate ta 

the generation of microphonic and excitation of the afferent 'nerve 
• ~' /~lt,- c--\' 

terminaIs. By th,is r~asoning, the' 8~ting potential:, tho~gh con-

_ cu:r::rent with CM, wou~).f~~,l a candidate for Coats' 'excitatory Iprocess by 

ovirtue of 1ts l~near~decrease with cooling. Correlation between 

changes in intracochlear potentials and changes in AP may, however, not 
. 1 

be verj meaningful. Kahana ~ al. (1950) sUgg,ésted that the decrea~e in, 
1 

AP amplitude that ia concurrent with constant CM output may simply reflect 
,J ' 

~ 

the progress.ive desynchronization of ,fibre activ::l:ty with cooling ~ 

Changes in CM amplitude are small even with drastic cooling (Coata, 

1 0 
1965) and may. be obscure~ between 40 and 30 C by variable phase re1ation-

sh'ips within the output. 
t ' 

Tuning curves from certain auditory n'erve fibres i~ the toad, Bufo 
, .' 

americanus, show frequency shifts with temperat~rè similar ta thos~ re-

ported her~ (Moffat and Capranica;- 1976). Cu~ious1YJ fibres frOm onl1 

one 'of the t~ad's t~ a~ditory pap111ae'(th~ amphfbian and bas11ar 
~ , 

ft r 

this behaviotir. Neither frequency ee1.ctiv1ty nar papi11ae) exhibit 

thresholds of fibres from the tQad' s b$silar p$pilla - considered by SOlDe 

. . 
to be homologou9 to the reptilian basUar papilla -,are sign1flcantly, 

altered by temperature changes of 5 to IOoC. ",Tuning ~urves of fibres frQm 

" , 
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- , 

the jamphibian papilla not only ~hlft to lower frequencies w~th eooling~ 
\ 0 

bu~ also become iess s~nsitive. The r~duc~d 8ensi~ivity may have 

resulted from the use of larger temperature shifts than in the Tokay, . 

experiments. 

Although it may seem surprising that tuning should ev~r be consist-

, • ! 

ently affected by tempe'i-ature, lt lB even more rema~kable when the effect 

i: restricted .'to one of t~:~ditory'paPinae in thi, s~e at1im~l. -, What 

" 
are the relevant differenceS between'the anu~n ~asilar and amphibian 

, , 

papi11ae? 1 One obvious possibility is the meehani'~a1 basis for tuning. 
, . 

, 

" The anu:z;-an basilar papilla, which isi(responsive to ~ relatively narrow 
, , 

,band of frequencies, i8 thought to be a "simply tuned resonant structure" 

(CapraniC~ and-~ff~t, "1977). FO~ the amphibian papilla, with lts wider 

distribution of frequencie~apraniea 4nd MOffat have proposed that plaee-' 

'" 
determined,frequency analysis i8 operating. ,Mechanieal tuning of the 

mammalian type ia not _possible B~nee both snuran papillae are supporteq 

by the wall of the ot'ie capsule 'rather than a suspended basilar membr~. 

Th'e amphibi~* papilla may oe mechanieally tu~ed through its tect~rium. \ 
--~ 

.Temperature eould coneeivably affect ita tuning by altering,'th~ physica1 

properties - '.eg. elasd,city, dendty - of struetu;~s eontributing .1:'0 its' 

mechan~cal tuning. 
: 

t " " 
~ On the othe'!: hand, the temperature sens;tti'Vity of tùn1ng ;1n certain 

o ..' 
electroreceptors ra,ises the poss~bi1ity that t~perature a~ts 'direè.tlt ~ . 

'" on receptor cells. ------- , aopkins~ (1976) /$~ied the effect of.~ma11, .16calized 
Gr . 

\1 • "f 

temp~rature ,changes on the aetivity of "the afferents'te phasic electro-- . . ~-

o , f receptors in gymnotids. A 2 C 1ncrement at. the re.eeptor- sl~e vas oOnd 

to, more or ,'le88 reversibly increase' a fibre 1 s bëst frequency'by 10-30 Hz - . 

a signifi~a~t amount rblative to CFa- '~round 130 Hz •. Â. s~ight' reduct'io,,: (~~ 

.. 

~ -, 

• ' CI 

" 
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sensitiv1ty 6 a t the higher temperature (22oC) may have been re1ated to 

,. t~e. fish' s ptior acclimation at 2(}oC. Unlike Tokay t,ul1ng curves, 
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( which did not consistently alter shape, tuning curve bandwidth 

inc.reased wi:th warming.J~ the gymno~ids. Referring' to large' membrane 
~ 't -- ( ,-

• ! • 

potential oscillations that occur when the ele~trical loading of phasic 
1 0 

'- ~ -
e~ectroreceptor cells is~educed, Hopkina discussed the,possib~1ity 

. 
that eleétro~eceptor tuning is depende~t upon the membrane filter 

\ ~ 

properties o respoqsible for these oscillations (Paper 1 of this thesis). 

0. 

In gymno,tids the dsc':i,llations accu!, at the f;equency of the ,.electric 

organ discharge (EOn) (Bennett, 1967). Hopkins suggested tha~·temper-

~~ure might ~affect the frequency of 'such ~~ci11ations and ~ence tunlng. 

'tt 18 tempting ,to consider a ueeéhanisn for the temperature effect that 

would app1y generally to lateral-line aerivatives and sô e~compass' both 
1 ~ • 

hai.r cE711s and, te!ectroreceptors. "Membrane conductap,ce changes with 

temperature are well-estab1ished in a number of systems (eg. Lieberman 
, ,./. \, 

a~d Lane, 1976). lt i~ interesting to note that in hair celis of the 

. sea slug' s statocyst, the slow getÎerator potentiai evoked by a mechan1cal 
(". . ... 

stimulùs i8 both secondary to, conductance 
, t"~' , 

changes and 1emperature-se~sitive 0 

f 

in its time c,Ourse (nei:wile~, and Fuortes,' 1975) ~ The 'rate of rise of the' 
" 0 , 

g~ner~t~r potent~~l increases wi~h tem~èratur~ 
. .. 

An obvious and serious objection to thQ. sùgges.tion ·that temp~ratu:e 
( . . 

m~y set primaril~'on the.ieceptor celTmembrarie ls raised by the in-
.' .' - l' , . .. (.. 

sensitivity: of the toad 1 s basilar pap.illa ·to temperature change. Itç 1a 
• • J 

, ' ,. 
intriguing to ~ot~ in th1s regard that the tuning of anuran basilar 

t: 1 • f " 

papilla fibres ie a1so resistant té anoxia '(Capranica~ personal communi-
o •• J '*" , 

~ t, ./ ~ () 

c4tiqq)t unlike th~ tuning of amphibian papilla fibres and mamma11ah 
'" ~ 1 • ,\"" / 1 () ..... 

, . ", \ 

cochlear' fibrea-, (Robertsan an~ Hanl~y, 1974),. Clearly, tuning 'in the 
, 
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- " 

t~ad ba8ilar~ papilla ~as a different, bas~than it does in the 

amphibian papilla and presumably auditory organs in other animaIs. . & 
lts insensitivity to anoxia ~d temperature shift implies an 

independènce from normal aeropi~ metabOl\~. 

It has recently been reported that tuning in cat cochlear fib~es 

is also,unaffected by çemperature change (Klinke a~d Smolders, 1977b; 
4 • 

Smolders and Klinke, 1977)., Local' warming of the basal coo\1lea by 

2 - 4 Oc was report~d t~ increase fibre sensit1vity butnot sign1ficantly 
1 

affect CF. Apparently, howe~er, a eF shift of "not more than "0.04 octave 
, 0 

per 4 Cil toward higher frequencies did occur. Several commenta can be 
• 

made in this regard. (1) The stimuli used were~8 8 tone sweeps !ed to 

200 ~on~ bursts. The summed activity in response to 5 tone sw:eps 

Was used to evaluate CF. ~his method has the advantage o,f speed but 
" l, 

lacks the precision of a tuning curve. (2) Almost aIl of the ama1l 
a 

éamp~e of fibres studied had CFs 'in the vieinity of 20 kHz, -1:- 0.04 

oct~ve per o 4oc shift for ;uch units i8 in the ord~r of 800 Hz. Standard-

o 

o' 1 ized to l C. as was done fgr the Tokay data. tbié becomes a CF.8hift 
. .. 

" 1 

o 
of 200 Hz p~r C. 

. , 

The decision as t? ~hether such a shift is significant 
~ ,~ 

or not appears to be rather arbitrary'. If, a8 may 'hé the case in the 

Tokay, frequency Shift~ are,not proportional to C~, then ffmila~'~hi(tS, 
,,' ,,' l , 

might occur at lbwer fr~quencieB where they would ~e unquéstionably' • 
~ 0 

, \./ 
significant relative to CF. (3) CF changes,withotemperature were founa 

to g~ve rather inferior infonDation about the frequency sbifts seen in 

Tokay fibres. In other worde, the observed CF shift vas a much 1888 
~ 

reliable indieator of the overall frequency shift of a tuning curve than , , 

vere threshold changes along,"(litB sides.' With these p~int8 in min4 it 
• 

.. 
'. 
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may be prudent ta withold judgement on,the question of a temperature 
< 

effect on mammalian tuning unti1 tuning curve data is ~btained from a 

large semple of mammalien fib;es, including some low-frequencf ones. 

This is not t~~say that one should expect a temperatur~ effect in 

mammals simi1ar to that found in toad and Tokay, or that with more data 

the picture in the cst will necessarlly change from that already pr~-
~ , 

sented. Differences in'the magnitude of the effect in various animaIs 

should provida clues to differences in tunlng mechanisms. 

Klinke 

temperature 

and S~olders have aIso invest~igated the lrf1uen~,e of 

on auditory nerve fibre tunlng in the catman (Klinke 
• . 

head 

and 

Smo1ders 1977a; Smolders.and Klinke, 1977). With cooling over a temper-
1 

ature, range similar to that used in the present study, CF waB found to 
, 0 

,dec;:ease by approximately 0.3 octave per 6 C (personal communication)., 

Although the CF shifts~re apparently much more regular than those in the 

,Tokay, values of' 0.05 octave per'oC (stan~ardized from-<lt'O.3" per, 6°C) fit 

weIl within the scat ter of points in Fig. 4a, for CFs be10w 2 kHz. lt 

18 not known ~hether the Tokay data are representative-above 2 kHz, or 

whether caiman data have been obtained above 2 kHz. The caiman's frequeney 

range cnlt extends to 3 kHz (Klinke and Pause, 1977; Man1ey', 1970). 
-..L., 

~ Spontaneous and evoked ~ctivity were found to d~crèase with cooliug 

in caiman (K1inke and Smo1ders, 19778; Smolders and Klinke, 1977) and , . 
in fibres from both the amphibian and basilar pap111ae in the toad 

(Moff~t and C~pranica. 1976). This was n~t studied "systématically in tbe 
~~ ~ ,- ~ 

Tokay. The presence of an effect on discharge rates'from the toad's 
J 

basilar papilla ~uggests ~~t it 1s unrelated to the,effect on tun1ng. 

, Tempe~ature-meJiated ch~ge9 st the a!ferènt syna~se cou1d provide ~ ~ , 

stmple exp18nation for tne redvction in discharge rates. Coo1ing aepressés 

" f ' 
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• 
the rate of transmittér re!ease at the squid giant'synapse'(Weight 

and ~rulkar, 1976) and the~euromuscJlar junct~on in frog sartorius 
\ - , ' \. 

muscle (Ka~z and,Mile~i, 1965)~ In the latter' p~eparat1on, ACh 

release following the"arrival of an impulse at'the te~~nal is both 

delayed (QlO approximately and dispersed in time during hypothermia. 

" lt i8 impossible at this int to suggest a'behavioural 8ignif-

ic~nce for 
. 1 

e Tokay's peripheral tuning to temper-

ature. The Tokay's behaviour.has not been studied ta 80y extent, and 
\1 

the d~rab1lity of the temperatut;e' effects reported heré-' 18 not known •• 

-
Fibres were usually hela for only short,periods of time. Examples such 

as Fig. 3 impress one with thè cons~stency of. the effect over perhaps 

half an hour ,of record1ng •. However, temperature was not held constant 

for very long sa that thJ stabiliby with time of a given frèquen~y . . ' . 

shift has not been as~ssed. There are, however, interesting behavioural 
l ' 

correlat es to'th~ temperature sensitivity of gymnotid and toad amphibian 
• , 1 'rJ 

'papilla affere~. Let us assume that the temperature-mediated frequency J; 

s~ift seen in the toad probably also o~curs in fibres trom the amp~ibian 
) 

papilla in other anurans. I,t has' b,een shown that bath the pulse repetition 

rate of, t,he male treefrog' s mating caU and the pulse rate preferred by - , 

the female treefrog increase, in step, with temperature (Gerhardt, 1977). ,... . 

Although.this indicates that anuran calle can change with temperature, 
, F ' 

it 1s not, known whether the ~frequency spectra of the calls vary'. In 

gymribtids, the EOD frequency - to which the phasic electroreceptors â~e .. 
tuned - In~reases with temperature (Hopkins,,1976). Frequency shifts with 

temperature in communieatory signaIs could be secondary to the physiol

ogieal effect on auditory tuning. ~Selectian pressure for.behavioural' 

adaptations to th~ sensory phenomenon would presumably be high in animals 
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that ~ely heavily on their perception of communiéatory and orientation 

signaIs. 

Temperature must be expected.to influence t~ inner ear in a number 
,~ 

, \ 

of ways. More comparati~e data are needed to decide which of these 

is/are critical ta frequency selectivity. For instance, it would be 
, 1 

interest1ng to look for a tempJrature effect on the tuning of fibres 

-
from the alligator liza~d's papilla Whlch, like the anuran.basilar 

papilla, i8 thought to be a simply tuned resonator (Weiss, -1977). lt 
, \ 

Is not at the moment necessary to postulate a 8in,1e mechanism for 

temperature effects on tuning; it, ls conceivable that temperature éXerts , (, 

lts influence in different ways in different systems. Adm1ttedly the 

similarity of the frequ~ncy shifts in ca~n~ gymnot14. toad amphlbian 

papilla and Tokay suggest a common mode of actlop. Since the mechantes 

of these systëms differ greatly, an ef~ect at the receptor cell l~v~l 

~ seem more plausible were it not for ,the results from the toad's basilar 

papilla., Further information about this unusual papill~ would seem 

important ta understanding' the source of'tempe!aturè's effects on tuning.' 

/ . 

,J 

, , 
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Concluding R~~~s 

While the details of auditory,processing in a lizard can be fascirrating 
t 1 

111 their own r1ght, Cle!1r,ly?most of the interes~ :l..n sU,ch a system depends ~, 

upon its relevance. to other syst~. Th1& is part1cularly true for an~l8 

whose behaviour related ta audition ls elther unlnteresting or unknown. 1 

,The~Tokay is known to vocalize, but in-depth behavioural studies to deter-, 

mine what sounds have moét significance for the animal are missing. Su ch 

information ia important to underatanding the more speeialited forms of 

periph.eral filtering - i:e. t the dynamic properties of fibre responses 

rather than basic tuning. The -various PSTH categories (Fig" ,9. Paper 1) indi

eate t~ai: the Tokay' B iQner ear perf'orms more than just f~equency analysis. 

Evén without good behavioural data on-the Tokay, it is interesting to specu- -

late on the' selection préssure(s) tpat produced these PSTH patterns. The 
i 

need to loealize sound has been suggested_ (Manley, 1977). Liza~~B are ~oorly 

equipped to handle sound localization eues available to other animaIs. They .. 
laçk pinn.. an::have sma}l ~ .. ds that crea te little sound shadow over the 

relativelr 10W)fie~uenc1es to which they are sensitive. The highly synchron

ized onset peaks in response to tone bursts at intermediate and high 

frequencies (within the Tokay's range) may be a device to emp~a9ize the very 

small differences in t1me of arrivaI of sounds at the ~o ears. The tnereasing 

emphasis of th~ onset peak, relative to the reàt df the histogr~. in higher-
~ 

ord~r centres indicates ita importance to the animal'e perception. The absence 

of onset peaks in PSTHs fro~ unite sensitive to low frequencies may 8~ply . 
, , 

reflect'the impossibility of binaural temporal discrimination at such 100g 
. 
stimulus wavelengths. 
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The origin of onset peaks in the !nner ear is as interesting ta 

consider as their significance to the ,n1mal. ln Pap~r ~, a relat10nship 
1 

between onaet peaks and hair cell bidir~ctionality was sU8ge~ted. lt should 

be pointed out thae in the Tokay, the bidirectiona1 area a1so dlffers from ,-
the unidirectional region in its accessory tectorial structures (refer to 

p. 8, this thesis)-(Miller, 1973). The Tokay papi1la is"actually divisible 
, / 

• 1 

into three regions on the basis of tectorial attachments: apical pre-axial, 

apical post-axial, and basal (~ig. 3, Introduction). This might seem ta . 

relate less wèll to the data thanldi~ision of the papil~a into two areas 

(apical and basal) according to ha1r cell directiona11ty, becausé of t~ 

basic dichotomy in PSTH pattern: peaky .!.. f:llled. However, innervation 

patterns help determine functional divisions of the papilla as 'seen' by the 

primary·fibres. For instance, if each afferant innervates all cells in a 
, 1 

transverse row (pre-axial and pos.t-axial), then the apical t~-~h,irds is, in 
J 

terms of fibre respons~s, a single division of the papillà. If cells under-

lying the post-axial sallets are separately innervated, then thè division 
1 

between pre-axial and p~st-axial apical papilla 18 reproduced in the audit ory 

nerve. Unfortunately, the innervation.of the Tokay's pap1l1a has no~ been 
. \ -

examined. In any case, It is conceivable'that the sallets contribute to or 
1 

cause the onset .peak. The growth of multiple peaks with' l.ntensity (Fig: 10, 

Paper 1) can bè visualized a; the re~ult .of the sallets: trndency to oscill

a~e at a,preferred frequency that Is precisely determined by their inertial 

properties. Such oscillations would damp out more slowly at high lntenalties. 

The weak point in thi8 sugge~tibn 18 that monitor, lizards, whose prilliary 

flbre~ a1so produce peaky and filléd PSTHs, have a continuoua plate-like 

tectorial membrane ov~r aIl hair cells~ the papilla (M~ller, 1914). 

, \, 
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. , . , 
Evidently in the monitor the tectorial membrane cannot be responsible for, 

the differences in PSTH pattern. It ia possiblè, howe~Jt, that different . . 
mechanisms p~oduce onset pea~s in the two spec!es • 

• Although not studied syst~atiçal1y: the phenomeno~-Qf two-tone rate 
1 > ~ 

suppress10n was observed 1n the presept study. !wc-tone rate suppression 19 • 
'L to,.. , ... , ~ 

the reduction of a ~nit's response to a tpne ar~nd its CF that ia caused by 
\ ' , 

simu1taneoua presentation of a second, louder tone of different frequency. , . , 

It has recent1y been found ta occur in Tokay primary fibres with CF~ between 
1 , ; 

'" 0.4, and 2 kHz (Man1ey, 'personal communication). lt yas not ~n'l7e9tigat~ in. 

units with hlgher CFa. As in mamma1s, the tones which proved'effect1ve ln 

~educing t~e response of a Tokay fibre to a CF stimulus were often 
. , 

to which the fibre was re1atively insensitive when they were presented 

It Is worth noting that of the two types, of primary. fibre described by Weiss 
! J 

• ~, i> ~ ~ ~ > 

et~. (1976) in the ~lligator lizard, only the low frequency, sbarp1y tun 

fibres demonstrate tf'G-~~ne rate sup~res~on (Holtonoand 

absence of the ph~nomenon in the.highei-freq~cy fibres 

Weiss, , 

May be 

their broad tuning. lt has been shown tha~ under certain conditions that 

produce .br~ad tuning in mammalian l>rimary audi!ory neurons (eg. remova-l. oOf 
,Q • 

perilymph from, or mechanical damage to, the coch~ea). two-tone suppression 
1 

"çan no longer be observed. (Robertson, 1915). 
~ 

Tpe purpose of this thesls has been to extract from the recorded act1vity 
~ , 

, 
of'Tokay pr~ry auditory fibres information relevant to eurrent prob1ems in 

peripheral audit~ry P~YSiOl0gy. Sinc~ the major sdvantage to recording ~r~ • 
,. 

\ 

pr1mary fibres ia their proximity to the se,!se organ, an ,effort bas heen mide to "'. 

l 

lTcrminology of Holton and Weiss (1977). 
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\ 

relate patterns of activity to inner,~~r morphology. The elaborate cocblear 

duct of.the Tokay provides fascinating material f~r speculation of tb1s 

nature. Sucb speculation ia not id1e in tbat it 1s often testable and at the 

sarne t1me suggestive of appropr~a\~ follow-up experiin~nçs. For instan~e» the 
u 

postulated frequency distribution along the Tokay papi1la (Paper 1) could be 

teste4 by recording fram prfmary fibres 'as they emanate fram tbe papilla. If 
~ 1 

this revealed that, as' suggested, low frequencies are represented on the 
o 

narrow ~a8a1 end, it would be interesting to study the mechânical response 

ok the TO~Y' s e1ong~~e 'basilar ~emb'r~qe using thcr M8ssbauer tEchnique. If, 

on the other hand, mappit\B of the papilla revea"led that low frequencies $re 

apical and'hlgh frequenci~·ba8al, then the c~rrelation between hair cell 

orientation p~ttern and l'STH type in_:..;~he monitor- lizard (Man+ey~ .1977) would 
~), ~ 

be reverse4 in the Tokay. 

The question of how tuning i8 'achieved is the most "basic problem in ... 

1 peripheral auditor), phySio..l~gy and hence 'tlle one that has attracted the mast , 

attention. The temperature effects on tunfng cUTVe~ descr,ibèd :rn <t:t:h1.B tbesis 

and by others as yet ~make no clear contribution to an understanding of tuning. 

Since'these studies are aIl very recent, and~in~e the published ~eports are 

based on very few units, it can bE! hoped that' the. picture will be clar1fied 
./ 

by detailed studies on more species. From the cons1stency and apectficity 
Q \ " ( .... 

of th~ desc~ibed temperature effect» it appears to be ~ creditable new 
'J 

• Bource of information on tuning. 
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Spontaneous. and responsé activity were recorded from single fibres/ 

in ,th'e auditory nerve of 'the Tokay geçko. Standard techniques. of record":' 

ing and sound ,stimulation were used. Spontaneous discharge ~at~s were 

found' to vary from 0 - 40 spikes/s. Interspike interval histogr~s from 
c. 

units ,with CFs greater than 0.5 kHz werè comparable ta those of other 

~ animaIs., Interval histograms fram fibres with CFs less than 0.5 kHz 

were unusual in that ~hey had osciIlat~ns a~ intervals approx~~~1ng 

the reciprocal of the CFf For several reasons.it was concluded that .. 
these oscillations are probably real and not the result of unint~ntional 

r 

sound stimulation. A pQssible mechanism for the p'roduction oi' these 
" , . . . 

oscillations at the hair cell level ia discu6sed. 

~ The range of characteristic ffequencies (CF~) ~bserved was from 0.15 , 

to 5.2 kHz. Tuning curves had fairly simplè V-shapes,. witb a, tendency 

toward steeper high frequency slopei than low,frequency slopes. the '\ 
, 

curVes were on' average quite sharp relative to those from other an~mals 

over the ~ame frequency range. , 0 

Peristimulus time histograms (PSTHs)f of response activity can be 

divided into three main types: filled, semipeaky, and peaky •. These , 

correspond to low, intermediate, and higher CFs. Similar PSTH classes ~ 

are observed in the monit~r liza~d (Man~e~, 1977), in which the presencè 
., . 

" of the onset peak is correlated with hair 'cel! bidirectionijlity. ,lt is 
,.,. . 

'suggested that this correlation may also exist in the Tokay, in which case, . 
• , jr 

low frequencies wobld be represented basally and high frequencies apdca1ly 
. # 

on the papilla. - the reverse of ,the ma~al!an frequëncy d~8tribution. • 
... 

Several on-off responses were cibse~ed. Fibres'with CFs from 0.3 to .. -' . 
3.6 kHz responded to a broad-pand Tokay calI. Series of peaks in the PSTHs .1 
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of t,h~~~~Onses reflect the pulsed nature ôf tbe caU. It rs 

su,ggested\ tb~t' 'onse~ peaks may play a rôle in sound locarization. 

The effect 'Of temperature change on tuning curves wa~ investi.gated. 
\ ' 

Temperature was measured orally or in the cochlear duct\~ontralateral to the 

exposed auditory nerve. 'Temperature changes were effected 'with a beati.ng 

• ~ DA 
pad, and were usuaIly. smaii (0.5 - 2 v). 

o 
covere4.by the study was from 19 to 31 C. 

THe range of temperatures 

Temperàture ,change did not 
, 

~onsistently affect either sharpness or oyerall sensitivity of the _ ~ 

tuning, curves. but di~ produ~e f cons~ste~t fre~Uency slîif~unJ 
~urves shifted tow,fird higher frequencies ~ wa~in8 and Idwer frequencies 

with c?oling. These temperature effects a~ discus~ed 'in relation to 
. 

similar results obtained recently in other animaIs. 

• 

" "(-(' ,,> 

~ 

1. -

• ., . 

'ti> 

.. . ' 
• , 0 

. , . 
" 

" 

'" 

" "J 

" 
j 

.. 
1 

{' 

• \ < 

" t 



1 

1 ;, 

• ,0 o 
. . 

. . ' 

69 

R~ferenee~ to Introduction and Co~cluding Remarks 

Békésy, G. von: Experiments in 'Hearing (transI. E.G. Wever) New York 

McGraw-Hill Book Co., lric. '1960 
, .., , 

Capranica. R'. R. : Mo't'phology ~nd physio10gy of the auditory systelll. In 
, . . 

Frog Neurobiology (eds. R. L1inàs, W,: .Precht), pp. 551-575. 

New York r Sprins.er 1976 . 
" ., 

o • 
Evans, E. F" :' Normal and abnormal .functioning of the coch1ear nltrve. 

Sytnp. zool. Soc. Lond. 37, 133-165 (1.975) 

Fay, R.R. : Coding of information in single auditory-herve fibres of the 
../, 

go1df~sh. J. Acoust. Soc. Am. 0 g, 136-146 (1978) 

F'urukawa. 1"., Ishii, Y. : Neurophysiologiesl studies on hearing in g01d-
\ 

r . 
fish. J. Neur?physiol. 30, 1377-1403 (1967) 

Henson, O.W. : Comparative anatQmy of the midd1e ear. In: Handbo'ok or 
'l- • ;' Sensory Physiology, 1, pt. 1,. Auditory-System: Anatomy, Physiology 

, . 

(Ear) (~ds. W'~jKe del, W.D. 

Verl,ag 1974 

Neff) pp. 40-110.' Berlin: Springer-

Ho1ton, T. " Wéiss, T.F. : !wo-tone rate suppressi9n in 'l!zard coc:hlear-

nervi fibres : Relat;ton- ta audi~ory receptor morphology. J. 
1 .... • 

Acoust. Soc. Am. 62;- sup·pl. 1, 545 1971 
! ,- \1 ' ~ 

J~bnston~" B.M., Tarlor, K.J", Boyle; A.J. : Hecbani~8 oi.. the .8u,~nea pig 

cochlea. J. 'Acoust. Soc:" Am. }.7', 504-509 1970 
, --

• ',' ", 1 
KÜnke, R., Pau~e, M. : The performance of a primitive bea1:ing org~' of 

" . 
,~ 

& • 

. the cochlea ty:'pe : 'pr.imary fibre 8t~ies in tbe eaiman. In: ", 
, .' 

.. Psycbopnysics and PhyJi~lo&y 'of Hearins (eds. E~F. Evans, , 

. J~P., Wilson) Londo,n : Academie Pr~8s 1977 

, 

• • ~.'lt 

'. 

; 
'. 

·1 
! 



... 

" 
1 

J 

..... 

_ .. L.~_ 

) 
Koh11offe1, L.U.E. Ob~rvations of the JIlecha~ical dis turbances • 

( 

along the basitar membrane with laser 1llumination. In: 

Basic Mechanisms in Hearing (ed. A.R. M~l1er), pp. 95-117. 

London: Academie Press 1973' 

Manley, Ç.A. : Al review of some current concepts of the funetional . 

70, 

t 

evo1uticln of the ear' in terrestrial v.ertebrates. Evolution 26,' 

608-621 <-1973) 

Manley, G.A. : Response patterns and per1pheral orig1n of auditory 

nerve fibres iIT the monitor, lizarçl, Varanus bengalensis., 

J~' comp. Physiol. 118, 249-260 (1977) 

Manley, G.A. Frequeney-dependent' ~xtrac~lluiar interac'uon between 
\ 

hair ~ells as ,a possi1>1e mechanism for coch1ear freque~cy 

sharpening. In: Psychophysics and Physiology of Hearing. 

(eds. E .11. Evans, J. P. Wilson) pp. 139-'146. London: Academie 

.' Press 1977 
, , 

Manley, G.A. , Leppe1sack, H.-J. : - Pre1iminary data on activity patterns 

of coch1ear ganglion neurons in the, starling, Sturnus Vlligaris. 
, , 

In: Inner Bar Biology (eds. M. Portmann, J.-M. Aran) Les 
~ , 

colloques de l'Institut National de la Santé' et de la~ .écherche , 

Médicale 68, pp. 127-136. INSERM 1977 . 
Miller, M.R. : The coch1ear duct of lizards. Proc. Calif. Acad. Sei • 

.1 
3), 255":359 (1966) 

" , 
,Miller, M.R. : A scanning electron mieroscope study of the pllpilla 

basj.1aris of 2,ekko gecko. Z. Zellforsch. 136, 307-328 <,1973) 

Î' Miller, ,~.R. : Scanning el«ctron ,icros~py of ~he' l:lzard pap}lla 
'0 r 

"basilaria. Brain Behav. ~vol. 10, 95-112. (1974) 
,. !. e.._ 

. " 

, " 



i 
',' 

~ . ' 

( 

.. 

, , 

JI,,,., .. 
~~~, ........ ,I-...,.". ..... _~,..., •• "'~~ ... "I~ ... ~.- "-'."- _ .. _....-..-. __ I.~ .... ~"'I'V, .. .,..>O/'.., .... - ... <4 .... ~ .. ~~H4b ••• *1IJt" ~ 

Miller, M. R. 

l' 

The coch1ear nue1ei of lizards. J. Comp. Neur. 159, 
Il 

375-406 (1975) 

Rhode, W.S. : '-ObfJervations gf the vibrati~f the basi1ar membrane.-
r 0 

71 

in squirre1 monkeys ùsing the M8ss~auer technique. J. Acoust. 

Soc. Am • .12., ~218-l211 (1971) 
o • 

Robertsan, D.~ : ,Studies of sing~e neurone, activity in the coch1ear 

ganglion of the guinea pige Ph.D. thesis, McGill University, 

Montréal, Canada 1975 

Ro~e~tson, D., ~n1ey, G.A., : Manipulation -o~ frequency: analysis in 

t~e coch1ear ganglion of the ~uinea ,g. J. comp. Physiol. 91, 

363-375 (1974) 

Russell, I.J., Se1lick, P .M. : Tuning properties of cochlear hair c.e1ls. 
j . ' 

Nature 2:22, 8$8-860 (1977) 

Spoendlin,- H. : Neuroanatomical basis of cochlear coding mechanisms. 

Audiology 14, 383~407 (197~) 

Weiss, T.F., Mulroy, M.J., Turner, R.G., Pike, 'C.L. : Tun~ng of single 

fibres in the cocblear nerve of the alligator lizat'd 

\ 

relation to 

receptor morphology.' Brain Res. 115, '71-90 (1976) 

Wever, E.G. : 'The tectorial membrane of the 1izard ,ear species v~riation. 

J. MOrph. 123, 355-371 (1967) - . 
Wever, 'E. G. : The lizard 

.. 
ear : Gek.konidae. J. Morph. ill, 121-166 (1974) 

W:H~on, J.P., Johnatone, J .R. : Capacitive probe: mea8ure of basllar, 

membrane vibration. Symposium on Hearing Theoiy, pp. 172-181 

Bolland : IPO. 1972 

Zwislocki, J. : Phase oppositton between ioner and outer' ba.lr cella and 
. , 

auditory aound ana1ysie. Aud~ology !i.~.443-455 (1975) 

) 

l' 

, 
, . 

.. 
) 

1 

1 


