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Abstract ,
\

id N ' - ' a

Spontaneous and fesponse activity were reédorded from single
auditory nerve fibfgs ip the lizard, the Tokay gecko. The effect of
L f

emperature change on the frequency selectivity (tuning) of the fibres

1

‘v’was studied in some detail. Small increments in temperature were

4

- found to Eonsistently sh}ft the frequency response curves (or tuning .

cdrves) of the animal toward higher frequencies. Cooling had the

reverse efféect., Temperature was monitqred either orally or within the

cochlea contralateral to the exposed auditory nerve. The results are ~
compared with temperature effects that have been reported for cochlear
' /

potentials and, recently, for auditory nerve fibres in other

*

species. Their-implications with respect to auditory tuning mechanisms

are discussed. A number of general properties of the fibres' activity
were also determined. Computer‘analysis of these data revealed interest-
ing patterns of both spontaneous and response activity. An attempt is

made to relate these patterns to morﬁhology and possible tuning‘mechanisms'

dn thé Tokay's inner- ear. ‘ . ’ -

o T e
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Restmé L

On a enregistné chez le lézard gecko de Tokay les activités . )

" spontanées et provoquées des fibres nerveuses auditives simpless
! P
On a étudié en détaill les effets de changements de température sur .

v

la sé%ectivité de fr&quences (tuning) des fibres. i

4

On a trouvé que de légéres augmentations de température &lévent

<

' 4
les courbes de réponses aux fréquences (tuning curves) a des fréquences .
' @

; plus hautes. Le refroidissement des fibres produit 1l'effet contraire.

- Les températures enregistr@es &taient orales ou cochl&aires et dans

!

~

ce dernier cas contralatérales au nerf auditi

On a compard les résultats aux effets déjd xapportés de’changements

de température sur les potentiels cochléaires du lézard gecko, et aussi;\\*\

¢ ‘

plus récemment, sur les fibres auditives d'autres espéces’'et on a discuté

des Implications quant aux mécanismes de sé@léctivicé auditive. On a

dégagé un certain nombre de propriétés génerales de 1l'activite des fibres.

-~

' 4 " 7
L'analyse par ordinateur de ces données révéle des schémes Intéressants.

d'activité spontanée et provéquée,

Al

On a tenté d'établir un rapport entre les schémes d'activité et la

%

morphologie et les nécanismes possibles de s&lectivité (tuning) de )

+ 1l'oreille interne du Tokay. ' ‘
‘. o

~

b
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Preface

4

This thesis is based .on research conducted between June, 1976 and
//' < .

March, 1978. ‘The research is original in that auditory nesvve fibre

-

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

&

been- studied in very few other reptiles. To my knowledge, the effects

of temperature change on the‘gctivity of single audiiory neurons had
. i

not been examined in any species prior to this project.

The bulk of the thesis coﬁsists of two papé:s vhich will be sub-

mitted for publication. Because of the complementary nature of these

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

as such, Tor this reason a connecting text was not considered necessary.
The results reported in these papers were obtalned from 44 animals.
14 - ) N ! . @
/' The data from nine of these animals werg collected and anélysed by

Lorraine Pawson; theée results are included dn the report on general

' properties of auditory nerve fibre activity (Paper I of this thesis).

As specified in the thesls guidelines outlined $y the Faculty of’

) | . , '
Graduate Studies and Research of McGill University, the following rsgul-.

S

.
A

ation must be cited: ) ; ! ) \"
) The ‘student has the option, subject to the approval of thé }
"Department, of including as part of the thesis the text of an
original’ paper, or papers, suitable for submission to learned
- journals for publication. In this case the thesis must still \ !
conform to all other tequirements explained in this document. L
- Moreover, a full introduction, and other material (e.g. ex~
- perimentaf'data or details or equipment and experimentél design
often omitted in journal articles) may need to be provided in
addition. If more than one manuscript is included, comnecting
text and joint summary~conclusione are ‘required. A mere ’
collecton of manuscripts is not acceptable} nor can reprints of
-~ published papers be accepted.

\A

While the inclusion of manuscribts co-authored by the
candidate and others 1s not prohibited for a test period, the

. , i (i) b *. /




- LI e

»
’

& v

( candidate is warned to make the most explicit claim for =~e .
his share in such work, and supervisors and others will
Jhave to bear witness to the accuracy of such claims before
the oral committee. Please note that the task of the ;
external examiner is much, more difficult in such cases.

.
v

' ., N
' 3

Lo i
/I am indebted to Lorraine Pawson for her cheering presence and

’

' expe;é help, ?articdiarlyaén th;‘ﬁore tedious aspects of statigtical .
énﬁlyéis. Thanks are due to Prof. Y.L. Werner for’bis part in in-
spilring the éemperature effects reseérch, and to{Prof. R.R. Caéranica
for his interest and advice copcerning the same. i would like to thank

° . |
Seth Pullman for his help in assembling the thesis, ;;3\§or general

encouragement. I am especially grateful to Dr. G.A. Manley for his ;

.

invaluable ideas and generous and enthusiastic shppofi throughout this v |

study. : , .
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4

The vertebrate inner ear has successfully resisted efforts to
. L]
fully understand the mechanisms underlying peripheral frequency analysis.
. ) ! [ M

Not surprisingly, ’these efforts have mostly focussed on the mammalian
system. The work of von Békésy (1960) established a mechanical basis

for frequency analjr;sis within the mammalilan cochlea. von Békésy ,”
dexixonst::ated that sinusoidal stin;uiation of th.e cochlea produces | \
travelling waves along the eiongatze basilar memi:raﬁe supporting the »
sensory ef:ithelium (organ o'fr Corti). The travélling wave ;ievelops

slowly from the basal ‘end of the cochlea fadjacent to the stapedial ’ ~
¥ N ..

footplate), reaches a maximum amplitude, and decays apically. The ‘

. R 0 . .
distance from the basal end at which the maximum occurs varies with

o

the frequency of the pure tone stimulation. With high frequency

stimuli, the displacement of the basilar membrane reache‘s‘ & maximum

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

-

affected by high frequencies. Lower frequencies displace a greater

~ M

length of the cochlear partition (basilar membrane plué organ of Corti).

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

- Therefore, different frequencies are represented at different pqaiti‘ons' '

along the membrane. Furthermore; tl;e progre'ssion from high to low

frequencies 1§ continuous from base to apex. _nThis distribution of

frequencies along sthe basilar membrane can be Ehlly ‘explained in terms/

of a baso-apical gradient in its physical properties. It becomes

[}

" gradually wider and pore flexible with increa;ing’distance from the

-

basal end.

Y,
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) ) - ‘
‘r' v Clearly the mechanical tuning of the basilar membrane must

’

determine the distrﬂ;ucion of frequencies in the overlying organ
. /

of Corti. Confirmation of «this is supplied py recordings from

primary, afferents emanating from different positions along the

cochlear partition (eg. Robertson and Manlfy, 1974) However, there " ’

RN

appears to be ‘an important difference betwéen the tuning of&the basilar

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

° -

"

controversy surrounding the techniques that have been used to study

Yoy
@

< J
basilar membrane tuning, the available data indicate that it is much’
. : * a
broader than the tuning 6f primary auditory neuronqﬁ(eg. von Békésy,

e e e G BT RS

1960; Johnstone et al.; 1970, Kohlloffel, 1973; Rhode, 1971). The

R P

~

. rd
/tern 'second filter' was coimed to describe a hypothetical process
A

between basildr membrane vibration and the primary neuronal response

! 1 ~r—

which is capable of sharpening the broad mechanical tuning (Wilson . -

® -

and Jéhnstone,'1972). The nature of this cochlear ﬁharpening process

R R
~
e e

|/

has been the subject of considerable épeculation. /Numeroﬁs modf}s :
1 .

have been proposed but as suggested by Manley (19?%0, some are ’ :

‘untestable aud othérs are Incompatible with the pr. sent/ﬂata. - For .

/
instance, lateral inhibition and other forms of p imary fibre inter-

{

action (eg. Zwislocki, 1975) have:peen virtually

ruled ‘out by the

lack of anatomical evidence for inter—f%bte contacts (Spoendlin, .1975),

o

ISR S0 B ke e Ly e
Y

'

. . . o .
and by recent intracellular evidence that the hjﬁr cell receptor :
" 7e / ¢

' ‘potential is sharply tuned (Russell and Sellick, 1977). That the

second filter is metabolicaliy labile is suggestéd by recordings from q 2

/

primary auditory neurons when the cochlea,has been subjected to mechanical

damage, ototoxic drugs, or hYpoxia (Evans, 1975 Rnbertson & Manley,
,.,# \ v
} ¢
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. N
© . . .
4

. N f R . v ,
( 1974). Under these conditilons the sharpness of tuning! in the primary

neurons 1is reduced to the extent that their tuning (:urvesl approach

the resonance curves of the basilar membrane. The implication is

¢

s that the amount by whicH the normal sharp tuning is reduced represents

p o

the contribution of a metabolically labile second filter.

i
v

» . The potential value.of a compa‘rative approach to the question of

frequency selectivity has been generally overlooked. Primary auditory f

Y

. afferents in teleosts (Fay, 1978; Furukawa and Ishii, 1967), anuran

“(eg. ﬁa?ranica, 1‘L76), lizards (Manley, 1°97‘7; Weiss et al., 1976; . ; P

this thesis), caiman (K'inke and Pause, 1977) and birds (Manley and

/

Leppelsack, ;1977) have all been shown to have fairly simple, L

approxingtely V-sha;;ed tuning curves, as- do mammalian 'cochlei?r fibres.

' A
This does not, of course s negessamify imply a common tuning wmechanism. -

-

Althougi many verteﬁrate ears have similar features \in fundamentdl

»,

’ design, large differences also exist. " Among terrestrial vertebrates, ' ' !

4 @

the anurans have evolved an auditory periphery that deviates from

e

: trends discernible in reptiles, bﬁ_ds and mammals {Manley, 1973){

’ ) N

« ' There are two anuran auditory organs, both of which rest against the

! - -

e e e r  —— e

wall of the otle capsule. Thé cochlear ducts of reptiles and birds
i 1 » . ' , ~
. ' have,a design more.comparable to the mammalian cochlea. For instance, |

/
the basilar papilla - homologous in these animals to the organ of . L

\
5 te= o
»

P

Corti ~ overliés a basilar membr\%ne' that is at leastjpartly suspended i

¢
s - -
L

. s
in £luid, and hence susceptible to pressure differences on either sgide. , o

- '

S s 4 ° v N \
\\ . *
o - -

.lA tuning curve of an auditory neuron is a plot of tthe stimulusg intensity'.
required to evoke a threshold response to a pure tone against stimulus

C} © . frequency. C
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- In contrast to the relative uniformity of the mammalian cochlea .0
across different species, lizard inner ear morphology has diversified

1
- - «
] - “7 L]

to an extraordinary degree. '‘Each family has evolved-its own basic

design; variations in details occur among species within a family.

4 A

Family'patterns are so well defined that classification of a lizerd
according to family is possible on the basis of cochlear duct anatomy

alone (Miller, 1966). The m’re differentiatezlizard cochlear ducts

have tended toward: l) elongation of the basi ar memb\rane and papilla;

2) elabqrdte accessory structures; 3) well defined receptor, cell ‘(hair -
\ ' ~
cell) ”oriehtation patterns. The, inner e¢ars of lizards thus naturally

v

lend themselves to the study of structure-function relationships

(Manley, ,1977). According to Miller (1966), "reptiles ... are

remarkable in that they have experimented with the cochlear duct ancﬁ

' LN

modified almost all of its various parts." This is most true for 1lizards.

The fun":tional cobnsequences of these modifications are accessible, at

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

in a single papilla it may be’t_vempting to look for morphological correlates

. to fhe variability in response properties of auditory neurons. This '
. o »

approach has been taken recently by studies on auditory nerve fibres in

two lizards:

\

the monitor (Manley, 1977) and the alligator 1izard .

Both species ‘r'\ave‘ two fibre populations, a sharply

S

tuned 1ow frequency population and a broadly tuned one at higher

(Weiss et al., 1976)

frequencies, In each case, the fibres belonging to the two populat:ions

" innervate different regions of the papila. Weiss et gl_ and Manley

' have both suggested that a morphological dichotomy may ﬁnderlie the

¢ ~

v »

o ' . by

o
Ll
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( _ observed tuning differences. ' ‘
T \ The first paper in the thesis attempts to relate certain
. , § . .
s response propertles of Tokay auditory nerve fibres to physical features
i | of 1ts inner ear, in addition to providing a general description of .
il R - ‘ N -

spontaneous and response activity. The second paper reports on the tffects

)

of temperature on the fibres' tuning properties. \ ’ ‘-

S~ B

, An iIntroductory outline of Tokdy peripheral audit:qry anatomy .
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( Anatomy . . L ' ‘

-
I3

As in all lizards, the Tokay's eardrum is close to the surface of

the head. The oval opening to the shallow (3 mm deep) external auditory
meatus 1s slightly smaller than the meatus diameter, and can be closed by
a constrictor muscle (Wever, 1963). The Tokay's middle ear is fllustrated

’

in Fig. 1b. The footplate of the c,olﬁxpella (stapes) inserts on the oval

e
.

window of thelotic capsule. Lizards have a release window that is analogous
. to the’mammaliatrdund window (Henson, 1974).

Gekkonid iizard; have a highly differentiated c'oc!/tlear dtlzct that/h{m}v‘
been described 1Din detail by Miller (196;6, 1973) and'Wever (1974). The ., -
cochiear duct, saccule ;'md utriele are the three major chambers of the

" labyrinth. The cochlear duct and laéenar macula lie together within the
‘ cochlear recess of the bony iabyrir;th‘f(Fig. &a) . The periotic sac surround—-

ing the cochlear duct consists of two compartments, the scala vestibuli and

3

scala tympani, which communicate via a narrow channel, the helicotrema.

’ ) This channel serves to eliminate slowly developing preéssure :i:lfferences

:; batdween the scalae, It is ineffective with respect to the rapid pressure '
Y s%“. ' fluctuations created by sound;, pressure is then exerted along the co.chlear

7, - N partition. The lagenar pacula.and vestibular membrane comprise the lateral

?; wall of the cochl 5 E. The vestibular membrane separates the peri-

7,: otic fluid of the scalae vestibuli and tympani from the endolymph of the

f{;, cochlear duct. The endolymph has a different lonic composition than the
‘ g per‘il.ymph. In mammals, this results in an 80 ~ 90 hV potential difference

?i-,} ) between the endolymphatic s;;ace (scala media) a‘nd the perilymphatic

ig c compartments. This p.otent:'ial is about- éO wV in birds and only a ffw

P
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Figure 2. The cochlear duct of G. gecko. : ‘
A) lateral view of the left cochlear duct
i
B) cross-—section through the cochlear duct -
(Modified from Miller, 1973) ’
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ﬁilliv?lts in reptiles (Manley, L§73); | .

Aléﬁé the medial wall of the cochlear duct are the llmbué aﬁd the
basilar mgmbr;ne, which is itself modified limbic tisgqe: It bridges ﬁpe ) !
éép between the dorsal neural limbus and thé mGEEQVenE;al trian;ular limbus
éFié. 2b). The neural limbus is so named because it contains the’coehlear
ganglion./The bipolar primary ce}ls of this ganglion e; send a proximal |
process to the brain and a distal one to the basilar papv a. The 1§t£ar-
-consists of columnar hair cells and supporting cells., The fibres run(
between the supporting cells to terminage on the basal and basolateral
surfaces of each hair cell. A relatively large proj?é;ion of the néufal

1imb&s, called the limbic 1lip, overhangs the basilar papilla (Fig, 2). A -

tectorial membrane extends ventrally from the edge of the 'limbic 1ip to

N1

’ v

"form attachmepts with the hair.cell cilia. .

The following descripfiqn of the Tokay's basilar papilla is based
on Miller's (1973) oﬁservatians using scanning electron ﬁicroécoﬁy. The

Tokay .papilla 1s long (approximately 2 mm) by saurian standards, and has

3

more hair cells (approximately 2100) than any other lizard paplllae that

have been examingd. It tapers from an apical Gventral),width of about

*

130u to-40-50u basally (dorsally), becoming increagingly'curved toward

the basal end. In the apical two-thirds of the papilla,.a prominent

v

ﬁidline gap (Fig. 3) divides the apico-basal (longitudinal) rows of hair

i .
cells into an anterior or 'pre-axial' group that faces the neural limbus,

'post—axial' group that is directed more toward the

¢

and a posterior or

triangﬁlar 1imbus. The midaxial hiatus is not present in qhefbasal third

of the papilla,
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The tgctorial mémbrane extends from nearly‘ the entire length of
. the limbie 1ip.< ectorial fibres attach to all hair cells in the basal
third of the pagilla, and to the pre-axial cells of the apical tﬁ:-thirds.
Th.e connections ‘are filamentous on the basal end but thick apically. Each
transverse (antero-posterior) row of post-axial hair,cellsr on the “apg'.ca,i

part of the papilla is covered by a heavy tectorial mass, dubbed 'sallet'

* by Wever (1967). Sallets are connected to each other but are independent [;,

of the neural limbus. Each sallet is in contact with the kinoeilia and p
possibly the tallest stereocilia of the underlying hair cells. The kino- .
c;ilial head, or bulb, is embedded in the overlying salletal”or tectorial

process, According to Wever (1967), attachment of one end of the tecto‘%ial

membrane to the limbus causes it to have rotational motion during sound
st'imulation, in contrast to the up~and-down vibration of the basilar

membrane. Wever proposed that the rotation of the tips of the' cilia relative

4

to their bases stimulates the production of receptor potentials within the

« o

haixa' cells. The sallets were visualized as oscillating with. some lag
relative to basilar membrane motion, by virtue of their inertia. Again

the critical stimulus would be provided-by the difference in the motions

9

of the tips and bases of the cilia.
The stereocilia on the surface of each hair cell are arranged in

wedge-shaped rows.that -show a progressive decrease in height._ The tallest

row is in contac;: with the kinocilium. Hair cell orientation is defined by

2

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

o

 the Tokay papilla, all kinocilia are located’ posteriorly on the hair cell y

surfaces. Thus, this regioa of the papilla has a 'unidirectiona]] hair cell

A

orientation g’i’ttern. In the apical portiox{ of the papilla, the kingcilia
ey

] >
~‘:‘~.‘='.‘) -
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in the posterior longitudinai rows of both pre- and post-axial divisioms

are located anteriorly on'the cell surfaces.(Fig. 3). The kinocilia in
“.’4

\

the anterior rows of both pre~ and post-axial ‘divisions are located near

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

v

k) \

t < ‘ ¥
making the apical two-thirds of the papilla ’'doubly bidirectional' (Miller, .
v . 1 5
1973). ‘ ‘ " s
’p‘.?‘*""

L
The proximal processes of the cochlear ganglion cells join fi,gex;gﬁ

from the other sensory epithelid of the otic capsule. To'gether they exit

+

from thﬁ otic ca\psule as the eighth, vestibulocochlear nerve, which enters

the rostral end of the medulla dorsolaterally. Basilar paplilla fibres are
o S P

distinguishable from the other, more variable fibre types in being rather

k]

R

small and uniform in diamet:er (Miller, 1975). They project to secondary

auditory neurons in the cochlear nuclei, which’&ikténd caudally for about

1.5 mm from the junction between medulih” and cerebellum '(Miller, 19755.

.

> As in other animals, the cochlear nuclei dre large enough to appear as |

/

visible e_levatiohs on the dorsal surface of the medulla.
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< Peripheral auditory processing in lizarde is of special interest
: because of the extraordi%gxy variability in cochlear duct morphology
: ° (Miller, ‘1966). familj;épecific properties include: the shape of the
: ¢! basilar membrane; the %hape and hair cell oriéntationkpatterns of the

. . o
basilar papilla (homologous .to the mammalian organ of Corti); the type

£
]

gﬁul“”“ -

and arrangementlof tectorial and tectorial-like structures. Within a

. family, size diffetgncés and species—specific variations on the family
. { < » N -

“f

PN 2 bl ot

, Rian,occur. This great diversity.of form invites comparison of imner-

; ‘ ear performance in different lizards. - Numerous comparative gtudies‘of

A

0 . -
their eochlear microphonic responses have been done (eg. Wever and

-
)

Peterson, 1963; Wever et al., L963; Wevet et al., 1964). A moré recent

‘ ' a proach as, been to relate different types of response activity in a
. ap

<

ltzard’s primary auditory fibres to structural features of its inner ear
b

. e

{Manley, 1977; Weiss ggaggg., 1976). ‘ ) . E

s

This papervdescribes generai features of spontaneous and response ¢

b B . o o. .

adtfﬁity in auditory ﬁérye fibres of the Tokay geck?f Cekko gecko. The
: . , ' ——

w

‘ s . Tokay was chosen for several reaéons. Members of the fAmily Gékkonidae
¢ - - e e . / c
are unusual, lizards in that they use ‘their hearing in communication. ‘.

- 4 v iR

“The Tokay has a variety of calls, some 1ntraspecific. It 1s therefore

.possible in this lizard to study the activity of audltory neurons in

response to its calls: natural meaningﬁul’sound stimuli The gekkonid

éochlear duct is high}y differentiated' the .basilar papillaﬂs hair ‘cell .

~

orientation pattern and accessory tectorial structures are particularly

.

“*complex’ (Miller,1966, 1973, 1974; Wever, 1974), The Tokay's bas:llar -

- . » . ¢

membrane is large by lizards' standards (apprex. 2 mm long) and has a -
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pronounced apico-basal” (ventro-dorsal) taper (Miller, 1973, 1974;
— - -

/et
,'ﬂé':rer, 1974) . Because of its relatively advanced vocal behaviour

i

and cochlear morphology, the Tokay's auditory system ha; received .

more attention than most lizards'. S'tud\ig.g, have been done on its
vy

middle ear performance (Manley, 1972; Wever and Werner, 1970), its
cochlear microphonics .(Hepp~Reymond and I"alin, 1968; Wever et al., 1963),

°

the 'activity of its mez'lullary (Manley, 1972, 1974) and midbraine -
(Samma‘ritano—](lein, ~l976) auditory centres. The é;natomyl of its inper
ear:(Miller, 1966, 1973), cochlear nuclei (Miller, 1975) and torus
semicircularis (Sammaritand-Klein, 1976) has been described. A

primary fibre study seemed the obvious next s%ep toward an understand-

B

ing of processing at the Tokay'“s auditory periphery. - .
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( ' Methods A .

L Gekko gecko weighing 40-200 g were obtained from Thailand: The
data in this paper are from 410 units in 44 anMalé. 297 of these
units are from 33 experiments whose main purpose was to o_bserve' temp_ez;—-_ -
. atv:lre effects on tuning curves. Th,gse animals, therefore, contributed.
mostly tuning curve data. ' .
The animals were anaesthetized with urethane (ethyl ca;bama;:e) at

.
3 N

a dose of 10 ml, of 20%Z urethane per kg. - Artificial respiration was

3 e e

unnecessary. In those experiments which wére ‘not part of the temperature
effects study, the gecko was maintained at approximately 24°C with a

heating pad draped around its ‘body. In tyemperature effect experiments,

oral temperature was varied between 20 and 30°C. A ventral surgical
4 approach was used. An opening was made 1in the floor of the mouth to
expose the palate. Muscle, bone and .dura overlying left rostral medulla

/ ’ -
were removed. A hole was made in the arachnoid to reduce the cerebro-

—

spinal Fluid pressure and create a space between the medulla and left

.

otic 'capsuie}. Small pieces of tissue could then ie ingerted in this

IR L st L W

space, thus pushing the medulla slightly to the animal’s right and

, exposing the left vestibulocochlear nerve (VIII). This was the pro:gimal"
| inart" of the elghth nerve, between its exit from éhe otic capsule and its
, entry on the dorsal side of the rostral medulla.

Class microelectrodes were used to'record from the posterior half

of the nerve. Similar results were obtained whether the microelectrode

4

. was filled with 4M NaCl or 3M KC1. Using a remote hydraulic microdrive,

the electrode was driven from.outside the sound-attenuating semi-aﬁegﬁoic

[3 .

room containing the animal. Sound stimuli were delivered free-field

t

3
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([ _ from a speaker 1 m from the gecko's head, facing its left ear.
v / '

' White noise pulses (50 ms, 2/s) 4ere prégegted as search stimuli.

Pure tone pulses (50 ms, 2/;;, 5 ms rise-fall time) 'with trapezoidal . -
rise-fall characteristics were used ‘to obtain frequency~threshold

tuning curves. Thresholds were determined audio-visually. Sound .

-

pressure levels vere calibrated using a Brilel and Kjaer 0.5 in. .
) ' condenser microphone, placed next to the left eardrum and a narrow-~

band wave analyser. Spontaneous, and response activity were recorded

\" on tape for off-line computer analysis using time interval histogram

o (TIH) and peristimulu‘s‘ time hiktogram (PSTH) programa, respegti'\‘rely.

I

®

1
f
&

TR @ res v -

Ny
X
N

Y

S B TR O
.




P

e gen

T PA e 2,

7(1) Tuning Curves ‘ , L

O |

P au e

A Y
kY

Results

At the beginning of each electrode ﬁass, the electrode was

+

positioned over sdme point in the posterior half of the ventral

surface of the eighth nerve. In vertical or fear-vertical pene~
trations, all units encountered were auditory and easily identifia£1e

as such by their time-locked responseg to the search stimuli."When

the electrode’was angled eaudo—rd%trally, non-;uditory units were '
o&tained dorsgl to auditory units, indicatiné that the electrode had
passed out of fhe auditory part of the nerve. Thé'n;n—auditory u;its
often sho@éd regular ";pontaneous" discharge and were presumed to be
vestibular. The tran?itiqg from auditory to vest}bular nerve was

fairly abrupt. .

Histological contrel indicated that the area of the nerve pene-
. ¢

trated contained almost exélusively fibres and nok cell bodies of the
coéﬁlear ganglion and nuclel. In a few electrode passes at Fhe dibéal
edge of ghe exposed nerve, units were occasionally encountered that
differed from the others in splke waveform and which could ﬁé held over

much longer distances (tens of microns rather than several). These

few units were thought to be priméry cell bodies.

The tuning curve or frequency-threshold curve used in this study -
was obtained by exposing a unit to different freguenq}es of pure<£one
1stimuli'and determinlﬁg the sound Intensity required to evoke a threshold
(response at éach frequency. A threshold respénse was defined as the
smallest perceptible stimulugwlocked iﬁirease in discharge rate over the *

- - Al
spontaneous level, The frequency to which a unit is most 9epsitive is 1its

3
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- characteristic frequency (CF). Tokay tuning curves have a fairly simple

V-ghape (Fig. 1), in common with auditory nerve fibre data from mammals

, \
(eg. Evans, 1972;*Kiang, 1965), birds (Manley and Leppelsack, 1977),

v

reptiles (Kiinke and Pauge, 1977; Manley, 1977; Weiss et al., 1976), and

amphibians (eg. Capranica, 1976). CFs in the Tokay auditory nerve ranged

13

fr?m 0.15 to 5 kHz. It is possible to derive a sensitivity curve from
the cumulative tuning curve data (Fig. 25, Thresholds at Qariﬁp; CFs

¢ ¢
are plotted and a curve is drawn through the lowest values. In Fig. 2, .
the sensit;vity cuEve for §uditory nerve fibr; data is hompared to that
for cochlear nucleus neurones (from Manley, 1972) qna to cochlear micro-
phonic sensitivity gunctions (from Hepp-Reymond and Petlin2 1968, and from
Werner and Wever, 1972). .The data)from primary and secondary single
units are in good agreement, and suggest two sensitivity méxima: one
at 0.5 ~ 0.7 kHz ané one at 2 ; 2.5 kHz. These curves indicate that
thresholds depend to some extent on the frequeﬁcies to which the units are

&3

responsive. That physiological condition is also a -factor is indicated by

o . .

the observation that variability among fibre thresholds was lower within

an animal thanvover different animpls. The high frequency maximum in the
single unit cgrves’is missing from both cochlear microphonic sensitivity

]

functions., The possible significgnce of this discrepancy will be discussed

later.

One qgasuré‘of\the ahgrpness of a unit's tuning is its QlOdB value,
obtained by dividing CF by the tuning curve bandwidth at 10 dB above CP
threshold, In the Tokady, higher Q valﬁes a;peared at higher frequencies,
creating & greater spfehd of values than at lower frequéncies (Fig. 3).

Q\xa;ues;above 8 occurred almost exclusively above 2 kHz, while values of

less than 4 occurred almost exclusively below 2 kHz. There atre insuffiéient

data per animal to determine to what extent the spread of Q values at a

-~
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Figure 2. Auditory sensitivity curves for -the Tokay gecko,

o

The cochlear microphonic sensitivity functiéné

B T

are taken from Hepp-Reymond and Palin (1968) and

Werne; and Wever (1972). B’ot!‘x record the inten—
sities required to produce a 's,tandard" microphonic _ -
. - ‘ response amp‘/litlide af 0.1 yV RMS at different fre-

- quencies of puré tone "stimuli. Th,e sensitivity ‘ " ]

-curves derfved from tuning é:r—v\ea_of cochlear N

[—

nucleus neurons (from Manley, 1972) and auditory

e

nerve f£ibres (present data) werel arrived at by ‘ ;g

drawiHé curves through the most sensitive CF thres-
. . -

holds across the Tokay's frequency range. : { ,

. ) . , . *> n o
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obtaiged by dividing-its CF by its bandwidth— -.:

i o f

at 10 dB above CF threshold.
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-

given frequency in Fig. 3 is the result of pooling the!data. Q values’

( . do vary for fibres of similar CF in a given animal. QlOdB was also

plotﬁed 'agains!: CF thr‘eshold (Fig. 4) to determine whether there was - .

!

any relationship between sharpness of tuning and sensitivity. ,Broad

tuning has been shown to be associated with elevated thresholds in the

[ »

event of cochlear trauma, hypoxia, etc. (Evans, 1974). In Tokay fibrea

- there was a weak tendency for higher Q values to be associated with

v 16wer thresholds (Fig. 4). Thus in many instances “low Q values were not

assoclated with high thresholds and/p:es’uil;bly did not reflect damage to
. 1 //-‘ 3

the cochlea. | e

$harpness of tunhing can also be expressed in terms of the slopes of the

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

- to 300 dB/octave. As with QlO 4B higher values and greater’
e 10dB® ‘

spread of both low and high frequency slope values occurred at highet

E)

\ In the graph of low frequency slope _\_r_.t CF there is a discontinuity at 0.8

kHz, below which are higher values and a corres!pondingly greater spread

frequencles. These trends are fairly continuous for high frequency slopes.

of values than between 0.8 and 2 kHz. This has an effect on the .graph of
the ratio of high frequency: low freqt;ency siope” (HF:LF) v'. CF (Fig. 6a)
in that the ratios tend o be higher between 1 and 2 kHz than elsgwhéré.
- Below 0.6 kHz, low frequency slopes wefe on average as ﬁigh as hiéh ‘

frequency slopes. ‘ b

To what th:ent do the change;a with frequency of Q10 B and low and high
frequency slopes depend upon the frequency response of the middle ear?
'l'he velocity response of the Tokay's columella las been studied with the

C/’ . Mssbauer technique (Manley, .unpublished-data) (Fig.- 7). The response

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

I
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( dB/octave above 2 kHz, _For tuning curves above 2 kHz, the columella

. response acts to increase the high frequency slope an§ decrease the low

»

, frequency slope. The HF:LF ratio is thus ;omewhat inflated. above ;2 kHz.
At freqﬁencies below 0.4 kHz, the middle ear response contributes to the
low freq;ency fall-off and detracts'from the high frequency fall-off.
This has the efféct of making HF:LF ratios smaller than they would be
if‘the middle ear response were completeli flat: A more accurate

i " representation of inner ear performance can be obtained "by subtracting

l the middle eag response. Fig. 8 illustrates the effect this has on .tuning
VA . .

. durves and the overgll sensitivity curve. .
Though~qot studied systematicalli; some tonotopie orgaﬁization of the
nerve was evident. This was not unexpected, since the Tokay's cochlear
“nuclei have at least a rough tonotopic organizatio# (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

auditory aerve contacted fibres with CFs from 0.2 to 2.5 kHz; there was
l L[]

soﬁé‘téndency~£%n_ to increase with éeptﬁ. Higher CFs, from 3 to 5 kHz,
were only found deep in the anterior part of the auditery.nerve - i.e.
i , around the midline of the elghth nerve. Tomnotopic organization of the
‘ erve and cochlear nuclei ;mplies‘a systematic distribu;ion of frequencies ‘'

IS

- along the basilar papilla (Koniahf, 1970). ) «

(i1) PSTHs ' | -
Peristimulus time histograms (PSTHs) éere constructed off-line from

the tape-recorded pure tone responses of 76 fibres from 17 animals. Each

-

- B i .
PSTH represénts the summed activity of a fibre in response to 30 presentat-.

ions of a tone burst, delivered at a constant intensity. The tone burst

: ' Wyt
I
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has a 5 ms rise-fall time unless.otherwise stated. The beginning of

fall-time was 50 ms after the beginning of rise-time, so that the

tone burst was at full amplitude for 45 ms.

Three major categofies of PSTH could be distinguished: 1) filled;
2) semi-peaky; 3) peaky with a) a single early peak or b) more than one
peak (Fig. 9). - PSTHs from 73 of the 76 fibres could be classified in
this way. The £illed PSTH indicates alsustained response to the tone—
burst, with only gradual adaptat}on or ﬁong at all. In the third
category, the impuls;s that comprise the initial peak are highiy

synchronized relative to stimulus onset. In the gemi-peaky PSTH the

phasic onset response 1s less synchronised and less pronounced than in

- the peaky type, while the subsequent discharge is at a proportionally

lower level.- PSTH type dependgé to some extent on CF and stimulus in-
tensity. A unit could produce a semi-peaky PSTH at low int;nsity, a
single-peak PSTH at modetate,intensi;ies,‘and one with two or three peaks
at higher intensities (Fig. 10a). For uniformity's sake, a fibre was

classified according to the PSTH it produced in response to a tonezaE or

near CF and approximately 20 dB above threshold. The frequency distribution

of each PSTH type 1s illustrated in Pig. 11. Filled PSTHs were only
Bbcaiﬂed from fibres with CPs of 0.7 kHz or less. Peaky PSTHs of both
types were only produced by units with CFs of 0.7 kHz or more. Semi-
peaky PSTHs occurred over the rgnge’of 0.4 to 2 kHz, which overlaps the

-

digtributions of both filled and peaky units.

To determine whether this clasgification scheme was to any extent an
artifact of the arbitrarily chosen rise-time of 5 ms, the PSTHs of 7

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

frequency and intensity were kept constant. Three filled-type units

-,
r

)
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rémained true po'form‘at the shorter rise~times. Peaky PSTHs tended

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

2

single peak ‘units gained a second peak. Although no semi-peaky units
were testéd, at least the filled and peaky categories remainedbstable

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

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

unit that produced two peaks at 5 ms rise-time, the second peak was

!

greatly reduced at 2.5 ms and more pronounced at 1 ms. (2) The frequency
£ ’y

%
distributions of the two PSTH types were nearly identical (Fig. 1le,d).

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

all impression was that peaky units produced single peaks at low

)

4

intensities and multiple peaks ét moderate to high intensities. In;ipient . ’q
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 multiple péhk unit at 20 dB above stimulus threshold.-
RaCe-intensit; functions - graphs of average discharge rate v. stimulus
intensity - were obtained for nine fibres with CFs’ ranging from 0 425 to
2.9 kHz. In each case a aeries of ten or more PSTHs was taken, uging the

- Ad )

+ ¥
same .tone (at or near CF) at successively higher intensities. Increments

of 3 or 4 dB were used. Examples of the different ?ypes of functio&

obtained are shown in Pig. 12a. The discharge rates of the two low
| b
frequency filled-type units increased linearly with slopes of 12 and 14

-

spikes/sldB, reaching maxima of over 200 spikes/s. Spikes were added
uniformly over the PSTH, so that the filled form was retained. Peaky
units increased their rates more slowly - with dn average slope of

approximately 6 spikes/s/dB - and often plateaued{at much lower dischaxge

rates. In these units, the initial peak bécamé more prominent with

[
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Fig;;e 12, Intensity functions. In A), the disgharge rates
of 5 different units in response to pure tone
stimuliQat or near CF are plottedJaéainst -
atimuius intensity above thresholq:"The stin- |

ulus frequency used is indicatéd next to each L

curve. In B) the change in response latency with
pure tone intensity is shown for the same 5 unffa.

¢ oL
‘ . A) and B) are derived from 'the same PSTH series.

Latency was meagsured from the beginning of

stimulus rise~time.
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increased intensip&, while discharge rate over the rest of the histogram
did not increase, Inya couple of cases, however, spike rate began to

rise again at inténsities of 30 - 40 dB above threshold, after having
plateaued. This second rise reflected the growth 6£ second and third
peaks within the histogram. The unit with CF of 2.9 kHz (Figs. 10b, 12),
although peaky, never plateaued because the later peaks érew wi&h the same
time course as the inizial peak.

From the niqe PSTH series used to obtain rate-intensity functions,
change;’in response laténcy with intensity,co;id also be determined.
Latency always decreagsed with increased stimulus intensity (Fig. 12b).

For eight of the nine fibres the\elopehof the change was greateat at lower
intensities. The point at which the slope decreased occurred at different
intensities above threshold for diffgrent units. At Iintensities above
these transition'points, the slope was between -0.14 m; per dB increase
for seven of the,nine units, For intensities below the transition points,
slopes were 3 to 4 times as great;

A fourth, rare, category of PSTH was enéountered: the on~off type
(Fig. 13), Of the 410 fibreg»in this study, only ab;ut ten were observed
to give on-off responses, It is probable that a number of ;xamp;es were
nissed, especlally in those cases where onlz tuning curve data-were taken.
Of the 77 fibrea for which PSTH anélysis w?s done, five gave on-of £
reéponsee. Two of these were on~off at all frequencies on theit tnning
curves (Fig. 13a) while th; other three were only on-off at certain
frequencies removed from CF. In one case, a 0.3 kHz unit that pfodncea
a filled PSTH to CF stimulatiom w;; on~-off at -0.25 kHz. Fig. 13c depicts
an on-off response obtained at 0.5 kHz beiow a moderately high CF (2.1

kHz). ‘The PSTH in Fig. 13d was obtained at 0.4 kHz above a low CF
? . .
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Figure 13. On-off PSTHs. A) Response of a unit with ;

CF = 0.15 kiiz to stimulation with 0.15 kilz i

tones ac 62 dB SPL. B) As in A) but with

]

st:iumlus 1ntensity raised to 72 dB SPL.

]

C) A.unit with CF = 2, 1 kBz,. él' threshold =

36 dB SPL, respanding to 1.6 kHz tones at 70

' . dB SPL (1 dB above threshold at that frequency)

The PS'm of this unit was peaky in type at
\ higher frequencies. D) The response of a un:g:
L ,. - with CF = 0.3 Jiz, CF threshold = 33 dB SPL, :
; .
1 ) to 0.7 kHz tone bursts at 89 dB SPL (5 dB above
' threshold at that frequency)..
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(0.3 kHz). 1In all five cases, threshold was above 60 dB SPL at?the
frequencies that evoked the on-off response. Thus the units that
were on-off at CF were relatively insensitive,

PSTH analysis was also done on the responses of 20 fibres to a tape—-’

recorded Tokay call. The et{tire call was 750 ms long, and consisted of

a 150 ms early component followed by a 190 ms pause and a 400 ms late _

component. A wide—band/sonagram of the call showed it to be broad-band
with a prbnounced time structure (Fig. l4a). Its energy was concentrated
below 1.6 — 1,7 kHz. Higher frequencies (up to 3.5 kiiz) occurred, but
were restricted to t&e early part of each of the two main components.

The 20 fibres had CFs ranging from 0.3-to 3.6 kHz. As expected with a
broad-band callf /responses v}e;re obtained from all 20.. The PSTHs con-
sisted of successive peaks (Fig. 14b), reflecting the pulsed nature of the
call. PSTHs from different units with similar CF had superimposable peaks,
indicating the;t each peak was a response to a. specific pulse within the
call, A unit responded maximally, of course, to those parts of the call
with most energy around its CF. For instance, O.SMkHz units (Fig. 14b)
réspogc{ed throughout both components of the call, since energy was always

o

present at 0.5 kHz. The tesponse of the 2.9 kHz unit was much shorter,

and correspond’ed to the occurrence of higher frequencies early in the call.

It is intéresting to note that a temporally structured call such as
the one used provid‘es an‘optimum‘ stimulus for units in the peaky PSTH
category. Within the call, each p;zlse containing appropriate frequencies
evokes an onset r,esponse‘. The discontinuities prevent the sort of
a;iaptation obtained fzo:: peaky~type fibres :lahen pure tone .atimli are

used. Such units respond to the call as if it were a series of onsets,

!
and so produce a series of peaks,
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Figure 14, A) Wide-band sonagram of 2-part Tokay Ea;l.used

' as a sound stimulus. ﬁ) P5THe of vocalization

responses of 4 different units to the call in A). |

.The CFs of the units are indicated.

The maximum '

.

intensity within/eacg component was similar. For

7
the PSTHs shown, the maximum intensity of the call

wag 35-40 dB above the units' CF
oflcoutse.saxs nothing about the

frequency components relevant to

-

thresholds. This,
intensities of the
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- .
( (111) Spontaneous Activity . ) .

!
K}

The spontaneous activity of 6_1_. units from 19 Tokays w&s recorded ,
on tape and analyzed in-thé form of time interval histograms (TIHs).

As noted by Kiang (1965) the term "spontaneous” can only refer to '
. )1

activity in the absence of experimentally controlled sound stimulation.

[

Within the 64 fibres, spontaneous ral;es varied from 1.6 to 40 spi.kéa/s; .
 Units were ‘occasfoniakly encountered that were never seen to discharge

spontaneously. Apart from the omission of such units, éhe data probably

[}

represent a fairly random sample of spontaneous activity, The distribut-

ion of rates for the 64 fibres (Fig. 15a) indicates a much lower average

rate and smaller range than are found in cochlear ner‘%‘e fibres in

mammals (Kiang, 1965; Manley and Robertson, 1976) and birds (Manley and
a !
Leppelsack, 1977). The range of spontaneous activity recorded in auditory

nerve fibrea‘in the monitor lizard, Varanus bengalensis (Manley, 1977) was

not -very different from the Tokay's. "In caiman (Klinke and Pause, 1977)

and éiligator lizard (Weiss et _1:!_}_., 1976), the uppef limits of the range
. \

~

Y

were higher (70 and 80 spikes/s, respectively). : ‘ -
A TIH indicat;s interspike interval along the abscissa‘and nuzber of o

* spikes per given 1ntervra1 along the or/dinate. The zero-order hintogr:an

of a TIH divides the period during which activity wasg gecotded into
;o . small u;vits of time, and indicac'e“s the discharge rate per unit of time.
sl;ontaneous data were usually collected for 1-6 min, and vere only
considered acceptable when the zero-order histogram indicated a rela;tivelyd
constant discharge rate throughout the recording périod. i
Six repx"esentvative TIHs are illustrated in Fig. 16. (A) and (B) vete;

f from units with spontaneous rates of 29 and 11 spikéala. and CPs of 1 and

t ' Q
/
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1.05 kHz, respectively, TIHs from units with CFs above 0.5 kHz were

generally comparable to TIHs from mammals (Kiang, 1965; Manley and

‘
i

Roberts.on, 1976) and birds (Manley ;nd Leppelsack, 1977) despite the
lower spontaneous rates. Units with CFQ below 0.5 kHz, on the other
hand, produced TIHs with unusual early peaks (Fig. 1l6c,d,e,f), It was
disconcerting to aiscover that these peaks occurred at regular inter-
wvals that correskponded at least roughly, and sometimes closely, to the
reciprocal of the unit's CF. It was at first assumed thait the units vere
being inadvertently stimulated. Since the trigger normally used for
tones and white noise pulses wzauaJ continucusly recorded on tape even
during spontaneous data collection, it was possible to chegk for’
stimulation through the sound system by doingaPSTHs on the spontaneo;w
activity. PSTHs for all spontaneous data from low frequency units were
flat, indicating that the units had not been responding to sounds
coming from the speaker. [n subsequent e‘;pey:iments , the amplifier input
to the ;speaker was removed. lCare was taken to keep noise outside the
semi‘knechoic sound-attenuating chamber to a minimum. In s:everal’
instances, spontaneous activity was recorde&‘ both with and without back~—
ground noises ;ln the room outside. the recording— chamber, No diffetelncea
wére discernible in the zer,o-—orderk histogram or when the TIHs were

compared. In summary, if these units were responding to low~level

sounds, then they ;,rere doing so with a sensitivity far greater than would

_ be expected from their tuning curves. One 0.25 kHz fibre whose TIH had

several prominent peaks separated by 4 - 4.5 ms intervals had a CF.

threst;old of 65 dB SPL. A number of other fibres with CF-related
oscillations in their TIHs had CF thresholds of 40-50 dB SPL. The
sound level (dBA) within the éound-attenuatfming chamber has been measured

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

sound level as measured by a 1/2 inch Brllel and Kjaer condenser microphone
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falls witlg the noise level of the instrument (30 dB SPL).

Peaks at intervals corresponding to the reciprocal of the CF were
always obtained from units with a CF of 0.4 kHz or less, occasionally from
0.5 kHz units, and neve1: from units with higher CFs. Inter-~peak intervals
were consistent within a TIH, &nd were in some cases almost exactly the
reciprocaly of the CF (Fig. 16d). _The intervals could, however, be some-
what shorter or longer than the réciprocal of the CF. The ;i\iscrexianéy
between inter-peak interval and CF reciprocal in Fig. 16¢ was the iargest ’
seen, The unit-had a CF of 0,3 kHz and inter—peak interval of 5 ms.

The initial peak was not always the most prominent (Fig..l6e). Peaks

were apparent even in low-rate units with low counts in their TIHs (Fig.

- i

16£).
The mode or prefe'rred interval of a TIH is generally taken to be

the highest poin;: in a semilogarithmic plot of the number of intervals

v. the interspike interval (Fig. 17). In mammals, the mode is followed

by a simple exponential dec:’;y in number of interspike intervals (Kiang,
1965;‘ Manley andARobe‘rtson, 1976). This exponeiltial decay was also
observed far Tokay units with CFa greater than 0.4 kHz. It was especially )
clear in the units wiqb relatively ‘high discharge rates (Pig. 17s). There
was more jitter in the semilogarithmic plots for low-rate qnits kl’ig. 17b)
partly because of the lower numbers of spikes rizcorded from such units,
The presence of peaks in the TIHs of low. frequency units complicated the
appearance of the corresponding semilogarithmic plots (Fig. 17¢). The
decay in these cases did not become exponential until some time after
the mode, whenl the oscillations i;l the histogz:qm became wesk,

: The eicpone;xtial deéay in occurrence of m;ferspike intervals is thought

to indicate an underlying process that is roughly Poissonian, except for

intexrvals smaller than the mode. The reduced number of such intervals
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Figure lil. Semilogarithmic plots of TIH data from 3

4 ’ fibres: A) A relatively high-rate unit ‘ | .-t 1

. . (29 spikes/s) with a CF of 1 kHz, Thig . ) ‘L
: is the same unit as in Fig. 16a. The

" abscissa is divided into 2 ms bins. The

estimated mode (arrow) is 9 ms. B) A °

fairly low-rate (5 s‘pil;eg[s) unit with qa

,
I A ]

CF of 0.7 kHz. .Bin width is 8 ms. Mode

RN
PR WY

v S is more difficult to estimate in such
units, parciy because tl';e tI:otal number of
counts tends to be 1bwer. 'J.'l;e mode of

£ ' X ! this unit was estimated at 28 ms. C) A

high-rate (40 spikes/s) unit with a CF of e

- . 0.4 kHz and qécillations in its TIH. Thias :

unit is the‘same ag in Fig. 16d. Bin width is

S ' ’ 1 ms, Mode is 'takenlto be the point at which

the highest peak occurs; here it is 2.5 ms,
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is pre;med to be related to unit refra'ctopinesd (Kiang, 1965).
This reasoning cannot hol& true for the long modea that have been
recorded from auditory nerve fibres in the mopitor 1izdrd (Manley,
1977) and the Tokay (Fig. 15b). ) Unlike nax;malian mo:iesr, which are,
all within several ms of one another (Manley and Robei',t:son, 1976),
modes in the Tokay varied from 2.5 to 70 ms. .l'her‘e was a tendency for
lower rate units to have longer modes (Fig. 18a). The wide range of
modal values and relationship between mode’and rate were also found in
.auditory nerve fib;tes of the monitor lizard (Manley, 1977). Tt should‘
be noted that in the Tokay, all. modes of 5 ms or less were contributed
by the low frequency u;{its with peaky TIHs.l In such units, mod’e was
taken to be the interval cortéspon;ling to the highest peak (Fig. 16).
Modes greaitter than 5 ms were obtained from several peaky TIHs in which
the initial ﬁeak \;as not the largest. R

The smallest interspike interval, or dead tim/e, of a TLH indicates
the interval below which the unit ig refractory to spontaneous discharge,
for’ whatever reason. The distribution of deafl tixz;es in the presgent
san;ple ig shoun in PFig. 15¢. Alxhough mode and dead time were not con-
sistently related to each other (Fig. 18c)’, both showed a l:endencys toward
larger value; at« low spontaneous rates (l;ig. 18a,b). Qead times of 4.5
ms or more only occurred at rates of 5/s or less. Some bias may have
beoen introduced by the tendency to record fewer spikes at the low .diau-
charge ra'tqs. The accuracy of a dead time,estimation is probably more
dependent than Ehat of a mode on the total number of splkes recorded.
More data are needed because the chance of a unit firing at its true dead

time is almost by definition quité low. This might be expected to be

especially true for units with long modes, for which the preferred inter—




Figure 18.

o,

A) Mode (preferred interspike interval) v.

spontaneou; rate. In A), B) and C),"the

»

o;:en circles represent the low freq\;ency
f;bres with CF-related peaks in their -
TIHs. B).Dead time (smallest interspike
interval) v. spontaneous rate. C) Mode
v. dead time. D) The totaill pumber of
spikes record‘ed‘ for each unit v. dead
time. Dead times longer than 4 ms - -

>

correspond to counts of less tham 1200..
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apike interval is far removed from the 1nfervals at which refractoriness

could play a rle. A graphlof dead time v. total mumber of apik;s
recorded (Fig. 18d) does show that all’units with dead Itimes of 4.5 ms
or more al:o had low total spike counts in their TIHs.- It is impossible
to say t;hether the long dead cing values were a function -of the low -
discharge rates or of the low n\'nnbers of apikes recorded, or both.

Tl:q obvious solution 1s to recor;l sgontaneo:xs activity from low-rate ﬂ

/

units over longer periods of time,

No relations-h:lp between dead time and CF could be discerned (Fig. 19b).
In a graph of mode v. CF (Fig. 19a) the modes from low-frequency units

with oscillations in their TIHs form a cluster of low values. In con-

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

- r—
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"Figure 19. A) Mode v, CF. B) Dead time v, CF, In

A) and B), open circles represent the

low frequency units with CF-related peaks

-

in their TIHs. .
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Discussion

; <
(1) Tuning curves

" @

o vCompariso'n with data from other speéles indicates that auditory,

3

,
o , N

o £

nerve fibres in the Tokay are quqite sengitive and relatively ah&rplyg

tuned. Q L Values até on average higher éhan have been reported for
*104B h .

1

- auditory nerve fibres in the alligator lizard (Weiss et al., 1976) and
monitor lizard (Manley, 1977). The frequency distributidn of QlOdB
values (Fig. 3) is not unlike that found in starling auditory nerve

’

fibres '(Maanley and Leppelsack, 1977). Graphs of Q10 dB’ low and high

Y
-

frequency slopes v ZCF have a very differedt appearance in the monitor
and alligator lizards in that two distinct fibre populations are apparent.
~~ Both species have a high frequency fibre pop’ulat@ion that is more broadly
tuned than fibres at lower erquencies". In the Tokay, changes with‘ CF

of Ql'Cde and tuning curyé slopeus‘tenr} to be graduzlal, so that separate
‘ fibre populations are not evident. There was a discontinuity in the
felationship between low frequency slope agd,CF at 0.7 kHz. Higher slope |,
values occurred at and below this frequency than over the range "0:75
to 2 kHz.. This is not qcompletely attributable ‘to changes in middle ear
AN

transmission effici:ancy. Although below 0,5 kHz fall-off in the columella’

velocity response augments low frequency slopes to some extent, the

.

. response 1; relative'ly flat from 0.5 to-2 kHz {(Fig. 7). It appears tha't ‘
‘there is, an inner ear contribution to the increased slc‘;pe values bélow
0.75 kHz, (It is interesting to note that this is the range over wt;ich

" f11led PSfltHs vere observed). The middle and 1nnéz ear contributions
together have tl;e effect of mak:l;:g tuning curves more symmetrical at 1(;w

» CFs (Fig. 6a). At higher CFs tuning curves tend to have higher high

frequency slopes. A graph of higT‘_\_v_. low frequency slopes (Fig. 6b) _
- i » ) ) . v
&,

- e
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(, - - glves an overall impression of higher high frequencf s?gpes. This is ﬁ

p . reportedly the case in caiman (Klinke and Pause, 1977) but contrasts

the apparent symmetry of tuning curves in monitor lizard (Manley,

nd st&;‘liﬁ{ ‘(Manle; and Leppelsack, 1977).

!
Comparison of the present results with guinea pig cochlear nerve \ ‘y
- ]
§
|

, - £ib da(ta over the’ same fRquency range (0.1 -6 kl-lz)xteveals a

- i'elatively pc;or performance by a mammalian ear at these low frequéncies

f c.L ‘(Evang, 1972; Harrison, personal communication). Tuning 'cqtve‘ alopes

a ' ' 4§ and QlO 4B values are on average sig;xificantly lc'rwer than in the Tokay.
! N .

The marked asymmetry of mammalian tuning curves at higher CFs, howvever,

¢

¢ is retained down to 0.1 kHz.

o (£1) PSTHs

The variety of PSTH types obtained from Tokay auditory nerve fibres

indicates ‘3 greater degree of peripheral filtering than occurs in mammals. !
With the exception of some bats, 'PS'I.'Hs frop mammalian cochlear nerve' / ) L
fibres haye beenw relgtively-«qnifom in shape (Kiang, 1965). The key to (
peripheral fiitering in ,the Tokay is presumably in the morphological
. ppecializatﬂions of its inner ear. All lizard basilar pag. 11aé have giisr- )
crete areas of un;direétional and bidirectional hair cell orientation . ;

- 4

(Miller, 1974),' In the Tokay the unidirectionally oriented hair cells

R are confined to the narrow basal (dorsal) third of the papilla (Fig. 20).

- The vider apical (ventral) two-thirds of the papilla /:?s unusua]h.qin being

e

doubly bidirectional; 1.e. there are two bidirectional areas”sepsrated by
. " )

a longitudinal hiatus  (Miller, 1973). ‘ In the monitor lizard, Varanus

°

‘beﬁgalen/s'is N ;llapping of the distribution of CFs along the paplilla has K . - )

revealed a correlation between hair ‘cell orientation pattern %nd PSTH

type (Manley, 1977). Filled, sem{-peaky and peaky PSTHs were also obtained ’
f Lo ' . )

'
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Figure 20. Schematic drawings of the basilar papillae of ) .
Y £ .
‘ ; _ " A) the Tokay: Gekko gecko (from Miller, 1974) . \
) B) the monitor lizard: Varanus bengalensis .
@ ' Ll ’ "
! ' (from Miller, 1974, and personal communication). ' K
. oo ‘ . J
e , ‘Areas of unidirectional and bidirectional hair -
cell orientation are represented by arrows }n ) .
) . ’ ’ the sate and opposing orientations, respectively, Q
¥ ‘ ’ ' ‘ )
1
N T | ( , PR
¥, . : .
' » . P , "
N / - . -
po ! P
- J ! - - -
- 1. . ’
;; I} "
¥ |
" .
' A
| ol . '
' /, “ I '
AU L,




vy

e

4
3
e

i Ak g S 5ot R IMAMORIINS TE Vil 1
«

o

1L g s v

B N T

;

A

@

N

IS

i A " sisusioBusq snuoiop (@) -

,m M P4t t {1 i D -
. : B
(Ipsiop) [ospg % a (|PagusA) poidD -

=

B -

-

e

Ko

-
- -

-

-

it || g
X o ike B
e - -

)
et ad | fan ol 2
-

o - b4 .
- « !
’ : . ¥
. * - P
' e * *
oyeb o (V) - -
. . . ~ -
, . - }
’ i . N < .
. - ' ; . w \
\ ! ,. e
~ - ’ .

S
.- e e e o e gt A U
e e o . PPN i\&amﬁi%ﬁ?i%&%% . . -t . mh
e - - . P “ . -
= ' . - - Tyt e e ¥
PO N N . - A -~




s PR

QAT R B oW o Rikee

_ third of the papilla. Such an arrangement would be somevhat sutpriaiﬁg

'basilar membrane, which is 4 mm long. Using the Mosgsbauer technique, ‘ﬁ;

29

from low, intermediate and higher CF primary fibres, respectively, 1#

this séecies. The varanid papilla has a constriction approximately .

o

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

(Miller, 1974). Low frequency fibres were found to eminate from a uni-

directional region basal to the constriction. Intermediate frequencies '

& .
vere located moré basally in a bidirectional area. High frequeacy fibres _ ﬁw

LY

arose from a bidirectional area occupying the third of the papilla apical\
to the constriction. Thus in Varanus, filled ;nd peaky PSTHs were ~
recorded from fibres innervating ﬁnidirectiqnal and bidirectional areas

of the papills, respectively, It wns‘suggested tﬁat hair cell orientation

may be the factor determining PSTH type in Varanus.

It is tempting to Jpply this hypothesis to the Tokay, where remark-

ably similar PSTH' types are produced by a different papilla. If peaky
PSTHg are telated to the presence of. oppositely oriented hair cells,

then higher frequencies would be located apically on the Tokay's papilla. -

<

Filled low frequency PSTHs would originate 14 the basal unidirectional . l *

/
i

since familiarity with the mammalian cochlea has qonditioned us to think , f

of low frequencies as apical and high frequencies as basal. However; it i
// ' |
is not known whether or how mechanical wiﬁes occur along the Tokay's

Q

basilar membrane.. Although it has an apicobasal gaper; it is only Z mm

in length. von Békesy (1960) obsérved raVelling wavea along the chicken's

«

Weiss (1977) found no evidence for mechanical tuning in the small (0.4 mm)

papilla of the alligator lizard. As in Varanus, mapping of the alligator

lizard's auditor& nerve " showed that‘low and high frequencies are B !

ll
- a ;
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‘f' represented on_unidirectioﬁal and bidirectional areas of the papilla,
respectively (Weiss et al., 1976).
’ That this may also be tha“case in the Tokay receives further indi;ect
support from the discrepancy between cochlear microphonic and slngle-
Iunit sensitivity curves (Fig. é). The fact that the cochlear micro- 0
phonfb functions are based only on éﬁe fundamental component of the .
) regponse may account atgleast in par;, for the discrepancy. In round- g ”j
window recordings in the Tokay, Hepp-Reymond and Palin (1968) found that
the second Jharmclmic wag often as large as or larger than éhe fundamental,
Lateral line receptor cells of oppqyiﬁg orientations are kpown to produce
‘ microphonic 'potentials that are out of phase (Flock and Wersﬂll,_1962). ,
' The presence of significéﬁt second harmonic in the cochlear microphonic
is therefore thought to reflect the activity of o;positely oriented
hair ‘cells (Capranica, 1976). This reasoni;g provides a fairly siimple

explanation for the difference between cochlear microphonic and single-~ .

unit sensitivity curves in the Tbkﬁx;\.The fall~off of the fundamental
.
above 0.6 - 0.8 kHz would be expected if hignﬁﬁzgsgfnciea stimulate a

~

o bidirectional area of the papilla. The much greater sensitivity of the v
fundamental at low frequencies would be/explained if low frequencies ére 'Y é

I ! /' * )..
represented on a unidirectional region. ‘ S

n

Assuming that hair cells of opposing orlentations do éroduée micrd;

phonic potentials that are out of phase, recordings based on the fundamental

are clearly inappropriate when bidirectional areas are involved., The

e

second harmonic cannot be used as a measure of sensitivity either, since .

|
its amplitude will vary with the relative phase of‘#he microphonics

(z} B produced by the opposing hair cell populations. Since amphibian and lizard f

3
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papillae have bidirectional areas, cochlear microphonic data from.

!

these animals are of questionable value.
] *

! The multiple peaks present in many of the PSTHs from units with CFs
above 0.8 kHz have not been reported in other species. The'inter-peak
interval varied from 1.5 to 4 ms éor different units, remain%ng constapf
at differeht stimulus intengities for the sape unit. Considering that
the dead times for fibres with CFs greater th#n 0.8 kHz were generally 2
ms or more (Figﬂ 19b), it ii conceivable chgt multiple peaks reflect a
tendency of these units to .fire as rapldly as possible in response to:
the early part of the stimulus. If a u;it were driven q; fire several
times in succession as rapidly %g poésibie,%spikes following the highly
synchron%zed initial spike would also be qynchrbnized.

PSTHs with one or two initial peaks‘iave been~recorded_f;om Tokay
cochlear nucleus neurons (Manley, 1974). 1In the torus égmicircularis in
the Tokay midbrain, only single peak PSTHs hgve been reportedl(Sammaritano—
Klein, 1976). Discharge following the initial peak is more reduced in the
secondary neurons than in the primary fibres, and even more reéduced in
the higher-order neurons of the midb;ain. Contralateral igput could
contribute to this reduction. Although it has mot been studied in the
Tokﬁy, bivaural interaction has been shown to Bccur in bullfrog secondary
auditory neurons (Feng: and Capranica, 1976£ it is conceivable that the
peaks, which are highly synchronized with respect to stimulus onsec. are
important for sound localization (Manley, 1977). J

On~off responses have also been repbrted in ;uditory nerve fibres of
the green ftog (Sachs, 1964) and a CF-FM bat (Suga et al., 1975). They
are apparently as rare in the green frog as in the Tokay. The, on~off

|

responses in the bat are obtained from units with best frequencies around

n
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the constant frequency component of the orientation pulsé. Special-‘
ization of the area of basilar membraye on which these frequencies are
reprTrented provides a simple mechanical explanat}on for the off response.
The on-off phenomena 1n'CF—FM bats and Tokgys are not likely to have much
in common. ‘

. The use of a tone burst with trapezoidal rise-fall characteristics
rather than‘a gaussian ervelope raises the possibility that the off
response 1is caused by bandspread during Jtimulus fall~-time. The fall of
a tone burst introduces new frequencies which could provide an effective
stimulus. However, if bandspread were the source of the off responses
repérted here, t£ey would be expected to occur much more comJonly. In
addition, rélative to peak THs, on-off PSTHs showed suppression of

discharge following the onset peak. This differeuce in on~off responses

cannot be related to bandspread.

(111) Spoentaneous Activity

- If dead time is assumed to be an indicator of refractoriness, then
§h§ preferred sp;ntanepus interspike interval (mode) 1is clearly indﬁpgnd—
ent of refractoriness in theselanimals (Fig. 18¢).- The range of dead

times in the Tokay (1.1 - 7.5 ms) was very different from the range for.
guinea pig spiral ganglion cells: 0.4 - 3.6 ms (Manley and Ro?ertson,
1976). . Comparison of spike‘wavefprms recorded with similar microelectrodes
f¥om Tokay pri@ary fibres‘and guinea pig spiral ganglion ;ells (Robertson,
1976) reveals that the time-course qf the aﬁikes is §ign1ficantly longer

in the Tokay. This would influence refractqu period and so contribute

to the difference between Tokay and guinea pig dead times,
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It is impossible to rule out low intensity sound as thé gource
of the oscillations observed inqthe igterval histograms of low frequency
fibres. However, it is difficult to understand how‘the units with .
elevated CF thresholds -~ 65 dB SPL ;n one case - could respond to such
low-level stimulation. The absence of CF-related ?eaks in TIHs from
fibres with CFs above 0.5 kHz is also‘not easlly explained with this
interpretation.
It is interesting Eo speculate on other possible sources of this
pheﬁbmenon. It is conceivable that it originates at the level of
individual hair cells. In weakly electric fish (wormyrids and gymnotid;)

certain phasic electroreceptor tells exhibit large membrane potential

oscillations when the electrical loading of the cells is reduced - eg.

“by removing the overlying water (Benmett, 1967). In gymnotids, where

afferents to phasic electroféceptors are tuned to the frequency of the
electrig organ discharge (EOD) (Hopkins, 1976), the receptor cell
oscilléiians occur at the EOD frequency. The receptor cells which exhibit
this behaviour aré of a type that responds regeneratively to electrical
stimuli, Hair cells have‘nonregener;tive mémbranes (Flock, 1971), bur.
then it is not necessary to postulate that they are capable of the large~ 1
amplitude-dscillations recorded from the electroreceptor cells. Instead, . !
passive filter properties in hair gell membranes miglt be aufficient to »
select low frequency oscillations from membrane noise. The implication
18 that these filter properties could form a basis for tuning.-
If one chooses to specuylatesthat éhe peaks in the TIHs originate in

the hair cells, 1t becomeT necessary to exﬂléin how such oscillations
\ .

could be followed by fibres that presumably innervate more than one hair

cell. ‘Although papillar inmervation has not been examined in the Tokay, i

»
3 ’ f
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(, ~auditory afférents are known to each contact several hair cells in all L
non—mammalian systems that have been studied: anuran (Frishkopf and . v
. - Flock, 1971.; Lewis and Li, 1975), bird (Takasaki and Smith, 1971), caiman
- ‘ (von During et _g_l;.; 1974). A fibre will only reproduce Ooscillation§
in the haﬁt cells it innervates if they are in phase. This would be the
caéﬁe if neighbouring ha‘ir cells were electrically coupled. Weiss et al.
(1974} have suggested that lateral electrical interaction may occu.r bet;ween f
_ hair cells in the alligator lizard. Their proposal was b;sed on t:vo
findings in this animal: (1) that receptor potentials can be recorded from
_ supporting cells as well as hair cells, imply:ln_g eliectrical coupling
between the two types of cell; (2) that specialized juncﬂons occur between
supporting cells and between suppornting and- hair cells, providing a possible S
paf:hway for electrical interacq?.qn. The observation that inter-peak
interval in the Tokay TICHB was sometimes less or greater than the reciprocal

¥

+of the CF could be explained as the result of coupling between hair cells

of slightly different CFs. Coupling junctions could conceivably be low~-
pass filters that prevent—coupling at frequencies greater than 0.5 kHz.

§
{
3
% Of the TIHs recorded from 0.5 kHz fibres, about half did not show peaks.

In those that did, the osc\illaci?na“wete weak relative to those seen in
lower~frequency units. It is interesting that at 0.4 kHz or lgss, all
fibres produce peaky TIHs and filled PSTHs (Fig. 1l1). . - -
Of major concern is the fact that similar' TIHs have not been re~
' ported for other animals, Since they only occur in very low frequency

1 units, .it 1s poasible that they have been overlooked. In mammals espec~—

ially, most data are collected from higher-frequency units, since such lmr

frequez{cy Eibresi constitute only a small proportion of the population. . e

On the other hand, it would not be surprising if this‘ ‘phenomenon, apparently

—

- . ; .
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related to low frequency tuning in the Tokay,
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did not occur in

-

mammals. Considering the differences between mammalian cochlesr and s

.'rt‘nkay inner ear morphology, it may be that very differené tuning

mechanisms have developed. This possibility would be éc_mfimd 1f

v

°

it were shown that, as has been suggeésted, low frequencies are

represented basally on the Tokay's papilla.

»
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The influence of temperature on pefipherally recorded auditory

§~.\ poti7§iais has been studied in a variety of animals. It was established

1

s ~~ . ‘early that in mammals the cochlear microphonic (CM) is mére resistant

l//

to®change with temperature than are the neural components (Nl;Nz) of .
I .
the rouynd-window,recording (Coats, 1965; Fernandez et al., 1958; Kahana

et al., 1956), With hypothermia, N, and N, decrease in amplitdae and

B Rt

increase in latency. CM amplitude and latency both.remain constant down
’ 7
to 5 or 1000 pgldw normal body temperature; further cooling reduces CM _

[ -

amplitude, but to a lesser and more~variable extent than the émplitude

T #

T —

K - of the neural components. More recently, the mammalian summating poteutial

: ,m\\\\\\: has been shown to decrease linearly with temperature (Manley and Johmstone,

; 1974). 1In Hirds, Necker (}éZO) found that both CM and SP changed little

»

with cooling down to 3000, Bbelow which they decreased in amplitude,

Y ST

§

3 B .

i - Campbell (1969) recorded CM and evoked potentials from the cochlear

¢ . ‘ - r s,
1 . nuclei in eight lizard species, and found them to be generally most

sensitive at temperatures within the animals' preferred tﬁermgl ranges. ’ .

Werner (1972, 1976) arrived at the same c6nc1us§on after stddying changes

in CM with temperature in iguanids and geckos, Intriguingly, Werner‘*also

-
found that the frequencies to which the microphogic was most sensitive
increased somewhat with temperature. In a single experiment, Manlg& and
Wernet looked at the effect of temperature on the tuning of cochlear'\/

‘

nucleus neurons in the Tokay gecko (Gekko gecko)((unpublished data),

The results they obtained in several cells recorded from at differépt - 0
temperatures supported the cochlear microphonlc data and suggested to us "
that closer study might prove worthwhile. ' The possibility of an effect

« -




N ——
\

A 4t st e

e

e

/

of Eémperature on auditory tuning was interesting both' from a

7S ¢ !
behavioural-ecological point of view and as a potential source of
information abou;ﬁéﬁpfebrate'tuning pechanisms,

It was decided to investigate the influence of teqﬁetature on the °

frequency seiectivﬁty of Tokay auditory nerve fibres, these being more

peripheral than cochlear nucleus neprons and much more accessible than

hair cells. It wag 'felt..than an effecf on primary fibre activity

. -

. r .
would be easler to interpret in terms of cochlear mechanisms than an
5 .

.

effect observed in a higher—order auditory centre. The Tokay seemed an

5

-appropriate choice of experimentpl\éhimal because 1its augitory neurons
% are sensitive and sharply tuned (Manley, 1972; Paper 1 of this thesis)
and because it is an ectotherm active over a relatively broad thermal

_range (20 ~ AOOC) (Werner, 1976). The results obtained with temperature
] ' : . ,
changes within thig range would presumably not be complicated by any

[ +

advefge effects on the animal's general condition.
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Methods

°

Gekko gegko ﬁéighing 40~200 g were imported from Thailand, The

data reported in this paper are ffom 75 auditory ntrve fibres in 22
v 1

a

animals. These were the fibres for”wﬁich it was ﬁbssible'to cbtain
partial or complete tuning curves at mqre than one temperagure.

The surgical approach to the animal's left proximal eighth nerye
and the stimulation and récogﬁiﬁé techniques have been &escribed (Paper
1 of this.thébis). ihe apimal's temperature was controlled by means of
a heating pa@ ﬁrapped loosely around its head and b;dyi This arrange~
ment permitted more rapid warming of the head, when desired, Ehan was
possible with the heating pad around the body alone. In most experiments,
temperature was measured orally with a thermistor probe (0.25" diam.,
0.063" thick) placed against the righg-cochlear duct - i,e. contra-
lateral to the exposed auditory nerve. In the last 3 of the 22’experi—
ments, the temperature inside the right cochlear duct was measured with
a 24~gauge hypodermic probe. The footplate and part of the go}umella
were removed to allow insertion 6{ the probe through the oval ﬁindé%.
Temperature was monitored and congrolled with a thermistor probe monitor

-

accéurate to + 0.1°C and located outside the sound-attenuating sémi—'

.
’ "

aﬁéchoic chamber containing*fhe aqimal. . . ' 3

Glass microelectrodes filled with 3M KCl or 4M.NaCl were used to
record from the posterior, auditory,'hglflof the pfoximal portien of the
vestibulocochlear nerve. The %rocedure upon encountering an auditory
fibre (identified as such by its time—locke& resp‘nses to white noise

pulaes) was to: 1) obtain a frequency-threshold or tuning curve at one

‘temperature' 2) change the temperature, usualI( only by -0, 5~ 2° C;

. »
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o 3) redo the tuning cuyrve, In & number of cases it was possible to

repeat these steps several times before contact was lost., For the

75 fibres that coﬁpributed data, two-thirds of the temperature changes .

B

"were decreases and the'remaining third were increeses. _Three of the

.

. : : . "4 .
. . .- fibres were both warmed énd cooled. The range of temperatures covered

»

» o oy s gz

A

by this study was from 19 to 31°%.

-

Cooling was usually accomplished by simply switching off the heat-

E)

e e e

ing‘circuit: The rate of cooling then depended on the animal's temper-
« - 1 4 / ' .

ature as the:heat was switched off, and the ambient temperature. 1In a i

o

- couple of experiments more rapid, localized cooling was achieved with a 9

Rt

T

-

<

stream of cool damp air from a metal tube connected to an aquarium pump.

3
v

| L o

The tube was positioned over the exposed braincase and left otic capsule; ;
’ }

its end was flattened so that the opening was 8 mm by 1 mm.

t
- '

o ¢

o d
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o
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Results #\\‘ - - ‘
/\ . .
It proved diff cult to maintain contact with or 'hold' a fibre
\» - s .
while increasing temperature; thus, only one~third of the results

’ 4 /

reported here were obtained while warming the animal. For 25 of the

75 fibres it was possibie to obtain tuning curves (complete or pértial)

at more than two\températures. Temperature changeslbetWeen the curves .
obtained from an individual fiﬂre varied from 0.3 to 4 or SOC, but were

o

usually between 0.5 and 1.5°C. Often a.given tuning curve was obtained .

. . - o
‘over a2 temperature range of 0.5 to 1 C, because temperature had not
L

stabilized when tuning was begun.

The teﬁpeéature effects shown in Fig. 1 are fairly representative of
the results. A 1°¢ increase in temperature shiftedfthe tuning curve of
the unit in Fig. la toward higher frequencies. At the new temperature,
thresholds on the high frequency side of the tuning curve were consistently
lower while éhose on the low frequency side were higher. The frequency
to which the fibre was most sensitive (its characteristic frequency or CF)
changed from 0.5 kHz at 22°C to 0.55 kHz at 23°C. The reverse shift
ié shown'for a different unit ﬁf similar CF (Fig;‘lb), cooled froﬁ 28 to
27°C. After cooling, thresholds on the low frequency side were lower
while those on’ the high frequency side were higher., _ -

A ;nit's threshold at CF provides a ure of its overall sensitivity.
Although ch;nges in CF thréshol& {(threshold at new CF ?inus threshold at
original CF) with temperature were almost ;1ways seen, they were not
cqpsistent. In other worés, it was not possible to predici a chagge %n
sensitivity from the mégnitude (within the limits studied) Br sign of the

I

temperature change. Cooling and warming were both seen on different

v

4

(Y

.

-
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Figure 1.
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s o

Temperature effects on the tgning of 2

v

auditory yerve fibres with CFs around

0.5 kHz. A) Tuning curves from.the same

fibre before and after warming the gecko ';

7

from 22 to 239C (oral temperagurb). "

B) Tuning curves from a fibre vwhile the ’

B
~ [

ahimal'as temperature was decreasing.

[

<

The curves were taken at oral temperatufes

t

<
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of 28 and 27%C. 4 .
“ / )
s - ’
< &
. . ¢
?
. .
. ,
- . 4 - ,'
. - .
. . ‘
’
.
) l ,
. [+]
Avd
- %
L.
oo
p
L

e
>

Ny
RSN

< ¥
. h*,

SR R T




ZHy * ADNENO3IS

-

A ot °-

\

‘ h .’ll-l.n N M ) * -
uomm v . \ D, £ e——e
8 ..|.|.II~. . . - D, TT ﬂ'ut:quul N =~ .0
RIS 3% - TET - . ~ 1
. Baooy - . . :Buliopy, - . .
R i ’
- . ~-0¢ - . .
\ ’ :
Q-. - , "o '
,\\«‘II‘.II\/ - “« _/L ' N
. — ) 09 .
@ - : ’
. .
T, C . “ Foc
- : -,
- ) ' - . m - i
L - - -3 3 .
W Sl - . . -08
» om. ) ‘; av . ' D
»
. - Y’ " IdS 8P
: T , : , ~06 -
- a
. - N \ . . . B
~ © M i ) C * - i wl -
. ' : ) \ ’ .
) . R . N h N
- . . . . ~ . ° X R - _
, ‘ , ’ : ,
3 s L]
\ J -
N |- - B,
. > @ )
T e et i T s S SO e N i RSP B




r___
£

T N

45

°

occasions to reduce, increase, or not affect the ¥ibre's lowest )
threshold value. There was no discernible relationship between the

lsign of the threshold change and the actual teﬁperatures involved. Thus,

s

there was no tendency fox fibres té be more sensitive at any temperature

e
s

or range of temperatures between 20 and 3 0C. Threshold changes with

temperature were also unrelated to CF, .Perhaps 1arger and Lore rapid .
!
Pemperature changes than were used in this study, and/or changes below

20°C and above 30°C would have had a definite effect. The picture may
- 53 ‘r
also have been somewhat obscured by those occasions in which it could

not be said with confidence that threshold -at CF had actually been

. X
deteérmined -~ that is, those cases in which the true CF may have been missed,

o

The shape of the tuning curves also showed no consistent changes with
temperature. The shape o sharpness of tuning can be expressed in terms
(CF divided by tunjing curve bandwidth at 10 dB above threshold)

10d4B
N
or the slopes of the low and high frequency sides of the tuning curve. "

of Q

¢

Plotting the changes in Q and low and high freq&ency’slopes per °c’

10dB
- against CF revealed that although changes often occurred, they were highly

8
varlable and 1n no preferred direction. .,

The frequeﬁc; shifts were, on the other hand, completely consistent
in direction, 'yafming and cooling alwayé shifted tuning curves to highgr
and lower frequencies, respectively. The feversibility of the effect is

,illustrafed in Fig. 2. This fibre was held long enough to give four
tuning curves while temperature was decreasing and three more during
reheating., The shifts obtained with ¢ooling and rehegting wef;’op?osiée
in direction a;d comparable in magnitude. There was a pause for several
minutes between cooliTF and reheating duginnghicﬁ résponse activity was

&
recorded. It is worth noting that the tuning curve taken at 26.900,

P

PR
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Figure 2. The reversihility of the temperature effect,

In A), 4 tuning curves.were obtained from a
fibre while the animal’s oral temperature
was dropgilng from 29 ta 264.9%k After a
péuse, the same fibre as in A) was held
while the gnimal was warmed back up t:o'
28‘.800.’ The 3 tunit}g curves obtained

from it during this reheating are shown ‘in‘

.""B). .The unit's CF varied frem 0.45 to

}

' 0.55 kHz‘during these procedures.
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C . before the break, 1s almoat identical to the’ curve taken'betxlre,en 24.5 ot
. dnd 25.5°C ’ immed‘iatelj after the szeal'c and a\t ‘the st:ar;:“o‘f reheating.
Although more data were obtained at' lower frequencies, tt,le effe,ct:s
) ‘\‘ WEI:e similar for highér—frequency \.mitsf(eg. Fig. 3b) .“—The ‘results in p
Fig. 3 were obtained by cooling with a stream of air, as described ‘in
Methods. The noise of the airstream (on(continuously for 30 s) may
have been at least partly responsible for theﬂincrl’eases in CF threshold
in these units with cooling. To test fdr this possibility, a couple of °
' units were subjected to 30 s olf continuous white noise while temperature o
was held const“ant., CF sensitivity ‘wax.a reduced by about 5 dB;'no frequepcy
shift occurred. Thus, in Fig. 3, the frequency shifts are probably re- l
1liable while the threshold changes are probably not. It shoulful be noted
, that although the rate of éc‘oolzf.ng was much faster with this method, fhere ~
were no obvious differences in the magnftude of the observed frequency
! shift; thalt :ls, the rate of cha;xge of tempe;.'ature may not b,é important, R
.

i

The results obtained with the intracochlear thermistor probe were in~

‘et s

’ distinguishable from those obtained with the oral probe. As might be

j ) expected there was some lag between Intracochlear and oral temperature - ‘

"

eg. intracochlear temperature was slower to incresse when the heating pad

was on and wogld continue to increase after it was switched off. -

T g
Rt

’ There are several ways of expréssing the cumulative frequency shift
data in graphi_cﬂform. One 1s to simply look at changes in CF-with
temperature (Fig, 43). The problem with this approach is that to be

very informative it requires accurate determination of CF, The fineness,

k]

e

> of tuning required to determine small CF shifts was often mot possible

in the time available between contacting the fibre and losing it, 1In

ot

Fig. 1b, for iInstance, visual inspectfdn of ‘the tuning curve slopes at

i 2 5
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. Threshold differences at each frequency contributing a point to the -

' standardizing all shifts to a loc temperature chaﬁge. This makes the

i
E)

the lower temperature wquld predict C?‘ to be apf;roximately 0.525 f(Hz,‘ /
since Tokay tuning curves typically have a §a1t1y simple V—sha(pe

(Paper 1 of this thesis). ﬁnfortunately ,n:t:hteshold .values were taken
between 0.5 arfd 0.55 kHz, so that the pi:ediction cannot™ be confirmed.

If the CF of each of the two tuning curves is simply taken to be the
frequency corretpoﬁding to the lowest threshold value recorded, then

CFs of 0.55 and 0.5 kHz and a CF shift of 50 Hz are obtained. It is °
possible, however, that the CF shift wa.ds iess than 50 Hz in this casge.

For other fib#es CF -shift appeared to be undergstimated because of the .

\
game problem' insufficient threshold data around the original CF value.

v

-,

. . ‘
tuning curve were a more reliable indicator of the temperature-mediated .

changes. An effort was made to take thresholds at the same frequencies

'when doing tuning curves at different temperatures for a given fibre.

Wh?a\t can be observed in the graph of change in CF with temperature

IS

(Fig. 4a), despite its limitations, is that CF never - decreased with

warming or increased witl:n cooling. CF was séen to shift to higher

frequencies with bwarming, to lower frequencles with‘ cooling, ot notb'at
all. The largest shifts were":obt”ainqd from fib.res with CFs below 1.3
kHz. The few data points above 1.3 kHz suggest that CF shift may x;ot “be
pfoportional to CF. Although the data are insufficient to warramt serious
conclusions, they are more in keeping with aJéF shift that 1s independent

of original CF. It should be noted that errér has been introduced by

unwarranted _and probably f#lse assumption that temperature change and
CF sh:lft are linearly related, tig; is the only way of ccping with changes

of different magnitudes .

el
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A) Changes in CF per c,C, Y. t‘le ‘original CF. ACF = final
VJ‘ e

CF - oriEinal |CF. In.this and subsequent graphs: (1) the v

-
o

temperature change used to obtain AéF per oC was also
given a bign: negative for cooling (le. fimal miqus orig~ =
inal temperature), -ar{d positive for warming. Thus, both a . -
decrease in CF with cooling and ar’x(d:pcrease with warming Dg'

.

Have positive values 3 (2) only‘ 2 tuning curves per unit

’re compared, so th;t each unit u}iadg. an equ:\l.valent
contribution-to the data. Sym;aols are used to break down
the total temperature range covered by this study into 3
smaller ranges, and‘ to differentiate between aata points
obtained with oral and i%tracc‘)chiear temperature measure-—
ments. Filled squares: 19~22% (oral temperaturé);‘filled
triangles: '22_260(: (oral).'; .open triangles: 22-26°¢ (intra-
cochlear); filled circles: 26-3100 (oral); open circles: '
26-31°¢ *(intracochlear). B) Changes 1n 'central fnequency'{ '
with ;:emperathre v. original-CF, The 'central frequency '

was determined as shown above the g‘raph. The number o;‘. -

3

data pointe is reduced relative to A), because in gome cases, P
. : s S

b

one side of a tuning ‘curve did not extend to 15 dB over CF
f o]

threshold (1.e.only a partial curve was obtained). . %

&
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One way of gv;iding the problem of inaccurate CF deterﬁaination ’is
to look iﬁstead at'the frequency midway hetweén the frequenc'ies intersected
;})y the- low and high freqiency sides of the tuning curve at an arbitrary
‘intensity (eg. 15 dB SPL in Fig. 4b) above CF thresholc‘l‘./ Ir} Fig. 4b,
changes wi&n temperature of "central frequencies" determined in this way
_ aregplotted ag.?inst CF. By comi)arihg Figs. 4a ‘and 4b it can be seen that
the central frequency"” éhifts'more with temper‘ature' than’ the CF.: This
is particularly obvious at/frequencies above 2 kHz: |

tion can be obtained from'each ;:uning curve ‘shift if one .

examines threshold \¢changes with temperature at various frequencies along
the tuning curve., In Fig._? the tuning’ /cuz:ves have beerfx‘iormalized so

- thai each frequency is expressed as a fraction qf the originai CF. '(The

' ordinat;. is change in threshc;ld (final threshold ‘minus original threshold)

M N\
per OC. To arrive at this value, the temperature shift was glven a sign:

/ N
positive for an increase in temperature and negative for a decrease in

*

temperature. 'i‘hus, a decrease in threshold (increase in sensitivity) ©

z ,
I

with temperature ’increase will‘ have a negative value cp:/thia graph, as
.will an incgease in threshold with temperature decrpas\e. A positive .,
value on the graph 1n<iicates' that threshold either"increased (sensitivity
decreased? with warming or decreased with cooling. In this' way equivalent
effects gre given the same Iéign{ and the direction of* the temperature
change 1s.not indicated. Thé validity of this deéign is demongfrated

. . .
by the reversibility of the I'temperature effect (Fig. 2). Threshold -

difference values were only calculated for those frequencies at which

thresholds had bden estimated both before and after the temperature . -

~

~change -’'i.e, threshold was never estimated from the tuning curve. In
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Fig. 1b, for instance, threshold differences were calculated at 0.3,
' Q.4, 0.5, 0.55, 026 and 0.7 kHz, The threshold shift at 0.5 kHz was

4448 dB =.-4 dB, while thé temperature change was 27-28 = -1%. - N

v

Thus the thi'eshold sh‘ift/per % at 0.5 kHz had a value of: ~4/-1 = +4

¢ . Y »

on Fig. 5.

-

FroEn Fig. 5, it,can be seen that threst;old changes at CF show :;o
signiﬁiéz;nt trend towa;cd "e'ither positive or negative values, Thus‘
threshold changes' abov;a and I?elpw Cf" can be considered *relatively
iqdepe‘ndent of overall ct_laﬁges in sens'itivity. 'Belbq CF, threshc;ld
shifts tend-to be positive in value. This means that the low fréquency |

’

side of the tuning curve tends to become lessr sensitive with warming

and ;xxore sensitive with cooling. Ab‘ove CF, the opposite Cepds té occur,
so that most threshold‘ shifts have a ﬂggati;réb ;alue. The negative '
values at frequencies below CF and the positive values above CF do not
indicate. that whole tuning curves dccasionally shifted in a .direétion
oi:pc;slte to the usual shift. This was never the case. instead, the
scatter reflects the tendency for there t:o, be one or morevftreqt;encies

on a tuning curve (other than CF) at which the threshold shift dg/viail:ed
frorﬁ\);he shift seen at -most frequencieé. For ‘instance, in Fig. 2',/ -
although the trend\ toward lower frequencles with coo‘ling v:ras clear, there
was so;xxe"cross-over on the low-frequency slde of the first three tuniné .
curves tg.ken.r The large negative threshold shifts in Fig. 5 v:'ere
obtained fram units that showed large shifts for very small temperature
changes (eg.' 10 dB per o.3°c). This.illustrates the ptolzit;m assoclated

]
"with standardizing all temperature changes to 1°c. ‘The evidence from

o

.

“'.the other fibres indicates that it is highly improbablé that such large

shifts would have actually occurred over a qu chang'e. ‘

@ ' * <
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In Fig. 6, the same threshold \shift data are presented somewhat
Y i ,

'

A
[ !l e

differently. Frequency is not normalized to C%L The:data are
\/. . . s
divided into 3 main categories: threshold shifts obtdinéd A) at fre-.

qué;xéfes less than CF ¢ 1.e. "qn the low frequency arm of thg tuning -
curve; B) at CF; C) at frequengies greater than CF, Thus actual '
frequency is shownm, not"frequency relative to CF., Thiese gy phs alsc; | -
do not indicate how far 1;emoved from CF a given p;)int is along the

tuning curve. In Fig. _6', different ’sy.m‘p‘ols are used te represent three .
different temperature rangés , and to diétinguish :ln,tr.acochlear temper- . ° ‘
atures_from‘ those measqred orally.. As in Fig. 5, °it is cleéar that
t"hreshonld shifts on the low frequency side of the htuning curve tend to
have éosicive values;' that is, thneshol&s qeﬁd to increase with warm-
ing and dectease with.cooling. Again, the opposite tends ;:o occur on
the high freque;cy side, and CF thresholds ‘shﬁw no cor’zsisten;; trgnd

to either positive ;>r negaéfive values. In addition, Fig. 6 indicatéa
that threshold shif:ts show aimilar trends cver di‘f:ferent temperature
ranges and different frequencies. Data points from znimals whose- intra\-

cochlear temperature was measured seem to fit well with those from

animals in'whigh oral temperature was measured,

p
5

-

H @




v

—

Ry g e e

1
x
.

-

t O R - .
OB TG st a5 £ g

A b g PAE G R

P
.

L]

N l
Figure 6.
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I [ ‘ i
0 . ‘
v 14
N - O
- N ‘ O . - . K
¢ A -
[ :
0 ! - ' ™
1 -
Temperature-induced changes in thresheld at . . "
given frequencies along the tuning curve:_ . , o
13 t",,
Refer to text for explanation. As Fig 4: . ’ - * '[i’zf
. - . 1
different symbols represent different\ ~ ¥ ’
. temperature ranges within which the data ) J
i
points fall, and also differex{\tiate between } |
points obtained with oral temperature .

/

measurements and -those obtaified [#ith in;:‘fE:-"\ ' .
3 - i
cochledr temperature measurements, Filledn . 1 ;
. . :
. K
squares: ‘19-22°C (oral temperature);, / : " ’ . ‘ e
filled triangles: 22-26°¢ (oral); open ‘. ' . - \
triangles: 22-26°¢ (intracochlear); filled °- ' 3
/ . . ) . P
circles: 26-31°%C (oral); open circles: ' YL ‘ v
26-31°C (intracochlear). * "
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Discussion . . . ,

¢

Werner (1972, '1976) observed-that diguanids and geckos the

frequencies to which the micr)ophon;r( is most sensitive increage with
temparature up to a point, beyond which CM sensitivity deteriorates.

.

In the Tokay, he found that the overall semsitivity of the CM response

L4

varied little between 19 and 32°C. For temperature ct)\ar'\ges over the (

. - - s ~ , \’ 4
‘same range, tuning curves of Tojay auditory nerve fibfes show frequency [/

shifts in the same direction as well as no ct;nsistent changes in best X

threshold, In a single experi?nent on Tokay cochlear nucleus neurons,

temperature change was found to shift tun?ng curves in a manner in-

distinguishable from the primary fibre results (Manley and Werner, un~ "~

¥

.published data). The influence of temperature on frequegcy;sellecc\ivity

1s thus clearly established at ":ﬂ%ﬁ Tokay's auditory periphery, although

1

-
»

3 o . o

not- be simple.

Werner (1972, 1976) has also ‘demonstrated that the middle ear is not

"implicated in the effect of temperature on li’Eard‘CM. CM sensitivity &

* functions obtained by direct stimulation ::f the footplate following . ,

° -
7

colimella (middle. ear) removal were affected by teémperature in the same
. - ~ v

way 78 functions récorded with the middle ear intact. Further evidence
for the insensitivity of middle ear transmission to temperature comes

from maumalian stydies (Fernandez et al., 1958; Kahana et al., 1950) in-

which CM latency was fdéund to ren;ain cogétant over large temperature re-

IS »

ductions. For the Tokay, an ectotherm with a broad active thermal range, ‘

Y
Al

. !
it 1s perhaps not remarkable that temperaturg changes within ‘this range’

have little or no effect og overall auditoéry sen%itivity. That cooling

-

-

fed

N
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l from 40 to 30%- or 1ess does not influence CM amplitude in mamxnals
(Drescher 1974, 1976) and birds (Necker, 1970) is less easily underetood. .
In contrast, the latency and amplitude of the wholle-merve action

' poténtial (AP)“change a'yst:ematically with temperature (Coats, 1965,

Kahana \_e_t_ il_ .y 1950) . The poor correlation between ‘CM and .;.P |

amplitude changes with temperature led Co;ts (1965) to suggest that

t‘emperature ‘acts primarily on an excitatory proce?ss intermediate to

the generation of microphonic and excita;ig& of the afferent :nerve

- '/ . .
terminals. By this reasoning, the st/mmating potential, though con-

Ncux:rent with Cf(, woulg,}hga‘a candidate for Coats' ‘excit:atory ’proce;s by

-virtue of its lineargdecrease with cooling. Correlation between

changes in intre;;:Ochlear potentials and changes in AP may, however, not

be very meaningful. Kahana et _a_l_. (1950) sugg}e’sted that the decreage in

AP amplitude that is cfoncurrent with constant_JCM output may s,imply’reflect '

the progressive de;ynchronizaéio:l of fibre activity with coolinés

Changes in CM amplitude are small even with drastic cooling (Coats, .

1965) and may be /obscureq between 40 and 30% by wvarlable phase relat’ion-

ships within theﬁ outpu.t. ’ l ‘J
Tuning curves from certainl auditory n-.‘erve fibres 1:1 the toad, Bufo

au;erlcanue, show frequency shifts with temperature similar to thos; re—

ported t:ere, (Moffat and Capranica, 1976) . Curiously, fibres from ‘only

one of the toad’'s twp auditory papillae (the amphiblan and basilar .

papillae) exhibit this behaviodr. Neither frequency selectivity nor ,

thresholds of fibres from the toad's basilar pap:[lIa - considered by some

to be homologous to the reptilian basilar papilla - are significantly

altered by temperature changes of 5 to 10°C. "Tuning curves of fibres from |
K ’ , K L e. '

“
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the ;amphibian papilla not onvly shift to lower frequencies with cooling,
o [ it
but also t;ecome less sénsitive. The rgducgd gensitivity may have .

resulted from the use of larger temperature shifts than im the Tokay -

experiments.
Alt:hough it may seem surprising that tuning should ever be consist-

.

ently affected by tempe‘rature, 1t is even more remarkable when the effect

) ~

, 1s restricted .to one of two.%ditory'papiflae in th% same ahimq.l.“ What

The anuran basilar papilla, which is,/[/responsive to a relatively narrow

are the relevant differences between ‘the qnuvhn basilar and amphibian

papillae? | One obvious possibility is the mechanital basis for tuning.

£

1

band of frequencies, 1s thought to be a "siml;ly tuned resonant structure"

(Capranica and'zizgffa,t, '1977) . For the amphibian papilla, with lts wider

distribution of frequencies:,,,\(!apranica dnd Moffat have proposed that place-~:
» .

determined frequency analysis is operating. .Mechanical tuning of the

o

mammalian type is not .possible sﬁnce both anuran papillae are supported

by the wall of the otic capsule rather than a sugpended basilar membra{}g

3
The amphibiéﬁ papilla may be mechanically tuned through its tectoriuma

¥

JTemperature could conceivably affect its tuning by altering the physical .

properties - ‘eg. elasticity, density =~ of structures contributing to its’

-

mechanical tuning. ;

¥ on _thé other hanci, the temperature sensitivity of tuning in certain

Q. * & .
electroreceptors raises the possibility that temperature acts directld .
% 4 P e -
on receptor cells. Hopkins (1976) studied the effect of gsmall, .localized
: . . <~ ’ )

\l

3
—

temperature changes on the activity of ‘the afferents 'to phasic electro-

receptors in gymnotids. A 2°¢C increment at_ the receptor- site was found

3

to more or ‘less reversibly increase-a fibre's best frequency by 10-30 Hz -

a signifiqailt amount rklative to CFs around 130 Hz. A slight reduction in
. R ! i . -7 BN 12
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sensitifity“at the higher temperature (22°C) may have been related to

' ~ the fish's prior acclimation at 20°C. Unlike Tokay Quqing curves, <
which did not consistently alter shape, tuning cirve bandwidth

'increased with warmingé%q_the gymnotids., Referring: to large membrane

potential oscillations that occur when the electrical loading of phasic
! @ .

4 ekpctroreceptor>cells iékteduced, Hopkins, discussed the possibility ) -

N .

* that eleétrogeceptor tuning is dependent upon the membrane filter

a

1 - :
properties. responsible for these oscillations (Paper 1 of this thesis). |

In gymnotids the dsdi}lations occur at the frequency of the electric
o L . [

organ discharge (EOD) (Bennett, 1967). Hopkins suggested thdt ‘temper-

3

ature might affect the frequency of 'such qscillations and ggnce tuning.
ﬁx is tempting to consider a ofechanisn for the temperature effect that

would apply generally to lateral-line @erivatives and 56 encompass both
. | N , !
hair cells and jelectroreceptors. “Membrane conductance changes with

@ t

temperatufe are well-established in a number of systems (eg. Lieberman
N N .

and Lane, 1976). It £¥ interesting to note that in hair cells of thé
- gea slug's st&tocyst, the slow generator potentiai ev?kad by a mechanical

stimulus is both secdndary’poaconQpctance changes and ﬁémperature-aensitive o |

k4 .

- ‘ . . ' ¢ '
in 4t8 time course (Detwiler and Fuortes, 1975). The rate of rise of the
% .~ 09 .

generator potential increases with temperature. . . ~
:‘ 13 . ot [ , ., . . -

An obvious and seriouslobjection to the suggestion-that Jtempgrature

may éét primarily on the.receptor cell membrarie is raised by the in-

<

deﬁsitivit% of the toad's basilaf papilla to temperature change. It is

: intriéuing to note in this regard that the tuning of anuran basilar

L

papilla fibres is also resistant to anoxia (Capranica; personal communi-
° . . : N A ;

[

c&fiqni,.uﬁlike the éuning_of amphibian papilla fibres ang mammaliah

¥ ! t

cochlear”fibresf(Roberfson and Manqu, 1974). Clearly; tuning in the
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C - toad basilar’ papilla has a diffcrenf basigcithan it does' in the
R amphibian pap;.lla and presumably ‘;uditory organs in othez; animals.‘
~ Its insénsitivity to anoxia and temperature shift implies an o .
independence from normal aerobic metabolis& i .
. It has recently been reported that tuning in cat cochlear fibres ’
. is also unaffectec{ by temperature change (Klinke and Smolders, 1977b; ’ .

Smolders and Klinke, 1977). Local warming of the basal cocflea by

2 - 4 °¢ was reported to increase fibre sensitivity but not significantly
4 I ~ ’

§ N - affect CF. Apparently, however, a CF shift of "not more than'0.04 octave

°
- w?

~
g

per 4°¢c" toward higher frequencies did occur. Several comments can oe

made in this regard. (1) The stimuli used were”8 s tone sweeps fed to

K

200 ms tone bursts. The summed activity in response to 5 tone sweeps . g
o ‘ o

was used to evaluate CF. This method has the advantage of speed but
!

.o “ .
lacks the precision of a tuning curve. (2) Almost all of the small

\
e

sample of f:ff)res studied had CFs in the vitinity of 20 kiz, & 0.04

octave peral»oc shift for such units is in the order of 800 Hz. Standard-

B
[N

TN s

:&zed to 1°c. as was done for the Tokay data, thié becomes a CF .ghift

of 200 Hz per °c. The decision as to whether such a shift 4s significant

AR

S

, ) or not appears to be rather arbittary‘?. 1f, as m&y’ be the case in the

" Tokay, frequency shift(s are not proportional to CF, then o:lmilay: shifts

might occur at lbwer frequencies where they would be unquestionably .
‘

. ‘ significant relative to CF. (3) CF changes with. temperature were found

to give rather inferior information about the frequency shifts seen in
‘ﬂ ~

Tokay i‘ibres. In other words, the ob'ser."ved CF shift was a much less

relisble indicator of the overall frequency shift of a tunidg curve than

were threshold changes along its sides.. With these ppints in mind it
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L 9
may be prudent to withold judgement on.the question of a temperature

effect on mammalian tuning until tuning curve data is obtained from a

large sample of mammaldian fib;es, including some low-frequency ones.

-3

This is not torsay that one should expect a temperature effect in

mammals similar to that found in toad and Tokay, or that with fmore data

-

the picture in the cat will necessarily change from that already‘pre;

sented. Differences in'the magnitude of the éffect in various animals

»

should provide clues to differences in tuning mechanisms, .

»

. Klinke and Smolders have also investigated the iFfluence of head

temperature on auditory nerve fibre tuning in the caiman (Klinke and -

3

Smolders 1977a; Smolders. and Klinke, 1977). With cooling over a temper-
ature range similar to that used 1n the present study, CF was found to
decpease by approximately 0.3 octave per 6°¢c (personal communication).,
Although the CF shifts/hre apparently much more regular than those in the
Tokay, values of 0.05 octave per'°c (standardized fron® 0.3 per,6°C) fit
well within the scatter of points in Fig. 4a, for CFs below 2 kHz, It

is not known whether the Tokay data are repregentative-above 2 kHz, or

[
s

whether caiman data have been obtained above 2 kHz. The caiman's freéuency

range only extends to 3 kHz (Klinke and Pause, 1977; Manley, 1970).
3,

Spontaneous and evoked gctivity were found to dgcréase with cooling"
., in caiman (Klinke and Smolders, 1977a; Smolders and Klinke, 1971) and
in fibres from both the amphibian and basilar papillae in the toad

(ﬁoffqt and Capranica, 1976). This was not studied Systématically in the

t

Tokay. The presence of an effect od’diécharge rates from the toad's
i . ’

basilar papilla suggests that it is unrelated to the effect on tuning.

'Tempegature—meéiated chénges at the afferéent synapse could provide a B

‘

simple explanation for the reduyction in discharge rates. Cooling ‘depresses

\
s -

e e
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': the rate of transmitter re%gase at the gquid giant'synapse:(Weight
end Er?lkar, 1976{ aéd the.neuromusgdlar junction in frog sartorius
muscle (Katz and‘ﬁilegi, 1965), In the 1h£ter‘pfeparation, ACh
release following the" arrival of an impulse at ‘the teréinal is both
‘ ‘ delayed (Q10 approximately and dispersed in time during hypothermia,
It 1s impossible gt this int to suggest éxbehaviouralxsign1f~
. icance for the sensitivity of yhe Tokay's peripheral tuning to ée&per—
ature. The Tokay!s behaviour. has not been studied to any egfgnt, and
the durability of the temperatu;e’eff%cts reported here 18 not known. '
fibres’were usually hei&‘for on}y short .periods of time. Examples such
as Fié. 3 4impress one with thé consistency of the effect over berhaps
half an hour ,of recording. - However, temperature was not held constant ..
for very long so that thl stability with time of a given fréquenéy_"
shift has ﬁot been asgessed. Ther? are, however, interesting behavioural
correlates to'the temperature sensitivity,oflgymnbtid and toad amphibian .
papilla afferé;?§. Let us assume that the tempergiure-mediated frequency JC
shift seen in the toad probably also occurs in fibres from the amphibian
papilla in otﬁer anuragé. It has been shown that both thé pulse re;eti:ion

rate of. the male treefrog's mating call and the pulse rate preferred by

the female treefrog increase, in step, with temperature (Cerhardt, 1977).

P

Althbugh.this indicates that anuran cails'can c?apgé with temperature,
\ it is mot. known whether the frequency spectra of the calls vary. In

gymiotids, the EOD frequency ~— to which the phasic electroreceptors are

~

tuned - increases with temperature (Hopkins,, 1976). Frequency shifts with

L4 4

temperature in communicatory signals could be secbﬁdary to the physiol-

ogical effect on auditory tuﬁing. sSelectian pressure for, behavioural:
. adaptations to the sensory phenomenon would presumably be high in animals

a

/
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from phe alligator lizard's papilla which, like the anuran basilar

_ temperature effects on tuning; it is conceivable that temperature exerts

- -
. f .
i M ' ~ [
° N . .

. SaTURRITUR AT A N e b [SRE—— ﬂmﬂm{‘:‘—ﬂ‘nwv T e

.
[ * 4

that rely heavily on their perception of communicatory and orientation

signals.

, Temperature must be expected to influence the inner ear in a number
\ .

o

= ——

of ways. More comparative data are needed to decide which of these

is/are critical to frequency selectivity. For instance, it would be

. /
interesting to look for a tempdrature effect on the tuning of fibres

papilia, is thought to be a simply tuned regsonator (Weiss, -1977). It

i \ M *
is not at the moment necessary to postulate a sin&le mechanism for

its influence in different ways in different systems, Admittedly the

similarity of the frequency shifts in caiman, gymnotid, toad amphibian

papilla and Tokay suggest a common mode of action. Since the mechanics
of these systéms differ greatly, an effect at the receptor cell lqvgi would
feem more plausible were it not for the results from the toad's basilar .

papilla.g Further information about this unusual papilla would seem

important to understanding the source of temperature's effects on tuning.’

-
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vhose behaviour related to audition is either uninteresting or unknown.
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Conecluding Remarks

While the detaills of auditory_processing in a lizard can be fasFinating

in their own right, clearly most of the intereif in such a system depends - °

upon its relevance to other systems. This: is particularly true for animals

‘The®Tokay 1s known to vocalize, but in-depth behavioural studies to deter-

mine what sounds have most significance for the animal are missing. Such’

information is important to understanding the more speclalized forms of

peripheral filtering - i.'e., the dynamic properties of fibre responées

2

rather than basic tuning. The- various PSTH categories (Fig. 9, Paper 1) indi-

cate that the Tokay 8 inner ear performs more than just frequency analysis.

/
1

Even without good behavioural data on-the Tokay, it is interesting to specu- -

late on the selection préssure(s) that produced these PSTH patterns. The

!

need to localize sound has been suggested (Manley, 1977). Lizards are Qoorly

equipped to handle sound localization cues available to other animals. They

-

lack pinnae and have small heads that create little sound shadow over the

v i

relatively low ffeguencies 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 emphasize the very

small differencqg in time of arrival of sounds at the two ears. The inéreasing

’emphasis of the onset peak, relative to the rest of the histogram, in highgr-

order centres indicates its importance to the animal's perception. The absence
of onset peaks in PSTHs from units sensitive to low frequencies may simply

éeflect'the impoasibilify of hinaural temporal digcrimination at such loug'

stimulus wavelengths.

Y

G
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The origin of ﬁnset peaks in the inner ear is as interesting to
consider as their significance to the gnimal. In Paper 1, a relationship
between onset peaks anﬁ hair cell bidir;ct;onality was suggeﬁted. It should
be pointed bu; that in khe Tokay, the bidirectional areﬁ_also differs from
the unidirectional region in iés accessory tectorial structures (refer to

p. 8, this thesis) (Miller, 1973) The Tokay papilla is  actually divisible ’ -

into three regions on the basis of tectorial attachments. aplcal pre—axial,

-

apical post—axial, and basal (Fig. 3, Introduction) This might seem to -

Felate less well to the data than diwision of the papil;a into two areas

(apical and basal) according to hair cell directionaliéy, because of the )

basic dichotomy in PSTH pattern: peaky V. f;lled. However, innervation

patterns help determine functional divisions of the papilla as 'seen' by the '

primary-fibres. For instance, if each afferent innervates all cells in a

transverse row (pre-axial and post-axial), then the apical tvy—;hirds is, in
terms of fibre responses, a single division of the papilldj If cells under-
lying the post-axiai sallets are separaéely innervated, then the division
between pre-axial and post-axial apical papiila 18 reproduced in the auditory
nerve. Unfortunately, the innervation.of the iokay's papilla has not b;en ,
examined. In any éase, it is conceivable ‘that the sallets cohtribute to or
caugse the onset .peak. The gr;;th of multiplé peaks with\inéensity (Fig. 10, ‘
Paper 1) can be visualized as the reault of the sallets' tfndency to oscill-
ate at a preferred frequency that is precisely determined by their inertial |

properties. Such oscillations would damp out more slowly at high intensities.

The weak point in this suggestion is that monitor. lizards, whose priﬁary

fibreg also produce peaky and filled PSTHs, have a continuous plate-like

tectorial membrane over all hair cells n the papilla (Miller, 1974),
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" the differences in PSTH patterh. It 1s possible, howevé!a that different.

|

i

) - !

_can no longer be observed (Robertson, 1975) ] . . ' ﬁ
{

!

$ ,
chrminology of Holton and Weiss (1977).
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Evidently in the monitor the tectorial membrane cannot be responsible for

#

mechanisms produce onset peaks in the two species.

s ' . ~ -

+Although not studied systématically: the phenomenon-of two-tone rate

1
suppression1 was observed in the preseﬁt study. Two-tone rate suppression is - “&

) -

the reduction of & unit's response to a tonme around its CF that is caused by . %l
simultaneous presentation of a second, louder tone of different frequency.

It has recently been found to occur in Tokay primary fibres with CFs betieen . 3
) ’ . . : . ‘
0.4 and 2 kHz (Manley, personal communication). It was not investigated in .

\

units with higher CFs. As in mammals, the tones which proved effective in

1 ©

reducing the response of a Tokay fibre to a CF stimulus were often frequenttes

) . .
to which the fibre was relatively insensitive when they were presented alone. = ,,

.

It is worth noting that of the two types, of primary. fibre described by Weiss
)

et al. (1976) in the alligator lizard, only the low frequency, sharply tun

T

fibres demonstrate 7wo~tqne rate suppression (Holton and Weiss, 1977).*Thé

[

absence of the pﬁénomenon in the higher-freque¢nhcy fibres may be related to

their broad tuning. It has been shown that under certain conditidns that |

produce,bréad tuning in mammalian primary ‘audifory neurdhs (eg. removal of

perilymph from, or mechanical damage to, the cochlea), two-tone auppresaidn .

4 ) ~ . ' s
The purpose of this thesis has been to extfact,from the recorded thivity
‘b -
of Tokay prfmhry auditory fibres information relevant to current problems in
peripheral auditory pLysiology. Since the major advantage to recording from , A

-

primary fibres is their proximity to the semse organ, an.effort has been méde to .

!

- S w
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( R relate patterns of a::izivity to inner.-ear morphology. ;I'tie elaborate cochlear

duct of the Tokay provides fascinating material for speculation of this -

nature. Such speculation is not idle in that it 1s often teguable and at the
sane time suggestive of appropria\ce follow-up experiments. For instance, the
postulated frequency distribution along the Tokay papilla (Paper 1) could be

tested by recording from primary fibres as they emanate from the papilla. If

'

L] ' .
this revealed that, as suggested, low frequencies are represented on the |
o

narrow basal end, it would be interesting to study the mechanical response

oé the Tok‘:ay's elong;tevﬁasilar membrane using the MYssbauer technique. If,
on the other hand, xga;;ping. of the i:apilla; revealed that lo’w frequencies are
apical and high frequenciésabasal, then the cbrrelat:ian between hair cell ’

, \\ X orientation pattern- and PSTH typé in,%he monitor lizard (Manley,-1977) would

be reversed in the Tokay. - s Y .

T The question of ’how tuning is achieved 1s the ;nost; .basic problem in N
/ peripheral auditoruy physio,l(;agy and hence the one that has attracted the most ‘-

" at‘tention. The temperature effects on tuning curves descrj.béd in{his thesis -
and by others \as )Vvet‘\make no clear contribwtiorg to an‘und—ersta‘nding of tuning.
Since ‘these studies are all very recent, and gs:l.ng:e the published pr_eporte are
based on very few unitsg, it can.bé hoped that’ the pict:tu":e will be clarified

T by detailed studies on more species. From the consistency and specificity

@ @ 4 (

of the described temperature effect, it appeafs t:o'be a creditable new

v
a

bl ' * source of Information on tuning.
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(~ Summary : o

T // -

J , . P
Spontaneous, and response activity were recorded from single fibres” _

i

in the auditory nerve of the Tokay gecko. Standard techniques. of record-
ing and sound stimulation were used. Spontaneous discharge rates were

found to vary from O - 40 spikes/s. Interspike interval histograms from .

e ~

/f/ : units with CFs greater than 0.5 kHz were comparable to those of other

! [y

_ animals. Interval histograms from fibres with CFs less than 0.5 kHz

were unusual in that they had osciIlatf;ns at intervals approximating

! , “the reciprocal of the CF# For several reasons. it was coqclude& thaf .

1 .

these oscillations are ﬁfoBably real and hotrthe result of unintentional

i -

sound stimulation. A pgssible mechanism for the production of these

AT

oscillations at the hair cell level is discussed.
v ;o » The range of characteristic frequencies (CFs) observed was from 0.15

i . to 5.2 kHz. Tuning curves had fairly simplé V—shaﬁes,’with a.tendency

9 y

toward steeper high frequency slopeg than low.frequency slopes. The

\ J°

curves were on' average quite sharp relative to those from other animals

.
.
I TR T
’

over the same frequency range. —_— . ' v q

L)

f - !
&  Peristimulus time histograms (?STHS) of response activity can be g

divided into three main types: filled, semipeéky,.and peaky., These :

wl .

correspond to low, intermediate, and higher CFs. Sipilar PSTH classes ..

»

R ] oy n

are observed in the monitor lizard (Manley, 1977), in which the presencé .

of the onset peak is correlated with hair cell bidirectionglity. . It is L.

)
3 v .

‘suggested that this correlation may also exist in fpe Tokay; in which casé,

D AR

»  low frequencies would be represented baséily and high frequencies apically '

) , , ‘ . ) .
: (il N on the papilla - the reverse of the mammalian frequency distribution. .

- Several on-off responses were Sbserted. Fibres with CFs from 0.3 t6 .

- LA )

3.6 kHz responded to a broad-band Tokay call. Series of peaks in the PSTHs ’

at

3 T ~
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of the\:e\sp’énses reflect the pulsed natur;_ of the call., It is

su,ggested\that“ ‘onse_t peaks may play a rdle in sound localization.

.

The effect of temperature change on tuning curves was investigated. , .

A

Temperature was measured orally or in the cochlear duct contralateral to the

~

exposed auditory nerve. Temperature changes were effected’with a heating

pad, and vere usually small (0.5 - 2°¢). Tie range of temperatures

covered .by the study was from 19 to 31%. Temperdture lchange’ did not

consistently affect either sharpness or overall sensitivity of the Q
tuning; curves, but did produce a consistent frequency shifmun

curves shifted toward higher frequencies with wafming and ldver frequencies

K

with cooling. These temperature effects arg discussed in relation to

@

similar results obtained recently in other animals,

v
v
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