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ABSTRACT
| Single cell recordings Qere obtained from the »
spiral ganglion ;? the baéal turn ofqthp guinea pig
cochlea, The depen%EEEEWQf,sharpness of tuning curves : .
on cell sensitivity and e effects of respiratory im-
pairment, perilymph removal ang structural damage are
discussed, It is tentatively concluded that the weight
of evidence suggests the existence of a second frequency-
selective mechanism in addition to the basilar membrane,
However, tHe results élso add a cautioﬁéfy note, quéétion- ‘
ing the reliability of some basilar membrane data.‘
LCetails of spontaneoﬁs activity agree with findiﬁgs in

cat, The occurence of a two-componeht positive spike

suggests that the ganglion cell bodies are inexcitable.

3
Electronmicroscopic and other studies support the con-

clusion that the action potential sueccessively activates

nodes on either side of the soma, 1?his arrangemengégyy I

>

reduce the risk of conduction block. None of fhe

criteria used could distinguish between neurones related " .
i »

to inner and outer hair cells.



d'action positif en deux composantes indique que les soma

ABSTRACT ’ ' .

e

@

Les réponses;unitaires dans le ganglion spirale furent
enregistrées dans la partie.basale de la cochlée chez

) |
le cobbaye, La sélectivité des courbes de réponses

d épend de la sensibilité des cellules; les effets de

1l'insuffisance respiratoire, des dommages structurels et

i
+

de 1'enl2vement é@-liquide périlymphatique sont des
points discutés, Les résultats suggerent l'existaﬁce
d'un second mécanisme de éélectivité de fréquence en
plus de la membrane basilaire, L'autre part, les pés;%i
tats indiquent éue 1; validité de certaines données sur

la membrane basilaire est discutable.

" i
Leg'détails de l'activité spontanée concordent avec celles

rencontrées chez le chat. i'existanae d'un potentiel

o

Fa

.
-

des cellules du ganglion ne sént-pas excitables, La micro-

scopie électrohique et d'autres études ont demontré que le

N q

potentiel d'action excite sqccessivemeﬂt les nodules sur
-
chaque cdté du soma: cette particularité peut prévenir le
bloquage de conduction, Avec les critdres utilisés, il fut
T ;

v

impossible de faire ld%distinction entre les neurones reliés
. .
Qf

aux cellules ciliédes internes et externes. -




Addenduft”

o~
¢ *

My attention jas been drawn to a publication by

L.U.E. Kohlloffel conﬁgrning recordings from spiral

ganglion,cells in the cat cochlea (Facts and Models in
Hearing (Springer - Verlag , Berlin , 1974, pp 193%-203)).
Dr. Kohlloffel communicated to me in 1973 that he was
also trying such recordings 2 but I qnly became aware

; of his 1974 publication after this thesis was submitted.
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Preface

The work presented in the results section of

Y

this thesis contains the data from original research
performed at McGill University, between September 1972

and November 1974,

The research involved single neurone recordings

¢ —

from the spiral ganglion in the basal coil of the

guinea pig cochlea, This represents an original con-

tribution to research on the peripherdal auditory system,

being to my knowledge, the first published record& from

—

single neural eleents inside the mammalian cochlea,

All previous single unit\recordiﬁgs in the primary(\\_/,
auditory path&ay have beén obtained at more central
lécatio;s. distant from the cell bodies éf the ganglipn.
The advantages of this preparé;ion for studying the |
mechanism~of‘freqﬁency selectivity and other propevfrea
of the auditory pathway, are seen in the five papers

comprising the results section of this thesis, " A

direct spatial mapping of the neural output along the



_ basilar membrane is possible in the ganglion in con-

<

o

L 4

"trast to the cochlear nerve trunk. The particular

©

.ganglion cells,’

ngture of the approaph allows delicate manipujations
such as perilymph removal and the ;lacement of scala
media microelectrodes\ts be‘éasily.performed, while
maintaining contact with a single,gépglion cell and
measuring its responses. The first three papers are >

I —
concerned with the frequency selective properties of

-

the spiral ganglion cells, It should be mentigned that
a brief repopt describing effects similar to those ingy °
paper 1, appeared iﬂ the literature while this paﬁer
was in press (Evans, 1974), Paper IV contains the
first reasonably complete’desé?rption of "gspontaneous
activity in the guineg pig primary auditory«pathwéy ,

and also cgntains data, on the effects of anoxia., In

AN

the final paper, the extracellular spike shapesqin‘the

%9
o

spiral ganglioh are discussed and a hypothesis is proz

posed of the mode of impulse propogation in the’bipolar

¥ L)

[




T ’ Al
If the papers in this thesis do not seem to

-

conclusively solye the. problem of the mechanism of fre-®
quency selectivity in the primary auditory pathway,

this imppression is not a false one. No complete ex-

70

planation of the derivation of neural response properties |,

within tHe cochlea is 4s yet forthcoming, and awaits the

advent of better pQXsical techniques and gn investiga-

1

tive onslaught by researchers with a wide variety of

f A

skills,

© - .

&
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INTRODUCTION
- gggm;t of the thesis o .
«  Five manuscrifts, submitted to Séi;nce. J, Com-
parative Physiology and Brain Resegarch constitute the
k resulLs section of this thesis, Two of th; manuscripts

k]

—are in print in Science and J, bogparativeAghysiologx.

Each paper is preéented in" the format required by the
a;propriate“sou;nal. Thus, there is an introduction,
methods, results, discussion‘énd summary for each paper,
A bibliography also accompani;s each manuscript. For
this reason, the Introduction whigh foilows here is not’
intéﬁded to prbvide a Fomprehensive coverage and his-

. torical review of ail those aspects of cochlea¥ éhysio-
logy dealt with in the manuscripts. Instead it atﬁempts
to provide a brief framework and an outline of the

contentious issues in the field, so that the significance

of the results can be better understood. A bibliography

Jof-material in this introduction and in the final dis-

"cussion are also included.,

' L
r‘ J ; A &"

| ’ K /

-,
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Anatomy of the Auditory Periphery

i) General - =

© For the efficient delivery of airborne vibrations
" to th?ffluid filled\sgphlea. nammals have developed a
complex middle ear structure.. The tympanic membrane

is connected by 3 ;ssicles. the malleus, incus and

’

gtapes to the scala vestibuli of the imner ear., The
details 'of this ;ssicular chain differ from one species
to another., As this is the most accessible of the
‘péripheral aud%tory structures the mechanics of the
middle ear have been intensively studied, Reliable

data describing the frequency respoése of the middle ear
have been obﬁéined by various téchﬁiques. in the guinea
pig and cat (Guinan and Peake, 1967; Johnstone -and
Taylor, 1969; Manley and Johnstone, 1974; Wilson and’
Johnstone, 1972). The middle ?a§_§n°guinea pig épﬁearsm.
to act as a ban&‘pass filterg'having an essentiglly

flat velocity response from 1 kHz to about 25;kHz

(Manley and Johnstone, 1974), The rapid fall off in




8

amplitude beyond 25 kHz is now fairly well established
{

(Manley & Johnstone, 1974; Wilson and Johnstone, 1972),

and appears to be caused/ﬁy_iactors other than simple

mass-limiting, i

i

There is some lack of accord on what correction
should be applied to the response of inner ear structures

to take account of the frequency response of the middle

ear, Many authors correct amplitudes of vibration of
. * . \

’the basilar membrgne,'or’the threshold sound pressure

7 level (SPL) of auditory nerve fibres by using. the sfﬁpes
~amplitude response., Such a procedure is perhaps not too
meaningful, sipce‘the amplitude of Yibration of .inner
ear structures is appafently proporpional to stapéé
velocity (Dallos and Durrant, 1972). It ‘would _be more
reasénable’to apply a middle ear veloéity correction,
This receives support from the closely'correspopding

-

shapes of the middle ear velocity response and the be-
’ 7

/

havioural addiogram (Dallos, 1971; Manley_hnd Johnéfone.

1974), In the frequency range of interest in this thesis,




Fig, 1. Schematic diagram thfbugh one coil of the

guinea pig cochlea. Taken from Davis (i954).n

.
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the velooity response of the guinea Pig middle ear is 0

essentially flat. so that no cgrrection would be %“wa

-

necessary+ This is assumed in the manuséripts and all

neural thresholds are simply expressed as SPL at the
\ ‘ - - -

.eardrum, (See Appendix I),

9 R . s :
The stapes communicates its vibrations to the

fluid-fil}mégxestibule which is connected to the scala

AN L
'

vestibuli of the coiled cochlea, A schematic cross ,

section through one coil of a typical @ammal cochlea

oo
~ vy

is shown in Fig. 1. Both the scala vestibuli and scala
tympani are filled with ﬁgrilymph, wﬁésg cémpositiOn ig b= |
simAlar to cerebrospiﬁal fluid. The séala media or en-
dolymphatie duct, contains enéolymph which is high in

n - o

potéesium and chloride and very low in sodium (Bosher

and Warren.‘19?1; Johnstone. ;967}‘Johnstone and Sellick,

1972),
The basilar membrane in mammals is. narrow and
! ’ stiff at the!basa{ren and becomeeg wider and more flexi~-

ble towards the apex (Bekesy, 1960). In guinea pig, the . -

° [
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entire membrane is 18,3 mm in length (Fernandez, 1952)

" and tapers from 600 microns wide at the apex to 200

&

_micrbns wide at the basal end, It appears to be the

A3

tapering dimensions and gradient of stiffness which -

gives the basilar membrane its mechanical properties,

——

“ R
The Organ of Corti rests on the basilar membrane

1
!

and consists o; éﬁpporting cells, sensory hair cells,
and nerve fibres, A schematic diagram of the Organ of
Corti together with a light micrograph are shown in
Fig. 2, 3. The detailed ultrastructure of the com-

ponents of the Organ have been described by many authors

'

(Engstrom and Wersall 1958; Engstrom et al,, 1966;
Iurato, 1967; Spoendlin. 1966)., Most noteworthy is that .
in mammals, the ha%r cells, whose apical ends are eﬁ-

bedded ‘in the reticular lamina, with.hairs projecting

2\) =
into.the scala media. are"‘learly differentiated dnto

L4

one row of inner hair calls and three to four rows of

outer hair cells., The morphological differences between
N v } - .

\d

these two groups of receptors are well documented and -

0



Fig, 2. A diagram of the mammalian Organ of Corti

adapted from the work of Spoendlin (1973). Efferent
fibres are shown as/white and afferent fibres are

black, The tectorial membrane is shown arbitrarily

in contact with all hair cell stereocilia,

o~
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pepu——_

Fig., 3. a); Light micrograph of the guinea pig Trgan
\

.of Corti, The section is tangential and was stained

with toluidine blue and photographed with phase con-
trast, The darker area of tectorial membrane above

» L) t’ 3 L3 s
the inner hair cells is indicated by an arrow,.

b); A higher magnification of this region

without phiase contrast.

°
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will not bh discussed here except for the dﬁpstion of

differences in he contact between the sterocilia and

the tectorial memirane, This point is a controversial ,
. .

one, . ’

Von Beke has described some of the mechanical

properties of the amorphous, acellular tectorial mem-

brane which overlies the stereocilia of both sets of

°

R

¢

"hair cells (Bekesy, 1960), There is no doubt that the

tops of the tallest stereocilia of the outer hair cells

are in cohtact with the tectorial membrane (Angelborg

and Engstrom, 1973r Engstrom et al,, 1962; Li;, 1972).
The sitﬂation for the inner hair célls is not so clears
Some autho¥y believe that ;he inner hai:‘cell stereo-
cilia are freestanding’ (Billone and Raynor, 1973; Dallos
et él,, 1972), and that this must make their sensitivity
and mode of stimu}ation differeﬁ% from the outer hair
cells, However, the great distortion of the tectorial
membrane By standard fixation préceddres probably ob-

b
scures the true picture. It has been shown that a

i




&

variety of apparent connections between both sets of

+ ‘hair cells and the tectorial membrane can be prodﬁcgd

2

by different fixation procedureg (Ross, 1974). Certain-
ly, some published Eﬁotographs do show the tectorial

memgrane in quite{intimate contact with inner hair cell

- | v R
stereocilia (Afigglborg and Engstrom, 1973; Flock, 1973).

- 1 . -

In osmium-fixed material -the- tectdérial membrane is.

a

ﬁi{ﬁily lifted well above both inner and outer hair

thic%gr region with an irregular edge (Fig. 3)., It is
v - * '

possible that fﬁis is all that is ‘left, after fixation.
! ' ' : -
‘of an inmer hair cell-tectorial membrane connection

w

+t. This question is by no means settled, and the

orical statement by some authors that there is no

‘tectorial membrane-inner hair cell connection, would

seem to be premaﬁure to say the least, On anatomical
‘>

4

grounds alone then, it cannot be stated that the. mode

-~

2

ceYls, On the underside of the membrane above %the inner

G




A
{

. . ) ’
of stimulatidh of inner and outer hair c€lls is differ-

. ' { !
I

ent., In addition, the fact that the basal body in both

inner and outer hair cells is found at the distal,
cuticle free edge of the cell,- suggests that both sets

of hair cells might have the same dlrectlonal sen31tiV1ty

-

to stereocilia displgcement (Duvall et al,, 1966; Flock
et al,, 1962; Wersall et al,, 1965), In this respect
it should be noted that Von Bekesy (1960) reported that

maximal receptor responses in the region of the inner

Q

hair cells were obtained not by radial (as was the case¢. ~

for the outer hair cells), but by longltudfhal dlsplace-

ments of the tectorial menmrane. As pointed out by '

Duvall et al, (1966) this finding is at varianée wiﬁh

the conclusion drawn from morphologica; studies of the

location of the basal bodies. which 1mplyl$hat both
° inner and outer hair cells are stlmulateﬁ by radlal‘ ,

»

mdvement of the stereocilig."The explanat;on may be -

d
@

that the movement of stereocilia produced by displace-

ent’ of the tectopiai%membrane from above (as in -Von'

o
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Bekesy's expéiimenis) is different from that produced
by the normal method of displacement (indirectly by

basilar me@Bfane displacement).

ii) Innervation patterns.

All nerve fibres to and from the Organ of Corti

» appear to enter the Organ in discrete bundles through -~

the habenula® perforata, It is at this point that all

°

myelinated fibres abruptly lose their myeffh sheaths

so that all fibres within the Organ are bare. Schwann
# (/_\_ﬂ

cells are also lacking and fibres often travel complete- 5

ly bare across fluid spaces within the Organ. However

o

many fibres also travel in invaginations in supporting

cells,
L
The afferent innervation in‘the mammalian coch-
|

¢ 3

"lea appears to consist of two distinct groups; radial
fibres which travel the short distance from fhe habenula

to the inner hair cells, and the outer spiral fibres,

/

wvhich cross the tunnel of Corti to innervate the outer

-

> '1",
i

=

zl/ﬁi’m”.




- radial fidﬁg; innervate one hair cell each. and each S

R ‘ 15
hair cells. The.details ofvthese two populations have
been obtained by golgi techniques and by electronmicro=-
scopy (Engstrom et _al,, 1966 Férnaﬁaez. 1951; Held,
19263 Lorente de No, %937; Smith, 19673 Spoendlin, 1969,
}2?2). mainly in the cat, éuinea pig and chinchilla, N
All authors agree that'the‘density of the-innervation v
of the inner hair cells far outweighs that of the outer
hair cellg. Spoendlin (1972) offers very specific data
in the cat, claiming that 95% of all afferent fibres

T

are radial fibres from the‘inner hair cells, These

1nnnﬁ§;a1r cell receives about 10 fibres, The presence

Qf synaptic bars, vesicles and synapic‘clefts indicates .

that the depdrites are excited by release of chemical

transmitter from the hair cells, The mucg iess numer- - ) .
ous outer spiral fibres cross the tunnel of Corti to

the outer hair cells, then travel in infoldings of the

supporting Deiters cefls in a basalward direction for

1

up to 1 mm before be inning to férm—synapses. In con-// )

- -
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trast to the radial fibres, each outer spiral fibre
. forms synapses with many oufer hair cells, and each
outer hair cell is in turn innervated by several fibres.
There is-evidence from golgi studies in the guinea, pig
that the details of outer spiral fibre innervation are
/_gifferent in the basal and apical turns of the cochlea
(Smith and Haglan, 1973). In the basal region one outer
spiral fibre only innervates cells in one row of the
three rows, whereas in the upper coi%s, theée fibres
can supﬁly 2 or all 3 rows of outer hair cgﬁlsa The
terminal ramifications cover 70 - 280 microns, Spoendlin
(1972) has also observed a small pgggéation (O.Si) of
giant fibres which innervate approximatq%z_lo inner hair
cells at fairly regular intervals, A diagrammatic éummany
of this basic innervation pattern is shown in"Fig. b, It
is hot certain ;hat this detailed patz;rn of innervatioﬁ
described by Spoendlin for cat and'guinea pig is the

same in all magMkls, but it seems safe to say that the

mode and density of innervation of the two populations

t



Fig, ul Summary of the afferent innervation pattern

obtained for the cat and gﬁiﬁea pig by Spoendlin (1972).
t—‘I‘,‘he upper ffame_shows the-total inne ion, dominated

by radial fibres to the inner hair cells, \In the lower

frame, the innervation provided by the small population

of neurones is shown .(see text).

- e




This schematic
representation summarizes
the afferent innervation
pattern of the organ of
Corti with the two types
of neurons, 95% of all
neurons are typé 1 and
are connected in a direct
radial direction with the
inner hair cells. Only 5%
of all ganglion cells are of

v AR 4@' Sy | ) i type H'and constitute the
_ﬁ/’[-r oY o) p . afferent innervation system
[

AT Y CA LS of the outer hair cells.

_ . Schematic repre-
sentation of the afferent
innervation system of
type 11 ganglion cells
after elimination of the
type I ganglion cells-by.
section of the cochlear
nerve in the inner meatus,
The type 1l neurons

_provide exclusively the
afferent nerve supply to
the outer hair cells by
means of the outer spiral

1 fibres and their numerous

collaierals to the base of

*“the outer hair cells. In .

#ddition there are a fow
giant perve fibres which
connect sevecal fnner haie
cells and which also.
belong to the type 1
feurons.
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of gsensory cells is markedly different, This general

picture was noted by some of the earliest histologists
' ]

working on the \mﬁl_e“f Spéendlin has reconstructed

by serial sections the path taken by each bundle of

fibres as it emerges into the organ of Corti, However,
it is possible that some fibres were missed, and the - ;
: task: of locating very small areas of synaptic membrane 2.

in the electron microscope is not eaﬁy. The possibility

=

should not be totally discounted that a few fibres inner-

vate both inner and outer hair cells.

L a

P All authors are unanimous in concluding that

S

’
¢ /

* there ‘vare no ~obeu£va‘ble chemical synapses bet;reenﬁ affgr-
ent fibres withlin the Organ of Corti, Neither ai.k‘é Coh——
membrane sPeci"EITmions associated with electrical
synapses séén (Pappas et _al,, 1965; Pappas and Bennett,

1966). S

. Efferent fibres.' within the cochlea consist of the '

terminations of the«. crossed and uneros»so:d olivocochlear

butidles, ‘which,ariée from cell bodies in the vicinity .

»
'
» o
° . -
B
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of the olivary nuclei iﬁ‘the medulla., An adrenergic .
innerQation is also preseﬁtﬂ The number of efferent
olivo-cochlear fibres in the meéulla is small (500
crossed and 250 uncrossed in the cat)(Rasmussen, 1960),
and they comprise an insignificant fraction of the total

. R .
number of nerve fibres passing through the habenula

however,
Sy ‘

(Spoendlin, 1972”){. Within the Organ of Corti,

they ramify gyeatly to form several bundles. The inner

gpiral bundle runs underneath the inner hair cells and

"

makes extensive synapt;c'contacts with the nerve endings

of the radial dendfites. The spiral tunnel bundle
travels along the basilar membrane and appears to send

small bundles acrogs- the tunnel of Corti to the outer

— x '] '
hair cells., The efferent contact irl the outer hair

- - ]

i
cell region, in contrast to the inner hair cell area,

e

is_predoﬁinantly on the hair cells—themselves, Both

in the axo-dendritic synapses under the inner hair cells,

———

" and the endings on the outer hair cells, many vegicles

are seen on the_efferent‘(pre-synabtic) gide, Once . i)l
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N

again it(gs Spoendlin who c;aims‘that in the cat, the -
difference between efferent terminations at inner and
outer hair cell regions is clear cut, Acégrding to him,
the only efferent syﬂapses in the reéion of the outer
hair cells are|on the hair cell base, gnd near the
 inner hair cells, onl& termination® on the é;dial fiﬁres
are seen (Spoendlin, 1973), In other species, this does
not appear to be true. Smith and Rasmussen (1963) hawve
reported axb-dendritic synapses underneath the outer hair ) |
cells in the chinchilla and guinea pig.~and’Angelborg
and Engstrom (1973) claim f; ﬁé&éﬂidentified efferent
synapses on the inner hair cells as well as on the
nradig; fibres themselves.

Little is known of the relative dis%ribution of
the crossed and uncrossed innervation between'inner%and 7
outer bair cell regions.‘ One brief report (Turato,
1962) in the rat, claims that the axo-dendritic synapses

under inner hair cells come exclusively from the un-

crossed bundle, whilst endings on the outer hair cells

?
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are from the crossed, This has no%~geen verified, and
there are grounds\for ;autioq in this matﬁpr (Désmedt
and Robertson, in pfess; Klinke, 1974). It is very
possible that the crossed bundle makes en pasgant

synapses in the region of the inner hair cells before

créssing the tunnel to the outer hair cells (Spoendlin,

©

1973).

The adrenergic innervation is little known or

understood, Only recently has electronmicroscopic

A

"evidence on the location of adrenergic endings appeared

(Densert, 1974). These appear to be restricted to the
habenula region, as well as associated with blood ves-

sels in the limbic lip and spiral ganglion,

iii) Spiral. ganglion, * .

The spiral ganglion, variously called the coch~

+ lear ganglion or acoustic ganglion, contains primarily

the bipolar cell bodies of the primary afferent neurones,

L

Whoae final connections within the Organ of Corti.hwere

discussed above, The-gingle central process of each
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ganglion cell exits from the cochlea via the modiolus
to form the cochlear branch of the VIIIth nerve, Where-
as the ganglion, followiﬁg as it does theESpiral course

of the basilar membrane within the cochlea, presents a
. ) . . < b
linewr representation-df'thé drgan of Corti innervation,
v 1 .
the central processes of cells from all reglons of the

o _ —

cochlea become fused in ‘a complex fashion to form the:

cochlear nétve trunk (Sando, 1965). All the single unit
2 . ’ 2} ‘o . .
recordings ih this‘ﬁhesie are from the ganglion itself,

and assumlng a radial 1nnervation a direct mapping of

the Organ of COD¢1 to nerve elements in the. gangllon

by

is thus possible. The ganglion {s surrounded by thin

_ bone,°oneé wall of which abuts on the scala tympani. and

populatlons of blpolar,ganglion cells., 90-95% of the -

L o
i

I :
this bone must-be removed for microelectrode iqsertion.

- «

Also dispersed throughout the’ ganglion are blood vessels,

. ’ )

unmyelinated ﬁdrenerglc nerve fibres, and the olxvor

N <
cochlear fibres inm t;;\zﬁffagggglionic~apiral bundle.

It is now firmly establiahed that there are tw0*

»

4 v )
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cell bodies in cat and guinea pig are covered with a

myelin sheath (Kellerhals et al,, 1967; Spoendlin, 1972,,
g .
197i:\Thomsen, 1967), and are ovoid in shape (20-25 by

15 microns), The peripheral and central processes of

these cells are also myelinated aﬁd are 1-2 microns in -

&

diameter. A second population of cells, comprising only/o :

5-10% of the total ganglionicell population, are smaller
‘ in size and are unmyelinated. They also send one pro-
cess to the Organ of Corti and one tb the cochlear

nerve,

L]

By the use of degeneration studies, Spoendlin

<

has been able to show that these two populations pro- ° - . 1

o

bably correspond t6 the radial and outer spinal fibres

°

innervating thevinnér and éutér hair bélls respect;vely
(Spoeﬂdlin, 1972, 1971), This has geen most ;1earl;_ I .

¥ . shown in cat, but appears' to hoidcalso for the éuinea

.o pigs Whife’époeﬁdl}h maintains that the unmyelinated

.  eells .are bipolar like the more predominant myelinated v

" ,érqpﬁ} some authors differ, Ross (1973) claims that in
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rat, these-unmyelinated cells are in fact multipoiar,

and cites previous golgi studies to support this. All

R
T

in ali. Spoendlin’'s evidence jn the cat and guihea rig
seemg fairly good, iccording to him there is evidence

that the very small number of giant fibres which inner-

ate the inner hair célls in multiple fashion, also come

I3

from the unmyelinated cells in the ganglion.

1 ¢

The detailed ultrastructure of the afferent

gahglion:bells has been reported by many workers Iurato,

’ o TR ' »
1967; Kellerhals et al,, 18673 Reinecke, 1967; Rosenblith
N\ <

and Paldy, 1961; Spoendlin, 1972, 1973; Thomsen, 1967).

The most pgftinent feature is thé ﬁresencé of myelin on
axons and cell bodies of the major ganglion celltpopu—
lation, There ié also a suggestion that the processes
of the unmyelinateé cells are myelinatedwﬂSppendlin,q
1973). OS_thegsomas df.@he myelinateé céllg myelin.

is les; compacf than.onothe brocesses. Little attention

has been given to the important question of the location

. . . »
of nodes of Ranvier on these cells (Rosenblyth and Palay,

Y

v

a

R
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1961), and,some data®on this and the implications of

myel{n distribution, are the subject %f Paper V of this
3
thesis., .
¢ N

It se¢ms that the peculiar pattern of innervation

\

of the mgmmalién Organ of~96;ti is well egtablished, at

Q

leadt for sohe species. The most extraordinary feature
::t‘ I Vi a .
¥4 is that the predomihant hair cell population, the outer

' . hair cells, only make synapic contact with 5-10% of the )

«, El
p%;mary afferent neurone pool) The implicatioqﬁ of
. t .
this arrangement for signal processing are obééure, but

-

-t \ >
one important consequence is that, in sigéle cell studies,

N o

either -in the cochlear nerve or in the spiral géﬁglion,

the vast majority of units recorded from probably eman-

ate from inner hair cells; The smaller size of th§ ¢

@ 5

o s2t

ganglion'éeils innerv?ting‘nuter hair cells also in--
[y ’ 4

creases the probability that they will be missed by

?

microelectrode sampling techniques=($tone,

o

1973).

IS

¢

\ .
L - 4 ' 8
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COCHLEAR PHYSIOLOGY

i) Basilar membrane mechanics

la

The vibration pattern set up on the basilar mem

brane by movements of the stapes was fir?t observed

f

optically by Von Bekesy nd has since béen studied by
several techniques (Johnstone et al,, 1967, :1970;

y o .
Kohlloffel, 1973; Rhode, -1971; Wilson an&yJohnstope,

1972). “The response to a continuous sinusoidal stim-

-~

ulus is the production of a'traQelling wave whose phats;eg&b

N

and amplitude"varies along the length-of the membrane,

The amplitude of maximum vibration_shifts in location
. S

depending on the frequency of the tonal stimulation, =

Low frequencies cause maximum vibrations near the apex’
‘-V.
and higher frequgncieg‘}grards the narrower, stiffer -
7 ol . 3
“

fa

basal end,of the mgmb;%né+* Modern practice is to measure .

the tuning curve, or frgqueney response of a particular
point on the basilar membrane, A typicél result is
shown in Fig, 5. LThe high frequency fall-off beyond the

{

peak haé beep, reported to be up to 300dB/octave (Johnstone




) - ~
Fig, 5. A typical bafilar membrane\mgchanical tuning

curve measured by the MBssbauer technique (from Rhode, |

1971). Two tuniné.curves each at a different point on

13

the basilar membrane are shown. The species is the >
. n {
squirrel monkey., - .
R
-
~ e ) L’
3 = .
. . .
’” -
?
» ?
e
o j 8
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and Yages, 1973), but more normally reported vé&ues are .
100dB/octave. Tﬁé actual value féund gseems to depend
on a variety of factors; location on tﬁe membrane, _
state of the preparation (Rhode, 19733 Kohlloffel, 1973),

perhaps animal species, and the laboratory in which the

All authors are now agreed that

A

amplitude péak The low frequency slope of t%e ampli-
tude functi;n is very much less; a maxiﬁum reported
value of 24 dB/octave when piotted against/éoﬂéfant'
gstapes displacement (Rhode, 1971), anq is usally repor-
ted as 5-10 dB/octave, Table Ifsummariges the findings

by different workers.

v

) —

" As discussed in the first three manuscripts of
this thesis, all the presenf basilar membrane techniques

suffer from\disadvantaggs which are not considered im- d .

'

portant by many of the workers involved. The cochlea

is an extremely sensitive sjgtem and it should be borne in - L ’@§



TABLE 1

Monkey

!L
SPEGIES LOCATION | HIGH FREQ. LOW FREQ. AUTHORS /
mm from SLOPE SLOPE
basal end | dB/octave dB/octave
Guinea )
Pig 12 30 5 Bekesy,
i 1960
2-3 100 - 5 Johnstone
v et al,, '
_ 1967,1970
o 1-4 130 2 | Wilson &
Johnstone,
i E %;mq— / 1972
L 340 5-15 Johnstone -
\ & Yates,
‘ - g 1973
3 130 7 Kohlloffels,
1973
Squirrel ° o “ ‘ |
7 100~-150 10-24 Rhode, 1971
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mingd thét evén the initial apbroach procedures (e.g.
. ) _ ) _ .
wide opening of the scala tympani, perilymph drainage,
\f‘ . ; )
placement of radiocactive sources on the membrane itself),

!

as well as thé inherent limitations of each téchnique.
could obscure particular aspects of basilar membrane

vibration which are perhapé present in the uninvaded

prepargtion. Tnfé is dealt with %ore fully in papers
i U / ’
I-III, and in the discyssion following those papers. _

l T
However, at this point mention will be made of one con-

troversial and iTportant topicy the existepce of non-

linear vibrations on the basilar membrane,.
' Won Bekesy (1960) and Johnstone et al, (1970),
each reported'that the basilar membrane vibrgted‘lineaﬁly._

over all ‘the frequencies examined, within the sound

pressure range which could be investigatedwéizo-lho dB -

J

for Von Bekesy, and 100-120 dB for Johnstone et al,).
They thus inferred that the basilar membrane tuning

curve they measured aththese high sound pressure levels

was 8imilar to that at mu&h lower intensities. This isg

r

t

N\
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hé basilar\membrane by Rhode (1971). The input-output
AN , '

t Fig, 6, Example of the nonlinear behaviour found on

-cyrves flatten at high sound pressure levels in-the

region of the frequency -of maximum response,
. !
C. P
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important when considering the derivation of the

neural tuning curves, considered in a later section,

" However, in 1971.{§node reported a form of non-linearity

on the squirrel monkey bagilar membrane, which implied’
that tunlng was not the same at &ifferent gound preséures.
His initial results are reproduced in Figs. 6, 7. The
inpﬁt-output curves exhibit a flattening in the region

of maximum vibration, whereas at other frequencies the

~ i

behaviour is linear, The effgcﬁ~of this form of non-
linearity .is to produce a peak}ng of the basilar mem-
brane tuning>curve at lower sound pressgures (Joﬁnstone
and Yates. 19733 Kim et al,, 1973; Rhode, 1971). Again
the. 11m:tat10ns of the techniques do not allow sound
pressures lower than 70-80 dB to be used. Subsequently,
Wilson and Johnstone (1972) and Johnstonk and Yates
(1973) failed to cohifirm the existence of aubﬁ a non-
linearity in tpe.guinea pig. A possibleolimitatian of-

the technique of Wilson and Johnstone is the principle

sub ject of paper II., ' A non-linearity of the type found




Fig., 7. Taken from Rhode (1971), showing the effect of

p—— ¢

the amplitude nonlinearity of Fig. 6 on the basilar

m tuning at diffe@ent sound pregsure,

e
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by Rhode is important when considering the shape of
neurone response areas at low-sound prg;%ure levels,

so that the lack of agreement among authors is par-

As far as first hand information on the finer

" motion patterns of the Organ of Corti in response to

b ,
basilar membrane movement are concerned, we gtill rely

~

largely on the observationa of Von Bekesy (1953, 1960),
on fixed and living guinea pig cochleas, Most recent

efforts have concentrated:mainly on modelling (Billone

and Raynor, 1973; Johnstone and J nstoﬁei 19663 Rhode and
Geisler, 1967; Steele, 1973).

- Bekesy reported that the pattern of motion of

the hair cells embedded in the reticular laminakvapied

along the extent of the travelling wave, For regions

basal to the point of maximum vibration, motion of the .

Qair\éalls was radial, presumably producing a radial

&

.shear on the steréocilia, Apical to the peak, motion

4

became progressively up and down, then longitudinal

¥y
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till eventually it became undetectably smalIf' Some
limitations of these observations are the.fact that
they were obtained in the extreme apical region of the

basilar membrane (beiow a best frequency of vibration

of 1 kHz) and that they were observed at very high

" sound pressures, Just how thé Organ of Corti pgéponds

at more basal locations and at reasonable sound'inten-
sities has never been directly observed., There is

much scope for mechanical transformations of the basi-

"lar membrane motion before the actual hair cell excita-

tion, It would be fair to say that though 20 years

have péséed siﬁge Von Bekesy's original observations, -
iy 1 -

“our ideas on theég'transformations are s8till largely
Q o h :

conjecture,

1i) Resting potentials )
¢

" In mammals, the scala media is maintained at a

high positive potential (80-100 mV) with respect to

: {
blood and perilymph., The electrophysiology and electro-

a

L
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chemistry of this p&tential have been intensively

| ‘studied in guinea‘pig~(Bosher and Warren, 1971; John- |
‘ - |
| H v @ ’ N ‘1
| stone and Sellick, 1972; Johnstone, 19673 Johnstone
- .

et al,, 1973) and its generation does not appear to

14

rely on the ibnic gradients between endolymph and peri- / .o

-

lymph. This large endocochlear po@estial (#EP) is very
gengitive to anoxia and after, the déatp of the animal

it falls within a few minutes to negative values (about

!

-50 m7), produced largely by the potassium diffusion
s ] N .

- —mn -

L)

@ ' gradient from endolymph to perilymph. The +EP can be

measured by insertion of KCl-filled microelectrodes

o
s

into the scala media, either through the basilar mem-

brane, Reissner's membrane or stria vascularis. The }

a

7 /?rgaﬁ of Corti extracellular spacés can be considered ;
. as approximately equipotential te-perilymph. A large

- negative potential can be recorded inside the Organ of

i

Corti (Bekesy, 1952; Tasaki et al., 1954). Dallos

(1968) has discussed ;the various argumenté for the

source of this potential, and it is now generally agreed



o P R L 32

‘tﬁat it is a normal intracellular potential recorded

’

either' from hair cells or supporting cells.

»

<

’ B .
The implications of the +EP and the negative

/

intracellular potential for transduction in the cochlea’

i !

have heen discussed by humerous authors (Davis, 19653'

P
¥

Honrubia et al., 1971; Honrubia and Ward, 1970; John-

stone et al., 1966), Most imbortant is that there must

[

be a large leakage current from scéla media to scala-

tympani (Johnstone et al., 1966), The role of this

current in the generation of receptor potentiéi% in

response to gound stimulation ig/hiscussed below.
S .

o

-

iii) Receptor:potentia;s

Receptor potentiéls can be generally defined as
‘ ‘

"the firgt/potentials produced in sensory s%ruptures by

: S

the presentation of an apprqpriaté sfimulus. They may{

%

or may not diféctly give rise to the generation- of spike

-

! 8
".activity., In the case of the Organ of Corti, the recep-

-

tor ﬁptentials are distinct from the generator and

neural potentials which are initiated in the afferent -

o

_neuronesy - ‘. A o ,

w *

-
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| -The current hypotpesis for the production of
‘receptor potentials by the hair cells is the mechano-
electrical thedry of Davis (1954.‘1958; 19§5)(Fig. 8).
The hairs‘are“aésumed to be in contact with the tector-
Y o ial membrane, Upward and downward movements of the
basila£ membrane ;ause sheariﬁg forces between opposing
- . pointg on the tect&ria; m;nmf;ne &nd fﬁe re?icular
lamina‘ané thence 5ehd}ng:of the hairs: This is assumed.
to cause a resistance ;hange in some region of the hair

cell and thus a change in the standing. current discussed

4 >
EH

aﬁove. If an electrodé'is placed in the scala media, '

I~

- geala-tympani or mcala vestibuli, this modulation of
the staqding leakage current will be registered as a
;change ig potential difference between the electrode.
ot and a remote refereﬁce. usually placed in &he neck
\ \ muscles, ‘
Two tyﬁes of rec;ptor potential are in fact

found in response to a tone stimulus, The cochlear

~ microphonic (CM) is an AC potential which follows Eloselyv



Fig. 8, A summary of the pstentials within the cochlea
which are the basis of the mechandéelectrical theory of

o

Davis, Taken from Cavis (1965).

%
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the waveform of the stimulus, Also found in response

. |
to the same stimulus is a DC potential, the summa@ing

potential (SP) whose origin is not as easily explained
as the CM, The summating potential appears positive

4in the scala media on the basal slope of the travelling |

Y

wave envelope and negative at the peak., Positive sum-

mating potentials also become negative as the sound

p;essure is raised (Honrubia and Ward, 1969). There is:

>

.evidence from intracellqiar recordings in the lizard

basilar papilla, that the summating potential is re- .

|

flected in changes in the hair cell membrane potential,

H

e — e

(Mulroy et al,, 1974).
This variable resistance theory of CM and SP
generation now has conslderable experiment;l support
(Honrubia %E_El;- 1971y Honrubia and Ward, 1970; John-
stone gg_gé*, 1966; Johnstone and»Johnstgge. 1966;
Kurokawa, 1965). Upwardnaisplaceﬁants of the basilar

membrane (awéy from the sdéla tympani ) produc% decreésea

in the scala media access resistance and thusua

- s i

fall in

$

/
]
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P { o .
the EP, Downward basilar membrane displacements result

2

in a rise in EP and resisthncé. The consequernce of

this theory, verified by experiment, is that the mag-
. 3 ‘

nitude of both the CM aé% the SP will be diniftly re--
lated to the magnitude-of the potential differences
across the cochlear Partition (i.e. the magnitude of
the hair cell leakage current). ‘
. The CM has been more intensively studied than
the SP, Dallos’ group maintain that the CM in the o -

normal ¢ochlea is proportional to hasilar membrane dis-

placement (in agreement with Von Bekesy,kl960))(Dallos

[ -

““et al,, 1972) and that this CM is dominated by the

ogtput of the op#er hgir cells., Th;s is not unreason-
able in view of tﬁ?ir larger number, How;ver these
authors also maintain that the inner hailr cells are
re§ponéive to basilar membrane velocity ahd are some
30 dB less senaitive;than the outer hair célls. Their

r -

.evigence;is~obtaiqed from cochleas in yhich the outer
; ]

5

hair cells have been seiéctively eliminated by the

°
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ototoxie érug kanamycin, Inner hair cells were scored
as present‘gnd ”normal"‘ﬁy 1ight'microscbpy. ' There is
considerabi? reason to Selieve that these remaining
inner hair cells are not cytologically normal (Wersall,
1973), and the originators of such experiments should
provide evideﬁce on this po;nt. Wersa11~(l975) states
. "It is remarkable how well preserved the cuticle and —
the hairs might be in a cell with advanc;d protoplasmic
disintegration,”. In addition, ;he study of kianget ;l,.
(1970) on cats ﬁoisoned with doses of kariamycin similar

to those used by Dallos®' group, failed to elicit re-

sponses to the most intense auditory stimulation from

cochlear nerve fibres.emanating from regions'with
. Y .0 &
apparently intact inner hair cells and no outer hair

cells, This is a strong indication that inner hair -
cells which appear to be structurally normal in ‘the ' . -

light miéroscopeﬂare highly abnormal from a functional .

4 °
Y
h

point of view, . Even if the inner hair cells are

\

structurally normal in such preparations it might be




inher hair cells responsive to- basilar membranenyelocity

37

supposed that the cellular rearrangement and losé_of

many stereocilia-tectorial membrane contacts accompanying
vast outer hair cell losses would alter the mechanical
properties of the organ of Corti. As it would thua»sgem
ﬁasty to infer the normal properties'?f inner hair cells
from such kanamycin poisoned-cochleag. judgement will be_
rgserved here on the conclusioﬁs of Dallos and gis co-

workers, Of interest ig the fact that t po§tulate of

o

~~
[

v
s

is based on the assumption that theé inner hair cell

stereocilia are not attached to the tectorial membrane

" and are stimulated brincipally by viscous forces (Dallos

t 8l,,; 1972). As we have seen, this belief, which is

is not founded on firm evidence and may iﬁ fact be inc;i-
rect,’ }

Though. -the cochlear migréphonic isfnot studied A
in this thesis, the findings of other workers on this

receptor potgntiaﬁ are relevant to the central problem

e basis of several models kBillone and Raynor, 1973){
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of the first three papers of this thesis, For .this

0 Il
reason, some aspects of the cochlear microphonic will be

\

discussed at length here,
The CM is usually mgésured by plamiﬁé gross dif-

ferential electrodes, one each in the scala vestibuli

and scala tympani, Though this differential techﬁique

N\
undoubtedly has advantages over single-ended recording

h s

(Dallos, 1969), there is evidence that, in the basal turn

of the cochlea at least, a spatial filtering effect occurs

which limits the usefulness of such measurements, . This

k)

effect is apparently caused by the nature of the hair

.’

cells-as-out-of~phase generators in fluid-filled compart-

ments (Kohlloffel, 1970, 1971; Lazlo et al,, 1972; Whit-
"field and"Ross.-l9§5), ﬁnd only limited insiéht can be
éained into the nature of individual hair éell Ouﬁput
from such records. .An interesting éffec¥‘has been found
‘which is consistent with the operaﬁﬁon of this spatial
_ filter (Yates, personal communicétion; Yates et al1,,

s

in press), where partial drainage of perilymph from the

P

»
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- i
scala tympani allows high frequency slopes of up to
100dB/octave to be measured in CM tuning curves by a

'gross{«single-ended electrode placed on the spiral lamina,

; A . : A
This contrasts with high frequency 'slopes of only 30~-404B/

octave measured in the same region by the differential Lo

electrode technique (Dallos, 1973%): Another effect of

such drainage is to shift the SP peak from the high- ¢
] ) ) \ o
frequency CM slope (Dallos, 1973a) to correspond exactly
R p i

[ ¢

with the CM peak. *

An amplitude-limiting nonlinearity is present in

the cochlear microphofiic and \,Dallos (1973a) has reported

- e that one of the effects .of “this CM saturatic;ﬁ at high
intensities, is to produce a peaking of the CM tuniﬁg

| curve at lower sound intensities (Fig. 4 in Dallos, 1973a). .

]
L

The parallel between this behaviour and Rhode's basilar

membra'ne?nqndinearity is ébvious. but the effect is by -

. no neans dramatic, It is not clear how the use of gross o

\
Y

responges from large numbegs

s

electrodeé -which pigk up the
= of CM generators may mifximize this and other nonlinear

a

‘ , phenomena,

:‘v"{?;» |




s N ’ . .
| 4o

The question bf where distortion products found

4

in the cochlear microphonic are generated, is an important

,one in view of the controvéréy regarding noniinearities
in the basilar membrane Qibration. All the availg%le

psychophysical evidence (Goldstein, 1967; Goldstein and
Kiang, 1968; Smoorenburg, 1972) suggests that\the"cﬁbie

distortion product 2f; - f, is-transduced at its appro-

priate placé on the basilar membrane, Howeéver, in this

respect and in numerous others. the behaviour of this dis- f

4

tortion product in the CM is very different.; Dallos and

w

. . . k] ’
Sweetman (1969) and Sweetman and Dallos (1969) report

that 2f, - f, cannot be cancelled by a third tone at two'

locations simultaneously. The explanation is that this

and other distortion products in the cochlear micro-

-t

phonic are not present as true travelling waves and

H
I _—

peak at the locatibn of thgjﬁ}imariea or fuﬂéamenfal

tones. Also, Dallos et al,, (1969) have shown that dis=-

tortion prpaucts'in the cochlear micrqphonic are.&ffectéd"

éifferentlyffrqm pure tongs by polarization,of tﬁe coch~
’ -t - '
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® v .
lear partition, Other discrepancies are that the magni-

<%tude of 2f; - f, in the CM does not vary with f2/ £y or .
”] T

e

intensity as would be expected from the pschoacoustical
data, MNeither are the relative levels of distortion

products in the cochlear microphonics in ggreement with

f RV EN

the neural correlates of such nonlinearities. -Because

of these data, Dallos (1973b) suggested that in fact the

-

€M might not be important in the transduction, process

- “ ‘ ;
‘and that the distortion products in the neural output of
the cochlea must be generated gﬂg/sumﬂ‘ as yet hﬁspgcified

stage,

L Basilar membrane models incorporating a nonlinea‘,gfi%‘y

of the type ‘observed by Rhode can generaté .distortion
products wﬁ@ose b'ehgviour,is in_ reasonable agreement with
'ps;ychophysical data (Kim et al,, 1973). It has ’al?o re-
"ci‘entﬁly bee{h‘—shown that the distortion products geonera{:ed
by such models do peak at the location of the fundamentals

in agreement with the CM data of Dallos and Sweetman

!Hall; 1974), -




bz

» Wilson and J;hnstone (1972, l97é).i;n¢}he basis of
Dallos' da;a and their own failure to find significantlA
levels of 2f, - f, in the basilar membrane vibration
ﬁbstulate that the nonlinear elements ;:sponsible*for the
geﬁ;ration of neural\distortion products are central to
Zoth the basilar membrane and the CM éeneration step.

They postulate that the locus is within the hdir cell

@

itself, The fact that CM énd bagilar membrane datatare
recorded in the guinea pig, and psychoacoustical data
are only available for man, cat and squirrel monkey may

mean that the discrepancies mentioned above are not

importéﬁ%. However, if species differences are not impor-

i a .
tant and if the CM measurements with gross differential

electrodes are meaningful, then the postulate of Wilson

P -
it ——

and Johnstone must be seriously considered, .
[

-

&

The relative roles of the CM and SP in the excita-
tion of afferent dendrites is obscure. Upward movement
of the basilar membrane, corresponding to a drop in hair

cell resistance and ‘a decrease in +EP, isnexcitaxory to

N 2]

i
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the auditory nerve fibres. Thus if the o Y,

CM provides excitatory current, only pneifhase can be’ i
wused. “ At high frequéncies (abéve a£o;t 5 kHz and uﬁ/;;\\\
100 kHz in the bat) it is difficult to see how such a
rapidly alternating potential could,effebtﬂvel& release

transmitter from\fhe hair cells, Perhaps the negative

SP becomes impor&ant at these freguencies.

“ 0

iv) Generatoropotentials - b /

Actual recording of generator potentials from with-

in the afferent dendrites has not been achieved in mam- - ————
} = : “h

o

mals, However, data from lateral line organs (F%ock

\

et aly, 1973) and the saccular macula of teleosts
(Furukawa and Ishii, 1967) show that excitatory post-

synaptic potentials (EPSPs) are produced in the afferent .

dendrites, both spontaneously, rand inlresponse to sound
stimuii. oy deflection of sensory hairs. All these s%ddies

utilize low frequencies and show EPSP's in approximate

[} > —

syﬁchrony—with the expected excitatory phase of the‘micro-
v ) - .

©
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i
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J

f/”\\\m,/

\\m}*/&: N

-,

. .the ganglion cells. Tor the outer spiral fibres in the

;action potentials, The possibility should therefore be .

by- .
phonic response, Presumébly, these ﬁP%ﬁ's spread decre-

mentally to a more distant spike initiation point, perhaps
» °

at the point where myelination begins,(at the habenula in

~
-

the organ of Corti). Mulroy et al,, (197%4) have re-

£

éorded all-or-none spikes in the lizarad basilanY:apilla

at. a point betwgen the habenula ‘and the first nodes of

o

Orghn of Corti, the situation may be a little different,

The question has peen raised as to whether these fibres

[N

‘ . o |
' are so small and so _long that decrementally conducted®+

!

" EPSP's-would be too small at the habehula to initiate ;.

considered that propagated action potentials exist in
] ¥

the8e long unmyelinated dendrites. There i

: 1

s -somg evidence

£

] ‘ ’ ° "
for dendritic spikes in other systemsv(Llinas and Nichol-

‘ son, 1969). .However, .in some invertebrate sensory systems,

decremental conduction 5p§eafs to take place effectively in

[

fibres just as fine and long as the mammalian outer oo

. ¢
k1

spiral fibrek (Patton and Kater, 72; .Shaw, 1972). v

3
Y Y
4.
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ﬁ)‘:Neurg; Recordings

) Since the work of~other researchers relevant to

o

each manuscript are discussed therein, this will not be

compreﬁensively covered here, Many single fibre re-

: J
cordings have been obtained from the cochlear nerve in

the internal auditory meatus of cat, guinea pig, and

squirrel monkey (Evans, 1972; Kiang, 1965; Rose ‘et _al,,

<

1974, 1971, 1967), Single unit thresholds have been °

r

shown to agree reasonably well with the behavioural audio-
‘ 1

grams (Evans? 1972), and most authors are now agreed that
73
the variation in single unit thresholds at a given best

frequency\in a single animal is quite small (not greater
. :
than about 204B) (Evans, 1972; Kiang, 1965)., There is a-

larée amount of data available on the spontaneous activi-
1 .

ﬁ ties (cét)"and regponse properties of these primary

b

" neurones and only oné aspect relevant to the following

Al

papers will be .emphagized here, Theéeﬂare the tuning curves

or threshold-frequency response areas which Fefine the

‘ - O
threshold sound pressure level for a given fﬂdte at each

\ -
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frequency of sound stimulation. These tuning curves
; are coﬁsistently sharper than the basilar membrane tuning

curves which have been reported for similar regions in

-~

the same species (Fig, 9) (Evans, '1970; Evans and Wilson, .

. 6
19?3)f’ One exception to this is the tuning curves of’

fibres with best frequencies less than about,lkHz‘

which are in substantial agreement with the original
basilar membrane curves of von Bekesy in this region

(Evans and Wilson, 1973).
¢ £

The problem of whether there must be an additional

/ t ~ . -
mechanism subsequent to the basilar membrane tuning to

explain the{single unit tuning curves, or whether the

present basilar membrane measurements are inadequate,
- ;
oonstitutes the central problem of the first three papers
/} ' of this thesis.

The high frequency slopes measured within 25dB of

A

the best frequenty thresholds are not ‘too dhfferent from

a

* )
the maximum reported basilar membrane values but there is

a very large diécfepancy bétween the low frequency slopes

- °

/
-



Vv

Fig., 9. A comparison of the neural tuning,cyrves of -

cochlear nerve fibres of the guinea pig and the basilar

»

membrane data of Johnstone et al, (1970). The fine dotted
line shows the mechanical data, and it is obvious that

the slopes of this curve are very much less than in

v

the neural funing curves, Taken from Evans_(l970)."

o
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near the best frequency for the neural and mechanical
tuning. ~In addition, it has been reported (Evans, '1972) )
" that the high freéuengy neural slopes can reach maximum .
; . v
values of 1000dB/octave which is very gréatly.differén%
fromithe qaximum mechanical values. J[here i; no sign'in

the neural curves of the high frequéqpy plateau observed

in fhe basilar membrane vibratien by Wilson and Johnstone * .

!

(1972), Johnstone and Yates (1973) and Rhode (1971). !
This question of an additional mechanism is’di-
rectly*reIated to the above discussion on the site of
‘gengration of distortion products in the cochlegﬂ The
particular nature of the nonlinearity'found by‘Rhode
raises the posqtﬁiiity that both the sharp neural tun#ng .
and the generation of some distortion p}oducts can Se ex-
plained by nonlinear bégilar membrane mech;nics. As out-
- lined above, there are argﬁments and data both for and

- against this hypothesis and several‘aughors“beliéve that

both sharp neural tuning and the generation of nonlinear

-~

distortion products in the neural output are properties of

. v ' 3
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W
an additional unspecified mechanism., This Jatter is

examined in the results section of this thesis and in

¥
4

the discussion following the papers.
A second problem in neural recordings so far is

ite in the cochlear neaxrve

the failure to detect sing

4

which can be assigned to thg /inner and outer hair cells

Ag discussed above, the

with any degree of certaint
. \

particular innervation of phe)organ of .Corti is bound to

result in a low prob sampling fibres emanating
PR T
fr. ter hair cells, Inteysive studies of a large

number of coc ibres in the cat have failed

to reveal two pOpd&ations which can reasonably be at-

lh.(‘

tributed to inner and outer hair cells (Kiang, 1965;

<

and personal communication), Evans (1972) does report

- the presence of a small nuhber of nerve fibres with high '
spontaneous ratés which failed to show a significant

increase in discharge rate but did show_éynchron;zétion
to loy frequengy stimuli, From a reading of Evans (1972)

it appears that he did not consider that these were es-
f ‘ . o } N
/

pa N ’

o




b9
pecially related téﬁphgﬂouter hair cells. Nomoto
et al,, (1964) classified fibres into two groups on the

basis of their rate versus intensity functions, but the

particular behaviour they observed has not been confirmed.

In addition, their smaller population comprised nearly 30%

-
of their sample of 66 fibres which is not in very good
agreement with Spoendlin‘'s quantitative estimates of
outer spiral fibre densityf

‘The abqve introduction has shown that there are
/ .
many important and unresolved problems.in the primary

a

pathway., The papers which now follow db not’attempt to
provide a complete explanafion for any of thése problems.
The gqnefal properties of the.spiral ganglion cells in
v the basal turn of the g%;nea iig cochlea are presented.

i - -

together with some, interesting findings which throw some

light on the”neura{ tuning question,

-a
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- Introduction - °®

o 0 . “ o .

N . A -

Y | It is known that. primary auditory neurones -

5 . @

exhibit great frequency selectivity in their response

o

td‘sound_étimﬁii (e.g. Kiang, 1965; Evans, 1972). !
< ' . . » .

.
v » . .
.

’ ~+THis has been shown fo be true both for puré tone -and .

.
“ It i -

‘3imphlse st}muli (Mdller,,l970; de Boeq?ﬂl969). Studies - ) Lo °

o

i

.on the VIIIth nerve axons of mammals show that a singie

H

° priméry“heurone'reéponds‘withtgreatest sensitivity -to

- i 4.

a particular frequency~(th characteristic frequency,

. ) . ecf.)S On either side of the cf. the sensitivity of

‘Ethe’fibre degreg?es very Papidly. This frequency

> ' _selectivity hés been traditionally expresééd as the
S jtuning\quréé, a diégrammatic represeﬁtation,ofxthe

threéh91d|sound,preésuﬁp level (SPL) at various fre-
, quencies, ;A,conveniegt jndication of the irequenéy ’
® N ,,\ * . .-- °

. " seleotivity derived from'tﬁ;\¥uning°curve is thgd'
"sharpness quotiént“nérsQlOdB: the cf, divided by the . . .
. W( n B - N B ~‘:. \r "” ;
bandwidth of the tuning curve 10 dB above threshold at .
' ) S 3 .

7 - 5 o

the Cf. L - W L e -
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The"mechani§m“und§rlying‘this frequency
sedectivity is currently one of the major research
problems in peripheral auditory physiology. Studies

of basilar membrane vibration ih the'guiheajpig suggest

° ® 5

that in regions with a maximal vibration at frequencies
v

greater than about 1kHz, the mechanical tuning of points

on the basilar membrane is much less sharp than the <

® .
. .

corresponding neural tuning curves (Johnstone gt al,, -

1970; Johnstone and Yates, 1973; Wilson‘and Johnstone,

1972). One study in the ‘squirrel monkey (Rhode, ;971)\

_has revealed a mechanical non-linearity in the basilar

membrane vibration which results in a' sharpening of the
A ‘

basilar membrane tuning as lower sound intensities are

. used, Thie non-linearity, -which could bé used to re-
'éoncilerthe neural tuning curves derived at low (threshdla)

", sound levels with the %asilar membrane tuning 'normally

measured between 70 and 100 dB SPL, has hotvbeen:found in

-

“the guinea pig. In fact the guinea pig basilar membrane

o

has been reported to vibrate lideaflfydown-to sound-

'
(2 “ -

A\ 3

1

\
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"1 levels as low as 40 dB (Wilson and Johnstone, 1972).
Whether this necessitates the presence pf some
b T

° » aéditienal physiological filter to aecount for the,

sharpness of neural\tﬁning curves or whether theqe
! 4

#

.h

* . «

.

may still be some inadequacy in present measurement

> techniques of basilar membrane yibration is not certain.
Y

In this study we report extracellular recording

”

from 197 single cochlear gangiion cells in the ‘acoustic

- (spiral) ganglion of guinea pigs, The ganglioﬁ cells

¢

are the somata of the bipolar afferent cells whoéei\

)

axons form the cochlear branch’of the VIIIth nerve,

v

It is shown that under &ome conditions the sharpnesé of

<

tuning curves of these cells ig variable and can approach

. v ’
the pattern of mechanigcal tuning which has been rqportéd :

.L,‘ - -
on the basilar membrane, °




Materials and Methods

- Guinea pigs (150-400 g) were anaesthetised with

36 mg/kg of Nembutal, following an injection of 20u g
of Atropiné‘sulphate; A tracheotomy was performed, the,
animals were relaxed with 0,05 ml of Quelecin (Roche). .

and artificially ventilated., Rectal temﬁeraturecgas | .

PR
-]
&

maintained at 38.5?9. The cochlea was approached

L]

ventro-laterally through the acoustic buila. The scala .

I . - . - - .
tympani of the basal cochlear turn was opened with a

sharp scalpel taking care not to damaée the spiral

™

ligament close to the basilar membrané; The round .,

window was not removed and the scala tympani hole was
) ] L3 .

L] = —
'

made a small as was feasible (usyally aboyﬁ 700 X 500/1).

¥ : , . :
Perilymph was allowed to remain in the scala tympani,

°

excess gseepage into the bulla being ta?en up with fine

cotton wick§. Through the ‘hole in the wall of the

a

L)
" scala tympani, the modiolus and osseous spiral lamina -

]

| ' could be vfshalised. A small hole (50 F.diametefﬁ was

.
f ‘ o
- - 4
[y N - -
. .
I3
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made with a fine steel pick in the thin bone of the

spiral lamina overlying the spiral ganglion. .

Extracellular recordings were obtained from

the bipolar ganglion cells by introducing metal-filled '

1

.glass microelectrodes (Frank and Becker, 1964) of tip

4
t

diameter 5-8fb§hroﬁéh the hole in the spiral lamina,

S

The movement of “the electrode was cbntré{led,with a

¥

ﬁnéma$ﬁ,hy§raulic microdrive located outside the sound-

proof room in which-‘all experiments were conducted,

~

/

. ' ' - hd |
Tone bursi stimuli were delivered in a closed sound .
delivery Byste& ¢ﬁlifrateq,ffom 1 kHz to 25 kHz, A
M N s ° ) v © ' -
v ‘ ‘ , -
probe tube inc¢orpo akéd in the delivery tube was used

\

¢ .

4

"

tﬁe tympanic mem-
AN

o " S
to measure sound pref§sure levels at

I3

. - brane, Accurate and réproducible piacement of the

-

-

%

“probe tube.in each experiment was made hy resécting the

- external auditory meatus and fully exposing the

» tympanic membrane up to w

> o

ithin 1 mm 6f°the~edge of the
tympanic ring, The sound delivery tube was

* the tympanic-ring with "¢

sealed over ,

nt tip

4 L
«© “ « 4

(. [} ' o-
aseline”’and a transpare

@

-




- Single unit dat& were tape-recorded and éhalysed off-

"l1ine with a PDP8 compﬁter.‘ Tuning curves were obtained

on theﬁﬁasllar membrane relatlve to gangllon recordlng \

57

to :the end of the delivery tube allowed the threaded

probe tube to be accurately posifioned in-relation to

¢

1
the tympanic membrane, Broad-band white noise was used

as a search stimulus although the single ‘cells could

generally be detected by tHeir épontaneoﬁs activity. X Ve
' - :’/ g N ’
~

during the experiments by using standard criteria to- > - .

estimate the single cell thresholds to pure-tone

stlmull (Kiang, 1965).

After the experiment the cochlea wag Tixked

s
perfusion with 1% osmium tetroxlde and further dgesected’ Jﬁ

to expose .the bagilar. gembrane, The preparation was

v

then photographed to obtain measurement of dfstances

1

’

locations, The recording . site in the ganglionawas

) verif1ed<h1stologlcally.

i) ' ’
II, ) . & ° -
~ P -
) .



& \ above threshold. B Enterspike‘inpgrval histogram of sthe .o

. (a) had a spontaneous activity of 90/sec and is re- .

o . q 2 -
1

Fig., lJA--D. Patterns of activity of spiral ganglion ‘

cells, A Oseillagscope tracings of activity of a single
ganglion cell a) spontaneous activity, b) response to

15 kHz 10 dB.above threshold,.c)\ﬁgzponse at 15 dB ‘

gpontaneous acthdt& of 'a éensitiye ganglion cell., Bin - .

width 0.1 faisec, C Interspike interval histogﬁam of

Peristimulus-time histograms of the response
X" 3 ' . ) .
to cf, tone-burst stimuli in two.cells, Bin width

stimuli,

2,0 gsec. Position of tone burst indicated by bar. .
B . hd ‘\ R ’ 'l - " .
* Rise-fall time of tone burst was 10 msec., The’cg*%ﬂin

\ 5] 0 : - A
sponding to a ‘tone bufst 15 .dB abové threshold. In (b)
the ceg%~has a épontaneous activity of 14/sec and, is

responding at 10 dB above threshold, -







- [NTER SPIKE

T

Y

INTERVAL ms

2

TIME ms

®

150

®

S
¢

> INTER -SPIKE - INTERVAL ms

o

§ T‘;' v 9 Al A ""8 L v L]
“Nfg, ¥id SINNOD'

[y

<
.
b
° 4
'
v
&
A
v 1
v
L
Y
7
4
: .
|
N
)
»



58

e
|

Results P -
_a) “Spontaneous Activity and Tone Burst Reggﬁgées
In any one penetration at a sing}e recording
location in %he ganglion, a méximum of .5 successive cells
. was erl'xcountered; J{i;stological »‘study showed that\ the

ganglion in the basal turn was(ﬁftween 100 and 200/L

- v F

~

éeep with 8-15 cells in the path of a single elgctro&e

track in, th most favorable locatioﬁs. Theavast
. I .
ta jority | celig recorded from showed sponxaneous

animal; ' but in all those animals in good condition; the .

-

1B. This paftern‘pf spon-

/

’é%owed a sﬁape s&ghnas\in Fig.
fgneous,actiﬁity is sim * that.gZported for the- "
- VIIItK nerve fib¥es iﬁ’oat»(kiapg. 1965). The_spéntan-
:?eous_acfivity did not arise from dngonbrolled room‘noige{/ ¢

L

since thig pattern of spontaneous adtivity was still seen ‘

» *
.
"

J




a large symmetric peak (Fig, 1C), ‘Iri su;:h'a ani

Also, the accumulatdon of
recording from a single cell d

2Q dB rise, in pure tone tHresholdgyithout causing a
noticeable reduction in 'sp' ontaneous ¥ing rate. The
maintenance of spontaneous activity depended on the

—

integrity of the Organ of Corti, for destruction of .

\

.the basilar membrane resulted immediately in an &lmost

’
-

complete cessation® of gpontaneous activit&. . ;S-|

ey

Animals were often encountered with unusual . °

< ’ '

patfﬁerﬁs of spontaneous activity. The ra e spontan;

eous firing 'in these animals was very low, pften zero,

The interval histograms of such injury disc

R

<€

¥
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+ Organ of Cortiys .

1

funétions at different frequencies were also ‘computed

oY 60
were invariably elevated, indicating a'patfological
condition either of the cochlea or the whole 'animal,

There was rio reason to believe in these animals that:

the dissection had dauséd.any gross damage to the

° ®©
-

_Responses to tone burst stimuli (Fig. 1D) showdd"

a pattern which was uniformly similar to those reported
- ¢ .
in other species in studies on the cochlear-nerve axons

P) i ¢
. % * {

(Nomoto_et dl., 1964; Kiang, 1965). Rate~in§§nsi€y

for mény cells, The sloﬁes of "these fﬁnctions were |very
o . - - - ) N

similar for freqnenciea both on and off the cf, in the

magorlty of cellé stud1es~(F1g. 2), The dynamic range

that coulq be investigated was llmlted to about 20 4B

above thresg§1d due to the presence of a'large cochlear .
9 \
!

m%crophonic response at 1gher lnten81ties that madé

a g o =

dlscrlmlnatlon of 1ndivadual splkqi dlfflcult. ,o

‘




L/

° !
b
Fig. 2, Rate-intensity functions at different fre-

o

quencies for a cell with a cf, at 19kHz. The rate

was measured as tie~number of spikes falling within

—_—

ten 100 msec tone bursts, Functions are shoﬁ%?at 19, ,

4 o
17, 15 and 20,6 kHz. .Sound pressure is relative,to -
-4 - ) ‘ i ’ ’
2 X 107 dyhes, cm 2. ‘ .
. ! - ! v
N
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b) Distribution of Characteristic e

’ : Trequencies in' the Ganglion

<

At any given recording location all tHe célls =

encountered had the same cf., This cf: variéd system- .«

-

atically with the recording iocatioﬁ in the ganglion

. . . R ' .
'and,~ in the aecessible area in the basal turn of the

»

4
cochlea, ranged from llkHz to 21 kHzsy In photographs -

of. the 6smium;staiped dochleas the myelinated peri;e

pheral processes of the bipolar cells could be seen to

°

o ' °o Ny
follow an orderly path from the recording site in the-
4 7 . .
ganglion to the‘basilar-membrgne (Fig. 3).
’ N s
from the basal end of the basilar membrane. to points

,Qi%téhces

on the membrane could be measured from such photographs -

A3 *
- » 2
0° * a

and related t6 a particular recording site in the

&

géiEIion (visible as a puncture in the osseols spiral”

Jlamina). In'Fig, 4 is shown data from 8 animals re- g
. * ' vl .

lating the cf, of cells in the ganglion to the corres-

.ponding distance along the basilan'membraneé The 7, )

'

- b 4

distgibuﬁion of*frequency along the basilar membrane
) - _ v .

-t




A ) . ' . o

Fig. 3. Photograph of the guinea pig co'chlear with bony
e

capsule and stria vascularis removed, The basilar

-
~

memﬁrahe has been s1:1:‘ippetd~l from the basal turn.
" G Point’ of entry of electrode.into®piral ganglion.
N Myelinated periphera} processes ‘of ganglion cell!

visible through the osseous-spiral lamina. . B Inner edge

- of the bagiiar membrane, Stained with Osmium tetroxide.
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Fig. 4. Relation betpweenjcharacteristic frequency in-

the ganglion and distance along the basilar membrine,.
b o : :

-

\ membrane; OC organ of Corti; SG spiral“gangliom ost”

_Jpsseous spi‘ral lamina; P2 and g‘l two dii‘fgfrgent penetra-
? . v él ';»

<4 ©

!

9
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5
deter;ined by this method agrees well with available
data on the 1écation of displacement maxima on the
guinea pig basilar membrane (triangles in Fig. 4 from
Wilson and Johnstone, 1972), H
\c) Tuning Curves

It was found that botﬂ the sensitivity and th;
sﬁérpness of*the tuning curves of spiral gangiion cells
varied considerably between animals., In a single
‘animal however, there was littfe variation in these
' parameters, The mean range 6f threshold in a single
.animal at each cf, was onl& 6,7 dB (S.D. = 3.9) and
Q] 0qp Was 0.9 (s.D., = 0,6)., Some typical tuning curves
froﬁ different animals are shown in Fig. 5a. \?& can
be seen that those units with high thresholds have

:]
. . i
broad tuning curves while ‘the tuning cﬁzveé;are pro-

-

i

gressively sharper at lower threshold sound intensities.
Pig., 5b shows the pooled data from 94 cells from differ-

ent animals with cfs., ranging from 12-19 kHz, There is

/




Fig.5a and b, Variations in Q045 agd thresholds.

a) Representative tuning curves each from a different
‘animal showing the gradation in sensitivity and sharpi
ness of the tuning curvés, b) Pooled data ffom §4 |
cells s})owing the close relationship between QlOdB and
the threshold at the c¢f. The range of cfs. included
ijs 12—199 kHz ; \closed circl;es are the neural data from
the present study. Stars are the QlOdB values "from

Rhode (1971) of the basilar membrane vibration at the .

8 kHz point in squirrel monkey. .
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a consistent linear relationship between the QlOdB o
and‘;he sénsitivity at the cf, throughout the intensity
range investigatedi- -Those, neurons with especially high
thresholds at the cf. (greater than a}goui 70 dB SPL)

showed the unusual patterns of spontaneous activity
o .

e

referred to above,
The low and high frequency slopes of the tuning

A

curves were measured for the same 94 cells. Wherever

L

possible these. slopes were computed between 3 and 23 dB
above the cf, threshold (Evans, 1972). In many,of the

higher threshold cells this was not posSsible in the

case of the low frequency slope, owing to the lack of
)

a steeply rising portion to the curve near the cf. .The
» ’/ K]
low frequency slopes for these cells were therefore

determined on the straightest portion of the curve

- J _

available near to the c¢f.. The low.and high.frequency

v

slopes are plotted against threshold at the c¢f, in

Fig. 6, . '

1

On investigating the basis of this variation in

“




’

|
J . |

Fig, 6. Low and high frequency slopes of the tuning : '
, , ; ]

(;')

curves of the 9% units of Fig.54 . The method of
measurement of slopes is discussed in the text. The
[ 4 - v ’

slopes are presented plotted against threshold sound

intensity at the cf, {

i
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~ threshold recovered to a levelimore- sensitive than the

5 | 64

thresholds »nd tuning curves between anima%s, it was T

found that tuning cyrves could be deliberately altered

by reducing the rate of artificial ventilation, A
reduction in respiratory rate fro%_éO—BO strokes/min
. . .
caused 2 rise in the threshold at th® cf, and a fall in ;

the spontaneous rate (by up to 80%) within 2 min. The

=]

“ i - i
rate of ventilation could be ad justed to giye an elevated
but steady threshold at the c¢f., and a tuning curve for -

the cell could again be determined. The changes in the \ .
/ i
tuning curve produced are illustrated for 2 cells in

i

Fig,7a, In Fig, 7b changes in\QlodB and threshold in-

__ duced ‘by the above procedure are shown for 7 .cells, For

"all of the cells except one (squares in Fig, 7b) the ~
changes in the tuning curve and the threshold were re-
versible withinp one minute of restoration of the normal

rate of ventilation, In the dne cell referre,ﬂbp, the

_animal died as a result of the respiratory impairment.

[

{ e
In another cell (closed ci?ctgs in ng. 7b), the d

1



|

Fig.' 7a and b. The effect of deliwaing of ‘the ’
ventilation on tuning'curves and sensitivity. a) Tuqing
curves for 2 cells in differentﬂanimals* S501id lines:
before slowing ventilagion, broken,lineéz after slowing
respiration and with a steady elevated threshold at the.

/. .
The effect in 7 cells (including the 2 shown in

-
[l
v

cf., b)
(a) of slowing ventilation, Lines join the’QlOdB and cf.“

tqresho;d points before and after respiratory impairment,
/ , , .
Aly’cells except one (open squares) showed a fully

reversible change, in “tuning curve and sensitivity, One

cell (closed circles) showed an' irfcrease in both sharp-

i
.

ness and sgensitivity when the respiration rate was.returned

to normal. Dotted lines SWOW\the range of the pooled

data of Fig. 5b.

o
i
)

v
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initial threshold when the respiratory rate was returned

: S . I .
to normal, The tuning curve which accofpanied this

' . 2

increase in sensitivity was sharper (a higher measured

o

Q gqp) tham the initial curve,

1

The alterations in"QlOdB agq threshpld produced
by this respiratory impairment are consistent with the
relationship between Q;,,p 2nd threshold shown for the
pooled data of f&é. 5b in wﬂich the respiration was not
+deliberately interfered with, It therefore seems

. reasonable to suggest that varying degrees of physiolog-
fn B ical malfunction (possibly anoxia) can’explain the wide
’ variation in Qq4p and threshold found in spiral ganglion

cells between different animals.

Discussion
Data presented above show that the orderly dis- - —
QEribution of characteristic frequencies in the spiral -~ \

‘ganglion is consistent with the known location of dig- -

placement maxima on the basilar membrane (Fig. 4). This

N
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finding indicates that it is at the peak of the

travelling, wave ervelope that maximum stimulation of

\

the hair cells occurs, A scheme of the typé suggested

by Tonndorf (1962L,gerived from coéhlea models, in

Which radial shearing\férces spatially separated from

the travelling wave péak consgﬁtute the effective

‘stimulus to the hair.cells does not therefore seemito .

" be the caéelin the intact guinea pig%cochlea, If }he
excitation of the hair cells is -brought ab;ut by radiél
shear, as seems likely in view qf‘the directional
polarization of stereocilia, this radial shear must,

in the basal turn of' the guinea pig éochlea. be maximal

t or very ¢lose to the travelling w§ve envelope,
&

Bl

The findings“on-the variability of neural tunihg
are relevant to the problem of whether the neural

: tuning curves can be aecounted for purely on the basisg
yo~ ‘ 4
of the mechanical tuning of tﬁe‘basilar membrane, or

whether a second filter of unknown nature has to be

3

postulated(between the basilar membrane tﬁning and tHe




_ generation of spikes in the afferent fib}és. The

tuning curves can be further altered by deliberately

67

8

. ) »
occurence of high threshold, broadly tuning cochlear

nerve fibres has been occasionally ndfed (Kiang et al,,
1970; Evans, 1972) and Evans (1972) has observed a

et

dependence. of Q435 ON sensitivity. However, it héf

. not been previously demonstrated that tpére is a close

relationship between Q) 3 and threshold at the cf., N,

throughout the enﬂire measured intensity range (?ig.

5b). The use of the spiral ganglion preparation, which

allows a detailed 5tudy of a restricted range of char- i _

acteristic frequencies is probably the explanation‘}or

IS o

‘the above relationship being clearly observed in the L

/ . .
data reported here. The data of~“Figs. 5, 7 shows a

-

, L T v
steady degradation of)ihe”ﬁtequeﬁe£\selectivity of

\ B -
cochlear ganglion'cells over a large range of,sound :

intensity., Even cells which have initially quite broad

LF]
(1

-

impairing the’ventilatioq.. The experiments on the

manipulation of the respifatory rate sﬁow that the

o]
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frequéhcy setectivity of simgle cells is metabolically

sensitive in a ‘reversible fashion, and that tuning
1

t
H

curve changes are closely related to changes in sensi-

tivity.

The slopes of tuning curves at intensities

-

above about 70dB are comparable“with those reported for

-

mechanical tuning in this region of the guinea pig

-

cochlea, Johnstone et al, (1970) report low and high
frequency s%gpes”@n the basilar membrane of 12 and 100dB
Joctave reépectively. In a later report (Johnstone and

Yates, 1973) the slopes were reportéd as 15 and- 300db/

Y ' » b
octave, When corrected -to constant sound pressure -

N ° -

level at the eardrum, these low“apd high frequency

"o

slopes do not differ significantly from the slopes of

neural tuning curvg% with ;Hres@olds at the cf., greater

than about 70 dB.;‘&%g data on the bésilar.membrane

»

tuning cited above were obtained at sound inten§ities
1]

between 70.and 100 dB, ‘ o

[} 3

The dependence of sharpness of neurai tuning

- \ o . {

~&
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curves on sensitivitf*is not inconsistent with the
mechanical non-linearity reported. by Rhode (1971) in
the 7-10 kHz region of the squirrel monkey basilar

a

membranf. This non-linearity is present near the
region of maximum displacement and results in a
sharpening of the basilar membrane tuning as lower
sound intensities are used, In Fig. 5b the mechanical
sharpness duotien%s obtained by Rhode at three sound
intensities are inc;uded for comparison with ‘the
neural data. If this non-linearity persists to even
lower intens?ties, the mechanical tuning could fully-
aécpuhtifcr the neural tuning curves., The dependence
of QlOdé on threshold demonstrated here may thus be
explained by a direct ox indirect effect of metabolic!
impairment on the, sensitivity of the'afferent neurones,
For neuronis with higher thresholds the broader tuning
c%rvés ?ay simply reflect the altered mechanical
tuning at these higher intensities, It has been

A

reported that a non-linéarity:oﬂ-the type found by

]
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Rhode gpuld account for many otherlperipheral phenomena
such asﬁiwo-tone inhiﬁition and the gegeration of com-,
\ .
bination tones (Johnstone and Yates, 1973).
Though, the above expldpadion is aniauractive one,
it has not been possible te demonstrate this type of
non-linearity in the basal turn of the guinea pig coch-

lea, Wilson and Johnstone (1972) report 1ineérity of

basilar membrane vibration down to 40 dB SPL., Johnstone

- and Yates (1973) reported that the only substantial non-

linearity they could detect was on the high frequency
slope of the mechanical tuning curve, It may be that. -

the non-linearity is indeed present here but is not as

e

apparent as in the region in which Rhode's measurements

‘were made., This receives some support from the observa-:

tion that in the guinea pig and cat, neural tuning

curves of cochlear nerve fibreg are sharpest?ﬁetween
n {

8-10 kHz and show a definite decrease in Q045 BbOVE

this frequency (Evans, 1972 Kiang, 1965), This 8-10 kHz

region is precisely where Rhode obtained his measurements

\

i
i
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in the squirrel monkey, Rhode also reported that the
non-linearity he observed was f;agile and could Be
absent when structures close t: the basilar membrage

were damaged, The exposure of the scala tympani required

for studies on basilar membrane vibration in the guinea

——

- U

pig is very extensive and could possibly disrupt some
delicate s%ructural comp&nent responsible for a mechani;
cal ﬁon-finearity. However, extensive openiéé of the
scala tympani and drainage of perilymph has been re-
ported not to alter the tuning curves of cochlear nepvé
%ibr;s (Evans, 1970).

If indeed a mechanical nonriinearity of the type
found by Rhode is peculiar to the region of the squirrel
monkey cochléa which he studied, then another mechaniém
is needed to ‘explain the sharpness of neural tuning
curves, as well as their variability reportéd here.

Some authors (Wilson ana Johnstone, 1972; Smoorenbhrg,

1972) have postulated a second filter in addition to

the basilar membrane meghanical tuning. Such a filter
b
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. S v
would serve to sha%pen the frequency selectivity of

primary cocplear units. The results presented here
show éhat ;ny such filter, if it exists, must be meta-
bolically sensitive and must be intimately related to
the'sensitivity of the cochlear neurones. The nature
of the hypothetical second filter is still a matter

. . . AW
¢ for discussion,

»
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Summary., 1, ' Recordings of extracellular activity

+

were obtained from single cells in the spiral ganglion

-]

of the basal turn of the guinea pig cochlea,
2, The spatial distribution of characteristic fre-

quencies of cells in the ganglion was consistent with

S

published data ‘on the location of displacement maxima on
}

i v

B }l ’__ i N
the basilar membrane, F

PN )
3., Lar®e variations in the sharpness of single cell.

tuning curves were seen between animals. These variations

were closely linked to sensitivity differences.

4, The tuning éurves of singie cells could be made
less sharp by slowing the rate of artificial ventilation,
These tuning curve changes were reversible and inéimaiely
agsociated with ;lterations-in sensitivity and spont;n—
eous activity, | :

5. The d;ta point either fo th? presence of a
mechanical non-linearity, or a physiologicélly vulnerable

second filter, as{the kalaﬁation for the sharpness of

neural tuning curves in cochlear nerve fibres.

¢ 'il i

]
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The previous paper was concerned‘primarily wif?
the labflity of frequgpcy selectivity in the s%irgl (

-~ ganglion cells and with a comparison of the neural and
basilar membrane tuning curves, In the discussion, the
quest%on-was raised as to the validity of the basilar
membrane data of some researchers, It was“suggested
that wide Opeﬁing of the scala tympani and drainage of
perilymph might afféct. the basilar memﬁrane tuning.
Though the experiment of Evans (1970) implies that this
is not true, it was thought advisable to repeat this
experiment>@;th the spiral ganglion preparation, sihce

" this allows more éareful monitoring of the\fiuid level

in the scala tympani, The following paper describes

the regults of this investigation,

CJ
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‘ —
It has long been held that there is a serious, ’
“ -

diserepancy between the filtering properties of the

basilar membrane and the frequency selectivity of single
‘ . ” : f 2 -
* primary auditQry neurons (1-3). Mechanical measure-
S H : " ’
4 ~ ments,® usually obtained at high sound pressurhs, indi- y .
‘ * ) I
: cate a broad tuning of the basilar membrane, whereas .

-

the tuning curves of primary neurons (obtained at thres- i §

hold sound press%fesd. are mucﬁ sharper. Rhode (4) and

v

Rhode and Robles (5) have reported a nonlinearity in

¢ basilar membrane vibration which consists of a flat-

tening of the‘input—output curves in the region of thé

o

o
peak of the membrane tuning curve., This nonlinearity

‘results in a sharpening of* the mechanical tuning curve
% : " :

3 G ' .'
at low sound pressures, Such a nonlinear behavior
AN

€ s \\’d .
could be used to bring the neural and mechanicEl data

v

A

4

v ipto close agreement and thus eliminate discrepancies
° i .

between basilar membrane and' primary neural tuning T e

(6, 7). There is, however, some. conflict between these
N b

authors' findings and those of other workers, In par-

2

<

)
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- ’ "
ticular, the fail&¥g t0’' find a nonlinearity in the
s

guinea pig cochlea (3,-8, 9) has lead some authors

t

to state that the neural tuning curves cannot be éx—

plained solely on thé basis of basilar membrane mech- -

anics, Additional filtering processes have therefore .

3

been postulated (2, 3, 10), How much of this disa- ) .4

anical measurements could be caused by

species diffexepces or by variations in technique is

not clear. The results that are reported here show

that removal of pér‘ ymph from the scala tympani could ¢ -
A\

‘

constitute a sourcg¢ of error in several of the, mechan-

ical measurements,

The technigue of recording from the bipolar * .

v

cell bodies of the spiral:ganglion has been described

|

elsewhere (7){&;%his procedure permits stab?é‘?bt{;aing

from single cells in a chosen-and restricted frequency

.an

range in the basal cochlear spiral, while'continuously

monitoring the cochlea during experimentalﬁ%mnipula-

s #

tions, The frequency selectivity of the ganglion cells

~
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was estimated by measuring the tuning curves (thres-
hold Versus frequency response curves) (7, 11).
As Previ;usly;%éported, sharp and sensitive
tuning curves could be obtained from the gangliop cells
-'after limited opening of the séala tympani (75. These

curves are similar to those obtained from eighth nerve

)

- . axons (1, 2, 11), From this, it is inffrred that open-

ing of the scala tympani without fluid removal-does not
s

substantially alter the neural tuning curves. On this
’ point the results are in agreement with the findings

‘ of Evans (12), who recorded from the eighth nerve axons

~

(the central processes of the spiral ganglion cells),

However, in contrast to Evans' results, the removal of

’

- J
perilymph bat%ing the basilar membrane cauged drastic

alterations in the sensitivity and frequency selectivity
. °,
of single ganglion cells, —

Preliminary experiments were performed by measur-
"

ipg tuning curves at a chosen location in tﬁe ganglion ~§
\ ’} in the basal coil, - After the recording microelectrode
’ . . was withdrawn, a small cotton wick was used to gently

* +
0 Q P
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suck out perilymph from the scala tympani, so that no
large fluid bridges existed between the walls 5f the
scala tympani and the basila; membrane. Care was taken
not to touch the basilar membrane, The'microeleqtrode
was then reinserted at the same location and tuning
curves of single cells were again measured, In all ex-
periments-(four animals and 15 cells), tuning curves
obtained after fluid removal were about 20 dB less
sensitive and very much broader than‘th;se obtained
when the scala tympani was full of perilymph, When the
wick was removed a@‘?tﬁe perilymph allowed to refill the

g

scala tympanjigfurther cells encountered showed a partial

recovery of both the sensitivity and frequency selectiv-
o L

4
I

ity.

More conclusive results were obtained by continu-

o

ously: recording the response of the saﬁa,cell before,
during; and after perilymph drainage., When a single
ganglion cell had been isolated and its tuning curve.

1]

b o . .
obtained, pdrilymph was sucked out of the scala tympani

<
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Fig. 1. Oscilloscope tracings of the response of a
—éingle ganglion cell inlfhe guinea pig cochléa to a
tone burst at the best frequency. The intensity of
‘the tone burst waé“lo db above threshold for the cell
with the scala tympani full of perilymph.;éResponses
were recorded (A) before draining perilym;h, (B) with
perilymph removed, (C) with perilymph only partially
reilaced, but covering basilar membrane, and (D) with

scala tympani refilled., (E) Approximate position of

tone -burst., .




. : -
. + .._.—____‘ o
) =T S —~ .
~ i ' e
{ o

.




ik

. 85
while the response of the cell was continuously moni-
tored, As soon as the fluid bridge between the wall of
the scala tympani and the basilar pembrane was remo;ed, '
the cell's sepsitivity dropped by about 20 dB, In five
cells in three different animals it was:ﬁossible to
maintain contact with the cell throughout this procedure,
The sensitivities at the best frequency fell by 18, 12,
21, 16, énd'f7 dB,  When the wick was removed and pegit;#

lymph allowed to flood back into the scala, the response

A

of the cells recovered (Fig. 1), The tuning curves of
these five cells were drasticallylaltered by/p@ri;ymph
removal. This change, which occurred togethe¥ with the
ansitivity change, consisted of a reduction in high-

’

fréquency slope and a dramatic fall in low-frequehcy E
slope soqthat the sharpness of tﬁe tuning cﬁrve was re- o
duced (Fig. 2), The replacemeﬁt of perilymph, as well A
as causingn; return of sens%tivity,‘resultéd in a sub- |

stantial recovery of the frequency selectivity. In one - ﬁJ-

case the tuning curve recovered completely 2Fig: 2), but

R
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in the other cells the recovery was not perfect, In

all cases the recovered tuning curves were much sharper
than those when the perilymph was removed and the sensi-

tivity returned to within 5 dB of the original. The'

long low-frequency tail of the curves was not plotted

below 10 kHz so as to minimize the time required for-

the estimations.

THe effects described above are probably not due

'to a disruption of neural processes, since histograms

of both the mean rate and the interspike interval of

the spontaneous activity were 4ot altered by perilymph

"drainage, ‘Me rapid.reversibility also argues against

a deterioration of neural mechanisms, The effects

appeared to be immediate when the final meniscus between

the basilar membrane.and the walls of the scala tympani

was removed or, replaced.- Masking effects caused by wick
placement or, fluid qovements are certainly not important,

since the spontaneous activity, thresholds; and tuning

curves were not affected by simply placing the cotton




Fig. 2. Tuning cueves of a single cell in the basal

coil of the cothleas (a) initial, (b) immediately
after perilymph removal,. (c¢) after refilling t
tyﬁiani. The cell is not the same as the one iﬁ Fig. 1.
Tpe time between obtaining each of the curves was

approximatelyQB'minutes.
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‘ lymph from the scala tympani, did not remove that fluid
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wick in the scala tympani., In Fig. 1C, the sensitivity
% .

had r%turned even though perilymph, now covering the
basilar membrane, was still rising in tﬁe scala tympaﬂi.

These findings on the effect of fluid removal
conflict with the results of Evans (12) who recorded
from the eighth nerve axons in the internal auditory
meatug: Evans' experiments did not allow recording -
from the same axon during the perilymph removal, nor /~
did they permit such strict controlnof the cochlear
location investigated; Direct visual observation of
the cochlea was also probably difficuit during neural
recording in Evans'! experiments. It is therefore pos-

T

gible'that Evans, while removing the zzlk of the peri-
lyiné directly over the basilar membrane,

One interpretation of the results reporfed here —
is that‘remaygl'of fluid broadens the mechanical tuning
of the basilar membrane and that this alteration is

- d

faithfully reflected in the neural tuniné curves, This"




notion could resolve some of the contradictions in

prgv{dus mechagical meésurgmenfs.._Rhode:(u) foand
considerably shafper basilaf me@b;ane tuning inlfhe
squirrél monkey than th;% reported by Wilson ahd John-
stone (3) for the guinea ;ig. Rhode used a MBssbauer
technique and took pains to 1eavekpe;ilymph in the

scala fympani. Wilson andﬂJohnstone used a capacitance
probe and were obliged'to completely remove perilymph

© to obtaiﬁ-thei% meas;rementé. A furtheq.disagreement
'be%wéen these°;uthors cénéerns the question of non-
linear basilar membrane motion, Rhode reporteé a non-
linearity in, the region of the peak of basilar membrane
displacement, which resylfs in ; sharpening ofAthe,meﬁ-_
brane tuning at lower'intensities. Whiie Wilson and
Johnstone fouhd -linearity down to 40 dB. Although th?
possibility of a species.difference cannd@ be ruled out,
the present results suggest that Rhode's ?ésyits reflect

: .
more reliably the true basilar membrane responsg& Re-

- . ! AN
sults of laser measurements in the guinea pig show
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linearity, but these have only been reported in post-
P)

| .
mortem cochleas (13)., Rhode (14) has shown that basi-

lar membrane nonlinearity disappears after death. The
results of Johnstone and colleagues are difficult to
assess in this light, as thése authors did \not pay

special attention to the level of perilymph They did,

™

hOWever,istate that drying the basilar membrane re-
]
versibly broadened its tuning (8) and they jhave recently

reported tﬁeApresence of a small nonlineér?ty in the
éuﬁnea pig (15). Ityis thus gossible, if'Lhese results
are considered together, that the sharpnes; of neural
tuning curves may be apcdﬁnted for by tﬁe pattern of
vibration of the basilar membrane in theyliQﬁﬁg, fluid-
filled cochlea, . [

A second interpr?téziéh is that the broadening
of neural Funiné curves refleéts.,not ;n alteration in
b?silar membrane vibration, but a disruption of the -

functioning of a second filter of unknown nature, whose

existence is considered necessary by some authors (2,



-

3, 10), The disruption could involve a structural

change, perhaps a reversible displacement of the

tectorial membrane (16), or an alteration in the flow °
of currerit in some impbrtant extracellular pathway. K
The lack of effect of fluid removal on spontaneous

activities, however, implies that standing current levels

+

through the hair ' cells are not altered, since it %s

known that polarization of the cochlear partition

stronély affects rates. of spontaneous activity in pri-_
mary fibers (17). The results repofted here do not mqke‘
it possible to choose between these .various hypotheses,
However, by reQealing a major source of error“in some
previous mechanical measurements, they again pose thé

question whether a second filter is necessary in addi-

2

tion to the basilar membrane to account for the sharp- .
ST

1
.

[

ness of primary auditory frequency selectivity.
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Abstract,. Removal of perilymph from the scala .

. tympani of the guinea pié coc¢hlea reversibly broadened
- / .

3

the tuning curves of single spirad~ganglion cells

° emandting from the basilar membrane, Thus, fluid

o ' ’ .

cOntinﬁity along the membrane is essential for ﬁormal

s

cochlear function, in particular for sharp neural °

1!
[y

Y e 1
tuning curves., ,These data reveal a possible source of

v oy

error in some estimates of basilar membrane motion and
]
)

o { I

. ‘ ?
suggest a reappraisal of current concepts of the §

. ~ * R H . /

[ - \ '

A mechanism of sha tuning in primary auditory nerve
[~ e ,, S Bharp € in primaty Yy nerge .
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It was shown in the preceding paper, that the
report by Evans (1970) on the effects of perilymph
drainage on neural tuning curves was inaccyrate, Lrain--

age of perilymph does in fact produce large changes %n

the tuning curves of single spiral ganglion cells, so
that the drained curves resemble the mechanical data on

basilar membrane vibration in thefgggnea pig. This -
finding has many implications, which have been mentioned

in the paper. Not the least of these is the dqubi cast

on the validity of Wilson and Johnstone's (1972) basilar

_ 4

membrane measurements. .Since these authors report

linearity of basilar membrane vibration in the drained
cochlea, it might be interesting to see if nonlinear

beha&ioury as well as tuning, is altered by fluid

A

- drainage., ' The most easily observed nonlinear phenomenon
\

EY

in the primary ‘auditory neurones is two-tone inhibition.
The effects of fluid removal and other variables on this
aspect of the behaviour of spiral ganglion cells is now

examined,
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)
Changes in Inhibition and Response Curves of Primary

Auditory- Neurones in the Guinea Pig Spiral Ganglion.

a8

Doriald Robertson, Dept. of biologY. McGill University

&

Montreal, Que. CANADA

A

Running Titles Inhibition in cochlear ganglion cells.

N




Introduction ;
- \
The only inhibitory phenomenon that does not-

e

employ efferent activity which has so far been found in

2

the mammalian primary auditory pathway, is the so—célled
two-tone inﬁibitioﬂ‘(Nomoto et al, 1964; Arthur et‘al,,
1971; Kiang, 1965; Sachs and Kiang, 1968; Sachs, 1969).
In this phenomenon, presenfation of a tone in the correct b
frequency and intensity range .can geducé the ffring of a
‘single_neurone,to a different tone, usually fixed at the
best,?or gharacter%stic frequency of the unit (the cf,).
Little is known of eithér the mechanism or, possible
functional éignificancg of this inhibition, Some of the
argumenté_foﬁ.h??m?gaingf Qechanical. neural and eleci
trotonic ﬁgphanisms have been discussed by Arthur et al.
(1971), Vériéhs nodels are also/pubiishedain the
literature (Pféiffer. 1970; Kim et al., 1973;, Furman and
Frishkopf, 1964) but do not offer a complete explﬁnation

of the effect, It is also not known whether tmﬁe-ﬁheno-

menon may be anglagous to lateral inhibition in other

i
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sensory systems (Ratliff< 1961, ) by perhaps sharpening
the excitatory response area., Though neural inter- )

connectionsg between cochlear afferents seem to be

.

riled out (Evans and Wilson, 1973), an electrotonic

mechanism might still be ablé—;gﬁgﬁerat%.‘ In any case,
it is ngf—at all clear how an inhibitory phéﬁomenon
whicw*inyolves the simultaneous p;esentatién of two
tones, relates to the single-tone';hreshold-frequ;ncy

response curve (tuning curve).

. It has recently been shown that the complete

removal of perilymph from the scala tympani of the

gﬁinea pig cochlea reversibly alters the tuning ocurves

of single spiral ganglion cells éRobertson. 1974),

This alteration consists of 'a loss in sensitivity of

about 20dB and a dramatic broadening of the tuning

cur&e. Inqthe present paper, the effect of this treat-

4 ment, and of gross structural damage, on two-tone

u —

inhibition in these cells, is reported,
~ .-
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Methods

<
M 4

The technique, which has been described in
detail (Robertsbnwand’ManIiy. 1974), involved extra-
cellular recordings from single ganglion celils in the

-

basal turn of the guinea pig cochlea. Guinea pigs
(150-400g) were anaesthetized with 3§mg/kg of pento- |
barbital sodium, relaxed with Quelecin (Roche) and |
artificially ventilated. Metal filled microelectrode&
with a gold-platinum ball tif (diameter 5-8 microns)
(Frank and Becker, 1964) were introduced into the
ganglion with 'a remote hydraulic ﬁicrbdrive. A
schematic representation of the recording situation
ié shown in Fig, 1, L | k

Tw&-tone inhibition was studied in S?WQnife
in 15Mam.’Ln{;tgm;':\swI For the investigation of this pheno-

/ ®

menon, two tone bursts with 5 ms rise»fail(time"were
presented as shown in Fig., 3. The longer (50 ms) tone

was at the cf. of the neurone and an estimated 10dB

above threshold at that frequency. The shorter tone
\A/f .
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' . A 8
was 30 ms long and situated inside the cf. tone. The:

frequency and intensity sf ihi; tone were varied in
order to investigate two-tone inhibition, Post--
stimuius histograms (PSTH) of the responses to repeated
stimulus sets were computed with a PDP8 computer, both

. ) . ‘o
on-line and off-line using tape-recorded data. " In

cases whefe two-t?ne inhibitioﬁgiésmwgak or absent (see
; j
results), the intensity of the cf. tgne was varied to
seJ if inhibition could be produced b& sbmé other
stimulus éombinatidh. -
The*singlé-tone tuning ctrrve of each cell was
also measured (Robertgon and Manley, l9?4)ias well as

the mean rates of spontaneous activify.




Fig. 1, Schematic representation of the experimental

recording situation, In the fluid arainage experiments,
perilymph was removed from the scala .tympani by placing
small cotton wicks through the dissected hole in the

. O

wall of the scala tympani,
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Resulté

Two-tone inhibition in the guinea pig’cochlear

ganglion cells was found to resemble that reported for

}

cochlear nerve fibres of bther -species. That is, for

.
a tone at the c¢f,, inhibition of firing could be pro-

~ \ ’
duced by tones of the correct frequency and intensity
in restricted b%nés~above and below the éf.’(Fig. 2.»3).

Inhibition of a ¢f, tone could often be produced by a

second tone up to 5 dB below the threshold for ‘ f

excitation by the second tone alone (Sachs and Kiang,

1968).

In cat, Sachs and Kiang (1968) have reported
that two-tone inhibition of this form was found in
every primary cochlear nerve fibre which was investi-

U = r'd
gated. In the guinea pig spiral ganglion preparation

R

—»

j -
however, Robertson and Manley (1974) haveereported‘that,
much variation can occur from one animal to another in
the sensitivity and sharpness of the neural tuning

curves, In the present study, strong two-tone inhibitory

©
i

I

S

<
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Fig. 2. General shape, of inhibitory and excitatory
‘response areas in sharply tunédlganglion cells., Sblid
ljnes: threshold-frequency resporise areaD(tuning curve)
for tbe presentation of a siqgle tone. Dqtted lines;
frequency-intensity.bands of a second tone (Tz) which .
causes a reduction of firing to T, whose\fréguenqy and

&

intensity aré"indicated by the star.

-

'~
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response to different combingtions of T1 and T2.

;Fig. 3. PST histograms 6f a single ganglion cell in

Tl is
at the cf, of the neurone, The frequency: and intensity

of T, and the intensity of Tl are indicated on the

»

3
By

histograms,
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effects were only found in those animals in which

single unit tuning curves were relatively sharp and
sensitive (thresholds at the cf., less than about 50 dB
;PL). The broader and less sensitive “the tuning, thé
3
less apparent was two-tone inhibiti*on. In some animals
with very broad‘ganglion cell tuning éuz‘ve;:s no two-tone
inhibition could be d\etected despite extensive explora-
! .

tions of different frequency and intensity combinations
for both tones.

¥

The close association between the sharpness of

¢

neural tt?(g\cnw,gs and th—tope inhibition, was
[ — — further émphasized in fluid drainage experiments, As

A

reported previously (Robertson, 1974) removal

e

v /
lymph from the scala tympani cWoss of

sensitivity and W change, The effects on

-

the tuning curves of four cells are shown in Fig., 4.

of peri-

In the present study, perilymph removal and replacement

had a profound effect on two-torie inhibition in neurones

with initially sharp single-tone tuning curves.

-

ER———Y




Fig., u;w The effect of drainage of)perilymph from scala

lo

tympani on the tuning curves of 4 ganglion cells, Solid

lines; tuning curves in the normal fluid filled condition,

Dotted lines; with uid removed,

N
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In all cases, the loss of sénsitivity and

e

broadening of the tuning curve caused by complete peri- 1‘
lymph remﬁval was accompanied by the disappearance of

i — - two-tone inhibition (Fig., 5.). On allowing the peri-
lymph to refill the scala‘tympani, both theisharp;tuning
and two-tone inhibition returned: It was not easy to
hold the same cell throughout this ﬁrocedure. nor to
keep perilymph from welling up in the scala tympani
while the frequ¢ncy-intensity range was scénned. *‘In 4
cells in 3 animhls, fluid was kept out of the scala

: ¥ ) _
tympani long #nough to verify with certainty that two-

¢

@

ition was indeed absent in the same cell in

~ :
was previously very strong. .Partial confirma-

tone inhi

which i
tion of this result was also obtained from several pther®’

cells. In Fig. 5 there appears to be an increase in the

-

fvrlf_ypgckground activity during perilymph drainage, Usually

however, this was not the case, Fig. 6 illustrates 2
cells in which perilymph drainage_causés\no systematic
change in spontaneous activity even thbugb\tﬁé cell




Fig, ., Effect of drainage and replacement of peri«
lyﬁph on two-tone inhibition in a single ganglion cell,
~In the drained case, as the intensity of ’l‘2 is raised,

only an excitatory effect is obtained, whereas in the

~

filled state, inhibition is clegrly present, The

intensity of Tl used in the drained case is higher above
) ' .
threshold than in the fluid-filled situation. However,

two-tone inhibition was absent in the drained cochleé

! »

for all intensities of Tl.
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Fig, 6. Effect of drainage on sensitivity and spon-

taneous activity., A; response of a cell to a tone

4
t

burst aq\mdicated. B; response to the same tone burst |
after perilymph removal Ct the response with perilymph
replaced. D; the effects of fluid changes on the mean

!
i

spontaneous activities of 2 gangli-on cells, No systematic

effects are seen though the cell with lower mean rate == .
L ! v
shows a gradual increase in rate throughout the drain

and refilling treatment, -
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%énsitiyity was greatlylreduqed{

The effects of structural damage were essenti-
aily the same as those'of fluid drainage, but were
irreyérsigle. In several dissections,the delicate
spiral lamina close to the ihner edge of the basilar
membrane was cracked during exposure.of thgaganglion.‘
In such cases, tuniﬁg curves were broad and insensitive
and two-toné inhibition was absent. Eig. 7 illustrates
an instance in which the effect of damage was

bocalized, At locations basal to ‘the site of damage,

single unit tuning curves were sharp and exhibited tﬁo-

- - G T T - {

tone inh;bition. In the region of fﬁe"damage, tuning\-

~

curves were insensitive and broad and were completely
. lacking in two-tone effects., Thelsharply tuned cells -

at location 3 were recorded after those at location 2,

e ¢

showing that the broad tuning curves were not a result

of a tﬁme—depenqgnt deterioration in the animai's

a

condition.




»

Fig, 7. Effects of loc#l damage to the spiral lamina,

on tuning curves and two-tone inhibition of single
a » ¥

o

ganglion cells., Cells from location 1 were obtained

3 ° 7
before the damage indicated was created. In making the
exposure at location 2 the spiral lamina was cracked,

All tuning curves at this location were broad and lacked

two-tone inpibition. Subséquéntly at location 3 all
& ’ - \
cells were sharply tuned and showed two-tone inhibition,

[}

. G
A
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Discussion

Previous studies have shown that the frequehc&

selectivity og sharply tuned primary auditory neurones

is labile (Evans, 1972; Rébertsoﬁ'énd“Manley. 1974,
Evansﬁan% Klinke, 1974; Kiang et al,, 1970). A variety
i | of'procedures; anox;a,”perilymph removal,'injrévenous
furosemide, hair cell damage,oall cause a loss of '
sensitivity and an accompaﬁying broadeni;g3§f the tuning
curve. In the present study,Ait is shown that such
‘changes are linkedwalso with a ibss of two-tone inhibition,
B aé least for the éase of peril&mph removal and s%ruéturél -
damaée.f In thoselanimals in which broad tuning curves
were also fopnd without identifiable cause, two-tone :
inhibiﬁioﬁ'was weak or abseﬁt: It appe;:sqlikelyqthat‘f
(oall procedures or ‘pathological co?ditiong whi;h ;rodupe
»ailos§ of sensitiv%ty and broadening of .the tu&ing curve
wili affect %wo-toﬁe inhibitioﬁ in thi; way.
ﬂ However, though two-tone iﬁhibitionuappears £o -

~

be closeiy linked to sharp tunihg, it would be simplistic

4
< )
- .
. . v
- a

[

]
¢

—
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to assume a causal relation between them, Two-tone f
inhibition differs in several w;ys f?om classical
lateraiJinhibition<(Arthur etual., 1971), It is thus
by no ﬁpans certain that this innibitory phenomeﬁon in
any way determines the sipgle-tone tun%ng curves.

It has been sﬁggested by s&me authors that two-
tone inhibition may be an inherent property of the ;gme
physiélogical enti%ies in the org;n»ﬁ} Corti which are
responsible for the normal sharpness of neurél tuning
curves (Pfeiffér, 1970; Kim et_al,, 1973). Thus two- '
tone suppression may be a result of a single nafrow band P
system, but not a cause ofrit. fhe actual\gature of this -
system 1is still controversial, Non-linear Qibr?tions
including two-tone suppression have been observed on
the basilar membrane of sqﬁirrei‘moﬁkey (Rhode, 1971,
1973), and it has been suggested that sharf neural tuning

curves may also derive from the same mechanical non- -

linearities (Robertson and Manley, 1974%; Kim et al,,

1973). Thusathe simultaneous loss’ of two-tone inhibition . -

"/

d LY



Fnd sharp tuning caused by perilymph removal and

damage may re}lect an alteration in the vibration

pat;ern of the basilar membrane., A mechanical origin

for two-tone interaction receives some support from

studies on squirrel monkey nerve fibres (Rose~et al,, ' f
lé%b) and from the behaviour of cochlear microphon;i- o |
gqppression (Legouix et al., 1973). _There is however,

considerable disagreement on the question of non-linear

basilar membrane behaviour, Several authors-believe’

the basilar mémbrane vibration to be broadly tuned,

linear aﬁd not-labile (Wilson and Johnstone, 1972, (~
1973)., The discrepancjes between the techniques

employedoby various.workerslﬁwe bgen discussed in detail

(Robertson, 1974; Rhode, 1973). Final resolution of®  *

I

the disagreement may only come with the advent obeetter

A
2]

basilar membrane measurement techniques (e.g, ﬁfagéten
[}
et al,, 1974)0 ; / . -
. If, as some authors maintain, the basilar

membrane vibrates linearly and with broad tuning, the ) .

d ) o i
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source of sharp neural tuning and two-tone inhibition
must lie in an additional mechanism, perhaps at the
hair,cell level, Synaptic interactions between

afferent neurones do not seem to be possible (Moller,

{

1970; Evans and Wilson, 1973). It has been suggested

that an alternative explanation for the effects of

¥

fluid removal may be an interference with current
spread; along the basilar membrane caused by an increased

scala tympani resistance (Robertson, 1974; Johnstone, J.R.

personal communication), However, the lack of effect
of perilymph removal on spontaneous activities of°

primary afferent neurones (Fig, 6.) may not be ‘consistent

~

with this hypothesis, It is possible that spontaneous

1

.activity arises, at least in part from random release,of

.transmitter substance by the hair cells and is modulated

©

by ‘standing current through the hair cells (Konishi et al,,

)

J ) ‘ .
1970), If perilymph drainage significantly increases

1

extracellular resistance in the organ of Corti-to-scala
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?ympani pathway, one would expect standing current
levels through Fhe hair cells to be diminished and thus
possibly cause a reduction in spontaneous activity.
The fact that this is not found perhaps reduces the
likelihood £hat two-tone inhibition and ;harp neural
tuning derive from electrbtonic spread _of current along
the basilar membrane, Of course changes in.sﬁontaneous
activity may bg only transient or else spontaneous
activity may in fact be a poor indicator of hair cell
standing current 1evgls. =

There are many problems in deciding on the
significance of the above results and it)is still ;ot
possible to pinpoint ?Kg structural and phfsiologica{
entities responsible for sharp neural-tnning and ‘two-
tone inhibition in the primary auditor& pathway in

El

mammal s, ' )

b
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Summary ) .

1. The occurrence of broad insensitive tuning curves

in primary auditory neurones of the guinea pig spiral

ganglion was associated with g loss of two-tone in-

a*

- o

hibition in these same cells, '

2, This was true whether the tuning curve broadening '

)
’ ©

was produced either by perilymph removal, structural

t

damage, or some unknown pathological condition of the
\ v . o
- animai. \

]

3. In the case of perilymph removal, the broadening __

N [
) ’ ) \

of tuning and loss of two-ione inhibition were fully

|
- -~

1

reversible.

‘

b, 1t iédsuggested that two-tone inhibition is intimate-
\ : “

-1y linked to"the mechanism responsible for sharp neural

T b
¢

N [3 B I3 i‘.
tuning curves in the primary neurones. Arguments for

i ~‘fhe nature of this mechariism a&p digcussed.

# I N
N {
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The frequency selectivity of the spiral ganglion

-cells and its relation to basilar membrane tuning was

) 1

' the principle subject of the previous three papers of

>

this thesis, Many of the issues involved are elaborated °

w

on, ané a final assessment is made in the discussion at
the end of tﬁis thesis. The remaining two ﬁapérs a#g%
concerned with other properties -of the spiral ganglion

ceils, In Paper 1%, éfontaneous.act?vity is examined,

and in Paper V e;eotroph&siologiéal and histological

evidence on the mode of impulse propogation in these

bipolar neurones is presented,
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Patterns of Spon%aneous Activ’;’xt}y_ of Prin\ary Auditory -

Neurones in the Cochlear aGanglion of the Guinea Pig,

B

Donald Robertson, s
Dept, of Biology, McGill Univers_ity, Montreal,

Que, CANADA. . . B :
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Rurfnir'lg Title: S'pontanéous Activity of Auditory. Neurones.
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Introduection L
The existence of spontaneous aétivity in single

primary neurones of the mammalian auditory pathway!is

well .established (Kiang, 1965; ﬂélsh;etpa;.; 1972; Evans,

1972}, Spontaneous aptivity is defined as that occuring

. .
in the absence of any controlled stimulus and the extreme.

- sensitivity of the auditory pathway means that the

possibility that uncontrolled room noise or loudspeaker-

"hiss" is -the source of such éctivity must be considered.

It has been shown (Kiang, 1965) that such spontaneous

activity stilirexists in sound-proofed chambers in which

»

ambierit noise levels are 'below the threshold of hearing,

) »

go that an infracochlear source is most likely. Further

' LY L4

L.

proof of this is pgésented in the present paper which

-~ '{ ‘ ‘ ;Y“ . } f .
reports extracellular recordings from sirigle neurones in
the acoustic génglibn of the guinea pig cochlea,

In the study of spontaneous activity, two levels

of analysis have commonly been used¢. One is the mean U'PL

rate 6f firing which'cdnsti%utes the cradgst fofm’of
© . 1 r\ .

-
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L]
b

: characterization of firing, The second is the inter-

spike interval histogram (TIH)(Rodieck and Kiang, 1962;
. ]

Gerstien and Kiang, 1960; Bishop et al,, 1964; Kiang,

1965). This represents a distribution of the probability

T B

° —

of a firing as a fl)nctilqn__éi; thé time after a previous

B firing. These two properties of spontaneous actiVity L,

)

"

are -reported here for single cochlear ganglion cells of
. . - ’ & ] X

o

P

guinea pig and are compared with available data from the

- fibres .of the cochlear nerve, Possible sites of origin

ES

of the spontaneous activity are also discussed,
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Methods ~ | o

All experiﬁents were conducted in a sound-

proofed, shielded room with the experimenter and

.electronic equipment located outside the room duriné

single cell recordings. Thé animals were yoqﬂg pig<
menﬁed*guinéa pigs (150-400g), anaesthetized with 35mg/kg

of pentobagbita; sodiuﬁ. They were relaxed with Quelecin

—I(ﬁoche) to eliminate movements and muscle noise and

-

: v A s . )
were artificially ventilated, Noise from the airflow .

i

1

— |
in the respiration inlets and outlets to the animals‘w
‘ R :

tracheae was below the threshold of Wauman hearing and no

single cell activity synchronised to the respiration

»

i

cycle could be detected. .
The details of gangliori'cell recording from the

g : .o
bqsél turn of the cochlea have been reported previously

. : , !
(Robertson and Manley, ‘1974; Robertsen, 1974), In Fig. 1

" the relation of the recording electrodes to the various,

——d e

intracochlear structures is represented schgmaticaily.

Single neurone recordings were obtained mainly with metal- s

a ®

K orn " s
' ‘ ' . !

L]

o
|
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~f‘illed microelectrodes (Frank and Beoker,<l964)_whose

B
1

i

gold platlnum ball tip was 5-8 mlcrons in dlameteﬂ. 5
. N "f [ ‘
8027 data was also obtaéﬁed using 3M KCl-filled glass

midropipets, of DC resistance 10-20 megohms ir 0.9%

saline, Currents were sometimes passed between these

/Hélectr;éﬁsdggd a éiiver-silver ch;oride.feferencé in A
the neck muscles using a~GRASS' stimulator,
e - :> °, Ih*some experlments, restlng and sound evoked
poteﬁt1als inside the scala medla .were also measured.

»

r, This was achieved by inserting a 150mM KCl;filled glass
. wr? L ' ! 2 f

micropipet through the basilar membrane into the scala

. }’f"media (Fig. 1). The resting endoéochleaf‘gotential o
(+EP), usually 80~ lOOmN W1th respect to the neck muscles,
and tge DC sound—evoked pote;;lals (negative summating
upotential, or -SP) were ;btained in th;s way. A

¢

- Single cell activity was usually recorded on an

o

o . AM tape recorder and analysed aftéf'the experiment,- For -

:analy51s of spontaneous actlvity. “PIH- were computéa with
Fo
a PDP8 computer, Bin widths ranglng from 0 1 to 2, 0 ms

! , ¥ ~—
B 1 R
* B . v O
'
v ’ - °
B - ‘ . ' B
- " ' . ¢
‘
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!
\Fié. 1, Schematic diagram wi#h oscilloscope tracings

. " of -the arraﬁ%emenf for simuitaneously recording ganglion
. R . & .

5
.
;T e .

cell response éndnevoked and resting endocochleéar

ak

potentialé. Upper trace shbwsnsingle primary neurone

-

activity in response to repeated tone bﬁrstsr and lower’

M i ¢ s » v >' & »
trace shows the -SP recorded inside scala media in
- . I\

response to the same acoustic stimuli, The resting DC

Y

~lewel of tlre endocochlear poféntial (;80 - 4100 mV) was

o ” S S 4
also recorded, ‘ :

v

-
&
s
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- *  were used and sufficient lengths of taperecorded data

R

were used to accumulate at least 2000 counts per histo-*

gram, For units with low rates of spontaneous activity,

this n:ecessitated considerablé lengths of time in 3

-

&

. \x - ) ¢
eontact wijch the cel}“and most TIH data were obtained

from units with mean rates of firing greater than 30/sec.

k ’ - \ ¢ * - — -

4 2 oy y ! s s
In some ‘experiments on the efféects of anoxia, a'continuous

{
¥

~ rect%rd of mean ra‘ce was obtqmed by connectlng the spike

N ™ /

14

data to a rate me‘cer w1t}1 a pen-recorder prlntout. The:
0 ’ - N\ . @ ‘
negative summating potentials in response to tone bursts

. were either measured directly off an oscilloscope screen ’

- ™
- o - ) .,
.&‘ for moderate t& intense stlmula ion, or were computer

P
{ -
R — " P
-

averaged on-11ne for stlmulus intenmties less than about

’ 65dB sound pressure level, . N
. G 3 - ’ -
. e - - The physiological condition of the animal was \

evaluated by measwrement of the pure«tone thresholds and .

. . LM @

" the ,threshold-frequenc'y résponsé curves (Robertson a.nd

~

Manley' 19L7u’)l ! | ‘ . ;Ja
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Results ) 4

o

"The most usual patt‘ern\of spontaneous activity,

which was defined as "normal", was stable over many .

T me——
—_—

minutes after the time of initial encouﬁt‘e‘z:ing .gf\theﬂ

Ay

cell (Fig. 2A). Though \\:he mean rate measuréd _over\‘
sex@gal minutes was constant the fine structure of the .

discharge showed very irregular intervals between
$\ ] B ~ s, .
guccessive spikes, TIH of such spontaneous activity

¢
v %

ghowed an asymmetric shape with a mofe of less than

. .

10ms; indicating a greater probability of occurrence .

"of short intervals.. The tails of such histograms were

" -.expohential (see helow)., Frequently, however, cells

. . { ; - : ‘
were encountered with unstable firing patterns. /

¢ - v

Initial contact with the cell was Eccompénied by rapid .
discharges with very, regular /inter"-vals between spikes,

. . N . ‘ \\
Thus the TIH of such discharge was symmetric (Fig. 2B),

Such "injury" discharge was never maintained for. long -

and f?i’niné graduaily became intermittent amnd ce;se& ;”“‘ T

t

altogether. Apart from the different stabilities of
N ‘» v . “ B . ) ' ) _ r ) }
these two spontaneous firing patterns, another finding

v -y




——

Fig. 2. Spontageous activity of normal (A) and injured.

< P
’

TIH is asymmetric with an exponenhtial tail. Mean

spontaneous rate is constént from the time the cell is .-

encountered. The fine structure of discharge shows

- - 13 - N

NP

irregular interspike intervals., For the injured cell,.

e

,activity decreases aftsr the time of initial contact.

—-

TIH oT early disqhargeiis ngmetr;c du¢-‘to very

regular intérqpike iAtervals (a), At times.b), c), the . ~~

dischargé decrepses to very low rates.
4

b . v
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suggests that they can be classified as "normal" and

"injured". Those units with asymmetric TIH and stable
\‘ o . * -~
fir;ngs usually responded ’sensitively to acoustic

stimulation, while "injured" units, when their initial
A b - 5

[N

firing rates hadrdroppeq. never gave mSre than a few, -

infrequent spikes to the most intense stimu%exion and

o

often failed totally to respond, An interesting clue to

~

the orzgin of this injury discharge was obtainedxwith'

KCl-filled pipetg. During the application of a positive

curredf'thrdugh the microelectrod;‘(preéumabiy ejecting

2
<

Dpot%ssium fron the”electrode tip), the firing rate of ah_

initialiy wormal cell rose dramatically (Fig. 3). and the

-

shape of the TIH altered to resemble more closely that

e °

of injyred units, with a large narrow peak indicating a
3 a L4 .
® X , .
predominance of regular interspike intervals,’
z\ Pl

"&p A4 @ f P
Supporting evidence Yor an intracochlear origin

)
3

of the spontaneous firings was obtained from two instances .

lation was elevated by up to 20dB. When the ossicular
N " q ‘ ’ s
s o ” ‘

., . a =

"in whiéh the threshold @? ganglibn ¢ells "to acdustic stimu-

w‘




. Fig. 3. The effect of applitation of +ve current

.during application of the current -- the histogram

‘dominance of more regular intervals bétween spiked,

Mean rate is 123/sec. during the application of the-
5 . . .
‘current, < : ! " I
\14 — “ , o . 57 ’ ‘ . "Q
[ . o . . . - - < ‘
Fl . ) -
- . »
B VN . . ] e
* N 0 ° $ a
- .9
RO s ,
Y )
’ r) : ) &~
I'd A r ' ! . - \ N
. o 5 . ) - o

- N

£ S

~

[ ] . o
.

through a 3NKC1 reqprﬁing microelectrode,,on the gl

Pspontaneous“ dlschayge of a s1ngle ganglion cell. ///

e

‘é& B, TIH s of the dlséharge w1t@out curren;a shoW1ng

B
N f

typical aéymmetric shape and exponential tail. Mean
4

e

rake is 96/sec. The numbers in right hand corne '

Al L] «
xS . .

éhe histogréms_@enq@e bin width ( msec ), Petal number .

8 LAY -

of courts mnd mean rate, C, the TIH of’thelsame~cel}N$,7

4 . ',.ﬂ & , "9 % -
1 . °

shows a 1arge,éymmetrip peak, due to‘the greater pre- -

" ®
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chain of the pidd}e ear was broken, auditory’ thresholds
were 20-30 dB higher than normél, indicating a loss in
the transmission of airborne sounds to the Easilar
membrane, Spontaneous activities of cells in such
animals, ;£owed the same distribution of mean rates as -
in intéct, seﬁsitive animals. Several cellg in such
inse;sitive preparations had mean rates of spontaneoﬁé
discharge higher than 90/sec., In addition, it has been
reported‘(Rogertson, 1974),- that drainage of perilymph
from the scélé tympani elevates the thresholds of singie

‘

ganglion cells by about 20dB at their best frequencies,
without significant effects\on the mean rate of spon-

taneous activity. Such evidence, together with sound-
proofing of the expertimental chamber, shows that spontaneous

activity in the cochlear neurones cannot arigse from un-
\

controlled sounds and that it is.truly intracochlear in

origin, -

In agreement with findings on VIIIth nerve axons,

i

guinea pig cochlear ganglion cells showed wide differences
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b
in mean rate of spontaneoqus activity in the’same animal,

The distribution of meanﬂrat;s in the pooled data is’
shown in Fig. 4A., 60% of all cells recorded had . ’ .
spontaneous rates greater than 20/sec. When plotted -
5
against the threshold of those cells in which this was
measured (at the best frequency), it can be seen that for
cells of reasonable to excellent sensitivity, there is no
reiationship between threshold and mean rate of spontan-
eous activity. Cells with the same sensitivity at,fhe
best frequency vary in mean spontaneous rate from 0 -
180/sec. (Fig. 5). The large peak of cells with low
spontaneous rates (0-20/sec.) in Fig. bA is expléined
b& the tendancy for cells of poor sensitivity fo have low P
rates (Fig, 5). Such cells appear to occur in animals ]

/o
in poor physiological condition (Robertson and Manley,

1974; Evans, 1972) or with extensive hair cell damage

(Kiang et al,, 1970). _Mean rates higher than 160/sec.

were registered but these occurred in cells showing

f &
clear injury behaviour,

Pid



Fig, 4. A; histogram of the distribution of mean

— “ ~}
spontaneous rates in_219 units. 60% of the cells HQ:;- :

mean rates higher than 20/sec,

B; the shapes of TIH of 3 different units of
mean rates 36/s, 100/s, 132/s. All histograms show
characteristic short mode ({10 msec,) and exponential

tails, Vertical scale is linear.
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?ig. 5. Relation between mean spontaneous rate and

threshgld to auditory stimulation at the best fre-
quency, for 127 ganglion cells. For sensitive units,
there appears to be no relation between threshold and

spontaneous rate,
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As gseen in Fig, 4B, cells with very difigzg%gy
. . } h

' |
mean rates showed similar shapes of TIN. In Fig, 6 it

H

can be seen that the modes of TIH in all those cells
* for which smooth higtograms were obtained are less than

10 ms, Differences in mean rates resulted mainly from

differences in the 'slopes of the .exponential tails (i.e.
! / '

variations in the probability of occurrence 6f longer .

interspike intexrvals). In Figs, 2, 3, 4 vertical bin
Cy . !
counts are plotted on linear scales, whereas in Fig., 7
& [ 3 ’ ,
v ' :
a logarithmic scale ig used to show the exponential

nature of the T\IH tails, In Fig, 7B eprrl/gntial plots

\

for 4 cells of differing mean rates are shown, illustra-

ting the constant mode and varying probability of
e : . : ' .
’ occurrence of longer interspike intervals. Lines aréd

¢

b~

g ','dravm by eye as shown in Fig, ‘74,

:,,One proced\.{re whichv_dic‘i a]:ter spontax;xeo{zs P
acf;ivityﬂ rates cf‘single cells in ‘thq gar;"glilon was

°. tnansier;{%anoxia. The -effgct Q\of&: ar';oxia on the sensitiv-

ity and threshold-fregueficy regi{nse'cﬁwes‘ﬁas been

1
B /‘
s
v
v

t

>
w
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Fig., 6. Modal valuegﬁof TIH,splotted against mean- ¥ -
y . ‘

rate of spontaneq?s firing for 61 ganglion cells.
i |
- —— L 3
' -
‘ ,
N J?

: k_ﬁ" -
1 ™ ::. e ’ e .

. | o - ,

%ﬁ . g )
\ L]
\ N -

o

DRSS




»

,

. I
“ o
_ < o ®0 0 e ®® - © ® ™
‘ - o o ° oo oo ° M.w @)
- © o o o *”. g8 ¢ °8 - | T
> "
® “.. .'i ® o °® _u
® "9 e e -
| 0 oo, o mt,..

®
[ ]
) 'sw



-’

Fig. 7. Illustrating the gxponentiai nature«of the,
tails of TIH's., Aj; sﬁows‘line of fit drawn by éye
) ﬁhrough vertical bin counts, The‘vertical axis is
loga;ithmié, and a straight lihe thus denotes exponential -
fall off, Numbers in right hand corner denote bin width
(msec,), total number of counts and ‘mean rate (80/sec.).
B; lines of fit drawn as in A, for TIH of four units
with different mean rates of 54,.83, 124 and 137 spikes/
{

sec, Vertical scale is logarithmic._‘rhe heights of

modes have been made to coincide for better comparison,

hte]

It can be seen that modal values are not véry'different
$

whereas slopes of tails vary systematically,
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‘above, Anoxia sufficient to cause almost a 70% reductioch

e . ° Vs
. .

E ® 132
o v'e

a

documented previously (Robertson and Manley, 1974), -
, , N
Fig. 8A shows the effects of anoxia, produced- by slowing

the rate of artificial ventilation, on threshold at the
\//7 . »l I
best frequency and on mean rate of spontaneous firings

for a single,gangli%n cell,  The decrease in cell .
sensifivity is seen to follow fairlyrclosely the fall

in mean spontaneous rate, -~Ifthis experiment, the scala N
Y, '

media summating potential (-SP) to a moderate intensity

tone burst (584B at 13KHz) was also measured by averagi?g

20 responses, OIt can be seen from Fig., 8C that the -SP

/

. ‘/ L hod o
also shows a dramatic decrease at the time that cell

» o

sensitivity andf%p@ntaneous firing are impaired, .In

[ L .}
Fig. 8B, the endocochlear potential (+EP) and ‘the -SP are

4 r/ . . L
measured during a trang}ent anoxia similar to th one

&

[}

in -SP is accoﬁpanied by a 30mV fall in the restiné EP.
] N v

o
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Tig. 8. The effect of a transient anoxia on single

f cell properties and scala media potentials, A; filled

circres are the mean spontaneous rate of a single coch-

. lear ganglion cell; open triangles are the estimated

t

threshold of the same cell to a 16kHz (best frequency) -

tone. B; the effect of a transient anoxia on the ~SP

to a fi;ehxﬁptensity tone burst at 13kHz, and on,the

magnitude of the endocoéﬁle@r'potentia; (EP), In A

-

and B, the du;étion of anoxia is denoted by the hori-
' . - . . ‘ ' r v
¢ zonhtal bar above each graph, C; the effect of the
4 ¥ - ! ’ ) o " - S !
anoxia shown in ‘A, on thedgoncurréntly measured -SP in

-

"écala media, -The SP is the computer average of 20
repeated.resppnses. Tiﬁe, corresponding'to>that in A,

. = .
-  is denoted beside each trage. The position of the tone

! -

. - burst is indicated above, '
‘ ~

» O

-

<
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Discussion

The general prqperties of the spontaneous dis-
charge of primary cochlear ganglion cells in the guinea

pig, which are reported in this study, are similar to

those of primary fibres in the cochlear nerve in cat and

guinea pig (Kiang, 1965; Walsh et al,, 1972; Evans, 1975).
Data presented above reinforce the now firmly held view
théf épch spontaneous firing is indeed endogenous to the
cocﬂl;a and‘does ﬁot result from uncontrolled backgrougd b
stimulation,

A particularly int;restiné feature of the spon-

tane ous activity is the independence of TIH modes of mean

firing rate. The finding of modal values less than 1lOms

. for all cells with mean rates ranging>from 20 - 150/sec,

is in excellent: agreement with data from cat cochlear
nerve fibres (Walsh et al,, 1972), The highest mean rates

repgrteé here for guinea pig are cansiderably higher than

for cat, Some caution should be exercised here as it is

possible that the presence of the recording microelectrode
‘

\

B2

o
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near the bipolar ganglion celis could modify spontaneous
firing rate without clear evidencg of injury. The
stability of normal cell—;iring in many cases of higﬁ
discharge rates argues against this., The distfibutioé

1

of mean rates is in substantial pgreement with the

'

report by Evans (1972) on guineaxﬁig cochlear nerve
fibres.~::>

The asymmetric shape and exponential téil of
the TIH also seems to be characteristic of«primqpy
auditory‘units. In contrast to the vestibular system,
vhere both symmetric and asymmetric TIH are found °
(Walsh et al,, 1972;, all normal ganglion cells which
were investigated .showed the asymmetric shape of TIH., -
In the vestibular nerve, it has been suggested that
asymme;ric TIH are'possibly a property of single'fibref
hair cell connections whereas symmetric histograms might
arise from multiﬁ‘e inhervafion of hair cells. Since, in
the cochlea, some 90% of afferent fibres innervate single

inner hair cells (Spoendlin, 1972) it migﬁt be expected

L]
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that one would tend to .find only one basic shape of TIH. 4
‘ F
}

. If symmetric histograms had been found with stable fir{ng

patterns, it might have beep possible to assign these units
to outer hair ceils, which are,innervated in multiple .
fashion by the remaining 10% of afferent neurones. In

N
agreement with other authors there was no e;idepce foi
separating units into two hair ;ell groups on the basis
of me@n rates of'spontaneous éctiﬁity or auditory sensi-
tivity., Only abnormaliy insensitive units,showed any
cérfélation between thresﬁold_and spontaneous rate. Thus
it is possible either that the small population of outer
hair cell neurones is being missed by our mic?oelectrode
sampling techniques, or ﬁhat they do not diffe; from the
major inner hair cell population on any of the criteria.
that have.been used. It might be that the use of anaes-
thetics obscures ﬂormglﬂdifferences between tﬁe;e two
populations,

The actual source of spontaneous activity in the

auditory nerve is not known, Several models have been
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published which mimic fairly well the shapes—and char-

y —

acteristics of TIH shown here, For the models rith,aaq
. "

r
structural basis, two. locations have been chosen as thq/

!

source of random excitation of the auditory neurones,

~

4

In tﬁe model of Weiss (1966), Gaussian fluctuations in -

* .

the membrane ﬁoteptial of the dendritic membrane itself

coupled with appropriate threshold, spiking and resetting

systems, give: a realistic result for noise spectra with -
an ﬁpper limit grea£er than 2kﬁz. The ability of such -
noise to.produCe firings (¥.e. exceed threshold) is -

supposed to depend o; fibre size (Verveen, 1963; Verveép

and Derksen, 1968), " Thus, for nerve endings-as small as . ..

&

those within the organ of Corti, small differences in

fibre size might explain the wide range of gpontaneous
M Lo . Hw__ |

rates observed without nécessarily producing differences

~

in threshold to acoustié stimulation,

1

A second model which also yields realisfic results
(Lummis, 1968) used random (Poisson) release of excitatory
transmitter packets from the hair_ cell as the gource of

.
L]




“4natomical and physiological basis (Fatt and Katz, 1952;

potential, It is known that a-large standing current

spontaneous activity, This schemedhas a reasonable

Flock et ali, 1973;-Katz, 1966), Differences in mean . ,
rate might result from differences in synaptic geometry C

(Kuno et_al,, 1971) or some other unknown synaptic pro-

Q

B ~ Q <@
property. In such a model, the mean rate of packet .

— " . .

release is assumed to depend on the hair cell membrane

exists from écala mgdia fo gcala tympéni. through the
hair éells (Honrybia et al,, 1971; Johnstone ex.a o
1966)  and changes in this standing current might be
expeé%ed to modulate the r§§g ;f transmitter release. .
This is tbe basis of the currently held theory of ex- | ;‘

i o

.\ _ - ®

citation of the auditory nerve fibres by sound (Davise,
. ’ - ﬁ#
195%, 1958, 1965; Honrubia et al,, 19713 Honrubia and

Ward, 1970; Johnstone et al,, 1966). During transient - -

anoxia, the fall in +EP and éccompanying drop in the | : -
«, . P

3 —

w

-SP are consistent with a reduction of hair cell stand-
N - ii‘

ing leakage current., .This would be expected.to decrease



?”io
&) 138

e I
the mean rate ¢f transmitter release by the above model,

\

and hence cause a reduction in spontaneous activity. -
\

This is in fact observed (Fig. 8). Such a scheme

’

receives some support from scala media polarization
experiments (Konishi et al,, 1970), where it has been

shown that spontaneous activities of cochlear nerve

a

[}

‘fibres can be increased or decreased by péssing currents -

stibuli.- Of course

between scala tympani and s
such data is not conclusive, as both a and polar-
izing currents could equally well affect the sensitivity

and membrane prbperties.of“the afferent dendrites in the

- ¢

organ of Corti, independently of effects on hair cell

transmitter release.' Further support comes from thé

‘observation (Kiang, 1965) that the firing of single

cochlear nerve fibres iQ response to a click, is reduced

below spontaneous rate during the direction of basilar

membrane movement corresponding to a decrease in the -« "

hair cell standing current.— A tentative scheme for

spontaneous activity generatiop is shown in Fig. 9. Two

-~ JR—

1




-

‘ Fig. 9. A schematic representation obtained from

light and electronmicroscopy of the cochlear‘ganglioﬁ
cell -- hair cell complex. 2 sites of generation of
ﬁbrma&~sponto. are indicated within the organ of

Corti, and the site of injury, probably within thqﬁhﬂ

!
'

myelination, The cell soma is myelinated,

¢

A\

ganglion itself, Thick black areak on the cell denote

é
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%3
8

k)
-

possible sites for the source of spontaneous activity

A

are shown; a) pahdom transmitter release from the hair
cell influenced by hair cell leakage currents, and b)

mémbrane noise in the dendrite itself, It may be that

J :
both these factors operate. together, As shown in the

figure, the source of normal spontaneous activity .pro-

] t

bably lies some 300-400 microns from the recording site
in the ganglion itself, The site of generation of in-
jury discharges by mechanical damage by the electrode,

of KC1l outpouring onto the cell, is thus probaﬁly

different from the normal location of the spontaneous
activity source. Evidence exists that the myelinated

ganglion cell soma is of high threshold compared to the

~

nodes of Rahyiér a short‘distance on either side

° ¥

(Robertson, in preparation)., It is probable that the -
\ : ,

symmetric TIH produced by inj;;§ is the result of

(

repetitive firing of these nodes in. response to supra-
. %

threshold depolarization, -

’

One finding, however, raises a further problem

~
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concerning the site of generation of normal spontaneous
activity in the primary auditory afferents. It is

apparently not possible to show a clear reduction in

n

- spontaneous activity in the majority of cochlear nerve

fibres, by stimulat}qﬂ of the crossed olivo-cochlear

bundle in the medu}lg (Wiederhold and’Kiang, 1970).

Th'is efferent system does however cause a marked re-
duction in sound-evoked activity and presumably acts by
shuhting of bair cell leakage current away from the
excitatory synapse, or by stabilizing the afferent R
dendrite membrane (Desmedt and Monaco, 1961; Desmedt and
Robertson, ;n pfess; Fex, 1967). &he lack of effecénon,
spontaneous éctivity is thus surprising, and raiées'the
qﬁ;stion as to whether spontaneous %iring may be’ generated -
at ‘some point more central than within the oréaﬁ of Coéti}

The small lengths of bare afferent nerve fibre within the

habenula perforata may be-;ufficiently distant from the

i -

effeient endings to escape their stabilizing effect,

Such idgas are “however in confiict with the evidence

-
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discufked above that the spontaneous activity can be

3

modulated by the changes in hair cell leakage current.

<

There are thus many quest@ons to be answered, and some

¥

interesting data might be obtained by studying the’
. B i ‘gp ’

teffects of localized current applications using the .

o

spiral ganglion preparation,

» ‘s
[3

.
P
e

[}




T oSummar

U P a
1, Spontaneous activity of single neurones in the

Yiu

guinea pig spiral ganglioﬁ ‘was stud;p& by measurement

of mean rates and computation of interspike interval

a

-

~ histograms (TIH),
[ o,
?2, The shapes of TIH and the stability-of firing

patt%rns allowed cells to be classified aé?ngrmal oif

-
PO

injured. The properties of spontaneous aetivity of

Y

normal cells agree with those of cochlear nerve fibres

\
4 . ae
\ , ¢ )

P

lymph removal or rupture of the m;EaIé\eax ossicular

!

chain, did not affect ‘rates of spontaneous firing.- -

4, Except for animals with very.insensitive cells, there

\

\, ; . . . " . » N
* + was no .obvious relation be'tween mean spontaneousirates

and thresholds to tone sf{muli.é% . .

©

5. The simultaneous effects of respiratory impairment

@
¢

on cell thresholds, spontaneous activity and on cochlear

% N \ N .

4

potentials are repof‘ced\.

’
-
°
’

5 in~eatL~\\\\\\\\i\\\\\*TT$i¥ 2 i
3, Alterations in sensitiwi X\Sf_the neurones_by peri- -

\
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~ s
' ’ » 13
6. The results are discussed ih relation to the site
of generation of spontaneous activity in the primary o
% . . , . . : )
. auditory neurones., . i
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SUMMARY | e
A two-component positive %ingle unit spike could
be récorded ffgm neural elements in the acoustic gang-
lion of thgvgﬁinea ﬁig cochléd. "6vgr 80% of units re-

corded with metal or glass electrodes had predominantly
?vn - .

positive spikes, Light and electronvmicroscopy showed
that the bipolar afferent neurones and their processes
are myelinatqd except at nodes of Ranvier posiﬁioned:
on either side of the cell.bﬁdy,ﬂabout ﬁo microns . from
}he Qpint of emergence of ?be myelinatgd proceésses,
This.evidence suggests that the soma of these bipolar
neurones i;.not excited during the passage of as actioﬁ
potential, and the prope?ties of the_twoécomgonent

’ ' L - - L3
spike/suggest that it arises from successive activation

of the nodes of Ranvier on either side of the.cell body.

“The advanfage of such a conduction system is discussed,

f ’

L
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INTRODUCTION

\

The acoustic, or spiral ganglion in the verte-
b cochlea contains mainly the bipolér cell bodies
of the primary afferent auditory neurones., These
cells. send one process peripherally, whepe’they re-
ceive excitation from the hair,cells of the o}gan of
Corti, and the other to the internal aud%tor& meatus
and thence the cochiear nucleus., The ultrastructure

of these cells has been intensively studied in several
- \

' \\/ﬂ\/;pecies (9, 14, 15, 17, 21)., Both ﬁrocegses of the °
~—~Jcells are myelinated and the somas of approximately

90% of the cells in the ganglion are also covered ih
. | -

myelin, JThe distal processes do not- lose their myelin

until thé point of entry into the organ of Corti, some

4003microns from the ganglion, Little attention has

| — -—been paid to thé location of nodés of Ranvier on the'
bipolar ganglion cells, One stﬁdy of the acoustic

L

‘of nodes of Ranvier about 20 microns from the cell = -.

o .

" ganglion of the goldfish (15), comments on the présenqef
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bodies, In this paper, the location of xodes on the
bipolar ganglion cells of the gﬁinea pig spiral gang-~
LY
lion are examined, as well as the distribution of myelin
on the cell bodies and pfocgsses. The shapes of extra-
cellularly recorded spikes from gingle nerve cells in
the ganglion are also reported and the relation between'

the cell anatony and the extracellularly recorded wave-

forms is discussed,

~

o
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METHODS . I
NETHODS . .

—

The éurgical exposure used and the technique of-
¢ ‘ <

& o 5

guinea pigs, have been described pre@iéusly (13). Thé

o
L~ .

i Co
~experimental animals were pigmented guinea pigs -(150 -

o

100 g). They were anaesthetized with 35mg/kg of pento-

£

barbital, relaxed with Quelecin (Roche) and artificial-
ly ventilated, Single unit extracellular r??ordings

verg-obtainéd mainly with. metal-filled g;asg,micropipgzs
. 3
\

(3)Jf/fhe diameter of t Id=platinum ball on the tip

’

of these electrodes was 5-8 microns, Similar electrodes
Vs )

] » "'

have recently been ufed in an analysis of extracellular

spike shapes in frog olfactory epithelium (6), The
V] q k y

eleg%rodes were ?onnected to a Grass P15, AC pr%amblifier

with bandpass 10-3390 Hz, and \records were phdtograghed
from an*oscilioscope Screen w'th~Polé§01d film, 'The

-,

frequency response of this syétem to a square wave at
J ';y;., . ,

the electrode tip; is shown inyFig: 2D, Less frequently,

e

'
-

. ' SRR :
_recording from single units in the spiral ganglion-in \\\\

/

/

¥
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DC recordings were obtained with 3M KCl glass micro-

pipets connected to a WPI high impedance probe, The |

“ g

/ initial DC resistances of these electrodes'was 10-20

megohms in 0,9% saline, Movements of the microelec-

*

trode were effected by a remote hydraulic microdrive f—ﬁ“]

[ —

“
calibrated in microns, No intracellular recordings >
' ) fi_

were made, The spatial relationship between the spiral

LI

o oy
ganglion, Organ of Corti and recording microelectrode

a9

v is shown in Fig, 1, . “

l‘O Q

)

— 1

b) Histology:

, "' ‘ Cochleas were fixed accbfding to the method re-

Al ' ' . ‘ .- - .
o ported by Ross (15) and portions.of the ganglia were
et : i N +

; di§seéxgd out and embeddéd in Spwﬁ? plastié (18). 2 :
| ' T

' mioron serial sections for light microscdpy were cut

» ya . ' T

i with glase knives and Stained for ¥ minute with 1%

°

toluidine blue, Ultrathin silver-gold sections were . ; o

.

o ‘cut from the same blocks and mourited on 200, mesh copper

. b ¥ AR
1 N o A )

. % . .
grids or on Formvar-coated slotted grids, They were

¥
“

e



L

Schematic representation of the experimental

o
situation, The arrows show the dikection of -
{

.

impluse propagation,
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stained with lead citrate, and examined in a Zeiss EM-9

- . o

electronmicroscope, at magnifications from 1,?db to
\

18,000.

RESULTS .

a) Spike waveforms: .
Reliable recordings with a ggod signal fbjnoise

ratio were obtainede from 190 units in 50 guinea pigs.

Except where noted, all activity reported here is

spontane;us in nature (10. 13). The vast majority

(over 80%) of single_unitrspikg shapes recorded with

both metal and KCl-filled electrodes showed a predomin-

antly }ésitive p?ase.' A certain amount of later nega-

T——

tivity was segP in AC-coupled recordings, due to the
- Y

band pass of the recording system (Fig. 2D), The lar-
gest spikes recorded with metal electrodes were 350

v o
microvolts peak-to-peak, With KCl-filled.pipets how-

ever, the spikes could sbmetimes reach bmV in size

\\

(Fig, 2C). The mpst -complex épike shape was found most

‘frequently with metal electrodes and consistea of a two-



Fig. 2.

Oscilloscope tracings of single unit spontaneous

activfty.a'Positive deflections are upwards in:
this and all otheﬁf figures. A, spike shapes
of fog;yffits in different animals, The {ifst
component is indicated by a dotted line.n"B.
successive tracings of one unit, showing two

.

component shape, and the occasional dropping

out of one component (dotted line)., C, large,

positive spikes with no first component. The

e

trace is a IC ﬂecord, obtained with KCl-filled

electrode. D, responge of gystem to a 2ms

-

square pulge applied to the electrode tip,

-
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component positivity (Fig. 24, B), Of the 114 units
recoﬁdﬂg~!fff‘fﬁtal elec%rodgs! 38% could definitely

A

be classified as having suqh a two-component waveform,
With‘glass'mggropipets. the percentage was‘some&ﬁat
smg}lgr (207 of 7§Bunits); }n a siﬁgle unit, %hepe.
wer;\small variations in the delay between the first

and second components (Fig. 3E)., Between different

" units there was also a variation in the position and

magnitude of the ifiitial phase relative to the second
(Fig, 2A). In some cells the initial phase was quite

small and almost lost in the baseline noise; whereas

othet units, often recorded in the Hame pass of the elec~ -

o

trode, showed very lafge positive double peaks (Fig. 23).
Tgat the two components derive from différen; un;ts is
unlikel&,qpeéause of the cbnsistené&'of”the waveforﬁ
and its pergistence’fof long pe}iéds of‘time (up to
1 1/2 hrs. of recording);

In Fig. 3.,spike‘shapes from 4 different units

in 4 animals are shown., Successive sweeps of the




v

/7

J . i /
Fig. 3.~ A~D, superimposed sweeps of spontaneous

activity, in four different units, triggered
v
as described in the text. Where the differ-

" entiation of the first coﬁponent is not clear,
it is indicated by a ggfted iine. E, histo-~
grams of the,délay petween the first and
second components for two different units

not the same as in A-D, \-

-
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oscilloscape were triggered on the largest Eggitive

component of the spikes., It can be clearly seen that

the delay'observed'befween the two positive spike com-

ponents depends on the interspiké,inferval. Those
I 4

spikes)ﬁhich occur soon after the triggering spike show

a wide separation‘(up to 0.5msecs) between the two com-

i

ponents, whereas those spikes occurring later, show less
separation, In Fig, 3D, the spikes occurring at long

interspike intervals show a simple, unimodal shape

L]

apparently derived from a fusion of the components which

. 7
-are clearly visible at the shorter—intervals, Those.

anits which showed .a very distinct differentiation be-
tween the two components (Fig.2B) still exhibited this
bagic shape at the longest interspike intervals, In

~

such cases, the second cQmponent could occasionally fail
i 7 -

)"

. - . // - - ‘
to appear, leaving a spike)shape similar in size and time

[}

course to the first.component alone (Fig. 2B),
‘\ A second spike waveform also encountered showed .

a_mondphasic; positive shape which never showed a two-

4

4

3



) _ ) 161
comﬁénenﬁ waveform (Fig. 2C). These sﬁikes comprised

74% of the units recorded with KCl-filled pipets and 437%

. of those recorded with metal electrodes. They were ;

easily lost, eitier:épontangbusly or by advances of the
electrode mionod;i;e of less than 10 micra., In contrast,
the two-componéht spikes were usually only lost by .

] °

deliberate movements of the microelectrode through 50

0

micra, or more. ®

The third spike shape was found least often (19%

with metal electrodes.and 6% with glass), and showed a

o

predominantly ‘negative waveform with very little posi-
A

tivity. .These unit spikes rarely exceeded 50 microvolts

7

in size and were easily lost. ' ° -

3 ] ©

There was no suggestion that the different spike

shapes corresponded to units w;th different physiologi-
cal properties., All thre€ types of unit showed responses
to tone stimuli within the normal range (13). Frequent=

ly 2 units of different waveform could be recorded s;.'lmul---"%@g

taneously with the same elecirode (Fig. ) with no“éig-



N

L J
Post-stimulus histograms of aﬁfositive and

<
’

negative unit recorded simultaneously with
the same electrode. It can be seen that the

*hresholds of bBth units té a tone burst aré

practically identical., The spontaneous

g

activities of both units had mean rates of

70/sec, ' (
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nificant differences in theirhpure ~tone threéholﬂs.
<4 ‘ ~

Spontaneous activities varied greatly between units,

but no one type of spike shape showed a tengency to " .

3 ’

exhibit pé}tiéularlthigh or low mean rates.

@

© ' i <

b) Histology: . .-

P

Examination of 2 mifcron serial sections in the

‘

light microscope revealed the presence of a node of
‘ ¢

Ranvier on the central and peripheral processes of the

g
°

myelinéted‘ganglion cells, The nodes were consis%éntly

- -t

»

situated about 1 cell body length from the point' of

emergence of the processes from the cell soma (Fig. SA).’

4

In toluidine blue-stained sections, the region of axon
'on the side of the node. furthest from the cell body

showed a darkerfstaining of- the myelin sheath than on
r}\ N -~

the cell body or the emerging .processes,

Examination of the above structures in the' elec- )

o v

! ' -
tron microscope, confirmed the general picture obtained

with light microscopy. Nodes showed a typical‘unfold-

>~
a /

ing of the axonal myelin. exposing thé underlying axonal
. J .

5




A

Tig. 5. A, light micrograph of a toluidine blue stained

at

ganglion cell, Arrow indicates the location
of a.nede of Ranvier, Calibration line is

, 10, microns, B, shows both compact axonal

- . . _

myelin (at top of figure), running adjacent
to.-loose myelin on &a cell hedy (lower part). ¢
S

' : e Ne
C, loose myelin on the emerging dxon of a
@ ) i

cell, D, a nodal region, with bare axonal

.
+ .

membrane and tyﬁical unfolding of myelﬁﬁ.
f £

Calibration mark for all electron micrégraphs

3

l‘ A

is 1 micron.
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rig. 6. ‘Sche‘maf{

.

~
4,4;Jl““r‘Jb¢“’
-

ic representation of the typical

bipolar afferent ganglien cell in the guinea
|

5
r

pig co%hlea. Only the nodal regions are

active}, the cell -sema_and \its immediate pro-

cesses hhve thinner myelin than on the axons

beyond the nodes-.
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membrane (Fig, 5D). The myelin sheaths on the cell

body and i;s‘emerging ﬁrocesses contained only 7-12

1amel}ae, whereas, beyonh the nodes, myelin on the ;
axons was muéh:more compact, and contained over 20

lamellae (Fig..SB, C).ﬂ A schematic represéntétién of

-a single cell and its proceéses is shown‘in E}g. 6,

This general arrangement was found in évery myelinatéd
ganglion cell investigated, though variations in the

position of the nodes was frequent. The longest dis=-

tance—found between cell soma and node was 40 micra and

the ghortest was 25 micra,

qDISCUSSION

It is generélLy held that the myglin_sheath, by
reduci;g cell capacitance.and increasing transmembrane -
_feéistance. acts to reduce thevioss of action pétential -
current through tﬁe'eell membrane, Areas 9f nerve cells
covered with myelin havg much higger thresholds to\ex-

ternally a%plied current than the unmyelinated nodal

regions (18), On this basis, the only active regions
i g

t
> jal

.
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of the myelinated 'spiral gang}ionnbells might be ex-

pected to be at tﬁe nodes,of Raﬁv;er on either side of

the cell soma, Pogitive extracellular potentials have

been interpreted as evidence that the region in the ?
vicinity of the eleétrodeh is acting as a source of

current (8, 5, 1, 4). In addition the absence of a

large negative ph;se implies that the area ?ecorded from

is inexcitable, at leaéf by ;ction potential currents »
(4, 5), The fact that in nearly-all cases, spikes re-
-corded with both metal and glass electrodes in the ;och-‘ ' |

) .
lear ganglion are positive and lack a large negative o,
companent, is4§355555352*3355*552~ﬁ;gligggiggmggwg;¥;h o
the éell quies and thei? processes in the ganglion.,
- - The two positi?e compoqents of fhe compléx spikes could
therefore bevexplained(és thé suocgssiﬁé fir&ng of first
\the peripﬁ;ral, and then the central -node, -on either >

.side of the inactivé cell soma, A bimodal time course

o

of positive current has been reported in the internodal

regioné of siﬁgle myeiinated peripheral nerve fibers (19).
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These observations are therefore consistent with the

hypothesis that the soma of thi;spéral gangl%on Ce;l-
‘behaves like an inFernodal region. Pregugf?ly,Athe
ﬁ%ﬁgément~of nodes on either side of the cell body,.
together with myelination of the soma, reduces the riék"‘“
of cbnduction~block by the cell body,.as it would rep-
resent .an areé of iowered éction current densi£y. di-
rectly in the conduétion pathway. It has been reported

in -an unmyelinated invertebrate sensory neuron that the

bipolar cell body can cause conduction block and hence
" ’ ) ' i

-~

considerable modification of impulse patterns in the

sensory pathway (11). fﬁough the myelin sheath on the
soma of thé spiral ganglion neuréns is not as compact

as true'internodal:myelin“(Fig. 5), thére is ;;idenpe
from avian biliary géhglfa that suc@ﬂloose myelin caﬁ
provide a quite effective insulatién (7). oOn t;e basis
of the above scheme; the;variations in the relativé;sizes

-

of the two‘positive coﬁponents in different units, can

perhaps be explained as differences in the electrode
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position relative to the incoming and outgoing nodes.

The variations in delay between components seen in a

single unit (Fig. 3E), could be the result of the
hY
stochastic behaviour of the nodal membranes (2, 21, 18),

L

Random fluctuations in nodal excitability would result

. . . . . . A R
in variations in the time of initiation of the second

noge action potential in response to action current from

the firing of the first node. As s'hc;wrx_ in Fig. 3, part
& . N
of the variations in nodal excitability may be as-
‘P
cribed to the effects of previous firing. The effect

~ seen in Fig, 2B-where a single component alone sometimes

appears, suggests that in some cases, myelination of

H

the cell soma and the strategic ﬁacement of nodes is
still insufficient to prevent ooc?.sionai block of excita-

- - ¢ (' ¥ !
tion of the second node by current 1egkage through the

L 4

cell body.: In such cases, the presence of the recording i

microelectrode may in some way be altering the normal /”"

- " i
excitability of the spike initiation.areag. This 11/

'suiaported by the obser;ra'tion (Fig. 7) that the incoming




.

The effect of movement of the electrode on
the respbnse to a cénstant intensity tone
burst stimulus., A,\initial response. _B.
response after 20 microns advancement of the
electrode, C, after 40 microns, a complete
cessation of response, D, affef withdrawal
of the electrode to the original location, :

>

The tracings are of U4 superimposed sweeps.
- - o q
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response to a tohe burst stimulus can be -reversibly -- ——

v t\ 4
blocked by advance of the microelectrode, :

It remains to explain the large monophasic posi-

t{be spikes frequently encountered with KCl-filled

pipets, These spikes never separate into two components,

and their duration is shorter than that of the two-
component spikeb. The propértiés of thesé spikes;~£he
' fact that they are easily lost, and that they are;bgst
recorded with high resistance electrodes, are similar‘
to those reporte§ for single myelinated nerve fibres ih

[

peripheral nerve trunks {9). They are therefore proba-~

bly recorded in close proximity to the compactly mye-

« .
linated axonal processes, The rarely seen spike wave-

form having a major negative compoHEHET“ibhalgg_gggggﬂ_

u\\

lost by electréde movement, -They are perhaps fecorded
from the small areas of excitablé nodal membrane, where
‘the sinks of the action currents are situated. The pos-

sibility cannot bé discounted that these negative spikes
\ »
are produced by the small population (10%) of unmye-

4
A%

yi
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linated cell bodies in the ganglion, These. are now be-
. th

lieved to be connected to outer hair cells (17). As

stated, however, there was no evidence that these nega-

tive units had different physiologicei/g}oPerties.
The use of only extracellular recordiﬁgs in

this study does not permit the pogitive identification

of structures recorded from. However the{presence of

a clearly two-component spike cdorrelates well with the

&

anatomical findings on the acoustic ganglion cells. -

As has been pointed out, the bipolar spi;él ganglion

J

cell appears to be an exémple where- the strategic place-

——————ment. of .nodes and myelination of the cell body reduces

the risk of conduction block in a pathway which must

!

reliably transmit large amounts of information.

i -

8
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‘ - FINAL DISCUSSION ) .
1
\ In this gsection the critical evidente from the

i present studies and from the results of other workers are
| .

discussed., The ideas contained in manuscripts I and II

published some time before the completion of this thesis,

\ In particular, .the emphasis of these papers on the mechan~r

- | "

|

| ‘ ~

K - are  reconsidered, since these papers were written and
|

|

|

|

| . ) .

- ical nonlinearity of Rhode will be reassessed in the

» - light of discussiQns with workers in the field at the

g s .
University of ‘Western Australia in November and December

of 197k, )

<
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Tﬁe'role of inner and outer hair cells will not

t

be- discussed at length here, Thoughr data on tuning curves,.

§ensitivity. sionyaneous actiyity\rate; and spike shapes
were obtained from over'aoo ga;gliqp cells in the present
study, there was no indication that the cells coui&~n§
inid;é”into two populations on the basis of any of these
criteria, '%ariatiSns in sehg}tivity were éﬁall between

cells in the same animal, and the tuning curves of suc-

cessive cells within the ganglion could often be super-

imposed,. Spontaneous activities showed no clear correlation

with sensitivity in normal animals, This conflicts some-

what with .other authgrs,b}mo have shown that there is a

i

_tendency for units in the cochlear nerve with higher

M L3
spontaneous rates, to be more sensitive (Geisler et al,,

s

1974 Kiang. et al,, 1970). As this trend appeared con-
tinuous, neither of these authors attempted to assign

these units to inner and outer hair cells. One of the
1 N ﬂ .

» ] .
drawbacks of the ganglion preparation is the small number

of units obtained ber animal in contrast to recordings

- -
\ \
s
w

/
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from the axons of the ganglion cells in the cochlear

nerve trunk, -

It has been suggested that. the neurones attached

to the éutgr hair cells should be more sensitive than

inner hair cell radial neurones (Dallos, 19%3b). The

position of the outer hair cells on the more flexible part

4
of the basilar membra}le, and the fact that their neurones

probably receive summated inpirts from several hair cells
r . /"'
makes this a plausible hypothesis, -However, the %ack of o

o »

single unit_evidence ‘for this concept _has meant that most

of the supporting evidencd is derived i‘ndi!rectly from = .

studieg on the receptor potentials, The pitfalls of

- . ~ ~ ’ N

such studies (especially those employing ototoxic drugs)

7

hawt already been mentioned in the thesis introduction.

/

_Another ;suggestion’ is that the outer hair cell 5

fibres should tune more broadly, since they -innervate a
. v . . : ) ) - '\\
greater length of basilar membrane (Billone a.chi Raynor,

- - .

1973)," Again, thié has' not been verified, One would

"

also expect the outer hair cell p.éurones to be most
B B -

b



o

T e

sensitive to higher frequencies than the inner hair cells

radial fibres, since the outer spiral fibres travel 4y

L

1
!
| SR,

basalwards along the basilar membrane before making
} ' .

synaptic contact. The ganglion preparation offers a

unique opportunity to test this, but once again no evid-

\
ence was found. No cells were found at any ganglion
} b ~ .

logation with begt frequencies different f‘xpom other cells

\
at that spot, It may be that the very small number of

outer hair cell neurones means that they are simply not

N

" detected by our microelectrode techniques. Altérn'atively.

the right questions are not being asked. .

P

. At this point, let, us suggest another role f
_outer hair ce]l.ls. It may be possible that the large

of outer hair cells can exert a significant shunting of

1

the excitatory current available to inner haird cells, '

This might have the gf‘fect of extending fhe dynamic rmée

\

of the inner hair eell radial afferents. Though this dy-
. 9]
namic range is only 20-40dB (Sachs and Abbas, 1974) there

is evidence that.in some situations it might be-even less.

r

. S .
+ ' VJ' . Y\



'qﬁency slopes resemble the reported mechanical da?a for

‘at the cf, can be investigated in the same ce%&\f&ﬂdeli-

\ : 178

|

3 1}

In the cochlear nerve of some species of réptiles with [

very few hair cells and nothing like the mammalian - . ]

\ ¢

‘arrangement, the dynamic range of neurones is signifi-

-

cantly less than 20dB (Manley, personal communication), -
This’evideﬁce is éertainly suggestive but this tentativ?
hypothesis will not be discussed further.

The findings in the first three manuscripts which
are relev to the ﬁroblem of neuréﬂ"frequenc selectiv- ;

ity can ummarized as follows, \

\
1

1,/ The best frequencies of cells in theXganglion
are consistent'with the location of displacement maxima -
which have been ;eportéd on the bagilar membrane|,

®
2, The normal sharpness of tuning curves| of gang-

lion cells is labile., As the sensitivity at thelcf. falls, . . |

* the Qy,4p drops until eventually both high and le fre-

the basilar membrane, Thisilabilityffwhich resul?a in a

strong correlation .between the QiOGB and the sensitivity

- ) . ! . .
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berate respiratory impéirment. but some unknown physiol-
-Bgical variables also‘GOptribufe to differences. in sharp-.
ness of' uning from one animal to another. |

3. }Removal of perilymph bathing the basilar mem-
brane reémméjin‘fhrgé changes in the behéyiour of initial-
1y sharply tuned ganglion cells. a) 4 fbst‘of sensitivity
of aboﬁt 50dB at the cf., b) a dramatic brcadenigg of the

tuning cur%e, c) a total loss of two-tone inhibition, All

1

v three effects are reversible and are accomplished without ‘~

significant changes in mean rate of spontaneous activity,
4, Cells which are in{tially broadly tuned be-

cause of some unknown pathological condition of the animal

show only weak or no two-tone inhibition, Damage to intra-’

4

cochlear structures, such as crackiﬁg of the spiral lamina,

‘causes broadening of{tuning and a'loss of two-tone inhib~

NEPRBIEE
.

' {tion, ' ‘ ’ .

As is pointed out in the papetrs the interpretation

of these findings requires a decision to be madéhEtheen

~

two possible mechanisms of neural"fgequency selectivity

&

.
P
. .
[
=8 ’
4 ’ —
. °
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A
) ®

in the cochlea, The first explanation is that basilar

~

EN o

membrane tuning at threshold sound intensjties is as
sharp as the neural tup&ngwcurves;,thesé are simp;y a

faithful reflection of the basilar membrane displacement

]

i .
basilar mem-

N

pettern, The foundation of this view is the
_ brane data of Rhode. His nonlinear basilar membrane -
behaviour could also éoﬁceivably explain the occurrence

of two-tone inhibition and the generation of distortion

-’ - Q »
‘products. such as Zfl - fz. The second hypothesis which U’

4t H
{
F

stems in large measure from the faiiz:f of other wbrkersi
membrane !

to confPrm Rhode's findings, is that the basilar,
, . g “ - [
vibration <is broadly tuned at,all intensities}-v&brates"~

linearly and is not directly responsible for the generﬁ—

tion of two-tone inhibition and 2f, - f, in the neural outL,p

-

put of the cochlea, 1ﬁstead} the"siarp portions of neural

tuning .curves are postulated to.‘derive from a second,

— i

sharp filtér at the hair cell°lev§l, which ig=also closely

“ & o
linked to the generation of neural -distortion products.

Some of°the arguments for andnagainst these mechanisms

¢ I

v . 9 P a
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] ¢
o have been already presented.- LeE us here try to make

\
U

a final assessment of the avallabge evidence.

. The effects of perilymph removal cast some do#bt

o

on some of the basilar membrane measurements which reL

port linear Behaviour. Thus.it is surmised that Rhode's
0\\.\ v 1

i effect is not found by others because of technical limita-

. ¢ -

tions. However, in personal discussion, J.R, Johnstone

.
s

Yoo ~and myself came to the final conclusion that the amount

of fluid that has to be removed to produce the effect on

h * . €

neural tunlng curves reported 1n paper II is. prbbably

W

[ - L . greater than was required f¢é the capacltive probe measure-

¢
)

ments of Wllson a Johnstone (1972, 1973)., Johnstone is

u

therefo%e’firmly of the opinion that his basilar membrane

@

measurements are qu;te valid and that the effect of peri-
lyaph removal is caused by an increase in the scala
tympani-resietance and an effect on eurreny- shunting of
j' g a some sort or another along the basilar mempbrane, That is,
an effect on the operatlon of a second filter. The dif—
. . ' fllculty of flttlng thé spontaneous actxvity.findings
e n" D
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into this theory have been noted in papers II and III,

== though we know so little about the generation of spontan-

eous activity (paper IV) that this may not be damning

!

evidence. On the basis of the Wilson and Johnstone .
= ! \
hypothesis, the effects of fluid removal on two-tane

o

inhibition are explaineé by the second filter being also

e

intimately linked toithe-generatioﬁ of‘two-tone inhibition,
Howéver, I feel it would be incautiPus to m?niﬁize
the possibly adverse effects of surgical intervention on
basilar membrane mechanics.” Rhode (1921) has noted %haf
' the nonlinearity he observed was fragile and was absent
in gochleas in whis% minor damage had oécﬁrred to sup-
“porting tilssues near the basilar membrane. The eiposu;e

of the basilar membrane in the guinea pig certainly re-

| quires a larger oﬁening of the scala tympan} than in the
squirrel monkey (B.M. iohnstone.npersonal communication;
Rhode, 1973). The gasilar membrane regults in the guinea
pig which show the higheif reported élope'values (John-

v stone and Yates, 1973), were apparently obtained ueing'

|
‘ —_
] M

‘\\ : - e
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a minimal opening of the scala tympani similar to that

for the spiral ganglion preparation (Yates, personal

-

communication).

ith broad insensitive tuning curves,

' {
and yet which otherwise appear normal. Though this was

s R - SN P .
investigated, the subjective- inipression

not systematicall

gained %as that th§ smaller the scala ‘tympani opening,

the better the chances ypf obtaining sharp tuning\buives

i ,
from the spiral ganglion cells, If'excessive bleeding

occurred from the edges of the scala tympani opening,
resulting in blood clots in the scala tyﬁphqj) brosad

insensitive tuning curves were usually obtained.

hd H

Wilson Johnstone ﬂl9?é) used the click-evoked

Nl regponse to monitor the viability of their preparation,

L]

and they report that this was not gignificantly affected

by opening and drainimng of the basal turn scala tympani,
- -

A
This is probably a poor measure of basal turn activity

A




s

,

" - Wilson and Johnstone, 1972), and it is 'not clear whether

tests of linéarity were obtained by these authors before -

s ko ; . . " N
significant decreases in Nl had occurred. K

- 1 feel that the spiral ganglifn preparation offers

a unique opportunity to critically investigate this pfbb-

L~ o

lem, With this preparation simultaheous basilar membrane

-~

and single ganglion cell tuning curves could be obtained.

If linearity is tested, it can be determined with cer-
v " T ' . "
tainty whether broad basilar membrane tunlng does truly«//
. occur together with sharp neural tuning, in the same

} )
animal, froh the same location, at the same time and .

. subject to the same surgical invasidn,

Though -the tech-
niques are pow avg}lable, as, far a§ I am aware, this most

critical control experiment-has not been done,
C »

At first sight, the _effects of anoxia are consis- .

’ " _“‘ % ‘
— % )




. . ,

. Fig. 1.. 'The effect of anoxia on the tuning curve of a A "
. single-ganglion ce¢ll obtained -as described in Paper I, :
*, f ) ' —
o N ¥ [ —= . K] ‘V : . +
| » "The so0lid line is .the initial tuning curve, the dotted
! ‘ . N . N B 9
| . line is during respiratory impairment. Note particularly ] .
| LT ‘-'J - ® v R ’ 4 . ’
v . » * 4 ! - ’
that the sensitivity of the cell oﬁ%fﬁé low frequency
. tail is gnot appreeiably affected. . . ' . :
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3 S, | |
tent with the basilar membrane behaviour described by

Rhode, However, there is a problem, In some cases,

A

though {the tuning curves are broader, there is no signifi-
cant loss of sensitivity at points removed from thé char-

. . (
acteristic freguency (see Fig., 7a of paper I and lig, 1

PR \ .
£ +thig& ussion)

.
o 3. €9
L* e W\

T e

dat:a would .predict fhat for a loss of sensitivity.in' the
hair cell or the r_xgurqné. more MSOundpprese‘s'suré.has to be’

,put in at the pegk _of the ‘tuning ‘cufve to regain threshold - -
than on the porti‘;‘fﬁ; of the cu;'ve where behaviour is ’ll‘mear,k .
But how can therewbe up to 40dB lost at the cI;. ar;d yet,

- in some cases, no loss at all when the tail of the tuning : /

cyrve or-the very last high frequengy points are examined?

-

. How can a simple effect of anoxia such a8 we have postu-
“ \ A

L

ive gensitivity change ‘'of thig

N L A

explain a fré?uency se
] ‘ h, b ‘;

magnitude? It cer.taih]:y looks as if a physiologically
.vulnerable filtering -mechanism responsible for ‘the shafp

' g c , ’ © fq ) -
o &neural tuning only in the region of the cf, is b)eing fe-

.
B .
.
P) . - . 1 . K N .
- A N <
-0 i N
- " - M
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o
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duced in‘its effectiveness by tﬁe anoxia; A similar
dkifficulty applies when one considers the ef«fecté of COCB
stimulation -on the shapes of tuning curves of single-
cochlear nerve fibres (Kiang et al., 1970; Wiederhold,

19970). Once again there is hardly any change in, the

~

sensiti{}ity at frequencies far removed fro'n;; the cf, and
o - .

- ] ct: s ' .
There does not seem to he any way for such a coarse and

q

diffuse system as t}le CbC"B to produce this frequency'
. ] !
selective effect ur;less it is acting en a secgnd fil‘ter: .
c;pe‘ratai‘ng in tﬁe sharp J;'egion of the cuz;v;e.‘ It \;vould
w»p - , o
"see;(\ that a simplis@%c- application of non-linear basilaf
B -

¢ - - ]
membrane - mechanics as found by Rhode cannot explaih these
. . o

results. The absence of two-téone inhibitiion in ini‘ti'ally‘

7 . .

pfoad tuning curves and its disappearamcle in fluid-drained

> 7/ ,fo .

cochleas would suggest that this filt;r is also linked to
‘ ' Y

v

'two-tone inhipition. .On the credit side of the noP-'lin'ear )

“mechanical hypothesis it ‘should be noted that a Rhoge-like

————

» non-linear basilar .mém,brane can appargnﬁly“ptbduce two-tone

L \ : s
,; cg o W ¢
5 M \

2 . ' o

.,,.:.i



 .inhibition (Kim.et al,, 1973) . ,
i — :

'@hat is the evidence that & Rhode-type non-

t

iinearity is reflected in the behaviour of normafiy opera-,
ting cotheaf nerve fibres? On this ;ég;;‘theré.is again

considerable(disagreement:r/Pfeiffer et al,, (1973) have
> ‘ v ™

)

% * . . : .
recently docuglentéd nonlinear -behaviour of cochlear nerve

e ——

i . \ . . ) / 4 -
fibres in the ca{ which they believe to be-consistent, ///i.—'\

. N 4
! s ,‘5 *® »

with nonlinear basilar- membrane. mechanics, They alsd

. . o~ R { -

report that at inténsities.close  to threghqld. these

fibres show a smooth transitiom_into linear behaviour in

\
r b i

‘e - i ',a ..
accordance with the .results of various models of nont. -
linear basilar membrane motion (XKim et al,, 19734 igﬁtle—

°

field et al,, 1973; Hall,<197u).14The$e;autn6rs are .
3 . * )

strong proponents for a basilar membrane mechanical expian-

,ation for almoét all priman& auditory neurone pr@perties.
Some findings.on the slopes ofyréte versus iﬁtensity

- . ¢ - . . .

functions of cochlear nerwe’fi?;es also suggest that the

¥ [}

¥y - ®
sort of saturating nonlinearity found by Rhode is i;A;E?@\\\&.

reflected in'the ohtput‘pf neurones, Sachs and Abbas‘(ié?h)l
18 a : &
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Solid circles énd dotted line show the' tuning’

A
R Y Pigs 2.
: : A -
e x. . _curve of a single ganglion cell. The open circlesand = -
rsus intensity

broken line are the slopes o’f{"the rate ve
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‘described by Sachs and Abbag (1924). As they discu’ss,",

.shar.péning to explain the neural tuning curves and— the - } .,

188

and Pfeiffer et al, (1973) report thatthe slopes of -

rate versus intensii:yv functions decrease systematically
~ y
across the sharp portion of the 'tuning curves, especi-
, & : . . .

ally on the.high freque‘nca} élozpe. In Paper I of this

3 . ]
\v

thesis it was stated that these™:functions are parallel
o ’ )

at ‘}11 frequencies.’ This must now be amended, since _ .

this statement was based on curves generated with in-

sufficient data points-and at only a sn;all number”oi“ o o

- ' ‘ . i
frequencies, In fact the effect reported by these

other authors can be seen Fig, 1 of Appendix II:of|

this thesis and Fig. 2 of the present disg:ussion. The _

&

. : ¢ .
slopes of the rate functions vary almost exactly as’ -

®
of

thi'sﬁis c‘énsistgn’c_with the flattening of the input- SO '

&

output curves of -the bas:.l@m meémbrane in the reglon of "1)—“

'the’cf as reported by Rhode (see Fig. 6 of- the thesis . . \ A
! {

i'ntroduction) I‘hz_s does not ho%ver. necessarily im- | '\

ply that the \m)n-linearity will produce a sufflci.ent |

@ . . . ~ ° N
.

\‘. . oy L , ) ST, )
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3

arguments discussed previously must be borne in mind,

It might be as easily stated by the proponents of °

&

linear basilar membrane mechanics that such slope

-~

F Y .
changes must be a proﬂpe’iﬂty"of the additional filtering

v \'\ £ '
~ i s
mechanism which they consider to be necessary, The

data on the nonlinearibehayibur of cochlear ‘nerve fibres

" (Pfeiffer et al,, '1973) is in part contradicted by L

1y 2

-other workers who cldim that the filter properties 4

_technique used by Evang and Wilson appears to b
\ - i

8 . 4

themselves, as mezured in cochlear nerve fibgés,ax;e
N - N ¢ »

-

. ' a . 0
independent of input’level (de Boer; 1969; Evans g

Wilson, 1973; Gelslerw fet‘al,, 1974), The gratin

¢

ticularly in;ensitiVe to nonlinear phengmena since ..
i (:’ A . - )
they failed to find two-tone inhibition using their
e v
technique. However, ‘as shown by Geisler et al, le?ls-), ‘

igso-rate contours for cochlear nerve fibres in the - -

»

" sguirrel monkey do not appear ¥ change very much jin

K ,s}'xarpness‘ as stimulus level is raised. The alpparent

¥ . L4

, broédening of _iso:ir‘l:tens(ﬂ:y cmjxtou’ré as ‘ii.\tensfty is

’
- 4

e




| raised (Rose et al,, 1971) has been poipted:out‘by ” 

M. Evans 41973) to be a result of the saturation of the
inpht—output,curve of the neurones at about 20 - 30°4B

>

|
| . above threshold. The. actual intensity range which can |
| ' )

o . be investigated in such studies is small (20 - 30 dB)

-

’

- ‘x: . .owing to the rapid satugg}ién of the output’ of cochlear -

,nerve fibres, 'Since the basilar membrane model, of Kim

et al, (1973) shows a tranfition into linearity close -
D I ‘tdvthreshold. thié may be a factor in the failure of -
. - ‘ )

\

- gome authors to detect certain nonlinearitiés,

The question of the combination tone 2f; - f,

. PEEES

po - ™as been discussed in the thesis introduction where it
- r \ . E - ) "3 Lo
- has been pointed out that there are severdl discrepancies

-~

'.phdnicéWQQNthe‘one hand and cocgleaf microphonics and .

baéilan;gembéane findings on the otﬂ%r. There are some
. reservations g?out {;is‘lack of correspondence which,

v
» []

e R e A N -
should be gtated here, .Firstly, the presence of non-
L D . ™ .

. . . . 'l ) ‘ , , -
Yy linearities in the neur%} output has only been investi-

o

between the;ﬁﬂthPhysical finéings and cochlegar micro- s
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gated\in man, cat and squirrel}monkey} while CM data on

2

~ this question are from guinea pig., Similarly, though

h;pef%bsenceabf 2f, - f, on the basilar membrane comes ’ .,
- . + 4 ) ° ”
"y : A from the -work on guinea pig (Wilson and Johnsténe, 1973), -
) ., . A s o

/ there is no ‘neural data on.the presenq&_ofxcombinatidh

- , \
- - tone responses in the output of the cochlea in~

T e—

\M.___. o

anlmal. Even if these species dlfferences are nof im-
portant, thereils §till another difficulty.' Pre umably. ‘ C

. the neural and %sychoaéoustical'data neflect‘th y
of the 1nngr halr cell radial nerve fibres, a8 thesé‘* . )

- *‘n) = \

- ' \ grea%I? predomlnate in .the cochlea, Yet the cochlear

. 3 _ S
: . ’ \

‘micfophonic meeéurements p{obably rqflect mainly the "

output of the outer hair'cells, Thus, discrepancies . .l
Lo . - .,

N betweéh’CM and psychophysical data en neural output may -

~ ’ )

i' - . n%t\Pe imporfént since we do not know the bghaviour of e
the inner hair cell microphonic. <§ \h

o ~

oot Such dlfflcultles aside,iﬁhe most«crltical piebe\ . -
f' of ev1dence is that all ‘the psychoacoustical and single . ‘
! I3 e

neural data sﬁoWs that 2fl - 1, is frequency analysed .at

.
,
.
.
- A
. o L ot « - f ©
.
. ' . ¢ R . w
0 . . “
t 3 _'
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aithin the hair cell and only allows the generated dis

_ tortion product to excite/the nerve fibres

is alsq strongly advocgted by Evans and Wilson (1973). .

192 N
the same place on the basilar membrane whére a pure
tone of the same frequengy would be located, Yet coch-

' ‘ \

lear microphonic mgasuremenﬁs of 4his distortion product

show that it peaks\at the location of the primaries and N

1 e

B

behaves in other respects$ very ?ifferenply from the .

. -y . . ! e
neural distortion product: Wilson and’Jonstone (1973) :
take this as evidence that the*weural distortign product is

/ _ L \q .
generated by interaction.of recep currents within .o

the hair cell. Thus, it is not seen in the microphonics .

to, any largeextent, hut s present in the neural output. .

To explain the fact that the distortdon product is fre- . = .

quency analysed in@the same way as plire tones they c c

P " ) ) “ "’ . \ o’
postulate that a sharp additional filiter s also ‘present

- A
at the appro-

L

priate place on the basiiaf membrane, . This ﬁ%pothesis”'

T
I3

i3 [

The essentials of this ﬁ&pothesié’could be summarized:as

.
i.*‘«n °

‘followss T



Y

{

a) The basilar membrane results of Wilson and

Johnstone (1972, 1973) are correct, Sa too are those
"

of other authbrs who.f;pd broad tunfng and linearity
. %

v
& [N

oﬁ th; membrane, éven if a pbnl}nearity éoes exist
(thae, 1971), it is ﬂgi important sinde it cannot
explain tﬁé puzzle of the éombination %ones.k ; ‘

"' b) The non;inearity';esponsible1£or combinati;;

tone generation is subsequent to both the basilari mem-

‘brane and'the mechano-electrical transducgion of CM.

i -

! c) . Linked to the nonlinearity is a second filter °

. /
centred about the peak gf"the basilar membrane tuning
. - - ‘ ’
curve (since the basilar membrane max}mgkfnd best heural

[}

frequencies show the sane baéi{ar membrane locationg).
This filter is responsible for the sharp portion .of tﬁe
v v\\v l"’

neural tuning -curve, and also confers on the combination-

-

tonés the property that they. are analysed at their

<
' ~ !

appropriate place, T )
) e - j o .
In view of the reservations explained above, this

. . '’ . @ o, 9 -

@érficular hypothesis égnnot benunequ;vocaily supported

. ! B [ ‘ 1 ’ L r
. . 2 .

3

.")»
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}

at the moment, On balance however,“the results in this - :

thesis and the, data from other workers seem to suggest
. a “ "

that a unifild explanétion‘of neural .behaviour in the

.
! ‘ \ R

cochlea based on nonlinear bagilar membrane mechanics

@ e

-

-

alone, will not suffice,/ The Organ of Corti is a com~

plex mechan}cal structure and there is scope fop-fine
mechanical motions which may stimulate hair celks with-

., , . .
out being reflected im either the CM.or the basilar

. N . &
. tL N : e -
membrane motion, Modelfing can only give a.hazy %de;

-

of the possibilities, asuouzjkﬁowledge of the' mechanical
B ~

s ’ - * . ’ s,

" properties of structures such as the'pillar cells, .

]

L S

“t

Q * ® |

too is - the role of the outer hair cells,’ whose sparée_x.

o 2 b
afferent innervation and dense gffereént synapses are in
. W e . o S e g 3
such- sharp contrast to the inner hair cells.  The possi-. ' , i
- . 3 :

[ \ R v ) ®

bility»of ihtéraction between these two sets of receptox

) 6 - Y . , . A\ |
- ' . . . ‘ ¢ - ¢ i ;
cells by efgctrical means--should nog be discounted.: - o
’ f.l .7 w " v . "l“'
Thus, ough the second filger hypothesis deserves AT
. 2 ‘ < Y
. . A o> e " .
‘ R . S - . - .
serioys consideration, the structural and physiological - 5 1. ..
‘ 'S ] “_ - N . ° . vS“}J‘\:yIP ) 1
. ?':v <. {; 4 v :5 . 0_, : i
’ e L_’-", ’ . PR “
~ L ° , M ‘d‘ .
N ] TN - ’ t .
* - P 30 e N Ty .
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’ L
.

entities which *might comprise such an additional mech-

anism are at present mysterious.

' 3
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speaker unit,

Appendix I | , ~ AN
i , . ' oL P '
Sound. stimuli used in these experiments were °
tong bursts produced by-a Geperal Rédi9‘19OOA ancd a
Hewlgtt,PackardeOO oscillator, and gated by commer-
c'ially available timers and elecfronic switches (Grason
Stadler), The rise-fall %fﬁq and the duration of the
tone bursts could be varied and their intensity regﬁ:
léted in 1 dB or S'dB steps. The stimuli were .amplified
by é Sony-zoo F.preamplifier and a Wafantz'power‘ampli;
fier. As only the high—fpeéuency basal turn of the

cochlea was being investigated, a high frequency driver T

was used, This was a tweeter removed from an AR-3 loud-

e

The tweeter was connected by 1 cm length of

Plexiglass tubing to a metal sound delivery system which

L] a

incorporated a 1 mm diaheter‘probe andjmicrophohe‘fdr sound

’

calibration during an experiment. The output of the S

microphone was_measured wigg;! General Radio 1900A

- . I's -
tracking wave analyser which also supplied .a sinusoidal -
= = ~ i G
input to the speaker. The tympanic membrane was exter- )

- . \ [l
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*

iorized to eliminate resonances in the outer ear canal
(Manley and. Johnstone, 1974), A transparent Plexiglass

tip to the sound-delivery system allowed the tiﬂ*o} the |

A

probe tube and, the tympanic membrane to be easily ‘

visualized so that the system could be sealed over the
v \ i o ‘.
o tympanic ring of the bulla with reproducible placement

of the probe tube in relation to thé\tympanic membrane,

The tip of the probe was posjtioned 1 mm from the ‘umbo
o f

i

of the manubrium of the'malleus.

‘A\”Calibration of -the probe tube wag effected by

placing the same delivery ‘system with probe’ tube over a

=)

tympanic ring dissected from an experimental animal,
The tympanic membrane was replaced by a ¢ inch condensor -~

microphsqe sealed in its place and in the same position

- .
relative to the tip of the probe tube., This ensured

*thaf the volume of the 1?all cavity at the end of the 7‘:

delivery system was p&actica&}y identical in the ex-

1

perimental animal and the calibrating coupler., [he dB .

-
-

i ]
~d{ffere‘nces between the readngs of the % inch and probe
f -
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L3

.tube microphones thus served as a calibration to con-

X

! - (3 ) s . U 3
, vert probe tube readings during an experiment into

sound pressure levels at the é;mpanic membrane, Owing.

to the limitations of the tweeterfyonly frequencies
between 4 and 25 kHz wereg;ormally used, This meant

that the hook region of the ganglion, containing cells

with best frequencies higher than about 21 kHz, could

.
not be investigated. Neither could the low frequency

tails of single cell tuning curves be investigated below

4 xHz, In Fig, 1, the'frequency regponse of the system,

obtained by using the coupler calibration, is shown.

3

sl

'Méan values and standard deviations are from 13 animals

in which great care was taken to keep =11 factdrs con~
R N -

stant, The standard deviations of the readings become

appreciably larger for frequencies above about 16 kHz,

j
This agrees well with the finding by Johnstoné and

. Fa J:ﬁ,
+ ' N "o,.
Taylor (1969), that probe tube readings becomfsin- v
creasingly sensitive to small variations in probe Hﬂ
’ %

position above 15 kHz., It has also been pointed out

Q




[

Fig. 1. Calibration curve obtajned from 13 animals
using- the probe tube microphone and the probe tube

calibration described in the text of the Appendix,

4

The points are the mean values for 13 animals, and the

heights of the vertical bars indicate * one standard

deviation.

\\
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- ’ 1

/

(Callos, 1973b) that the use of a higﬁ impedance con;,

o
’

denser microphone in place of the tympanic membrane can

lead to differences in sound pressure generated in the

coupler and in the real animal, Since the tweeter used
did not have’a flat frequency'response and a closed
delivery system had to be used because of the ‘widely

opened bulla, the use of a probe tube microphone, with

o

its inherent inaccuracies is an unavoidable complication,
An absolute calibration of the output of both condenser

microphones was obtained using a General Radio 1562 N’

sound-level-calibrator,

o
“

»e
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4

Single cell fhreshold egstimations

!

The thresholds of gingle ganglion cells were
éstimatqd by the method described by Kiang (1965) and
i}

Evans (1972). 50 ms tone bursts with 5 ms rise-fall

time were presentedvto the anima; at a rate of U4/sec.

cilloscope and wéé also playéd through headphones
worn bj the experimenter, The igtensity of‘the tone
bﬁrsts was theg raised in 1 or 5 dé steps and éhreshold
was dééignated when an inorease in spike gate above
spontaneous firing could be first detected by audio;

visual methods, reliably locked to the tone bursts.

—

-‘With. practice this procedure became quite eagy even for

cells with very high rates of spontaneous activity. It

-~

has been shown that for Ed}pleér nerve fibres with low

cf, this estimate ‘of threshold is suspect, since fibres

show phase locking to the stimulus at soﬁnd pressure

-

levels up to, 20 dB below those at which an increase in

B
. . Y
. -
i
L
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overall firing rate occurs (Rose et al,, 1971). Tor .

i
1

basal turn gangiion cells however, this is not a pro-
blgm‘since phase locking,does not ocemr above about

4 kHz (Rose et al,, 1967). A more objective estimate of

>

threshold might be obtained by designating .a certain

per cent incr%?se of firing above the background rate.

t

Though this would be more rigorous there is no reason ,

for it ;to be more meaningful thah the criterion used

here. An increase in firing rate 6fﬂsay 20% for a cell

with ‘a spontaneous rate of 100/ sec. would represent an i

1

average of one additional spike/50 -ms tone burst, but
\ ,

for a cell with a spontaneous activity of 1Q/ sec,, it '

would mean one extra ggﬁﬁb/ two;tone bursts, As thé

E .

,audiovisual criterion is rapid and easy and is used by

G e a

other workers it was regarded. as sufficient for the

present work. - ‘ .

. In an attempt«t? assess just what the audio- . - , -
v \‘ ‘}

E———

visual criterion corresponded to in quantitative terms, .

°

'.input-output curves at different frequencies were com-

\



c

i

« TFig, 2, Ratékﬁersqs intensity functions for U sensitive o i

[y
' \

sriral gaﬁglion_cells, with differéent mean rates of

spyntaneous activity. The dotted lines are the mean

spontaneous rates, Broken lines represent an increase |,

y . , . s
in rate of 1 spike per 50 ms tone burst, Arrows indi-

4 ws

cate the tkresho;ds eétimated at each frequency by “ .

- -

audiovisual criteriia. Numbers on each graph indicate

2

. the frequency of stimulation in kHz, In Fig. 2 C, ,
stimulus intensity is plotted as dB attenuation, to .

obtain a cleaper separation of the & curves,

&

o
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" ~

w

puted with the PLP8 computer for numerous cells,

¥ v

Tiring rates were obtained by counting the number of

A <

LI -

spikes occurring in 20 repeated 50 ms tone bursts, Ih

. \

\‘\ v
Tig, 2 At can be seen that the thresholds estimated

. by audio visual criteria show a-certain degree of vari-

ation compared to these rate functions, Relative to a’

erate'corresﬁonding to one,additional spike/tone burst,

" *

. thresholds are very accurate for cells with mean‘spon;

taneous rates lower than about 60/sec, (Fig, 1B, D).

At higher rates of spontdneous activity, the threshold c/\\J

¢
. . y

estimations vary by about 3 dB above and below this 1ine.

=
Since errors in the estimation of sound pressure level

- . - A

. R ) _
at the eardrum are probably greater than this (Appendix

I) the audio visual-criterion can be regarded as a good .

@

working mgthbd‘of”%hreshold estimation,

) . ’ ¢

[N

E:)',\;, ® . -~

1Y

¢
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