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A3STRACT 

Single cell recordings were obtained from the 

~ 

spiral'ganglion of the basal turn of th~ guinea pig 

cochlea. The de~en~ence of.sharpness of tuning curves 
}---- -

on ce11 sensitivity and ~e effects of respiratory im-

pairment, perilymph removal anv structural damage are 

discussed. It is tentatively concluded that the weight 

of evidence s~ggests the existence of a second frequency-

selective mechanism in addition to the basilar membrane. 

However, the resu'1 ts also ~dd a caution'ary note, question- ' 

-
ing the reliabilLty of sorne basilar m~mbrane data. 

tetails of spontaneous activity ag~ee with findings in 

cat, The occurence of a two-com~oneht positive spike 

suggests that the ganglion cell bodies are inexcitable. 

Eiectronmicroscopic and other studies support the con-

clusion that the action potential successiv~ly activates 

nOd:S on either side of thé soma. Othis arrang~men~y 

reduce the risk of conduction block~ None of the 

crit~ria used could' distinguish between neurones related 
1 

,". 

to iriner and outer_ hair cells. 
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ABSTRACT 

Les réponses~unitaires dans le ganglion spirale furent 
• 

enregistrées dans la partie ...... bi3.sale d,e la cochlée chez 

1 
~e cobbaye. La sélectivité des c0urbes de réponses 

dépe~d de la sensibilité des cellules; les effets de 

l' ins,uf~isance respiratoire, des dommages structurels et' 

de l' enl~vement du- liquide pérllympI,latique sont des 
r . 

points discutés. Les résultats' suggèrent l'existance 

d'un second mécanisme de sélectivité de frequence en . 

plus de la membrane basilaire. 4'autre .part, les résul~ 

tats i~diquent que la validité de certaines données sur 

la m~mbrane basilaire est discutable. 

1 

Les'détails de l'activité spontanée concordent avec celles 0 

, . 
rencontrées chez le chat. L'existance d'un potentiel' 

if 
d • action positif en deux composantes ind'ique que les serna 

d'es cellules du ganglion ne sont---pas .ex.cLtables. La micro-

scopie électroÏtlque et d' J3.utres études ont demontré que le 

potentiel d'action excite s4ccessivement les nodules sur 

chaque côté du soma 1 cette particularité peut prévenir le 
, 1 

bloquage de conduction. _Avec les crit~res utilisés, il fut 
1 

impossible de f~ire la~distinction entre les neurones reliés 

aux cellules ciliées internes et externes. ' 

f . , 
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./ Addendu1lï 

" My attention t:as been drawn to a publication by 
........ 

L.U.E. Kohlloffel conc~rning record~ngs from spiral 

ganglion,cel1s in the cat coe~lea (Facts and Modele in 

Hearing (Springer - Ver1ag , Berlin, 1974, pp 193-203)). 

Dr. Koh1l:offel communicated ta me in 1973 -that he was 

a1so.trying sueh recordings , but l 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 

this thesis containe the data from' original research 

performed at McGill University, between September 1972 

and November 1974. ' 

The research involved single neu~one recordings 

from the spiral ganglion in the basal coil of the 

guinea pig cochlea. This represents an original con-

tribution to researcft on the peripheral auditor,Y syste~. 

being to my knowledge, 

Sin~le neural el~ments 
the first published records from 

inside the mammalian cochlea. 

AU prev.ious ~ingl~ unit ,recordings in the priJll8.rC 

au~i~ory pathway have be~ obtained at more central 

locations. distant from the cell bodies of the ganglion. 
~ . 

The advantages of this preparation for studying the 
, . 

mechanism of' frequency selectivlty and other prope~~eQ 

~f the'auditory pathway, are seen in ~he five papers 
1 

comprising the ~I results section- of this thesis •. A 

direct spatial mapping of the neural output along t~e_ 

, j 
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" 
basilar membrane is possible in the ganglion in con-

, trast to the cochlear nerve trunk. The particular 

nature of the approach allows delicate manip~tions 
\ 

such as perilymph remwa'l and the ~lacement of scala 

" \ media microelectrodes to be easily ,performed, while 

maintaining contact with a single,gànglion cell and 

J measuring its responses. The first three papers are 

f' 

1 
concerned with the frequency selective properties of 

the Bp~ral ganglion cella. rt ShO~ be me~ed that 

a brief repo~t describing effects similar to those Ina . 

paper I. appeared ~n the literRtur~ while this paper 

was in press (Evans, 1974). Paper IV contains' the 

firet reaSOdablY complete," de~pt'ion of~spontanèoUs 
~ ... " 

~ , 
activi ty in, the guinefJ.' pig primary Rudi tory- pathway ,-

. -

and also contains data, on the effects of,anoxia. In -" the final paper. the extracellular spike shapes in'tne 
~ OJ 

spiral ganglion are d~scussed and a hypo~he8is is pro~ 
" , - - 1 . . 

posed of the mode of ~mpulse propogatio~ in the bipolar 

.ganglion cella." 
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If tqe papers in this thesis do not seern to 

li 

conclusively soLye ~he, problern of the me'chanisrn of fre-ô 
, , 

quency selectivity in the prirnary auditory pathwày, 

this i~pression is not a false one. No complete ex-
, " 

planation of the derivation of neural response' prop~rties 

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

~ adven~ of better ph~sical techniques AnÇ ~ investiga-
- Q 

tive onslaught by, researchers with a wide variety of 

skills. 
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INTRODUCTION 

Format of the thesis, 
, ' 

Five manuscripts, submitted to Science, J. Com-

parative Physiology and Br~in Re§éarch constitute the 
1 

6 

resulta section of this thesis. Two of the manuscripts 
, , 1 

-are in print in Science and J. Comparative fhysiology. 
, 

Each paper ia presented in" the format required by the 
". 

appropriate"jovrnal. Thua, there ia an introduction, 

methods, results, discussion and summary for eac~ paper. 

A bibliography also accompaniés eac~ manuecript. For 

this reas9n, the Introduction which follows here ie not' 

" intended to provide a comprehensive coverage and hie-
. 

torical review of all those aspects Qf cochlear phyeio-
,\ 

logy dealt with i~ the m~uscriptB. InBte~d it attempts 

to provide a brief framework and an outline of the 

contentiou's issuèe in the field, so that the significance 

of the results can be better understood. A bibliography 

~f material in this introduotion and in the final dis-

... . ~ a1so inc1uded. CUSSlon a~e 
. ~ 

1 7--
,. 

, . . 
~' J.,. 
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Anatomy of the Auditory Periphery 

i) General. 

For the efficient deliver,l of airborne vibrations 

to th~' fluid filled~hlea, mammals have deve10ped a 
, -

complex middle ear structure. 0 The tympanic membrane 

is connected by J ossicles, the malleus, incus and 

stapes to the scala vestibuli of the inner ear. The 

detai1s 'of this ossicu1ar chain differ from one &pecies 

to another. As this is the Most accessible of the' 

'peripheral aud~tory structures the mechanics of the 

rniddle ea~ have been intensively studied. Re1iab1e 

data describing the frequency response of the middle ear 

have been ob~ined by various techniques. in the .guinea 

pig and 'cat (Guinan and Peake, 1967. Johnstone 'and 

Taylor, 1969. Manley and Johnstone, 1974. Wilson and' 

lj' . 
Johnatone. 1972). The Middle .ar in 0 guinea pig èrPpeara..., 

1 --- - ; 

to act, as'a band 'pa~s filter, 'having an essenti,ilY 
~ 

flat'velocity response from 1 kHz to about 25-kHz 

(Manleyand Johnstone, 1974). The rapid fall off in 

) 
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amplitude beyond 25 kHz is now fairly well established 
t .. 

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

and appears ta be caused )Y "factors other t~an: simple 

mass-limiting. 

There i8 some lack of accord on what correction 

should be applied to the re8ponse of inner ear structutes 

to take account of the frequency response of the middle 

ear. Many authors correct amplitudes of vibration of 
l 

the basilar ~embrane, 'or the thres1!.old sound presS"ure 
1 

i; levei (SPL) of audi t,ory nerve fibres by using, th~ stapes 

amplitude response. Such a procedure is perhaps not ~oo 

-

meaningful, since the amplitude of vibration of,inner 

ear structures is apparently propo~ional to stapes 

velocity (Dallos and Durrant. 19(2)., It ~would be more 

reasonable'to apply a middle'ear valocity correction. 

This receives support from the closely correspo~ding 

shapes of the Middle ear velocity response and the be-
/ 

19(4) • In the frequency range ~f inte~est in this thesis • 

.... .. 

"1 

)-

\ 
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Fig, 1. Schematic diagram through one coil of the 

guinea pig coch1ea. Taken from Davis (1954), 
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.--
the velooity response of the guinea pig middle ear is 

essentially flat, BO that ~o cqrrection would pe 

necessary~ This iB assumed in the manuscripts and all . " 
neural th~esholds are simply expressed as SPL at the , ~ . 

-

'\ 

"eardrum. (See Appendix 1). 

~ 

The stapes communicates its vibrâtions to the 
~ -
,. ' 

fluid-fil~ed~vestibule which ls connected to the scala 
::... ~ >~ .r '" 

vestibuli of the coiled qochlea. A schematic cros,s 
, 

section through one coil of a typical ~ammal cochlea 

is shown in Fig. 1. Both the scala vestibuli and scala 

tympani are filled wi th p';rilymph. wh~se c~mposi tlon ls l,, __ ~ 

similar to cerebrospinal fluide The scala mèdia or en~ 

dolym~hatic duct, contains endolymph ~hich is high in 
, 

potassium and chloride and ~ery low in sodium (Boaher 
, ' 

-
and Warren, 1971. Johnstone, 1967.' Jonnstone and Se11ick, 

1972). 

The basi1ar~ membrane in 'mammala is. narrow and 
, 

stiff at the! baBa~~ and becomes wider and more flexi-' 

b\~wards the apex (Bekesy, 1960). In guinea'pig, the 

. )/, 

L-_ 
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C> 

entire membrane is 18.3 mm in le~th (Fernandez, 1952) 
... ' 

and tapera ~rom 6ao microns wide at the âpex to 200 
> , 

.microns wide ai the baSal end. It appears to be the 

tape~in~ dimensions and gradient of stiffness which 
~, 

gives the-basi1ar membrane its mechanical, propertiea • 
. 

~ 
The Organ of Corti rests on'the,basi1ar membrane 

and ponsists ot aupporting cella, sensory hair cella, 

\ 
and nerve fibres. A schematic diagram of the Organ of 

. Corti together with a light micrdgraph are shown in 
-

Fig. 2, J. The detailed ultrastructure of the corn. 

ponents of the Organ have been described by ~y authors 
1 

\ 

(Engatrom and Y'I,~rsal1, 1958, Engstrom et al., 1966, 

Iurato, 1967, Spoend1in, 1966). Most noteworthy is that , ,- , 

in mammals, the ha~r cel1s, whose apical ends are em-

bedded '~n the ret~cul~ lamina,> with,~aits projecting 
, . , I.J -"=-- . • 

into,the scala media, arelCle4rly differentiated .into 
l 

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

o 

outer hair cells. The morphological differences between 
\ 

tnese two groups of receptors are weil documented and 

• ( 
o 
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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 tector~al membrane 'is shown arbi~rarily 

in _c~ntact with aIl hair cell stereocilia •. 
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Fig. ,3. a); Light micrograph of the guinea Pi~ lrgah 

. 
t ' ,of Cortil ~he section is tangential and was stained 

with toluidine blue and photographed with ph~_ con~ 

trast. The darker area of tec1Qrial membrane above 
, " 

the inner hair cells is indicated by an arrow. 

b fi A !1igher ma~ification of this region 
, 

wi,thout pnase contrast. 

'. • 
..... ~ 
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except for the qu~stion of 

differences between the stero.cilia and 

the tectorial This point is a ~ontroversial 

one. , ' 

Von has described sorne of the mechanieal 
a ' 

properties' of the amorphous. aeellular tectQorial mem-

brane which overlies the stereocilia of both sets of 

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

tops of the tall~st'stereocilia of the outer hair cells 

are in contact with the tectoriall membrane (Angelborg 

and Engstrom, 1973r Engstrom ,et a1.~ 1962, Lim, 1972). 
h 

b 

The situation for the iooer hair eells is not so clear. 

Sorne autho~ believe that the inner hair cell stereo-
" . 

cilia are freestanding" (Bi1lone and Raynor, 1973, Dallos 

et al., 1972), and that this mu~t make their sensitivity 

o ' 
and mode of stimulation different from the outer hair 

" 

cells. However,' the great distortion of the tectori~ 
, J , 

membrane by standard fixation procedures probably ob­
J, 

scures the true picture. It has ,been shawn that a 
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val'~~ty of apparent conn~ctions be,tween both s~ts of 

,hiiir cel18 and the tectoria1 membrane can be produc~d 

by different fixation procedure~ (Ross, 1974). Ce~tain-

1y, sorne published :etotographs d'o show ~he tectorial 

1 
memhrane in qu~te inti~ate contact with-inner hai~-ce11 

!, 4. 
• • 

stereocilia (Afig~lbor& and Engstr?m, 197;; Flock, 1973). 
1 
\ 

In osmium-fixed material ·-the- tect~rial membrane iB_ 

u~ilY lifted well abôve both inner and out~r hair . .. 
ce s. On the underside of the membrane above ~he inner . 
hair ce11s is consistently seen a darker, apparently 

thick~r region with an irregular edge (Fig. J)'. It is 
~ ,"~, 

~"... -
possible that t~is Is aIl that is 'left,. after fixation • 

. 
of an inner hair ce11-tectorial membran& connection 

wh~ch i' 

con~ ,t. 
sorne way-different from the outer haïr cell 

This question iB by no means s~ttled, and the 

cat , orica1 stàtement ?y sorne authors that ~here iB no 
'" . 

'tect,orial membrane-inner hai~ cell- connectiori, .wôuld . 
, 

seem ~o be premature t6 say' the least. On anatomical 
'\0 • 

~rounds. axone then, i t cannot be etated th~t the,. mode 
~. ' . 

" 
1 

/ 
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" 

o 0" \ 
of 'Stimulatidh of inner and outer hair 'cells ls dlffer­

i 

ent. In a"-ddition, the t:act' that the b8:sal body" in both 

inner and outer hai~ cells ie found at the distal, 
" 

cuticle fre~ edge of the cell,' suggests that both, sets 

of hair cells might have the sarne directional sensitivity 
r 

, . 
to stereocilia displacement (Duvall et al" 1966, Flock 

/ 

}, et al" 1962 J Wers8.ll st al" 1965). In this respect 

i t should b,e not~d' that Von Bekesy (1960) report~d that 
, 

maximal receptor responses in the region of the inner 

hair cells were obtained not by radial {as wa's the case! / 
> ,'" • 

:for the out-er hair, cells), but by longi tudJ!lnal displace-

mente of the tectorial membrane. As pointed out by~ 

Duvall et al. (1966) this f,inding ie at variance Wi.;th 
, " . _ ~ ", 

the conclusipn drawn from morphologic~ etudies of the 

loêation of the 'baSal bOdie~t ~hïc~ iI?PIY~Jf:~at both., 
l' \ '1,) __ 

inner and puter hair cells aFe stimulatea by radi~ 

rnekement of the etere~clli~.' 'The eXPlanat~on may be " 
~ 

that the movement of stereocilia produced by displace~ 

the tecto~la~~mbrane from abavê (as 'ln·Von' 

r . 

'). 
> ) 

" 

........ -~. • !, \ 

\ 

, 
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Bekesy's expe~e~s) ~s different from that produced 

by the normal rnethod of disp1acement (indirectly by 

basi1ar memôrane displacement). 

i}) Innervation patterns. 

AlI nerve fibres to and from the Organ of Corti 

appear to enter the Organ in discrete bu~dles through 

the habenula~perforata. It ie at this point that all 
o • 

myelinated fibres abruptly ,lose their rnyel'fn sheaths 

so that all fibres within the Organ are bare. Schwann 
.' L 

celle are a1s9u lac king and fibres often travel complete-

1y bare across f1uid spaces w~thin the Organ. However 

mar1y_Jibres also travel in invaginations in aupporting 

cells. 
, 
~ 

Cl> The afferent innervation in·\·t~e mammalian coch-
1 
1 
j, 

-lea appears to conaiet of two distinct groups, radial 
#' 

fibres which trave1 tne short distance from tve habenula 
-

to the inner hair cella, and tl'\e outer spiral fibres, 
J 

which cross the tunnel of Corti to innervate the outer 

~ Tr 1 
1/ 

·0 

0 

i --.--____ -l 

, 

• 0 
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hair cells. The .details of these two populations have 

been obtained by golgi techniques and by electronmicro-

scopy (Engstrom et al., 1,966, Fernandez, 1951, He~d, 

1926, Lorente de No, 1937. Smith, 1967, Spoendlin, 1969. 
, 

19.72), mainly in the cat, guinea pig and chinchilla • 
. " 

AlI authors agree that the denaity of the innervation v~ 

of the inner hair cells far outweighs that of the outer 

hair cella. Spoendlin (1972) offers very specifie data 

in the cat, claiming that 95% of aIl afferent fibres 

are radial fibres from the lnner hair cella. These 

, radial fi"tll1ts innervate one hair cell each. and eac!) 

inn~~r cell receives :bout 10 fibres. The presence 

of synaptic bars, vesic1es and synapic clefts indicates , 
, ( 

that the dend~ites are excited by release of chemlcal 

transmitter from the hair cells. The muon less numer-

ous outer spiral fibres cross -the tunnel 'of Corti to 
. 

the outer hair cella, then travel in'infoldings of the 

supporting Deiters 

up to 1 mm before 

ce~lS i~ a_bas~ward direction for 

be inning to form synapses. In con-) 

$ 
, _1 

/ 
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trast to the radial fibres, each outer spiral fibre 

1 

forms synapses with many outer 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 

/ d~fferent 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 coils, these fibres 
, 

can supply 2 or aIl J rows of outer hair o,lls. The 

terminal' ramifications cover 70 - ~microns. spoend~in 

(197,/2) ha-s -also ~bserved a small po~ation (0 .S~) of 

giant fibres which innervate approximat~iy 10 inner hair 1 __ 

. , 

cells at fairly regular intervals. A diagrammatic summar,y 

~ of this basic !innervation pattern is sho~ in Fig. 4. It 
" ....... ' 

, . '..." . 
is not certain that this detai1ed pattern of innervation 

described by Spoendlin for ca~ and guinea p!g is the 
f 

same in aIl maDlhls, but ît seems safe to say that the 

mode and density of innervation of the two populations 



• 

Fig. 4. Summary of the afferent innervation pattern 

obtained for the cat and guinea pig by Spoendlin (1972). 

--The upper frame shows the-total i~ne 1 dominated 

by radial fibres to the inn~r hair cells. In the lower 

frame, the' innervation provided by the small population 

of neurones i6 shown -(-aee text). 

'"oJ 

•• 
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This schematÎC 
representalÎOn sutnmarias 
the afferent innervation 
pattern of tbe organ of 
CQI1i with the two types 
of neurons. 9S% of ail 
neurons are ty~ 1 and 
are connecte<! in a direct 
radial direction with the 
tnncr hair cens. ,oftly .5" 
of ail ganalion ceUs .re of 
type I~' and constitute the 
affcrent innervation system 
of the O\lter hair cells. 

_ . khematie "Pre • 
• 1'ItatiOn of the .n.rent 
iImerv.tion l)'IteIIl of 
type n aanalion ceUs . 
after elknlDation of the 
type 1 .... ,Hon c:elb -by . 
section of tbo coehlcar 
l)em ift ahe 1maet me,'us. 
'Ibe ~ Il 8eUfcMU 

. pr:ovi;te eldusively the 
afteœat llUYe su"'" tG 
tilt outer Wt cella by 
meus of .... OUW .rat 
~ and tbeir mnnetout 
çgllaierafs to lhe bue ot 

, ~the outef hair ceUs. -1ft , ' 
it1dftiott dtere .te a t." 
liant ~ fil,. .. ~iClt 
connéc;.t lievir.' Inner hait 
cell. aad ~,al5O ... 
belong 10 the type Il 
,.uroM. 

! 

'1 
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of sensory cells ia markedly different. This general 

picture was noted by some of the earliest histologists 
) 
\ ~~----working on the çocnlea. ,8p6endlin has reconstructed 

, c 

by seriaI sections the path taken by eacn bundle of 
1 • 4 

17 

fibres as it emerges into the organ-' of Corti-. However,' 

i t is possibl.~hat sorne fibres were missed, and the 

" task; of locating very small areas of synaptic membrane 

in the elec~ron microscope is not easy. The possibility 

should not be totall.y discounted that a few fibres inner-

vate both inner and outer hair cells. 

AlI authors are unanimous in concluding that 

• ~here "'are no -oJablè che.mical synapseS between affer­

ent fibres within the Organ of Corti. Neither ~~e 

membrane speci1ntmions associated with electrio'al 
l , . 

synapses seen (PappàS et al,. 196.,5, Pappas and Bennet·t, 

1966) • 
, 

Efferent fibres, wi thin the cochlea consist of the 

-' 
.terminations of the ero8sed and uncrossed Qlivocochlear 

burldles. 'which, arise from cell bodies in the vicinity 

Il 

,1 
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of the olivary nuclei in 'the medulla. An adrenergic 

\ 

innervation is also present. The number of efferent 

olivo-cochlear fibres in the medulla is small (500 

crossed and 250 Uncrossed in the cat)(Rasmussen, 1960), 

and the1comprise an insignificant fraction of the total 

• ~ 1 

number o~ nerv~ fibres passing through the habenula 

(Spoendlin. 1972"). 
{ 

r~ IJ __ • 

Within th~ Organ of Cort1, however, 

they ramify g~~atly to fôrm sever~l bundles. The inner 
.. ~I{ r, 

~ D 

spiral bundle runs underneath the inner hair cells and 

makes extensive synapt~c contacts wlth the nerve endings 
, 

of the radial dendrites. The spiral tunnel bundle 

travels along the basilar membrane, and app$ars to send 
\ . ~--

.., 

small bundles across"- the tunnel of Corti to th43 outer 

" h:air"-cells. The effarent contact iri the outer hair 
1 -

c~ll regi~n, in contrast to the", inner" haix: olf11 area, 
, 

ls predominantly on "the hair cells-themselves. Both 
, 

in the a~o-dendritic synapses und~~ the inner hair cella. 
, ' 

and the endin~s on the outer hair èells. Many vesicles 

are seen on the-efferent -(pre-synaptic) side. Once .) 1 

o 

r . 
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again i t Gis Spoendlin who claims that in the cat, the 

diffe.rence between efferent terminations at inner and 

'" outer hair clear cut. Accord~ng to him, 

the only effe ent synapses in the reglon of the outer 

hair cells are orr the hair cell base, and near the . \ 

inner hair cella, onl~ termination~ on the radial fib~es 

are seen (Spoendlin, 1973)., In other species, thls does 

not appear to be true. Smi th and Rasmussen (1963) have 

reported axo-dendritic synapses underne~th the outer hair 

cells in the chinchillà and guin~a pig, 'and Angelborg 
___ -1 

and Engstrom (1913) claim to have identified efferent 

synapses on the inner hair cells as weil as on the 

radial fibres the~selve~. 

Little ia known of the relative distribution of 

the crossed and uncrossed innervation between'inner and 
~ 

outer hair ce11 regions. One brie! repoft (~urato, 

1962) in the rat, claims that the axo-dendritic ~apses 
. 

under inner hair cells come exclusively from the, un-

crossed bundle. whilst endings on the outer haïr cells 
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p are from the crossed. This has not been verified, and 
- \ 

there are grounds for cautiory in this matter (Desmedt 
1 

_. 

and Robertson, in press, Klinke, 1974). It ia very 

possible that the crossed bundle makes en passant 

synapses in the region of the inner hair, cella before 

crossing the tunnel to the outer hair cells (Spoendlin. 

'197:3). , 

The adrenergic i~nervation is little known or 

understood. Onl~ recently has electronmicrospopic 

evidence on the location Of adrenergic endings appeared 

(Densert, 1974). Theae appear to be restricted to the , . 

habenula region. as weIl as BSS-OC iated wi th blood ves-

sels in the limbic lip and spiral gal?81ion. 

\ ' 

ii1) Spiralo gang.+ion. p 

J.---
The spiral ganglion, variously'called the coch-

, 

, lear ganglion or aeoustic ganglion, contains primarily 

the b1polar oeIl bodies, of the primary afferent neurones, . , , 

f 
J 

• if 1 

- , . " 
whose final connections within the Organ of Corti, were 

1 

'. discussed above. The"single central prooess of eaoh 
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ganglion cell exits from the cochlea via the modiolus 

to :(orm the cochlear branch of the Vlllth nerve. Where-' 
J • 

as the ganglion, fOl1owing as it doea the spiral coûrse 

of the basilar membr~e within the c~chlea, presents a 

lin~ representation ,of-thê ~rg~ of Corti innervation, 
t' 111 

, - \. 

the c~ntral processes of cells from all regio~s Qf the 
, ,,', . .', - -' 

~ cochlea become fused inca complex fashion to for~ the' ... . . 

./ <.1 /. ~ 

cochlear né'rve trunk (Sando, 1965'. AlI the èipgle unit 
• 6 . 

recordings .ih this' thesie are from the ganglion ~tself-. ,- 0' 

, 

and assumin~ a radial i~nervation a direct mapping of ~ 

the Ôrgan o~ Co~ti to nerve elements in the'gartglion 

is thus possible. . . The ganglion 1s surrounded by thin , . . 

bone,o~nè w&ll of which abuts on the s~ala tympani," and-
'" ,~. -, 

• • I~ _. _ r, 
this bone -must'-be removed :for microèl,ctrode _ iy;sertion. 

AU;.o dispe~aed tnroughout" the' -g~glion ar'e bloôd vessels, 
~ ~ '" . '.. ... 

unmyelinated adreRergic nerve fibres, and the ol~vo-

cochlhar fibres ift t~li~iC~SPiràl bundl~.· 
/ . 

0 

ia now firmly e~tabllshed th~t It there are two' 
( . fi l' 

populatiol'Ja of' bipolar,ganglion cella ... 9{)-9S~ of':th*, 
~ .. 

1 , 
0 " " 

~ ... -/ 

. . 
',," ~"- . -, • "'1 . 

,1 

o 

1-

t: 
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cell bodies in cat and guinea pig are covered with a 
. 

myelin ~heath (Kel1erha1s et al,,' 19671 Spoendlin, 1972" 
t; \. 

197~Thomsen, 1967), ~nd are ovoid in shape (20-25~bY 

15 microns). The peripheral and central processes of 

t~ese cells are also myelinated and are 1-2 microns in 0 

., 
diarneter.' A second population of cells, comprising only 

"... 

5-10% of the total ganglio~ cell population, are smaller 
" 

in size and are unmyelinated. They aJso send one pro-

cess to the Organ of Corti and one to the coch1ear 

nerva. 

By ~~e use of degeneration studies. Spoendlin 

has been able to show'that these two "popu~ations pro- Q 

b~b1y'correspond t6 the radial and_outer spir~l fibres 

innervating the inner and outèr hair cells respectively 

(.Spo~ndlin, 1972, 19(1). This ha.s been most clearly. 

shawn in cat, but appears'to hoid '81so for'the guinea 
1 

pig. Wh1Ie Spoendlin main~ains tha1: the' unmyelin~ted 

eell~,are' bipolar 11ke"the more pred~minant myelinated 

" .gr~up, sorne authors ~iffer. Ross (1973) claims that in 

1> 

" 
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2) 

, 
rat, theseounmyelinated cells are in fact m~ltipo~ar, 

and cites previoua golgi studies to support this. All 
'" , . 

~ . 
in aIl, Spoendlin' s evidence ,ln the cat and guinea pig 

seem fairly good. Accord~ng to him there is evidence 

th t the very sma1l number of giant fibres whi6h inner-, , 
o 

ate the inner hair cells in.multiple fashion, also come 
'" 

from the Unmyelinated,cells in the ganglion. 

Th~ detailed ultrastructure of the afferent 

~anglion pelIs has been reported by many workers Iurato, 
" 

~ ,- " 
1967, Kellerhals et al" 196~. Reinecke, 1967, Rosenblith 

.;"\ ' 

and Yalây, 1961, Spoendlin, 1972, 1973; Thomsen, 1962). 
• -- -=--.:--~ ~ 

The Most p~tinent feature' is the presen~e of myelin on 

axons and cel1 bodies of thè" major gang1i,on cell .popu-

lation. There ia also a suggestion tpat the processes 
o 

of the unmyelinated celle, are myel'inated., (Spoendlin, 
1 l'~..'' 

1973) • 
. 

On the,; somas ~f' ,the myelinated cella myelin. 
• a 

i8 less compact than on the procesees. Little attention 

has been given to the impo~tant question of the location 
, . 

of nodes of Ranvier on theae cella (Roaenb.lu th and Palay, 

l , 

o 

'--

I,<~_.-
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,~ , 

1"961). and 0 sorne data' "On this and the implications of 

~ ;; ~ 

rnyelin distribution, ar~ ttle subjeot of Papelt V 'qf this 
, 

thesis. 
( 

\. -
It se~~ that the peculiar paitern of innervation 

or the ~mmali~n Organ 0: ~ti is weIl established, at 

"'.. 1 
l' least' for some species. \ The Most extraordinary feat,ure 

, , 

1. ... is that the predominant hair cell population. the outer , 

hair cells, only 
" 

make synapic contact with 5-10% of the~ , 
, y 

neurone pool~ The implications of ,... 
1· 

p~ma~ afferent 

this a~rangemen~ 
,t " 

for signal proces~ing are ob'cure, but 

one important' consequence is that • ..J in S~le cel1 ~ etudies.' 
n JI. --.JI--....--~ 0 0 

~ /" . 
either ~n ~he cochlear nerve or in the spiral ganglion, 

t,he vast maj ority of \lni ts recoorded from pl'obably eman-

~te froJ}l inner tlair cella; The sm,aller size Cl'! ,th, 

ganglion celle innervating 'outer hair cella also 
, # 

in ... · 
\ 

creases th~ :p~obabili ty that they will be missed by 
, , . 

microelectrode sampling techniques' (Stone, 197). 

\ 
" 

.J 

'of 

r 

, 
4 
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COCHLEAR PHYSIOtOGY 

i) Basilar membrane mechanics , 

The vibration pattern set up Dn the 

, ' 

brane by movements of the_stapes was firf~ observed 
, : t 

aptically by Von,Beke~y nd has since béen studied by 1· 
several techniques 1967, '1970; 3 1 

f) \ 1 

~ ~ 
Kohlloffel; 1973; Rhode, ·1971. Wilson and Johnsto~e, 

o ' 

, , 
1972). -~The response' to a 'Continuous sinusoidal stim-

l -

ulus is the production of a travelling wave whose phase 
, -" ~ 

and amplitude varies along the length-of the membrane. 

The amplitude of maximum vibration_shifts in" locatio~ 
, - ) 

depending on the frequency of the tonal stimulation. ~ 

; LoW frequencies cause maximum vibrations near the apex~ 

and highe'r frequ~n~ies lftoymrds the narrower, stiffer' 
f .,. -/"r 

r ~ __ • '" 

basal end of the m~mbrani.~ Modern practice ls to measure 
J • 

.... - the tuning curve, or frequency response of a particular 
1 • . 

, é 

point on the basilar membrane. A typtcal result Is 
,... 

, . 
shown in Fig. S • . The hi~h (requency fall-off bèyond the 

p~ak has be&@J. reported to be up to' 300dB/octave (Johnstone 
o 

• 
\ 
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1) 

j 

" 

1 

"-
Fig • .5. A typica1 baS'11ar membrane ~chanica1 tuning 

• curve measured by the M~ssbauer technique (from Rhode, 
. , 

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

the basi1ar membrane are shown. The species ia the 

squirre1 mopkey. ' 
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/. and Yates, 1973), but more normally reported values are 

lOOdB/octave. The actual value found seems to depepd 

on a variety of factors, location on the membrane; 

st&te of the preparation 0Rhode, 197~1 Kohlloffel, 1973}, 

perhaps animal species, and the laboratory in whièh the 

res are obtained. All authors are now agreed that 

l 
the fall off qoes not continue indefin-

a plateau sorne )0 - 50 dB below the 

The low fre~uency slope of t~e ampli-

tude function is very much less, a maximum reported 
i-

D ~" 

value of 24 dB/octav~ when p~otted against/ constant 

stapes d,isplacement (Rhode, 1971), and is usally repor-

ted as 5-10 dB/octave. Table l summarizes the findings 

by different workers. 
J __ 

. As discuseed in the first three manu~oripts of 

this thesis, aIl the present basilar membrane techniques 
l>-

surfer from disadvantages which are not c.~nsidered im-. . 

portant by many of the workers involved~ Thè cochlea 

ia an extrem~ly sensitive sY!3tem anq i t should be "borne in -

• ,-

.' 
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SPEÇIES 

-Guinea 
Pig 

-

. . 
--

" 

-
Squirrel 
Monkey 
. 

LOCATION HIGH FREQ. , 

mm from SLOPE 

basal end dB/octave 

12 JO 
-

2-; 100 
~ 

----

1-4 1JO 

r 
(II - _ 1------

4 )40 
- \ 

\ 

3 130 

., , 0_ 

7 100-:-150 
, 

. , 

ri' 1 

" 

L0\1 J'REQ. AUTHORS ! 
SLOPE 

dB/octave 

--

'5 Bekesy, 
1960 

Q 5 Johnstone 
et al., 
1967,1970 

2 Wilson & - --
JOhnstone, -', 

1 1972 

5-15 Johnstone , 
& Yates, 
1973 

7 Kohlloffels, 
1973 ( 

• 

10-24 Rhode, 19711 - 1 

( 



• J---

• 
( 

-' , 

27 

min~ that ev~n the initial approach procedures <,e.g, 

wide opening of the scala tympani, perilymph drainage, 
~ ~t 
'(I-~ . 

, placement of radioactive sources on'the membrane itself)~ 
, 

as weIl as thè inherent limitations of each technique, 

could obscure particular aspects of basilar membr~e 

vibration which are perhap~ present in the uninvaded 
J 

~ \ r' f 
~ b i 

preparation. Tqis is dealt with more fully in papers 
1 _ j , ) -

I-III, and in the disc~ssion following t~ose papers~ 
1 

However, at this point mention wil~ be made of one con~ 
. , 

tro~ersial and i~pottant_topic, the existep;ce of non-

linear vibrations on the hasilàr membrane, 

Von Bekesy (1960) and Johnstone et '8.1, (1970). 

each rep~rted that the basilar membr~e vibr~ted linea~lY _ 

over aIl ~he frequ~ncies examined. within the sound 

pressure range Whi~,l1 cou1d _be _investigated~120-140 dB 

for Von Bekesy •. and 100-120 dB for Johnstpne et al.), 
, 

, - -. - ( 
They thus inferred that the basilar membrane tUning 

curve they messured at theee high sound press~re levels 

was similar ~o that at muph lower intensities. This 18 
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, 
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,~ ~ ~
' Fig. 6. Example of the non1inear behaviour found on 

h:e ~asilal: ~ membrB.!le bY:. Rhode (1971). The input-'output 
\ 

~es flatten at high sound pressure leve1s in'the 

reg Lon of the frequency, -of maximum response. 
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imp~rtant when considering the derivation of the 

neural tuning curves, consiqered in a later section. 

-
However, in 1971. 'h'ode reported a form of non-linearity 

~ , 

on the squirrel monkey basi1ar membrane, which implied' 
, 

that tuning was not the sarne at àifferent sound pressures. 

His initial resu1ts are reproduced in Figs. 6, 7. The 

input-output curves exhibit a flattening in the region 

of maximum vibration, whereas at ,oth~r frequencies the , 
; , 

behaviour ls 1inear. The eff~ct of this form of non-

linearity ·is ta produce a peaking of the basi1ar mem-, 

brane tuning curve at lower sound pres$ures (Johnstone 

and Yates. 1973. Kim et al., 1973, Rhode. 1971). !gain 
• 

the_ limitations of the techniques do not al10w sound 

pressures lower than 70-80 dB to he used. Subseq~ntly. 

Wilson and Johnstone (1972) an~ JOhnsto~ and ~at~s' 

(1973) failed ta co~firm the existence of süch a non-
linearity in the guinea pige A possible l~mitation of , , 

~ 

the technique of Wilson and Johnstone is the principle 

subject of paper II •. A non-1inearity ~f the type found . 

, 
" 

1 
\J -
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Fig. 7. Taken from Rhode (1971), showing the effect of 

the amplitude nonlinea~ity of Fig. 6· on ih~ basilar 
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different ~ound pressure. 
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by Rhode is 'important when considering the shape of 

neurone response areas at low-sound pr~sure levels. 

so that the 1ack of etgreement among authors ls parl
-

ticular1y frustrating. 

As far as first hand information on the finer 

, motion patterns of the Organ of Corti in response to .. 

29 

basilar membrane movement are cancerned, we Isti11 rely 

largely on th~ observ~tiona of Von Bekesy (1953, 1960), 

on fixed anp'living guinea pig cochleas. Most recent 

efforts have concentrated omainlYron mOd~lling (Billone 

a~d Raynor, 19731 Johnstone and JI~nstone, 19h6; Rhode and 

'Geisler, 1967, Steele, 1973). 

Bekesy reported that the pattern o~ motion of 

the hair cells embedded in the reticular lamina varied 

~long the extent of the travelling wave. For regions 

basal to the paint of maximum vihration,- motion of the 
, ' ---,. . 

hair~x1s was radial, preSUm~blY producing ,a radial 
fit 

,shear on the stereoci1ia. Apical ta the peak, motion 

became progress~v.ely up and down. then longitudinal 

~ \ 

, 

-" ..... ,-
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/' till eve~tually it became undetectably amalI. Sorne 

limitations of these observations are the-fact that 

they were obtained in the extreme apical reglon --of the' 

basilar membrane (below a best frequency of vibration 

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

sound pressures. / Just how the Organ of Corti pesponds 

at more basal locations and at reasonable sound inten-

sities has never been directlY-observed. There is 

much scape for mechanical transformations of the basi-

lar membrane motion before the actual hair celi excita~ 

,tion. It woulct be fair to say that though 20 years 

have passed sillçe, Von Bekesy' s original observations •. 
OJ~ 

- our ideas on these -transformations are still largely '" 
0' " 

~onjecture. 

ii) Resting potentials 
(~ 

~ In mammals. the'sçala media'is maintained at a 
. 

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

blood and perilymph. 
( 

The electrophysiology and electro-



., 

i 

• 
1 ~ 
1 

i 

1 

! 

! 
1 

'. 
/ 

\ 

chernistry Qi thfs. p~tential have been lntensive1y 

studied in guînea 'pig (Bosher and Warren, 1971, John-
, ~ 
, " 
stone and Se11ick, 1972 J Johnstone, -;jl.967, Johnstone 

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

r 

, 
1 

-" 

rely on the ionie gradients between endolymph .and. peri- L c '3 

-
lymphe This large endoeochlear po~eBtial (+EP) is very 

sensitive to anoxia and after,the dèat~ of the animal 

it falls within a few minutes to negative values (about 

-50 rn'!) 1 produced large.ly by the- potassium diffusion 
'J,~ '" 

gradient [rom endoiymph to peri1ymph. The +EP ean be 
'" 

rneasured by insertion of KC1-filled mlcroelectrodes 

into the scala media, either through the basilar mem-
" 

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

jrgan., of Cor.t~ extracellular spaces can be considered 

as ~pproximate1y equipotential te 'Peri1ymph. A la,rge 
, ~) 1 

. ~ 

negative potential c~ be recorded inside the Organ of 

Corti (Bekesy, 1952, Tasaki {!t al., 1954,). Dallos 

(1968) has diseussed ;the v~rious arguments for'the 

source of this potential, and 1t ia now generally agreed 
j. 

11 

'- ' '. '. 

• 



• 

• 

) 
o 

o 32 

that it iB a normal intracellular potential recorded 

either' from hair cells or supporting cella. 
o , 

• J 

The implièations of the +EP and the negative 

-
intracel1u1ar potentia1 for transduction in the coch'lea' 

,( 

have he.en discussed by numerous authors (D~vîs, 19q5, 

Honrubia et al" 1971, Honrubia and Ward, 1970, John-
" .. 10. 

stone et al., 1966). Most important is tnat there must 

be a'large leakage current from scala medi~ to scala-

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

current in the ge,neOration of receptor potentiaÜ~ in 

response to $ound stimtrta:t~iOn is discl,lssed below. 
, '-..../-----, 

iii) Receptor potentials 
, 

Receptor poten~ials can be generally d~finéd .~ 
1 

't~~entia~~ p~oduceè i~ se~èory ~tr~9t~res by 
,- '\. 

~he presentation of an appropriaté stimulus. They may. 
1 i r ~ 

l'à 

or May not directly give rise to the generat~on'of spike 

·'.activity, ln the case of the Organ'of Corti., the recep-

... 
tor -potent ials ar~ di stinct f-rom the 'generator and . 

neural potentials which are initiated in the afferent 
o . 

neurones .. ", . f . 

.. 

f 
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..The current hypothesis for the production of 

recéptor potentials b~ the hair cells la the mechano-

electrical theory o:f Davis (l9.54, 1958, 1965) (Fig. 8). 

The h~irs are asaumed to he in contact with the tecfor-

l, 

ial membrane: Upward and downward movements of ~he 

~ 

basilar m~mbrane cause shearing forces between opp~sing 

. ' 
poin~s on the tect6rial. membrane a:nd the reticular 

. 
lamina. and thence bend.ing,O of the hairs. This ls assumed. 

to cause a resistance change in sorne reglon of the haïr 

cell and thus a change in the standing,current discuased 
• J 

above. If an .lectrode la placed in the scala media, 
c 

- scala-tympanl --ur""BC1ITa veS"tîOulr, this modulation of 

the standing leakage current will b~ registered as a 

.'change in potential a'ifference between the electrode, 

and a remote referery.ce, usu~lly placed in.-ne neck 

muscles. 

Two types of receptor potential are in fact 

found in response to a tone stimulus. The cochlear 

m'icrophonic CCM) ls an AC potential wh~ch follows clofJely 0 

D 

l - ~ 

!--
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Fig. 8. A summary of the p~tentials within the cochlea 
1 \ 

which are the basis of the mechan6~~lectrical theory of 
o 

Davis. Taken from ravis (1965). 
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the waveform of the stimulus. Alse found in response 
\ 

to the same stimulus ls a DC poten~ial. the summa~ing 

potential (SP) whos.e origin is not as easily explained, 

as the CM. The summating potential appears positive 

~n the scala m~dia on the basal slope of the travelling 

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

mating potentials ar80 bec,ome negativ:.e as the sound 

<;, 

pressure ls raised (Honrubi~ and Ward, ~969). There is~ 

.evidence from intracellular recordinga in the llzard 

-basilar' papilla, that the aummating potent~a1 la re-

flected in changes in the' hair cell membrane potential. 

(Mulroy' et~ al •• 1974) .-- -'---~ 

) 

This variable resistance theory of CM and SP 

generation now has considerable experimenta1 support 

(Honrubia et al •• 1971, Honrubia and Ward. 1970, John­
\ 

stone et al" 1966, JOhnstone and 0 Johnstone. 1966, 

Kurokawa,' 1965). Upward ~isplaoements of the basilar 

membrane (a~ây from the sc"ala tympani) produc'e decreases 

in the scala media aecesa resistance and thus a fall in 
" 

l ' 

_~ __ -0-

.1 

., 

," 
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the EP. Downward'~ba.sllar membrane d~sI:»laceme~ts resul t 

in a rise in EP and resistance. The consequence of . , 

this theory, verified by experiment, ia that the mag-
1 

nitude of both the CM and the SP will he di~ectly re--
1 ! "-

1 

lated to the magnitude-of the potential differences 

across the cochlear partition (i.e. the magnitude of 

the hair cel1 leakage current). 

The CM has peen more intensively studied than 

the ,SP.. Dallos' group maintain that the CM, ~n t~e 

normal éoch1ea 1S proportional to Q,asilar membrane dis-
, 

plàcement (in agreement with Von Bekesy, (1960»(Dallos 
~--- -- --

--et al" 1972) and that this CM ls domlnated by the 

output of the outer hair cells. ~his ls not unreason • 
• 1 

: 

able in view of ~lr larger number. However these 
. . 

authors al.so maintain that the lnner hai'r c~,lls are 

re~ponsive tQ"basilar membrane velocity and are some 

JO dB less sensitive. than the outer hair cells. Their 

. evi~ence-; is- obta~lJed trom coch!eas in -rhich the outer 

hair cella have been aelectively el.imlnated by the 
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ototoxic drug kanamycin. Inner hair cells were scored 

- -; 
as present ,and "normal" by light microacopy. There is 

considerabie reason to believe that these remaining 
l , 

inner hair cells are not cyto~~g~cally normal (Wersall, 

1973), and the originators of auch experiments should 

~ 

prov ide evidence on t:t}is point. Wersalf (1973) -states 

UIt is remarkable how weIl preserved the cuticle and 

the haira niight be in a cell with advanced protoplasmic 

disintegration.". In addition, the study of Kiarg et al" 

(19-70) on cats poisone_d wi th doses of kartamycin similar 

to those used by Dallos' group, failed ta ellcit re-
,--- ------~---

sponses to the "Most intense auditory stimulation from 

, 
cochlear nerve fibres.emanating from regions with 

j , 

~pparently intact inner hair celle and ,no outer hair 

cells. This ls a strong indication that inner hair . 

cells which appear to be structurally normal in 'the , ) , 

o " light microscope are hignly abnormal from a functional 

point ot: view. " ~en if the inner hJair cells are 

strMcturally normal in auah preparations it might be 
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supposed that the cellular rearrangement and loss.of 

many stereocilia-tectorial membrane contacts accompanying 

vast outer hair cell losses would al ter the 'mechanical 

properties of the organ of Corti, As it ,would thus seem 
~ 

hast y te;> infer the normal prope,rtie~ ~f 1nner hair cella 
. j . 

"f'rom such kanamycin poisoned cochleas, judgement wi'll be 

reserved here on the conclusions of Dallos and his co-
'j ,0 \ 

workers. Qf interest ia the fact that t~ po~(u~ate of 

infter hair cells responaive ta- basilar membrsnea velocity 
n 

ie based on the assumption that thé -inner hair cell 

stereocil1a 'ar~ not attached to the tectorial membrane 

--. -~~--
, and are stimulated principally by viscous forces (Dallos 

o 

-
t âl , 19,72), As we have se~n. this bellet, which ls 

-
a1so e basis of severa1 modela -(Bill one anf,! Raynor, 1973) t 

\ 
\ 1 

Is not founded on tirm 'evidence and may in fact be incor-
-

rect. 

Though_ othe eôchlear microphonic ia-not studied 

in this thesis: the findings of other workers on thls 

re~eptor potentiai are relevant to tne central problem 

-, . 

~--
'1 

i 

. -1 
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of the first three papers of this thesis. For ,this 

o 

)8 

reason, sorne aspects of the cochl'ear microph_onic will be 

discussed at lengt~ here. 

o 

The"CM is usually ~easured by placing gross dif-

ferential electrodes, one each ln the scala vestibuli 

-
and scala tympan!. Though this differential technique 

\ 

undoubtedl'y has advantagea over single-ended recording 

(Dallo~, 1969), there ia evldence that, in the basal turn 

of the cochlea at least, a spatial fil tering effect occurs 

which limita the uaefulness of such measurem~nts. " This 

,effect la apparently cauaed by the nature of the hair 
; 

'--/' - .. 
cells al!- out"of-ph,ase generators in fluid-filled compart-

, 

ments (Koh11offel. 1970. 1971, Lazlo et,al., 1972. W~it-

. field and -Ross, -1965), and only limited insight oan be 

gained into th'e nature of individual haïr oell output 

from such reoords. ,An intere,sting effect has peen found 

which ls consistent wi th the opera~lon of this spatial 

__ fil ter (Yates, personal oo~unioationl Yates et al., 
- J 

, 

in press), where partial drainage of perilymph from the 

-. 

'. 

...1 
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r ~ 
scala tympani allowB high f+equency s~opes of up to 

~. 

lOOdB!.octave to be measured in CM tuning curves b.y ~ 

gross ;sin~le-ended electrode placed on the spiral lamina. 
,\ ' . -

This co~t~asts with high frequency'slopes of only 30-40dB/ 

octave m~asured in the sarne region by the differential 

e'lec trode technique (Dall os. 19?3t); Another e ffect, of 

such' drainage is to shi ft the SP peak from the high- t 
• - \ 0 , 

frequency CM slope (Callos, 1973a) to correspond, exactly 
;, \ 

wi th the CM peak. . 

An ampli,tude-limiting _nonlinearity is present in 

the c ochlear microphonic and ~allos ('1973a) has reported 
, , 

tnat one of the effects of this CM saturation at high 
, 

-in'tensitles-, lB to produce a peaking of the CM tuning 

curve at' lower sound intensities (Fig. 4 in Dallos. 1973a) •. 

The paral~el., be~w~en th~s .behaviou,r and Rhode' s basilar 

, '" -
membrane.nqn-linearity le obvlous, but t~~_e!!ect is by 

o no means dramatic. It ls not cle.ar how the use .~f gross 
\ 

electrodes-which pi~k up the res~onses trom làrge ~~b~fs 
o 

of CM generators may minlmize this and other nonlineaF 

phenomena. 

o ..., . 

o Q 

. 
~ 

,-

.. 
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, 
The question of where distortion produ,cts found 

in the coch1ear microphonic are generat~d, is àn important 

one in view of,the controvêr~y regarding nonlinearities 

in the basilar membrane vibration. AlI the avail~le 

psychophysical evidence (Gold~teint 19671 G01dstein and 

Kiang. 1968; Srnoorenburg, 1972) suggests tnat th~l cübic 

distortion product 2f1 - f 2 isotransduced at its appro~ 

-
priate place on the basilar membrane. Howev~r, in'this 

respect and in numerous others... the behavlour o'r this dis:" " 
'\ 

tortion product in the CM is very different. 0 Dallos and 
1 \," 

Sweetman (1969) and Sweetman and Dallos (1969) teport 
, ~ 

- ~ fo.~ i. 

that 21'1 - f 2 eS!lnot be caneelled by a third tone at two" " 
~ , ~ <> 

locations simultaneously. 
. ' 

The expl~ation ia that this 

and other distortion products ln the eoehlear miero-
/ .. " . 

phonie are not'present as true travelling waves and ' 
- ii" " ' 

\J_ - ' 0'\,. 
,. .; (/ ., 

peak at the locatipn ~f ~~eJ pr.im~rio~s or, f,dam~n~al. 

tones. Also, Dallas et al., (1969), have shoWn that dis!. 

1..... " , '" 

tortion pr,oduets -in the eochlear micro,Phonic are ,a1'teeteçl' 
<> 

differently '~r~m pure to~s by polarlzation.of the coo~-
" 1 

'\ 
'f 

n 
v 

0 .,.-. 
0 

, ' iJ • 
~ 

" 
~ .. 

" ~ 
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lear partition. Other discrepancies are that the magni-

~ude of Zfl - f 2 in the CM does not vary with f 2/ fI or 
Il, 
~ 

~n~ensity as would be expected from the pschoacoustical 

. 
data. Neither are the relative levels of distortion c, 

products in the cochlear microphonics in ~greement with 
f' ,il.--

... - .tt-~ -

the neural correlates of such nonlineaz;j. t,ies. 'Because 

of these data, Dallos (197Jb) suggested that in faQt the 

r CM might not be important in the transduction. process 

'and that the distorti~ prbducts in thè neural output of 
the cochlea must be generated ~~ a8_, yet ~sp~cified 

...... stage. 

.. \ 

• ' 
o 0 

- - -

'- Baailar membrahe' modeTI incorporating a nonline~ity 

of the type 'oèserved, by Rhode can generate distortion 

products whose beh~viour 18 in rea80nable agr~ement with 
C} 

. psychophy:aical data (Kim' et al" 1973). It has 'a1so re­

cently be~wn that the distortion product8 generated 
."0. -

by auch models do peak at the location of the fundam~ntals 

-
in agreement wi th the CM data of Dallos and Sweetman 

~(Hal+, 1974) • 

( 

Î 
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~ / ; . , 

Wilson and Johnstone (1972, 1973), ;o~ the basis o~ 
"... 

Dallos' data and their own failure to find significant .. 
G 

levels of 2fl - f 2 in the basilar membrane vibra~ion 
, Ir ,4( 

postulate that the nonlinear elements responsible-for the 

generation of neural distortion products are cen~ to 

-
both the basilar membrane and the ,,cM generation step~ 

They postulate that the ,locus is' withih the hair cell 

itself. 
1. t 

The fact that CM and basilar membrane data are 

recorded in the guinea pig, and psychoacoustical. d'ata 

are only available for man. cat and squirrel monkey may 

mean that the discrepanc~es mentioned above are not 

important. However, if species differences are not impor-
\ 

tant and if th_e CM measurements with gross differential 

elecllrodes are meaningful. then the postulate of Wilson 
il i 1 

and Johnstone m!lst be aerioualy considered. , 

The relative roles of the CM and SP in the excita-

,tion of af'Terent dendrites la obscure. Upwa.r.d movement 

of the basilar membrane, corre·sponding to a d:rop in hair 

cell resistance and 'a decrease i~ +E~, ls excitatory ~o 

o 

. . 
\ 
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the auditory nez;ve fibres. Thus if the 

CM provides exc! tatory current t only one "phase can be 1 

used. {, At ,high f'requències (abo~'e ~bo~t 5 kHz and u~ 
100 kHz in the bat) it ia difficult to see how such a 

rapidly al te.rnatlng potential could, effect·ively release 

transmitter from,the hair cells. Perhaps the negative 

SP becomes impor\ant at these frequencies. 

" 

"., 

iv) Generator potentials 
. / 

Actual recording of generator potential's from wi th- '.' , , 

) 

in the" afferent dendri tE!S has not b~en -acllieved in mam- --' -.---

mals. However, data from lateral line organs (Flock 
( 

et al,'. 1973) and the saccular- macula of teleost's \, 

(Furukawa and Ish1i, 1967) show that axci tatory post-\) 

synaptic potentials (EPSPa) ~re produced in the afferent 

dendrites, both spontaneou~1y, ,and in response to sound 
~ 

" 

(~Lr 

stimuli, or deflect,ion t;>f' sensory haira. AIl these stùdies 

utilize low frequencies and show EPSP's in approximate 
<- ' 

synchrony- wi th the exp~cted. excitatory phase of the "micro­
~ 

~ 

-- ~- -~-_.-...), 
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" phonie response, Presumably, these E~I~ spread decre-

mentally to a more distant spike initiation point, .perhaps 
" 

at the point wtére myelinatio,n begins".(at the habenùia in 

the organ of Corti). Mulroy et al., (1974) have re-
l,,), 

60rded all-or-none spikes in thé lizard b~Sil~Pil!a 

at. a point betw~en the habenula \and the flrst no~es of 

.the gangliOn cells. ~or ~he ou~er spiral fibres in the 

\ 

Organ of Corti, the situation'may be a 1itt1e different. 
• n 0 ~ 

The question has peen raised as to whether these fib~es 
, . , . " 

, , \ 
1 are so small and so ,long that decrementally conducted"; i 

, , 
. EPSP' s' would be too small at the habt!llu1a to ini tiate 

;action potentials. The possibility'should therefore be 

considered that propagated action potentials exist in 
v' 

\ "" ' 1 

, f ' \ 

th~ long unmyelinated déndrites. There is -so~ evidence 
,,' J ~ • 

\ ,', . 
\ ~ 

for dendri tic spikes in other, ,systems' (Llinas and' 
, " 
Nichol-

'. ' son, i969). -However, .in sorne invertebrate sensory systems, 
~ , '1 • ~' , ~, 

decremental conduction appeats to take place effective1y in 

fibres just as fine and long as the mammalian outer 
.. 

spiral fibreb (Patton and Kater, 72; "Shaw, 1972) • . . 

" 

l J 

-1 
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'V) "Neural Reco"rdings 

Since the work o~~other researchers relevant to 

~ach manuscript>are discussed therein, this will not be 

comprehensively covered here. Many single fibr~ re-

J 
cordings have been obtained from the cochlear nerve in 

the internaI aUditory meatus of cat, guinea pig, and 

squirrel monkey (Evans, 1972r Kiang, 1965r Rose 'et al" 

1974, 1971, 1967). - Single unit th~esholds have been ' 

-

shown to agree reasonably weIl with the behavioura1 audio-
, , 

grams (EvansÇ 1972), and most authors are now agre'ed th,at 

the variation in single unit thresho1ds at a given best , 

frequency ,\ in a singl.e animal: is qui te srnall (not greater 
Cl' 

than about 20dB) -(Evans, 1972, Kiang, 1965). There ia a-

" " 
large amount of data available on the spontaneous activi-

, f 

\; ~ies (c'8.t)w and response properties of theae primary 

" 

neurones and only oné aspect relev~t 'to the fol1owing 

~ape~s wilL be ,emphasized here. Theae are the tuning curves 

or threshold-frequency, res~onse' area~ which fefine the 
t----­

threshold sound pressure level_for a given f~~e at eaoh 

.' 

'1 
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. . 
frequency o! sound stimulation. These tuning curves 

, . 
are consistently sharper than the bas~ar membrane tuning 

curves which have been reported for similar regions in 
..... 

the ,sarne species (~ig. 9) (Evans, '01970; Evans and Wilson, 

1973)/ One exception to this ls :he tuning curve~ or" 
fibres with best frequencies less than about ,1kHz, 

\ 

which are in substantial ag!eement wi th th_e original 

basilar membrane cUrVes of von Bekesy in this regio~ 

(Evans and Wilson, 1973). 

The problem of whether there must be an additional 

/ -
mechah~sm subsequent ~o the bas}l~r ~embrane tuning to 

e~plain the single unit tunihg curves, or whether the 
r 

presen~ basiÏar membrane measurements are inadequate. 
52 

Gonsti tutes the central problem- of the fi·rst three pape,;rs , 

of this thesis. 

The high frequency slopes measured within 2SdB of 

the best fr.e~uency thresholds are not 'too Jiffere~t fro~ 
• 1 

the m~ximum reported basilar membrane values but there le 

a very large discrepancy between the low frequency slopee , - -! . 

, 

Q 



• \ 

" 

\ Fig.~. A cornparison of the neural tuning/oyrves of' 

cochlear nerve fibres of the gulnea plg andl the basilar 

membrane data of Johnstone et al. (1970). The fine dotted 

line shows the mechanlcal data, a~d it is obvious that 

the slopes of this curve are very ~uch Iess thap in 

the neural tuning cu~es. Taken from Evans (1970),' 

ï , 

.. • 

-. • J 
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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 frequency neural slopes can reach maximum· 
) 

values of IOOOdB/octave which is very greatly different 

from the maximum mechanical values •.. rhere i~ no sign' in , 

the neural curves of the high frequèncy plateau observed 
4 

l , 

in the basilar membrane vibratien by Wilson and Johnstone~ 

(1972), Johhstone and Ya~es (197J) and Rhode (1971). 

This question of an additiona1 mechanism is'di-

rectly related to the above discussion on the site of 
, Q 

-
. generation of distortion products in the cochle,., T,he 

particu1ar nature of the nonlinearity found by Rhode 
\ 

raises the pO'Ssi'boi~l ty that both .:the sharp neural. tun1!ng 
- 0 

1 

and the generation of sorne distortiort products can be ex-
. . 

plained by. nonlinear bas,ilar membrane> mechanics. As out-

lined above. there are arguments and data both for and 
against this hypothesis and sev~ral authors"believe that . - . 
both sharp neural tuning and the generation of nonlinear 

distortion products in the neural output are properties of 

.~ 

... 

\ 
; 
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an additional unspeoified mechanism. This' Jatter is 

examined in the results section of this thesis and in 
, 

J 

the discussion follo~ing the' papers. 

A second problem in neural recordings so far ls 

the ~ailure to d~tect in the cochlear natve 

which can be assigned and outer hair cells 

wi th any d eg~ee of certaint A~ diacussed above, \the 
\, 

particular innervation of organ of.Corti ia bound to 

resul t in a low sampling fibres emanating 
1 

• l ' 

number of in the cat have failed 

to reveal two pop~ations which oan reasonably' he at--

trlbuted to ïnne:r; and o)lter hair oella (Kiang, 19651 

and personal communication). Evans (1972) does report 
, . 

. the pre~ence of a small numb~r of nerva fibres wi th high 

spontaneous ratés whicn failed to show a significant , .. 
1 . , 

increase in discn.arge rate but did show .êynchron.ization 

to low frequençy stimuli. 
" 

From a reading o~ Evans (1972) 

- . 
it appears that he did not consider that these were es-

I f-

., 

1 
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pecially related t61~h~~outer hair,cells. Nomotd 

et al", (1964) classifïed fibres into tYlO groups on the 
. . 

basls of their rate versus-intensity functions, but the 
. , 

particular behaviour they observed has not geen confirmed. 

In addition, their smaller population comprised n~arly 30% 
.. 

of their sample of 66 fibres whlch is not i~ very good 

agreement wit~ Spoendlin's quantitative estimates of 

outer spiral fibre densi ty.' 

'The abqve introduction has shown that there are 
1 

many important and unresolved problems·in the primary 

pathway. Th~ papers which now follow db not attempt to 

provide a complete explanat10n for any of these problems. 
, 

The general properties of the~spira1 ganglion cells in 

/', the basal turn of 'bhe _ gUj~ne: pig ~ochleà are presented. " 1 
Q 

together wi th B,ome. interesting finding~ which throw sorne 

light on the wneural tuning quest~'on • 

d ' 

"' 
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B Manipulation of Frequene~. Analysis 

in the Cochlear Ganglion ~f the Guinea Pig* 

Donald Robertson and Geoffrey A. Manley 
0. 
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Introduction " , 

o 
" 

Tt ls known that, primary auditory neurones 
,0 

exhibit great frequency selectivity in their response 
, 0 

tcJ1 sound- St.imuli (e.g,' Kiang,' i96.5 'e ,~vans, ,1972). . . 
• J 

• r, Triis . has been shown to be true both fo~ purê torie ,and 
J,... (., ~ ~ '1 ') .. , .. 

, u 

-imptllse stimuli (Moller, .1970; de Boer.,' 1969). Studiés 
, 0 . . 
,~~ . 

. on the VTllth nerve axons of mammala show that ~ eing1e 
. , ' .... 

prim~ry;" neurone 'responds' wi th ,greatest sensi tivi ty "t,p 
. -

1 _ 

a particular frequency (the characteristic frequency, 
.' ~ 

, . . 
On either side of the cf. the .sensitivity of l 

tl~e ''fil?re ~e~re~tes ,very tapidIy. This frequency 

se1.erctivity has be~n tradf'tionally expres'séd 8;S tJ:le 

" 
,·tuning' :Urlé, fi diagrammatic represe~t'ation_ of the 

thresh<?ld 1 souqd ,I?~essutft level. '(SFL) at vEi::riol:ls ~re-
.. .. .... t ' 

quencies. ~ A convenlènt indication of the ~requency , 
- • .. l.' ~ 

.. -.~' "'" 
seleotivity'der~yed from't~~ning'c~rve ls the . 

"sharpness q~otiênt·u . ~r. 'hOdB' the cf. divided by the 
, , . 

, '\. > 

bandwidth of the tUlfing curve 1Ç> dB ab.oY,e threshold at 

the cf. 

" .. 
" 

' .. 

, , - . . , 

. ,~ 

~ .. . . ,. 

" 

. . 

o 

o 

' . 

,. . . 



o 

1 

.' o 

1 • 

'. 

o 

o 

Q " 
, , 

•• .;pl 

. , . \- ~ 
53 

The "mechani,~J1) .und~rlying thi~ freqt;tency 

seiectiv~~y is currently one of t~ major re~earch 
, . 

, problems in peripheral auditory physiology. Studies 

of basi1ar me~brane vibration ifl 'the gui'hea
J 

pig sug.gest 
CI - ! u.> If> 

t~at in regions with a maximal vibration at frequencies 
c \ 

greater ~han about 1kHz, the' mechan1cal tuning of points 

on the basilar membrane i~ much le~s sharp than the 

çorrespondtng neural tuning curves ·(Johnstone et al" .' . 
1970, Johnstone and rates. 1973; Wilson and Johnstone, 

1972). One study in t~e 'squ}rrel ~onkey (~hode. ~971)~ 

, has revealed a mechanica1 non-linearity in the basilar 
.... ... . ..... 

memhrane v ib'"ration which resul ts in a' snarpening of th~ 
.rJII1I 

basilar membrane turiing as lower sound intensities are 

'used. This'non-linearity. 'which CQuld Qe used to re-

. Go~cil~ ,the ~eu;al tuning curves derived at low (threshôId) 
, 

.. ", sound, levels wi th the ~a~iIar memborane tl,lning 'n.ormall:! . ' 
1 1/' • J 

me~sured between 7~ and 100 dB'SPL, has not been,found in 

'the guinea plg. In tact the guinea pig basilàr memQrane 
• • cl 

-

has been reported to vibrate lin:'ea~l; down ·ta sound· 

" 

" , : 



• 

• 

.. 

l leV'els' as low as' 40 dB (Wilson and Johnstone t 1972). 

W,hether this necessi tates the presence .of sorne 
. -~ -' " 

.. ) addi t~0nal physiolog'ical fil ter to aecount for the~ 

, 

sharpness o~ neural tûning curves or whether there 
J '\. ,1 -, -

rnay still be sorne inadequaoy in pres~nt m~asurement 
, ' 

, 
. te'chniques of .b,asilar membrane yibration is not certain. 

In this study we report extracellu1ar r~cording 

from 197 single Gochlear ganglion cells in the'acoustic 

(spiral) ganglion of gu'inea pigs. The ganglion cells 

are the sornata 0: 'the bipolar a)erent ceIls who~e ,. , 

cochlear branc~/of the Vlllth nerve. 

It is shown that unde:r sorne~ conditions the sharp!1ess of 

.. 
tun~ng c~rve~ of these cells i~ variable and can a~pr~ach 

. ~ 

the, pattern 0-: rne'Ç.chaniC\a~. tuping 
~ - . 

on the basilar'j me rane. -

w~ich has been r&yortéd . 

- 1 

• 

" 
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" Materials and Methods 
" 

Guinea pigs (150-4po g) were anaesthet'ised 

)6 mg/kg of Nembutal, :(ollowing an injection of 20 f g 

o~ Atropine sulphate" A tracheotomy was performed, . th.e. 

animaIs ~er~ relaxed !Ii th 0.05 ml of Quelecin (Roche)" 

and artiflcial~ ventilated. 
" 

. 
Rectal temperature (..~as 

maintained at 38 .5°Q. The éochlea was approac'hed 
fi _ " ~, 

, . 
", ~ 

ventro-lateEally through the ac~ustic bulla. The scala d 

, . 
• J 

tympani of ,the 'basal Dc'och~ear turn was opened wi th a 

, -
sharp scalpel taking care not to damage the spiral 

ligament close to the basilar membranë; The round 
, 

window was not removed and the scala tympani hole was 
la - ') _~, . ' ~ . 

made a small as was feasible (usvally abo~t 700 X 500 f) • 
\' . 

PerilYmph was allowed t'o remàin in the scala tympani, 
o 

J 

1 • 

axcess seQpage into the bulla being taken up with fine 
, ( 

cotton wick~. Through the'hole in the wall of the 
... . ~ scala tympani, the modiolus and osseous spiral lamina o 

o , 

could be visualised. A small hole <.50 f diame;te:tf) w~s ~ 
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.' 

made ~lth a fine steel pi~k in the thin bone ~f the 

spiral lamina overlying the spiral ganglion. _ 

Extracellular recordings were obtained from 

the bipolar ganglion cells by introducing"metal~filled 

,glass microelect'rQdes (Frank: and Becker, 1964) or' tip 
-

diamete'r 5-8f thro~gh the hole fn the spiral lamina. 

, -
The movement of 'the electrode'was controlled with a 

.' 
, ' 

1----_---'-~_~ __ ~~t..e_hY~raulic microdrive located outsid'e the sound- _" 
, . 

proof rQom i~ w~ich'ail experiments were conducted. 
/ 

\ 

Tone burst 'stimuli we·re àelivered in a closed sound . . , ~ 

<i 

de~ivery "syst~ih ~lifrated .. ft.om ,1 kHz to 25 kHz. A 

pr~b~ ,~~e inéo~p~ra~e~ in Othe 'deliverr tube 'was used 
\ : . 

to measure sound pre~sure level~ at the tympanic mem~ . ' "~ . .' 
~ , 

. brane. Accura~e anp reproducible placemen~ of the . , .. . 
, 

·~'Pr.Qbe tube,- iri each .expèrimen{ was made GY' resècting the 
\ -, . 

. external audi tory meat'us and 'fully exposing the 
,) . 

( 
" 

tympanic m,embrane up to wi tqi.n l mm of < the· edge of the 
" , 

, " 



, ' • 

" 

ta :the end of the delivery tube allowed the thre~ded 

\' , 
probe tube to be accurately positioned in"relation to 

j 

~he tympanic membrane. Broad-band white noise was used 

as a search stimulus although the single 'cells could 

generally ~e detected by tnëir spontaneous ~è~ivity. 
,é/ 

Single unit da~ were t~~e-recorded ~d analysed aff-

'line wi th a PDP8 comp~ter. " Tuning curves were obtained . 

,. \. 

during the experiments by usi~g starldard criteria tÇ>' ., , 

" 

estimat~ the single cell tbresl10lds to pure-tone 

stimul~ (Kiang, 1965). 

Aft~~ the experime~t the eochlea 
& • ,: -' 

perfusion with 1% osmium tetroxide and further d;~sected' j 
, , , .~ 

to e~pose .t~e ?a~ila~~embrane. The preparation was 
, . 

t:Q.en ph~,!;ographed to obtain .measurement of distances 
. , 

on .the 'ltasilar' membrane relative to ganglIon recOrding 
.. ~ ~ 0 ' • 

,-

locations. .The
q 

recordi,ng .site in the .gSnglio~was 

vepiffed --histologicailY .. 
" ) .. 

1 

,Ô' 

1 

Î 
" . 

, ' " 

,1 

,... 

, . 
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/ Fig. l A--D. Patterns of activity of spiral ganglion 

cells. A OsC"illQScope tracings çf activity of a single 

" ganglio.n cell a) spontaneous activity, b) response to 
-- --C 

1.5 kHz 10 dB. abpve thresho1d, -c )~n~e at 15 d:B 

. fj \ a'E>ove threshold. B Interspike -interval histogram of .:the .. 

.f 

~pontaneous 8ctivity of .'a sensitive g~nglion cell.· Bin 

width S~c. C Interspike interval histogram of 
. . , .~ 

- . 
in·an fnsensitive ganglion cet1. Binl, 

\ 
\ 

D Typical'i- responses '~o .tone burst 

stimuli. Peristimulus-time histograms of the reeponse 

~" 
to cf.' tone':'burst st'imuli in two, cells. Bin width 

, 

2.<> ~seë. Posl tion o.f tone --bur-st indicated by bar. ' 
~ 1\, '" P . \ 

Rise-fal~. time 'of tone burat was 10 msec. T~e '~, g ~n. 

(a) had a spontaneous activity ,of 90/8ec and i.8 re-
, v <) ~ 

sponding to a 'tone pu~st ~5 ,dB aboyé threshold. "In (b) 

th~ ce~h~s a spo~taneous activit!,O~ 

re,sponding at 10 dB aboYe threshold •. 

\ 

. {~ 
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Results 

, ,a) Spontaneoùs Activi ty and Tone ,~urst Re!3~SeS 
In any one penetration at a single reco~ding 

<> 

location in the gânglion. a m~ximum of.5 successive cells 
., , 

vi 
..,t 

J 

was encountered. ~istological study showed that the 

g~nglion in the basal turn" wa.s \itwe'en ioo a:nd 200 f'­
deep with 8-15 cells in the path of a single electrode 

, . \ 

track Jn'F m9st fa~orable loc~tioris. The vast 
, ' 1 

maj ori ty' cells reeorded from showed -spo~taneous 
\ (""--J " 
aetivity, Tang'ng f~ a few' ~pikes/sec. to as high as 

130/sec. 
{ , 

nsiderable variat10n in rate of ~pontàneous 
1 

in differeAt cells of a singl~ 
~ .'Ios,. 

activlt 
. , 

, f 

animal fi but i,n aIl those animaIs in good condition; the \, 
, 

inte!spike interval h~stogram 
• 

s~awed a shape suçh 'as in 
\ 

. ' ... 
This pattern' 9f spon-

, . 
·1· " taneous,activity is t'nat rep,orted for, the· 

VlllthO nerve fib~eg in' o~t (Kiang, 1965). The .spontan-

eous ,aetivi ty did not arise from unc;:ontrolled room' rioi~e. -,.. 
Iii, 

sinee thi~ pattern of'spontaneous activity was still seen 
, .' 

l' 

" 

'" 
; , 

" 
. ' 

, . " 

\ " 

, 
~. -
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1 

1· 

S9 

6hain (4'tténuating" 

the conduction,o~~ai 

AIso, the accumulat~n o~ 

recording from a single . caused up to ~ 

2~ dB ris~\ in pure to~e 

\ . 
noticeable r~duction il'l--':sp0E-taneous The 

maintenance of apontaneous activity depended on the 

---i}'lt~gri ty of the Organ of COl?ti. for d,estruction of . 
. 

,the basilar membrane resulted iillmediately in an l:t'lmost . 
-

complete cessation~ of ffP'ontaneoùs activi ty. 1 
o ç,-

}t.nimals viere oftEtn encountered 'Vi th unl1sual , 
, - .1< 

patterns of spontaneoul! activi ty. The ra~" spontan-
, ~, 

eous f~ring 'in thes~ anitilals, was v,ery iôw, p:(ten zero, 
:' 

and the' ce~is wére- semetimes first detected by raprd 
" 

in jury discharge caus~~by advance 
\ 

The interva:l histograms of sueh in jury dise 
,b .... • 

a' .large symmetric peak 5Fi~. le). 'I~' such'Q ani 
\......:lu .... 

cells f.requently 'did net resp'oi-td to the nor 
~ • 4. r • 

of search stimq.l,?-s and their thresholds to 

-"'-: .. \ 
. ' 

• 

sho}Yed ~. " , , 

1 

... 

l • 

t, 
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were invari"ably eleva.ted t inpicating a 'path'olo~ical 

condition either of the cochlea or the whole lanimal. 

There was rio reason to be1.ieve in tne.se animaIs that' 
~ \ 

~', : 
the dissection had caused,any gross damage tb the 

Organ of Cort i i-

, \ 
. Responses to tone burst stimulâ. (Fig ~ ID) showéd' 

a pattern which was uniformly similar to those reported 
. \ ' 

( , 

in ot~'er species 'in studies .on tlJe cochlear.Jnerve axons 
.::. , ) , 
" . 

(Nomoto e't al. J' 1964, Kiang, 1965). Rate-inténsity 
" ta. , _ <1 

-
funétions at diffe,rent frequencli~s were also' comput.~ld " 

for ma.ny cal1's. The slopes oi' Qthese f~nc~i on~' were \very 

~ l 

similar for frequenciea bath on and off the cf. 111 the 

majority of ceils studies· (Fig'. 2). The dynamic r.ange 
, , 

'that C oUlq,4 be· invest igated' wa.s limi ted' to ab out 20 d.B_ 

above tnres~ld due to the~ presence of 8.' large cochlear 
Q - \ ' 

l ' • 
m\~r~PhOni~ respons~ at ~h~,r intensi t1es t~a: madé ~ ~ 

discrimil'lation of indi'O-id,lla1 SPik~ di:fficu1 t. . 
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• 
b) Distrlbut ion of Ch'aract'eristic 

'?reguencies fnl the Gan~lion 

.. 

. 
At any given recording location aIl tHe cells 

" enco.untered had the sarne cf. This cf~, varied systern-

! ati~ally wi th the record ing iocation in th'~ gangl,ion 

" '.. 1 .. 

1 and,-. in the ac,cessibl_e area in the ba'sal turn of the 

~ 

cochlea, r~ged from 11kHz to 21 kHzl In ph.otographs 

of· the osmium':'stained cochlèas the 'myelinated peri-' 0 . , 

pheral p~ocesses of the, bipolar cells could be seen to 

'\....-4 
follow"an ordeily path from the recording site in the" 

i . 

ganglion to the' basilar -membrane (Fig. J). .Distances - ' . - \ '... " " ~ . ' 

frorn ti1e basal end of the b~silar, mem"brane, t 0 points 
, . - ~ -

on ,the m~mbrane co'uld be ,"meas~red from such photographs 
O' 

~ 

and related t6 a particular recording si~e in the 

"g~.on (vis1ble as ~,punctur~ in' the" ~sseo,~' spiral" 

lamin~) • .In· Fig. 4 is shown data from 8 animàls re-
'.1 

, . 
lating the ·cf. of ,cells fn' the ganglion to 'the c orres-

:ponding distance along the basila~'membrane~ The . ," 

4 . . .. , 
, distribu,tion of 'frequency along .t~e basilar' membrane 

.. . .. ,., • It~ ,_., 

" ", 

~ , -

4. 

. 
A 

1 

", 

, . 

.r • 

1 _ fil. 
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Fig. 3. Photograph of the guinea p~g cochlea wi th bony 

@' 

capsule and stria vascularis removed. The basilar 
') 

membrane has been strippe~ from the basal turne 

G Point~ of .ent~ of electrode. int~iral ganglion. 

N Myelinated peripheraf processes, "?f ganglion celll 

visible th~ough the osseousospira~ lamina; , B Inner edge 

" 
~ of the basilar membrane. Stained with Osmi~m tetroxide • . . 
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Fig. 4. Relation between'charact~ristic fr~quency in-

• 
the ganglion and distance illong the basfiar membrâne •. 

\ 

The drawing shows th~ method of measurement. BM b~lar' 

membrane r OC organ of Corti, SG spiral 'ganglictn, ~ 
• 0 

~sseous spïr~l lamina, P2 and Pl two diffe~ent penetra-
• ~ ') ,!O-

tion points in the gan~lion,. C+osed circles are experi­
/ 

1e~tal measurem~nt s fram 

locati on ~f displlcement 
'. 

A, 

8 animaIs, ·triangles are the 
.. 

maxima' on the basllar membrane . , 

taken from Wilson and Johnstone~ (1972). 
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d etermined by this method agr,ees weIl wi th available 

. 
data on the location of displacement maxima on the ... 

r;uinea pig basilar membrane (triangles in Fig. 4 from 

Wilson and Johnstone, 19i2). 

c) Tuning Curves 

It was found that both the sensi tivi ty and the 

sh~rpness of the tuning curves of spiral ganglion cells 

varied considerably between a1,imals-. In a single 

'animal howev~r, there wis little variation ln these 

parameters. The mean range df threshold in a single 

.animal at each cf. was only 6.7 dB (S.D. == J.9À and 

QiOdB was 0.9 (S.D. = 0.6). Sorne typical tuning curves 

fro~ different animaIs are shown in Fig. 5a. ~ can 

be seen that those uni ts wi th high thr~shold s have 

1 t 
broad tuning curves while the tuning càrVErs' are pro­

J 
J 

gressively sharper at lower threshold sound intensities. 

-
Pig. 5b sh ows the pooled data from 94 cells frorn 4iffer-

< 

ent animaIs with cfs. ranging from 12-19 kHz. There is 
1 

1 

. .... 
- ) 
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• 
Fi'g.5"a and b. Variations in QIOdB and thresholds. 

-,. 

a) RepresentatJve tuning curves each from a different 

-animal showing the gradation in s~nsi tivi ty and sharp':: 

ness of the tunJng curvès. b) Pooled data ff1.om 94 

cells s~owin~ the close relationship between QIOdB and 

the threshold at the cf. The range of cfs. included 

; 1 ~ 

is 12-19' kHz J closed circles are the neural data from 

the present study. Stars a~e the QIOdB values from 

Rhode (1971) 'bf the basilar membrane -vibration at the 

8 kHz point in squirrel monkey. 
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a consi~tent linear relationship between the QIOdB 

and the sensltivity at the cf. throughout the intensity 

range investigated~- ~hos~ neuro~s with especial~y high 

thresholds at the cf. (greater than a~out 70 dB SPL) 

showed the unusual patterns of spontaneous activity 
o 

referred to above. ---,--

The low and high frequency slopes of the tuning 

1 
curves were measured for the sarne 94 cells. Wherever 

possible these, slopes were computed between 3 and 23 dB 

above the cf. threshold (Evans, 1972). In ~anyvof the 

higher th~eshold cells this was not po~sible in the 

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

a steeply rising portion to the curve near the cf •. The 
/ 

low frequency slopes for these cells were therefore 

determined on tpe stralghtest portion of the curve 
') 

avail~ble near to t~e cf •. The'low,and hlgh frequency 

slopes are plotted agairyst threshold at the èf. in 

Fig. 6. 

, 
On investigating the basis of this variation in 

'1 

o , 
~)---
1 

, J 
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Fig. 6. Low'and h~h frequency slopes of the tuning 

curves of the 94 uni ts of Fig. 5:1, • The method of 

measurement of slopes is discussed in the texte The 
'i ... 

~lopes are presented plotted aga'ihst threshold sound 

intensity at the cf. 
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thresholds pnd tuning curves between animars~ it was 

-
found that tuning curves could be deliberately altered 

by reducing the rate of artificial ventilation. A 

red~cti~n i~ respira~ory rate fr~~O-JO strokes/min 

caused a rise in the threshold at th~ cf. a~d a fall in 

thJe~ontaneous rate (by up to 80%) within 2 min. The 

\. , . 
rat'e of ventilation could be ad justed to giv:e an elevated 

but steady threshold at the cf. and a tuning curve for 

the cell could again be determined. The changes in the 
" t ) 

tuning curve produced are illustrated for 2 cells in 

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

duced 'by the above procedure are shown for 7 ,cells~ For 
~ __ r 

-aIl of the cells except one (squares in Fig. 7b) the ~ 
, #' 

changes in the tuning curve and the threshold were re-
l ~ 

versible withio one minute of restoration of the normal ' 

rate of ventilation., In the dne cell referre,..~. the 

_ animal d ied as a' resul t of the respl.ratory impairJ'!lent. 

In another cell (closed Ci~ in FJf!.. 7b), the i .~ .. " 
threshold recovered to ~ level\more-sensitive than the 

,.~ ,,' ", 

. '. 

, 
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Fig. 7a and b. The- effect of delib~wing of the 

ventilation on tuning curves an~ sensitivity. a) Tuning 

curves for 2 cells~in different animals~ Solid linesl 

before slowing ventilation, broken ,linesl after slowing 

respiration and, with a steady elevated threshold at the' 
) !, 

cf. b) The effect in 7 cells {including' the 2 shown in . , , 
(a) of slowing ventilation. Lines j oin the' QiOdB and cf. l, 

t~r~Sho~d 
i 

A1Jj cells 

points before and after respiratory impairment. 
9 • 

except one (open squares) showed a fully 

reversible chan~e. in 'tun'ing curve and sensitivity. One 

cell (closed eircIes) showed an! ittcrease in both sharp-

ness and sensitivity ~hen the respiration rate was,returned 

to normal. Dotted l~nes show\the range of the pooled 
1 

data of Fig. 5b. .. 

, ; 

.. ~. , 
1--'; 
1 " ~J 

1 

/ ~ 
J 
'. f 

e 

/ 

e. 



" 

, 

• 

... , 

! 
) 

[ 
• 

-- ••• a' 

••••• 
•••• •• , .. 

~ 0. 
~ f···· •• 

{ ..... 
.~~ 

•• 0 • .. 
•••• 

•• .. .. ..... 

..Q 

M 

... .- ........ ,..- ...... ... -:) 
o ( 

J' 

, . 

c 

•••• 
" . •• •• 0. ., 

.... 

"t-
U 

..... 
0 

0-0 
~-0 

...c: 
en 
CU .... 

...c: 
ot-
0 ... 

......... 
N 
J: 
..-: ......... 

>-.. u c 
QJ 
!) 
0-

- ~ 

.. ~, __ ~~ __ ~~~~ __ ~l_· ____ ~ __ ~--~--~'-
o' 
M. o --

o 

" 
o 
Il') 

(gP) ldS PIOlfS8Jlfl' 

, 1" 

. 

. 
~-~~~~ 

t 



1 , 
" 

• 

./ 
• 

l' 
1 

65 

ini tial threshold when t,he respiratory rat.e was returned 

to normal. T.t1e tuning' curve which accompanied this 

j,ncrease in sensitivity was sharper, (a/~igher measured 

QlOdB) than the,initial curve. 

" 1 

The alterations in QIOd~ and threshold produced 

by this respiratory impairment ,are c·onsistent wi th the 

relationship between QlOdB and thresholtl ~)hown for th~ 

, _/ . 
pooled data of Fig. 5b in which the respiration was not 

-
'deliberately interfered with. It therefore seems 

reasonable to suggest that varying degrees of physiolog-

ical malfunct i on (possibly anoocia) can· explain the vilde 

variation in QlOdB and' threshold found in spiral ganglion 

cells betw~en different animaIs. 

Discussion 

Data presented above'show that the orderly dis-

_r<ribution of characteristic frequencies in the spiral "­

ganglion is consistent with the known location of dis- _ 

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

" , 

" 
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finding indicates that it ia at the peak of the 

trav~lling\ wave eRvelope tha~ maximum stimulation of 
. 

the hair cells odeurs; A schem~ of the typ~ su~gested 

by Tonndorf (1962 ~ derived from cochlea models, in , 

which radial shearing'forces spatially separated from 
, 

the travelling wave peak constatute the effective 
, ( 

'st imulus te 'the hair, cells does not therefore seem to 
~ 

bE1 the case in the intact guinea pig c ochlea., If the 

excitation of the hair cells is ,broug~t about by radial 

shear, as seems likely in view ~f the directional 

polarization of stereocilia, thts radial shear must, 

in the basal turn of' the guinea pig cochlea, be maximal 
" 

or very close to the travelling wave envelope. 
" I! 

The findings' on othe variability of neural tunlng 

aTe relevant to the problém of whether the neural 

tuning curves can be aecounted for purely on the basi~ 

of the mechanical tuning of t~ ~asilar membrane, or 

wh~ther a second filter of unknown nature has to be 

postulated(between the basilar membrane tuning and tHe 
. , 

.. 
{. 

" 
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1 1 J) i 

gene~ation of spikes in the afferent fibres. The 
'JiI 

\ -
occurence of, high threshold, broad1y tuning éoch1ear 

-
nerve fibres has been occasionally noted (Kiang et al" 

1970; Evans, 1"972) and Evans (1972) has observed a 
• 1 

deper'ldence, ~f QlOdB on sensitivity. HowE'ver, i t 

not been previously demonstrated that tJ1ére is a close 

rela-tionship between Q10dB and threshold at the cf., 

throughout the entire measured intensity range (Fig. 
, , 

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

al.low& a detailed §tudy of a restricted range of char-
, . 

-acteristic frequencies is probably the explanation for 

'the above relationship being clear1y observed in th~ 
" / 

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

; .~ 

.' -1 " 
steady degrààation 0 theifJleq~ene~ sel~ctivity of 

\ 

\ . 
cochlear. ganglion 'cell~ over a large raJ!.g,e of, sound 

". 

intensi ty. Even cella which have ini ti,ally qui te, broad 

Q ,1iuning curves can be furtheOr al t,ered by deliberately 

r/ impairing the ventilatio~. The ~xperiments ?n the 

man ipulati on of the respiratory rate show th,at 'the 
o 

l ' 
II ~ 

. , ~' 
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- ,.. 
frequency s~ectivity of single cells is metabolically 

sensitive in' a ··reversible fashion, and that tuning 
l, 

curve changes are closely related ~o changés in sensi-

tJvi ty. 
t 

The slopes of tuning curves,at intensitiés 

above abou"f 70dE are comparable' wi th those reported for 

mechanica1 tuning in this region of the guinea pig 

coch1eao. : Johnstone et al.' (1970) report 19w and high 
. -

frequency Sl<2l2S-5'~c:n the ·oasi1ar memb'ran~ of 12 and lOOdB 
""-:'---c' t'J 

/octave re'spectively. In a 1ater r~port {Johnstone and 

Yates, 1973) the slopes were report~d ~; 15 and' JOOdb/ 
. '. ~ . .' J 
octave. When corrected "to cQ~stant sound pressure ~ 

1eve.l a~" the eardrum, t,hése low ~d high frequency 
~, 

slop~s do not differ significant1y from the slopes of . 
'. 

'1 

neura"l tunin~ cu~ wlth ~hres~olds at the cf. greater' , . , 

. " , , 

. tha~ about 70' dB.: ~,e dat~ on the b~silar.membrane 
tUIÙng ci te"d ab-ove were oôtained at sound intensities 

1 

Il 

between ?O.and 100 dB. 
, , 

1 

The de~e~dence of sharpness of neural tûning 

, f 

, 
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curves on sensitivitf~is not inconsistent with the 

mechanica1 non-linearity reported. by Rhode ~1971) in 

the 7-10 kHi'region of the squirrel monkey basi~ar 

membrane. This non-1inearity is present near the 
1 

region of maximum displacement and results in a 

sharpening of the basilar membrane tuning as lower 

sound intensities ar~ u~ed. In Fig. 5b the mechanical 

sharpness quotlen'ts obt'ained by Rhode at three sound 

intensities are included for comparison with 'the 

neural data. If this non-lineari ty persists to even 

lower intensi tie'S r the mechanfcal tuning o.ould ful'ly-

accou~t{for the neural tuning aurves. The dependence 

of QlOdB on threshold demohstrated here May thus be 

explained by a direct o~ i~direct e~fect of metabolic 

impairment on the. sensitivity of the 'a~·ferent neurones. \ . -

For neurones with higher thresholds the broader tuning 

curves ~ay simply reflect the altered mechanical 

Q tuning at these higher intensities. It has been 

reported that a non-linéari ty : of;. the -type found by 

,', , 
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Rhode could account for many other peripheral phenomena, 
~~ 

such as two-tone inhibition and the generation of com-, 

bination tones (Johnstone and Yates, 1973). 

Though~the above expl~ion i6 an ~active one, 

it has not been possible t0 demonstrate this type of 

non-linearity in the basal turn of the guinea pig coch-

lea. Wilson and Johnstone (1972) report line~rity 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 ~igh frequency 

slope of the mechanical tuning curve. It may be tha~, 

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

apparen~ as in the region in which Rhode's rneasurements 

o were made. This receives sorne support from the observa-' 

tion that in the guinea pig and cat, neural tuning 

curves of cochlear nerve fibres are sharpest?between 
\ 

8-10 kHz" and show a,definite decrease in QIOd~ .above 

thi~ frequency (Evans,' 1972, "Kiang, 1965). This 8-10 kHz 

reglon ls precisely where Rhode ob1;ained his measurements 

\ 

" 
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in the squirrel monkey. Rbode also reported that the 

non-linearity he observed was fragile and could be 
~ 

; r absent when structures close to the basilar membrane 

\ ------
were damaged. The exposure of the scala tympani required 

fpr-studies on ba9ilar membrane vibration in the guinea 

pig is very extensive and could possibly disrupt sorne 

-

delicate structural component responsible for a mechani-

~-

cal non-linearity. However, extensive opening of the 

scala tympani and drainage of perilymph has been re-

ported no~ to alter the tuning curves of cochlear nerve 

fibres (Evans, 1970). 

If indeed a mechanica1 non~linearity of the type 

found by Rhode is peculiar to the reglon of the squirrel 

monkey· cochl~a which he studied. then another mechanism 

is needed--to 'exp1ain the sharpness of neural tuning 

curves, as weIl as their variability reported here. 

Sorne authors (Wilson and Johnstone, 1972, Smoorenbùrg, 

1972) have postu1ated a second filter in addition ta 

the basilar membrane mechanical tuning. Such a filter 
~ • 
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! 
would serve to shafpen the frequency selectivity of 

primary cochlear units. The results presented here 

show that any such filter, if it exists, must be meta-

bolically sensitive and must be intimately related to 

the,se1sitivitY of the cochlear neurones. The nature 

of the Ihypothet ical sec ond fil ter is st ill a' matter 

f'Or 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 ~istribution of characteristic fre-

r quencies of cells in the ganglion was consistent with 

published data ~n the location of displacement maxima on 
1 

• • 1 

1 l '" 
the basllar membrane. .. 

3. 

"1 
J~ i 

Larte variations in the sharpness of single cell? 

tuning curves were seen between animaIs. These variations 

were-closely linked to sensitivity differences. 
t 

4. The tuning èurves of single cells could be made 

less sharp by slowing the rate of artificial ventilation~ 
, . 

These tuning curve changes were reversible and intimately 

associated with alterations· ~n sensitivity and spontan-

eous activity. 
~ 

5. The data point either to the presence of a 
J 

~ , . 
mechanical nonllineari~y. or a physiologically vulnerable 

'" 
-

second filt~r. as the explanation for the shaTRness of , " 

neural tuning curves in cochlear nerve fibres .• 

1 
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The previqus paper wa& concerned primarily ~~~~ 

the lability of frequency selectivity in the spirE!l i-

_-: ganglion cells and .with a comparison of the neural and 

basilar membr~ne tuning curves. In the discussion, the . -,-

quest'lon -was raised as to the validi ty of the basilar 

"" membrane data of sorne researchers. It was suggested 

that wide opening of the scala tympani and drainage ~f 

perilymph might aff~ct,the basilar membrane tuning. 

Though the experiment of Evans (1970) implies that this 

is not true, it was tho~ght advlsable to repeat this 

experiment with the spiral ganglion prep~ration, sinee 

this allows more careful monitoring of the fluid level 

in the scala tympani. The following paper describes 

the r~~ults of this investigation. 
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Cochlear Neurdn-s 1 Frequency Selectivi ty Al tered by, 

Perilymph Removal 

Donald Robertson -, 
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It has long been held iat there is a serious, 
, _l 

ct iscrepancy between the f.il tering properties, of the , 

basilar membrane and the frequenèy sel~ctivi ty of single 

primary audi tÇ>ry neurons (l-}): Mechanical rneasure-, . ~' 

ments,1l> usually obtained at high' sound pressur6, indi-

r , 

cate a broad tuning of the basilar membrane, whereas 

the tuning cU~/es of primary neurons (obtained at thres-
. 

hold sound Prèssyes,?, are muc~ sharper. Rhode (4) and 

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 the 
,1 

peak of the membrane tuning curve. This'nonlinearity 

" 
Qre§ults in a sharpening OP the me~hanical tunipg-curve 

'" . at lo~ sound pressures. Such a nonlinear behavior 
~ ~ 

\.-
coul~ be used to bring th~ neural and mechan~l r~a!a 

" i1(lto close ~greement and thus eliminate discrepancies 
',,)1 • , • • 

between-basilar membrane' and' primary rt~ural tuning 

, (6, 7). There is, however" someQ conflict between these 
'\0 

findings and those of other workers. In par-
.& 1 1 

l' • .6 { , 

J 
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ticular, the fail~ to' find a nonlineari ty in the 

guinea pig cochlea (3, .. 8, 9) has lead sorne authors 

to state that the neur~l tuning curves cannot be ex-

plained sole'ly on tJ1é oasis of basilar membrane mech- ~ 

anies. Adoitional filtering proeesses have therefore 

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

., 
}. greement in nical measurements could be eaused by 

by'variations in technique is 

not clear. The ,resul ts that are reported here show 

that removal of per' ymph from the scala tympani couler 
\ 

constitute a'soure of error in several of theumechan-

ical measurements. 

The techn e of' recording from the bipolar 

cell bodief? of the spiral igangl10n has beeri deseribed 
, 

el seWh ere (7),' .. , Th iB proe .dure permi te stab~rd ing 
, 

from single cells in a chOsen 'and restric~ted frequency . 
• ,4 

" 
range in the basal coehlear spiral, while continuously 

moni torlng the eochlea during experimental ~anipula-

tions. The frequency selectivi ty of the ganglion cells 

o t 

.\ 

. ,,­
l 

) 
., f 

• 1 
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was estimated by measuring the tuning curves (thres-

. 
hold versus frequency response curves) (7, Il). 

As prevlously-,:têported, sharp and sensi ti ve 

tuning curves could be obtained from the ganglion cells 

. 'after 1 imi ted opening of the scala tympani (?). These 

aurves ate similar to those obtained from eighth nerve 

axons (l, 2, Il). From this, it is in~rred that open-
, 
ing of the scala tympani withbut fluid removal-does not 

1) 

substantially alter the neural tuning curves. On this 
, , 

point the resu1ts are in agreement with the findings 

of E~ans (12), who recorded from the eig~th nerve axons 

(the central processes of the spiral ganglion ce11s). 

Howev~r, in contrast to Evans' results, the removal of 
1 

1 

J 
perilymph bathing the basilar mem~rane caused drastlc 

alterations in the sensitivity and frequency selectivity 

of single ganglion cells. 

Preliminary experiments were performeç by measur-
~ 

i~g tuning curves at a chosen loc'ation in the ganglion 

in the basal c oil •. - After the recording microelectrode 

was withdrawn, a sma11 cotton wick was used to gently 

a 

Ir 
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suck out perilymph from the scala tympani, so that no 

large f1uid bridges existed between the walls of the 

scala tympani and the basilar membrane. Care was ,taken 

not to touch the basi1ar membrane. The micraelectrode 

was then reinserted at the sarne location and tuning 

curves of single ,ce Ils were again measured. In aIl ex-

periments-(four animaIs and 15 cells), tuning curves 

obtained after fluid removal were àbout 20 dB less 

sensitive and very much broader than,those obtained 

when the scala tympani was full of perilymph. When the 

wick was removed ~he perilymph al~owed to refill the 
. ~ , 

scala tympani~urther cells encountered showed a partial 

recovery of both the sensitivity and frequen~y selectlv-

ity. 

More conclusive results were obtained by continu-
1-

ously' recording the response of the SBlme_ c.ell betore. 
, 

during ,. and after perilymph drainage. When a single 

ganglion ce}l had been isolate? ,and its tuning curve· 
) 

Qlbtained, pEirilymph was sucked out of the s'cala tympani 



. \ 

\ • 
• 

Fig. 1. Oscilloscope tracings of the response of a 
, 

single ganglion cell in the guinea pig cochléa to a 

tone burst at the best frequency. The intensity of 

the tone burst was 10 db above threshold for the cell 

with the scala tympani full of perilymph.: Responses 
1 

were recorded (A) before draining perilymph, CB) with 

perilymph rernoved, (C) with perilymph only partially 

a 
replaced, but covering basilar membrane, and (Dl with 

0. 
scala tympan! refilled. (E) Approxima~e position of 

tone,burst. 
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while the respohse of the cell was continuously moni-

tored, As soon as the fluid bridge between the wall of 

the scala tympani and the basilar membrane was removed. 

the cell's sensitivity dropped by about ~O dB. In five 

cells in three different animals it was,possible to 

maintain contact wit~ the cell throughout this procedure. 

The seDsit~vities at thè b~st frequency fell by 18, ~2, . , ) 

21, 1'6, ~nd' h dB.' When the wick was removed and ~eJi-_, __ 

lymph allowed to flood back into the scala, t~e response 

of the ceIIs recovered (Fig, 1). The tuning cdrves of 
\ -~-----

these five cells' were drastically al tered by -11'erilymph 

removal. This ch~ge~_~hich occurred together with ~he 

sFnsi tivi ty ch,ange, consisted of à reduction in high­

frequency slope and a dramatic fall in low-frequehcy 

slope so that the ~harpness of the tuning curve was re. 

duced (Fig. 2), The replacemen~ of perilymph, as wéll 

as causing a return of sensl tivi ty, 'resul ted in a sub-

stantial rec overy of the frequency s~lectivity. In one 
~ 

case the tuning curve recovered completely (Fig. 2), but , 

.' . 
r---

-

1 
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-'--- --
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in the other c'ells the rec overy was not perfect. In 
~ 

aIl casês the recovered tuning curves were m\Jl.ch sha:t:p'er 

than those when the perilymph ~as removed and the sensi-

tivity returned to within 5 dB of the original. The 

long low-frequency ta il of the curves was not plotted 

below'lO kHz so as to minimize the time-~equired 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 interspïke inte~al of 

the spontaneous activity were ~~t altered by perilymph 

- drainag~'. ~l1e rapid. revèrsibility also argues a~ainst 
a deterioration of neural mechanisms. The effects 

appeared to be immediate when the final meniscue bètw~en 

the basifar membrane, and the walls ,of the scala tympani 
" 1 - -,"- .~ ---

was removed or 1 replaced.' Masking effects caused by wick 

placement or,fluid movements are cer~ainly not important, 
j 

sinee the spontaneous activity, thresholds, and ~uning 

eurves were not affected by simply placing tpe cotton 

. ' 

J 
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·Fig. "2. Tuning ctrVes of a single cell in the basal 
, 

coil of the cochlea. (arinitial, (b)·immediately 

after perilymph removal,. (c) after t'efilling t 

tympani. The cell ls not the same as the one in Fig. 1. 

The time bètween obtaining each of the curves was 

approximately.3 minutes. 
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wick in' the sc~la tympani. In Fig. IC, the sensitivity 

1 
had returned even though perilymph, no~ covering thè 

basilar membrane, was still rising in the scala tympani. 

These findings on the' effect of fluid removal 

conflict with the results'of Evans (12) who recorded 

from the eighth nerve axons in the internaI auditory 

'meatus. Evans' experim~nts did not allow recording 
, 
1from the sarne axon during the perilymph~removal, nor 

did ,they permit such strict control of the cochlear 

location investigated., Direct visual observation of 

the eochlea was also probably difficult during neural, 

recording in Evans! experiments. 

sible' that Evans, while ~e,moving 

It \s therefore pos­

the r/ulk of ~he peri-

lymph from the scala tympani, did not remove that fluid. 

lying directly over the basilar membrane. 

One interpretation of the results reported here 

ia that remQVal of fluid broadens the mechan1eal tuning 
\ ~ It \ 

of the basilar membrane and that this alteration is 

" 

faithfully reflected in the neural tuning curves. This' 

\ . 

r 



e,' 

• 

notion coulq resolv~ sorne or t~e contradictïqns in 

previous mechanical me~surements._ Rhod~ (4) fo~nd 
~ . ,,- ;! 

" , 

co~siderably shafper basilar membrane tuning in the 
. \ 

88 

squirrel monkey than that reported by Wilson and John-
1 

ston~ -(3) for the guinea pig. Rhode used a 

technique and took pains to leave perilymph 

MOssbauer 

i~ the 

1 scala tympani. Wilson and Johnstone used a capacitance 

probe and were obliged to completely remove perilymph' 

,,\ -
to obtain- their ~easurements. A furthe~ disagreement 

between t~ese 'authors concerns the question of non-

linear basilar membrane motion. Rhode reported a non-

linearity in_the region of the peak of basilar membrane 
o ~~, 

displacement, which results in a sharpen~ng of the ~em- 4 

brane tuning at lower intensities. while Wilson and 

Johnstone found -~inearity do.wn to 40 dB.- Al though the 
\ 

possibility of a species.difference c~nnot be ruled out, 

the present results suggest that Rhode's r~ults reflect 
, 

more reliably 'the true basilar membrane response. 
, \\ 

1 \ 

sults of ~aser measurements in.~he guinea pig show 

Re-' 

• 

Il 
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linearity, but these have only been reported in post­
r> 

) ) 

1 • 

mortem cochleas (13. Rhode (14 has sh wn that basi-

lar membrane nonlinearity disappears aft r death. The 

results of Johnstone and colleagues are d~fficult to 

assess in this light, as thèse authors did not pay 
• a 

special attention to the level of perilymph They did, 

however, state that drying the basilar memb ane re­
l 

1 
versibly broadeped its tuning (8) and theyfhave recently 

1 

,-- t J • - , i 
reported the-prBsence of a small nonlinearity in the 

1 
~ L , ~ 

gu'inea pig (15). Tt ls thus possible, if ·these result,,s 

are considered together, that the sharpnes$ of neu~al 
1 • 

tuning curve.s may be accounted t'or by the pattern of 
, 

vibration of the basilar membrane in the living, fluid-

filled cochlea. (' 

A second Interpretation ls that the broadening 
j, 

pf neural tuning cOrves reflects, not an alteration ln 

basilar membrane vibration, but a disruption of the 

~unctioning of a second rilter of unknown nature, who~e 

existence ia considered necessary by:some authors (2, 

- Q 

_ "' 
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J, 10), The disruption could involve a structural 

change, perhaps a reversible displacement of the 

tectorial membrane (16), or an alt$ration in the flow ' 

T 

of current in sorne impbrtant extracellular pathway. 1 

The lack of effect of fluid removal on spqntaneous 
1 

actiwlties, however, implies that standfng current levels 

through the hair-cells are not alt~red, since it is 
~ 

known that polarization of the cochlear partition 

strongly affects rates. of spont~neous activity in pri-

mary fibers (17), The results reported here do not make. 
, 

i t possible t 0 choose between these "vari ous hypotheses. 
, 

However, by revealing a major source of error in sorne 

previous rnechanical measurernents, they again pose the 

question whether a second filter ie necessary in addi-

~) tion to the basilar memtr~e to account' for the sharp-

ness of primary auditory frequency selectivity. 

rt'J 1 

, 
/ 

1 
,-

- .r __ ~--, 



• 

/ 

( 
\ 

l 

• 

\. 

91 

Abstracto. 'Removal of perilymph ,from the scala 

~ 

tympani of the guine~ pig co6hlea reversibly broad~ned . / 

the tunipg curves of single spir~anglion cells 

eman~ting ~rom trye basilar membrane, Thus, ~luid 

~ 

continuity along the membrane ls essential ,for normal 

cochlear function, in particular for sharp neural' 
~ \. \ 

tuning curves. ,These. data reveal a possible ~ource of 
, , 

error in sorne estimat'es of basilar m~mbrane mo'!;ion anti 
, ,) 
\ ' 

suggest ~ reappraisal of current concepts of the 
.J.. • .. ~ 

mech~nism ~arp tuning in primary audi tory ne~'f. 

fibres. 
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It was BRown in the preceding paper. that the 

report by Evans (1970) on the effects _of p&rilymphl 

drainage on neural tuning curves was ïnaccqrate. rrain-' 

age of perilymph does in fact produce large changes in 
~ 

the tuning curves of single spiral ganglion cells, so 

that the drained curves resemble the mechanical data on 

basilar membrane vibrati'on in the ~ea pig. l'his '" 

finding has ma~y implications, which have been mentioned , 

in thë paper. Not the least of these i8 the doub~ cast 
'- . ,-

on the validity of Wilson and Johnst'one's (1972) basllar 

membrane measurements. _Since these authors report 

" linearity of basil~r membrane vibration in the drained 

cochlea, i~ might be interesting to see if nonlinear 

• 
behaviou~ as weIl as tuning, ia altered by fluid 

'" - drainage •. The most easily observed nonlinear phenomenon .1 

" - 1 \ in the primary auditory neurones ia two-tone inhibition. 

The effects of fluid rëmoval and other variables on this 

" 1 ,aspect of the behaviour' of spiral ganglion cells ia now 

exam~ned. _ . , 

\,) ---

, , 
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Changes in Inhibition and Response Curves of Primary 

AudIt ory- Neurones in the Guinea pig Spiral Ganglion. 

.... 

, 

Donald Roberts~~, Dèpt. of Biology, McGill_Univeraity 
-, . 

Montreal, Que~ C~NADA 

Running Titlea Inhibition in cochlear ganglion cella. 
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Introduction 
\ 

Th~ only inhibi tory phenomenon that does not-

employ efferen~ 'activity which has ~~ far been found in 

,the mammalian primary auditory pathway. is the so~cal1ed 
, 

two-tone inhibition (Nomoto et al .. 1964, Arthur et al •• 

19711 Kiang, 1965, Sachs anft Kiang, 1968, Sachs. 1969), 

J 

l, 

In this phenomenon, presentation of a tone in the correct ~J_ 

frequency and 'intensi ty range ,can reduce the r!ring of a 
( , 

'single,neurone to a different tone, usua11y fixed at the 

best.dar ~naracteristic frequency of the unit (the-of.), 

Littte is knoWn of either the mechanism or~poBsible 

functiona1 significance of this inhibi~ion. Sorne of' the 

argumenté for.and against mechanical. neuraf and elec-
- ) 1 ---

trotonic m~phanisms bave been discussed by ~rthur et al. 

(1971). Various models are also,published in the 

literature (Pfeiffer, 1970, Kim et al •• 1973 •. Furman and 

Frishkopf, 1964) but do not oifer ~ complete exp1~ation 
J 

of the effect. It le also not knOwrl whether t~lis' p!.eno-

menon May be ~~~~us to latera1 inhibition ln othep 
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sensory systems (Ratliff, 1961.) by perhaps sharpening 
\ 

the excitatory response area. Thou&h neural inter-

bonnecti~ns bet~een coch1ear afferents seem to be 

ru1ed out (Evans and Wi+son, 1973), ~ e1ectrotonic 
fi t> ! /' 

mechanism might still be able to operatk. 1 In any case. 

it is not-at aIl e1ear how an inhibitory phenomenon 

~hicN invo1ves the simultaneous pre'sen'tati~n of two 

ton~s, relates to the single-tone '~hresho1d-frequency 

response curve (tuning curve). 

It has recently been shown that the complete. 

removal of perilymph from the scala tympani of the 
,. 

~~lnea pig_ cochlea reversibly a1ters the tuning ourves 

of single spiral ganglion cella (Robertson, 1974). 
<1 

This alteration
l 
c.onsists of 'a loss in sensitivity of 

about 20dB and a dramatic broadening ~f the tuning 
. ' 

curve. In the present paper, the effect of this treat~ , 

ment, .e.nd' of gross structural damage" on two-tone 

inhibition in these cells, is reported •. 

. " 
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Methods 

The technique, which has been described in 
-

detai1 (Robertsbn--a,nd' Man17' 19?4), invo1ved extra-

ce11ul~r recordi~s from single ganglion cells in the 

1 

basal turn of the guinea pig cochlea. Guinea pigs 

(150-400g) were anaesthetized with JSmg/kg of pento-

barbital sodium, re1axed with Quelecin (Roche) and 

artificially ventilated. Metal filled microelectrode~ 

with a gold~platinum baIl tip (diameter 5-8 microns) 

(~rank~and Becker, 1964) were introduced into the 

ganglion witn'a remote hydraulic micrôdrive. A 

schematic representation of the recording situation 

is shown in Fig, 1. 
L_ I 

Two-tone inhibition was studied in 57 unite 

in 15~i~ For the investigation Qf' this pheno-
l 

menon, two tone bursts with 5 ms rise-fail\ti~e-~ere 

presented as shown in Fig. J. The lo~er (SO ms) tone 

was ai the cf. of the neurone and an ~8timated l~dB 
above threshold at that frequency. The shorte!> tot:le 

~-

1 

1 

0 

" 

-. 
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.~ 
was 30 ms long and situated inside the Cf. tone. The· 

frequency and intensity of this tone were varied in 

order to investiga~e two-tone inhibition. Post-,-

stimulus histograms (PSTH) of the respon~es to repeated 
, 

stimulus sets were co~puted with a POP8 computer, both 
"4J\. 

on-pne and' off-line using tape:~ata •. In 

cOases where two-tpne inhlbi tionl"was.,.»{eak or absent (see 
• 1' ..... # , 

, 1 

results), -the intensity of the" cf. tr~e was varie9 ta 

seJ if inhibition cou:l.,d be produced by sorne other 
-

stimulus combination. 

The .osingle-tone tuning C"'CltYe of each cell wa·s 

also measured (Robertson and Manley, 1974) as weIl as 
_ r 

the Mean rates of spontaneous activity. 

~ , 
.1 

" 

(' 

lJ_~_ 
i 

t 



~. 
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! "r: 
;. 1 

1 • , 
Fig. 1. Schematic representation of the experimental 

recording situation. In the fluid drainage 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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Resulta 

Two-tone inhibition in the guinea pig cochlear 

ganglion cells was found ta resemble that reported for 
. 

cochlear nerve fibres of bther-species. That is. f~r 
1 

atone at the ,cf., inhibition of firing could be pro~ 
\ 

duced by tones of the correct frequency and intensity 
1 -

in restricted b~nde above and below the ëf. ,(Fig. 2, J). 

Inhibition of a cf. tone could often be produced by a 

second tone up to 5 dB below the threshold for 

excitation by the second tone alone (Sachs and Kiang, 

1968) • 

In cat, Sachs and Kiang (1~68) have reported 

that two-tone inhibition of this form was found in 

every primary coèhlear nerve fibre which wa~ investi­
, 0-

gated. ~n the guinea pig spiral ganglion preparation 

1) - --
how~ver~ ROb~rtson and ManIer (1974) havee~ported that. 

much variation can 'occur trom one animal to another in 

the sensitivity and sharpne~s of the neural tuning { 

curves. In the ~resent study, strong two-tone inhibitory 

o 

\ 

1 

'. 1 
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Fig. 2. General shape" of inhibitory and excitat~ry 

'respons~ areas in sharply tunéd ?anglion ~ells. Sblid 

l~ryes; threshold-frequency response areaD(tuning curve) 

for the presentation 07 a single tone. Dotted linesl 

frequency-intensity,bands of a second tone (T2 ) which 

causes a reduction of firing to Tl whose, fre,9.uenc,y and 
, "-

o 1 intensity arêlindicated by the st~r. 
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Fig. 3. 'PST histograms 'of a single ganglion cell in 

1 response to different compip~tions of Tl and T2• Tl is 

at the cf. of the neurone. The frequenc~ and intensity 

of T2 and the intensity of Tl are indi..~ated on the 

histograms. 
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effects were only f'ound in those anima1s in which 

single unit tuning curves were re1atively sharp ~d - , 

sensitive (~h-resholdà at the cf. less than about ',50 dB 

SPL). The broader and less sensl tlve "i;he tunlng, the 
, 

less apparent was two-tone inhibition. In sotne animaIs 

wi th very broad ganglion cell tuning curvës no two-tone \) ,,- \ 

inhibition could be, \tected des'pite extensive explora­

tions of different f'requency and intensity combinations 

for bàth tories. 

The close association between the sharpness of 

s and tw\-to~e inhibition, was _ 
-- -- - -

-- --- TUrtner in fluid dr~inage experiments. As 
.. Q 

reported previously (Robertson, 1974) removal o~, peri-
, ~~/, 

lymph from the scala tympani c~oss ~f 

sensiti~ity and ~ change. T~'e effects on 

the tuning curves of four cella are shOwn in- Fig. 4. 

In the present study, perilymph removal and replacement 

had, a profound effect on two-tone inhlbi tian in neurones 

with initially· sharp single-tone tuning curves • 

.. 



cS 

" 

Fig. 4.' '1 The effect of drainage of perilymph from scala 
o 

tympani on the tuning curves of 4 ganglion cells. So~id 

lines; tunirlg curves in the nor~al fluid filled condition. 

Dotted lines; witfi rruid removed. 
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In aIl cases, the loss o~ sensitivity and --
b,roadening of the tuning curve caused by c.omp1ete peri-

\ 

lyrnph rernoval was acco~panied by the disappearance of 

li -- 'two-tone inhibition (Fig, 5.). On ~llowing the peri-

lymph to refill the scala tympani, both the'sharp, tuning 
b 

and two-tone inhibition re~urned. ~ was not' easy to 

hold the sarne cell throughout this procedure, nor to 

keep peri1yrnph from we11ing up in t~,e so~la tympani 

while ncy-intensity range was scanned. "In 4 

cella Is, flui~ was kept out of the scala 
0; 

to verify with certainty that two-

indeed absent in the sarne cell in 

" which i was previous1y very ,strong. .Partial oonfirma-

,-. tion of thià result was also ob1:ained from sev~ral -pthez1' 

cells. In Fig. 5 -there appears to be 8!l increas~ in the, 

~._:_~aCkgr~und activity d~ drainage. l1sual..ly 

however, this was'not the case, Fig. 6 illustrates 2 ' 

cells in which perUymph drain~e. ca",.e~no· siste .... tic 

change in spontaneous activity even thoug~ the oell 

Q 

.-

;' 

" 

, 
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Fig. - §. Effect of drains:ge and replacement of peri .. 

-
lymph on two-tone inhibition in a single ganglion ce1-1. 

In the drained case, as the intens~ty of T2 i5 raised, 

only an exe i tatory effect is obtained, whereas in the 
- ,..J 

filled state, inhibition le Cle~rlY present. The 

intensity ~f Tl used in the drained case 1s higher above 
~ 

th;eshold than in the fluid-f'illed situation~ However, 

two-tone inhibition was absent in the drained cochlea 

for aIl intensities of Tl. 

o 

• 
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Fig. 6. Ef'f'ect of drainage on sensl tivity and spon-

talleous activity., A, response of a cell to atone' , 
o 

1 \ 

burst at::dicated. Br response to the sarne tone burst 
-~ ~ t 

after perilymph removal. e, the response w~ th J)erilymph 
~ 

replaced. D, the effects of fluid changes on the mean 
, 

spontaneous activi ties of 2 ganglion .cel,ls. No systematic 

effects are seen though the cell wi th lower mean rate 
l 

shows a gradual increase in rate throughout the drain 

and refilling treatment. . . 
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Ito 

sensitivity was greatly,reduqed. 

The effects of structural damage were essenti-

ally the same as those'of fluid drainage, but were 

irreversible. In several dissections,the 'delicate 
, 

spiral iamina close to the inner edge of the basilar 

membrane was cracked during exposure of the-ganglion. 

In such cases, tuni~g curves were broad and insensitive 

and two-tone inhibition was absent. Fig. 7 il~ustrates 

an instance in which the effect of damage was 

:bqcalized. At locations basal to 'the si te of damage. 

sin~le unit tuning curves were sharp and exhibited two-

-ot --. - .. 
tone lnhibl tlon • 

-. r 
In the region of (he 'd~mage, tuning \ -

) 
1 

. 
curves were insensitive and broad and were completely 

la~king, in two-tone effects. The sharply tuned cells 

at location J were recorded after those at location 2, 

showing that the broad tuning curves were not a result 

of a time-dependent deterioration in the animai's 

condi tion. 

• J 
1 -

t 

\ 
\, 
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Fig. 7. Effects of local damage to the spiral lamina, 

on tuning curves and ,two-tone inhibition of single 
.. jÇ 

ganglion cells. Cells from location 1 were obtained 

3 / 

before the damage indicated was c~eated. In making the 

exposure ât location 2 the spiral lamina was cracked., 

• 
AlI tuning curves at this location were broad and lacked 

two-tone inhi-bition. Subs'equèntly at location 3 aIl 
r 
\ 

cells were sharply tuned and showed two-tone inhibition. 
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Discussion 
i 

o , 

Previous studies have shown that the frequency 

selectivity" oi sharply tuned primary auditory neurones 
,f' .. 

is labile (Evans, 1972; Robertson and"Man1ey, 1974, 

EvansÛ anQ Klinke, 1974 J Kiang 0 et al" 1970). A variety 
'" 

of procedures; anox.ia,,, perilymph removal, intravenous 

furosemide, hair cell damage, aIl cause a loss of 
\. '1 -< 

sensitivity and an accompanying broadening çf the tunlng , 

curve. In the pre sent study, it is shown that such 
~ 

'cl1~nges are linked also with a 108s of two-tone inhibition, 

at lea,st for the case of per~lymph removal and struèturé.l 
.' 

damage. ' In those ànimals in which broad tuning curves 

were ,also f~J-Il'ld wi thout identifiable cause, two-t'one \ 

\ 

inhibi tion 'was weak or absent. It appear,s, likely ".,.that : 

("aIl proced~res or'patho1ogical candition~ which produpe 
) 

"a ,108s of sensitiv~ty ~d broaden~ng of.the tuning curve 
, 0 f " 

will affect two-tone inhibition in thi8 way. 

However, though two-tone irihibition,appears to 

be closely linked to sharp tuning, it would be Bimplist~c 

a 

o -

*' 
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~o assume a causal relation between them. Two-tone 

inhib'i tion differs in several ways from classica1 

laterai inhibition (Arthur et al., 1971). It is thus 

by no ID?anS certain that this inhibitory phenomenon in 

any way deterrnines the single-tone tuning curves. 
• 0 

It has been suggested by sorne authnrs that two-

tone inhibition may be an inhe~ent property of the same 
) 

physiological entities in the organ of Corti which are 

responsible for the normal sharpness of neural tuning 

curves (Pfeifrer, 1970, Kim et al" 197). Thvs two-

t one suppression may be a :resul t of a ,single narrow band '" 

system, but not a cause of it. The actua~ nature of thiè 
~ .. 

'~ 

system ~s still controversial. Non-linear vibrations 

includ.ing two-tone suppressi0!l have be-en observ-ed on 
, 1 

the basi1ar membrane of squirre1' rnonkey (Rhode, 1971, 

197)), and it has been suggested-that sharp neural tuning 

curves may also derive from the same mechanical non-

linearities (Robertson and Manley, 1974, Kim et al., 
~ 

1 

197)). Thus the simu1taneous loss'of two-tone inhibition 
Î' 

.. 

~, 'l, , 

1 

"1 
! 

1 
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fnd sharp tuning caused by perilymph removal and 

damage may reflect an a1teration in the vibration 

pattern of the basilar membrane. A rnechanical origin 

for two-tone interaction r~ceives sorne support from 

studies on squirre1 mon~ey nerve fibres (Rose et al., 
, 

1974) and from the behaviour of cochlear microphonic 
~ \ .. 

s~ppression (Legouix et al., 1973). There is however, 
, 

" . 
considerable disagreement on the question of non-linear 

basilar membrane behaviour. Several authors'believe' 

the basilar membrane vibration to be broadly tuned, 

linear and not-labile (W,ilson and Johnstone. 1972. 

1973). The discrepanc~es between the techniques 

employedGby various -workers have been discussed in detail 

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

the disagreement May only come with the advent of better 

basilar membr~ne rneasurement techniques (e.g. 

et al., 1974). 

,\ 
). 

\, -
D'ragsten 

1 
, If, e authors rnaintain, the basilar 

membrane vibrates i~early and with broad tuning, t~e 

( 
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source of sharp neural tl:IDing and two-tone inhibi·tion 

must lie in an add~tional mechanism, perhaps at the 

hair~ceI1 level. Synaptic interactions between 

afferent neur?nes do not seem to be possible (Moller, 

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

that an alternative explanati~n for the effects of 
1 

fluid removal may be an interference with current 

spread[ along the basilar membrane caused by an increased 

scala tym~ani resistancé (Robertson, 197~J Johnstone, J.R: 

personal communication). However, the lack of effect 

of perilymph removal on spontaneous activities o~ 

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

with thi~ hypothesis. It is possible that spontaneous 

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

,transmitter substance by the hair cells and is ~odulated 

bY'standing current through the hair cells (Konishi et al., 
) 

1970). If perilymph drainage significantly increases 

1 

extracellular re'sistance in the organ of' Corti~to-scala 

l ' 

• 
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tyrnpani pathway, one would expect standing current 

levels through the hair cells to be diminished and thus 

possibly cause a reduction in spontaneous'activity. 

The fact that this is not found perhaps reduces the 

li'kelihood that two-tone inhibition and sharp neural 

1 

t~ning derive fram electrotonic spread_of cu~rent along 

the basilar membran~. Of course changes in spontaneous 

activity may be only transient or else spontaneous 

activity may in fact be a poor indicator oÎ hair c~ll 

standing current levels. 

There are many problems in deciding on the 
... 

significance of the above results and it ia still not 

opossible to p'inpoint ~ structural and physiological-
[ , 

entities responsible for sharp neural tuning and ~wo-

tone inhibition in the primary auditory pa~hway i~ 

mammalS". 

1 

• 
, l 
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Surnrnary 

1. The occurrence of broad insensi tive tuning curves 

~ 
i~ primary a~àitory neurones of the guinea pig spira~ . 
ganglion was assoc1ated wl:th 9ç loss of two-tone in-

hibition in these sarne cel1s. 

-

2. Thi s was true whether the tuning curve br.oadening 1 

was produced either by perilymph removal. structural 
.. i 

dama~e. or sorne unkn6wn pa~hological condition of the 
\ 

animai. 

3. In the case of perilymph removal, the brQadening 
") 

of tuning- and loss of t'N.o-:f;.one inhibitîon we-re fully 
1 
i 

reversibl'e. 

4. It is suggested that two-tone inhibition ls intimate-

-ly linked to"the' mech~ism responsible for sharp neur.,al 
. ' 

II;) • 1. 
tuning curves 1n thB pr1mary 

\ -

neurones. Arguments 

a~ di~cussed • 
for 

. jhe nat,ure of this mechanism 

. , 

, , 

, 0 

" 

.. 
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The frequency selectivity of the spiral gangli~ 
-cells and itl' relation to basilar membrane tuningWaS~~- / 

the princ iple subject of the pr~vi.~us three papers of 

xhis thesis. Many of the issues involved are elaborated ' 

tm, and a final assessment is made in the discussfon at 

the end ~f this thesis. The remaining two papers are 
. ~'!t 

concerned with other properties ·of the spiral ganglion 

cells., In Paper I\l;, spontaneous activi ty is examined, 

and in Pa.pe"r V electrophysiological and histological 

evidence on the mode of impulse propogation 1n these 

bipolar neuro~e$ is presented. 
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Patterns of Spontaneous Acti~'~ ~ty _,Of Pri~ary Aud i tory " 

Neurones in the Cochlear Ganglion of the Guinea Fig. , * 

Donald Rooertson, , , , 

Del't. of Biology.! McGill University, Montreal, 

Que. CANADA. 
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~unning Ti tle 1 Spontaneous Activity of Auditory, Neurones. 
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Introduetion 

The existence of spontaneous a6tivity in single 

primary neurones of the mammallan auditory pathway is 

well.estab1ished (Kiang, 1965; Walsh' et. al., 1972; Evans, 
o • • 

1972). Spontaneous a~tivity is defined af?- that occur~ng 
\ 

in tl1e absence of' any controlled stimulus and the extreme-

sensi t,ivi ty of the audi tory pathway means that the 

possibili ty that -unco~tr~lled room noise or loudspeakero 

"hiss" is ,.the source of sUch âctivi ty must q;e c onsidered. 
, if 

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

attivity still exists in sound-proofed chambers in which . \ ---
ambient noise levels are 'below the threshold of hearing, 

, 

so that an in-€rac ochlear source ls Most l·ik~ly. Further 
, tfl 

, 
proof of this ia p~esented in the present paper which 

., 
tr ' 

reports e~racellular recordings from single ne~rones in 
( , 

• • 
the acous~ic ganglion o~ the guinea ,pig cochlea. 

! 

/ 

In the .study of spontaneous activity, two levels 

<f · 
~~.-u:::;> 

. ' 

of analysis have c0lTtmQnly been used~ One is the Mean 

rate of firi~g whlcb'constitutes the crad~st fO~'of 
r 

) 

1 

1 , j 

1. 
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characte~i zation of firi~g. The sec ond i s the inter-
o 

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

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

1965). Thiê represents a distributi,on of the probability 

o~' a firing as a fdncti..QTI _ ot.; thè' time after a previous 
'" 

firi~. These two properti~s of spontaneous acti~rity 
o \ ' 

are -reported here for single cochlear ganglion cells qf 
, 1 • . 

guinea pig and are compared, wi th available data from the 

fibrë's .of the cochleâr n~rve. Possible si t~s' of ~rigin 

of the spontaneous activi ty ar~ also discussed. 
\.1 

,~ . 

.\ 
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o ' 

1 

1 

, \' 



•• 

• 1 
, , 

• 
'0 

" 

f 

" " 

124 

, 

Methods / 

AlI experiments were conducted in a. sound~ 

proofed, shielde4 room with the exper~menter and 

.electronic equipment located outside 

single cell r~c or<fings. Tiré animaIs 

the room durin~ 

were young Pi~~ 
ment'~d ,guin~a pigs (150-400g), ~naesth.etized w·ith 'J'5mg/kg 

of pentoba~bital sodiu~. They werë ~elaxed_with Quelecin , . - . 

- (Roche) ta eliminate movements and muscle noise and 
.t" -

\) . 

'r' . - ~ . 
were artificially ventilated. Noise from ~he airflow 

\ 
, 0 \ 

in the respiration inlets an4 outlets to the animaIs ", 
• l ,1 
'\\ 

tracheae was below the threshold of~4man bearing and no 

• single cela activity synchronised to the respiration 
. ' .. 

... 
cycl~ could be detected. 

The d~tails of gangliort'cell recordlng from the 
! . 

b~sal turn of the cochlea hav~ been repo~ted'previously 
. -. 1 

(Robertson and Man~ey, :1974, RobertsG>n, 1974). In Fig; l 
, ,-

the relation of the recording electr,odes to the varioua, 
----\-

intracochlear structures is represented sch~matica~ly. 

Slng],.e neurone z,ec ordings we:re obtained mainl~ with metal-
<t .. 

• 0 . 
1 

l' 
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" " ' . \~ 
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• 
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.{ 

J -
, filled microe1ectrodes (Frank and Beç>ker'<,1964). who...,se 

\ 

• gold-platinum baIl t ip ~?s 5-8 microns in dOiamete:t\i ' . 
Il> 

som, data ,was -also 

mi/~opipetf!r, of DC 
'''' 

. ..... " 
" " _ 0 , t 1 

obt~ined using JM ~~I-filled'gla6s 
, 

resistance 10-20 megohms irl Or9% 
-

saline.. Currents were sometimes passed between' these 
II' ~ il 

/ ~lectt~~nd a s'iiver ... sil ver chJ.oride re:(erenc~' in 

-
the neck mu~cl~s us-ing a.""GRASS· stimulator •. 

" ') 0 
ft '~ .. 

In sorne experiments, restin~ and souhd ~voked 
,. _ 10 

potentials~inside tfie scala media,were also measur~d. , . 

f ~his w~s achievedaby in~erting à l~OmM KC1~filled giass 
...;, • - • 1 • , • 

o - 1 ... 

mic~opipet through the basilar membrane into the sCEla , 

/ '!Iedia ~ig. l}. The resting end.o';oChle!ir ,~otent~ • 

, 

(+EP), usually 80-l00mV with respect to the neck muscles, 
\ - l 

,"/ 

and the DC sound-evoked p~tentia~s (negative summating 
~ 

"potential, or -SP) were obtained in thi,s way., 

'". 
Single cell'activity was usually recorded on an 

. l' 
~-

) 

1 

1 ~ 

AM tape .recorder and analysed after-th~ exp,eri~ent.· Fàr 0 of 

:an~lysis of spontaneous activlty;--fIH'were comput~a with 
- r' • , • " " ;{.! ' 

a POP8 compute·r. Bin widths· ranging from O.~ to 2.0 ms 
.. ' 1 • r --. 

{} 

" . ' 
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Fig. 1. Schematic diagram with oscilloscope tratings 

of-the arrangement for simultaneously recording ganglion 
r. 

\ 
v"1 

cell r'esponse and ..evok,ed and resting. endocochlear 

potentials. Upper trace shows -single prirna~y neurone . ' 

activity in response t'o tepeated tooe bursts" and lower' 
/ 

~ , " >-
trace shows the -SP recorded inside scala media in 

, .... 

response t,o the sarne acoust·ic sti~~li. The resting DC ' 

leVtel ,of ttfe enQ,ocochlear pofèhtial (+80 - +100 mV) was 
q • 

also recorded. . . 
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were used and sufficient lengths of taperecorded data , 
were v.sed to accUJTlulate at ~east' 2000 counts per histo-' 

.' 
gram. For units with 'low rates of spontaneous activity, 

" this necessi tated considerable lengtns of time in, 

• -.... 0 

eontact wj th the celY' and most TIH data \'lere obtained 

from uni ts wi th m~an rates of firing" greater than JO/sec. 

In sorne 'experiment~ on the effects of'. a:nox~~ a \continuous 

• 
rec·~rd of, ~ean 

-, 
rate owas obtl::\ined by connecting the 

- t' \ ... (1 . , "'-
meter' wi t)1 a pen-recorder printciut. 

spike 

~ata 'te a rate The· 
"\ . 

negative summating potentials th r~sponse to tone bursts 

wer~ either m~-as\1red directly, \ff an 

. - ~~ for lJl~derate to intens~' stimUla\ion. 
1:, ' 

, 
oscilloscope scraen 

or wer~ computer 
-'" -~ .. 

~ 

. 
averaged on-line for stimulus intensities lees than about 

(, 

6,dB sound pressure level. 

The phYSio1ogi~ai condition of the animal was 

evaluated by measurement of the pure ... tone' thresholds and 
'. ,~ Il 

, . 
the .threshé>ld-frequency response "curves (Robertsop and 

, 

Manley. 1974). 1 
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Resul~s ~ ______ 
l '\ 

-The most usual patt,ern\o:f spontaneous ac~iv~ty, 
",.. 

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

minutes af"t;er the ~time of ini tial e~~~unteri.ng __ Qf the 
o -_ 

cell (Fig. 2A). Though, \he ~ean ~ate measur~d .over\ ' 

se~l minutes' was constant', the' fine structure of the 

d4sch~rge showed very irregular intervals between 
'\ • --, Q 

successive spikes. TIH of such spontaneous activity 
(), 

{?h.owed, an asymmetric shap~e wi th a mode, of less than 

lOin~; 'indicati-ng a greater pr'ob~bJii ty of occurrénce p , ~ 

. 'of short' i~te~als. ' The 'tails o:f such histograms were 
1 • 

" 

'-ejcpoh'entia~ (see qelow)'.- Frequently. howe~e.r, cells 
, , 

were enc'ountere~ "ith ImstaÎ>le firing ~atterns., ./ " 

~ 

lni tial. contact wi th the cell was---acc ompanied by rapid v 

discharges wi th very, regular intervals between spike,. 
• ' 1 1. f ~. \ \ 

, ' 

;t'hUS 'the 'TIH of such àischarge was symmetric (Fig. 2B'). 

Suc"h l'in jury" disoha,rge was nevêr maintained . for, long' r 
, 0 

.,' ~ 

and f*r,ing gradually .,became in~ermit~ent, ~ c!ased 
, . 

, ?' 

these t-N'o spontaneous firing pa.tterns. fiUlother ~indirtg 

. 
âJ . 

"' .. ., . ;il 

.. 
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, 
• 

• 

~ 1 

• 
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Fig. 2. Spont eous activity of normal (A) and injured, 

(ri) • 
c~chlear gan lion ce Ils • For the normal cell, the 

TIH is ~ymmetric' with an exponential.tail. Mean 

• ~ ~ Il 

spontaneous rate is constant from the time the cell is • 

encountered. The fine structure of discha~g~ shows 

irregular intersp~ke intervals. For the injured cell,. ~ ~ .. 
,activity decreases after the time Of initi~l pontact. 

7 1--
, , 

TIH o~, early dissharge', is s~m~tr~c duè:'to ,yery 

regular. intèr~pike iiltervals (af. At times.b), c)" ,the. 

disCh~rg~" dec;epse's to very 1o,,! rates. 
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suggests that they cah be classified as "normal" and 

"injured 0' • Those units with asymmetric TIH and stable 
~ 

'\ 

fir~s usually responded 'sensi tively to âcoustic 

st imulat ion., while "injured fl uni ts. when the ir initial 
, \, .. 

firing rates had'droppeq, nev~r gave more than a few o 

o , 

infrequent spikès to the rnost intense stimulation and 
o ,. • 0) "" 

often failed totally to respond. An int~resting clue to 
.. 

the ortgln of this -in jury discharge was obtained,with' 

. 
KCl-fill~d pipet~. During the applic~tion of a positive 

... 
current- tl)rough the rnicroelectrde .(pre~umabiy ejecting 

'Pot~ssium froni the' electrod,e t~p), the firing rate of an 
.. 

0" 

ini tial~y 'ff$rrnal cell rose dramat ically (Fig. 3.). and the 

shape of the TIH altered to resemble mare c~osely thât 

of injured units, with a large narrow pe~k indicating a - , 

~ 0 

.. ~ predominance qf. r~gtilar interspike intertals. t, 

,""" " ~ 
Supporting evidence 10r an i'ntracochle~r origin 

( 

f 

).. 

o'J 

, 
d 1 

f 

J , 
\ of th'e spontaneous firings was obtained from two' inst~qes 
~ 

( )p !hi,ilh 1;he t~ehold ~ .g~~l~~n 6elle 1;0 ac<>ust.i~· et,imu-•.. 

,lation was elevBcted ?y .up to 2~dB., 'tfhen the ossicular 
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Fig. 3. 

.. 

The effect of ap;lJation of 
~ 

+I/e current 

through a. JMKCl recp:rrdi.ng microel~ctrode,. on the 
( " 
l ' 

:-'s'pontâneou~" discha~tte of a singl"e ganglion celll. /' 
, : 1 

~. B, TIH's of the li~charge wiifo.llt currel1~{\' showir:g 
~ ~, ~ l' (' .. 

typical asymmetric shape and exponential tail. ~1ean /' 
~ ... 

r~ t e ~s 9 6/ se~ • The numbe rs ln r ight hand C oI'l1eM '" , 

the h ist ograms §en'fil: e b in wid th ( m sée ) : ~ numbe r ", 

• 1 of COU:1tS and mean rate. C, the 1rIH of 'the .same, ce~ ~ 
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chain of the ,JlliQo.~e ear was broken, audi tory' thresholds 

. ' 

were 20 ï 30 dB higher than normal, indicatin~ a loss in 

the transmission of airborne sounds to the basilar 
'1 

41 
membrane. Spontaneous activities of cells in such 

animals, showed the same distr1bution of rnean rates as 
, 

in intact, sensitive animaIs. Several cellg in such 

insensitive preparations had mean rates of spontaneous 

dischargé higher than 90/sec. In addition, it has been 

reported ,(Robertson, 1974),-that drainage of perilymph 

from the sc'ala tympani elevates the thresholds of single 

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 exper~mental chamber, shows that spontaneous 

activity in the cochlear neurones cannot arise from un-

controlled sounds and that, it is.truly intracochlear in 

origine 

In agreement with findings on Vlllth nerve axons, 
, 

guinea pig cochlear ganglion celle: showed wide differences 

." 

f 

, ' 
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in Mean rate of spontaneQus activi ty in the 4 same animal. 

1 

The distribution of mean, rates 'in the pooled data ls 
, 

shown in Fig. 4A. 60% of aIl cells recorded had 
f 

spontaneous rates greater than 20/sec. When plotted 
" 

against\the threshold of thos.e cells in which this was 

,measured (at the best frequency), i t can be seen that for 

cells of reasonable to ~xcellent sensi tivi ty. there is no 

" relationship between threshold anG Mean rate 'of spontan-

eous activi ty: Cells wi th the same sensi tivi ty at .the 

best frequency vary in mean spontaneous rate from 0 -

-
14"0/ sec. (Fig • .5). The 1a.rge peak of cells wi th low 

spontaneous rates (0-20/sec,) in Fig. 4A is explained 

by the tendancy for ~ells of poor, sensi tivi ty to have low 

rates (Fig. 5). Such cella appear to occur in animals 
( , 

in poor physiological condition (RObertson and Manley, 

1974-; Evans, '1972) ~r wi th extensive hair cell damage 

(~iang et al. f 1970), _Mean rates higher than l60/seo. 

\ " 
were regiatered but these occurred in cells showing 

clear in jury behaviour • 

<l 



• 

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

. 
spontaneous rates in_~19 units. 60% of the cells L"1 

mea~ rates higher than 20/sec. 

B; the shapes of TI~ of J different units of 

mean rates 36/s, lOO/s, 132/s. AlI -histograms· show 

characteristic sho~t mode (ID msec.) and exponential 

tails. Vertical scale is linear. 
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Fig. 5. Relation between mean spontaneous rate and . .. 

thresh91d to auditory stimulation at' the best fre-

quency, for_127 ganglion'cells. For sensitive unite, 

there appears to be no relation between threshold and 

spontanéous rate • 
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As seen in Fig. 4B, cells with very dif!_e~:e~ 
\ 1 

mea,n rates showed similar shapes of T'DI. In Fig. ,6 i,t 
0, 

can be see,n that the modes of TIH in aIl those ceLLs' 

, 
. for whiqh smooth histograms were obtained are less than 

. f 
10 ms. Differences in mean rates resulted mainly from 

, ' \ 

differences in the 'slôpes of t'he .e~ponential 'tails (i.e. 
{ 

variations ,in the propability'of occurrence 6f lo~~r 

interspike intervals), In Figs. '2, ). 4 vertical bin . \ 

counts are plotted on linear scal~s, -whereas in Fig. 7 
\ ' 

"'" a logari thmic scale i~. used to show the exponential 

nature of the ~H taila. In !,ig. 7B ex~ntial.Plo~. 
1 

for 4 C:~l.ls oUiffering mean rates are sh,own, illustra-
\ > 

1 ~ 

ting the con,stant mode and varying probabili ty of 
~ " 
" , occu1'rence of longer inter~pike intervals. Lihes arfE 
, . " ~ 
~~~ p----

" ',dravrn by eye as shown in Fig, '7A, 
, . 

• 
"One procedure which did alter spontaneous ~ 

ac~ivity. rates of' singl~ c~ll~ in th~ ganglion was 

t~ansien'; "anoxia. 1'hr::eeff~èt .of~, ~oxia on the sensl tiv­
q 

.pl .' 

ity and threshold-fte~ e cy re~~se curoves has been 

-/ 
. \ 

" 

t 

( 

-. 

J 

, 
" '5 

~, 
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Fig. 6. Modal valu~.,Of TIH,fplotted against mean· . \ 
rate of SDontaneous firing for 61 ganglion cella. - J. 
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Fig. 7. Illustrating the exponential naturelof the 

tails of TIH's. A, shows Iline of fit drawn by eye 

through vertical bin counts. The vertical axis is 

logarithmic, and a straight line thus denotes e~ponential - 1 

fa~l off. Numbers in right hand corner denote bin width 
J 

(msec'. ), total number of counts and 'mean rate (80/sec.). 

BI lines of fit drawn as in A, for TIH of four units 

with different mean rates of ~4,.83, 124 ~nd 137 spikes/ 

sec. Vertical acale is logarithmic. ~he heights of 

modes have been made to coincide for better comparison • 

. 
It can be se en that modal values are not very'oifferent 

, 

wherea's slop~s of taila vary systematlcally. 
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docurnented previously (Robertson and Manley, 1974). ' 

L 
Fig. 8A sh ows the effects of anoxia, ,produce&' by slowing 

the rate of artificial ventilation, on thr'esholp at the 
1 

1 -

best frequency and on rnean rate of spontaneous firings 

.. 
for a single, ganglion cell.· Th,e decrease in cell t' 

, " ( 

sensi tivi ty is seen to follow fairly closely the fall 

in rnean spontaneous rate. ~his experi~ent, the scala , 
, 

media summating potential (-SP) to a moderate intensity 
" , 

tone burst (58dB at'13kHz) was also measured by ." averag1ng 
( 

20 responses. Tt can be seen from Fig. BC that 
0, 

the -SP 

• ,/ 1 .,. .-

also shows a dramâtic decrea~e at the time that cell 

sensi tiyity anq,..gpç-mtaneous firing are impaired. ,In 
J ' . . ,) 

Fig. 8B, the endocochlear potential (+EP) and 'the -SP are 

'" .", / \ 

measured during a transient anoxia similar to ~he one 
) \ 'J \. 

, " 

- .1 ... 
above. Anoxia sufficie~t to çauSe' almost ~ 70% reduction 

in -SP is acc ompanied by a 30rnV fall in the resting EP. 

/ 
Q, 

1 

r 

-, , \ 
, . 
" .". 

" n' .. -r " "f L----
/ 
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P-ig. 8 .i' : The efrect of a transient anoJ,{ia on single 

cell properties and scala media potentials. A, filled 

circ~es'~re the ,mean spontaneous rate of a single coch-
" ' 

, '-

l'e1'lr gang!!. ion cell, open triangles are the estimated 

• 
thre sho'ld of thé same cell t (, a 16kHz (best frequency) 

tone." B,. the eff'ect of a transient- anoxia on the -SP 

t~"'a f~,lt,e:d\ntensity ton,e burst'at 13kHz, and orvthe 
. .-
.. • J t ' 

magnitude of the endoco6Wle~r'potentiaf (EP). In A 
~ 

and 13, the 9-u~ati o~ of anoxra is denoteOd by the hori-

; .' 

zontal bar above each, graph • CJ th_ gffect of the 
.-

,r - ... - J 

anoxia shown in 'A, on the !oncurr~ntly measured -SP in 
. 

"sc~la medi'a. ,The ~p is the computer aver.age b~f 20 
. " . 

repeated .re;;p,onses. ~ime,t corresponding' ~o ,that in A, 

'.,\ 
ls denoted b~side each tra~e. 

burst is indica,ted above. 1 

/ 

Tlle position of the tone 
',' 

1-­
r' 

• 

l ' 
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Discussion 

The general pr~perties of th~ s~ontaneous dis­

charge of primary coch1ear ganglion cells in the guineâ 

pig, which are reported in this study, ar~ si~ilar to 
Al 

those of primary fibres in the cochlear nerve in cat and 

guineà pig (Kiangl, 196.5 r Walsh et al!, 1972; Evans, 1972). 

Data presented above reinforce the now firm1y held view 
J 

~ ! 

that s:~ch spontaneous firing is indeed' endogenous to the 

cochlea and does not result from uncontrolled background 

stimulation. 

A particularly interesting feature of the spon-
J 

taneou's activity is the independence of TIH modes of mean 

firing rate. The finding of modal values lesa than lOma 

for aIl cells with mean rates ranging from 20 - l50/sec. 

la in excellenttagreement with data from cat cochlear 

nerve fibres (Walsh et al" 1972), The higheat Mean rates 

J 

rep6rteà here for guinea pig are cQnsiderably higher than 

for catI Sorne caution shou1d be exercised here as it is 

pOSsible that the presence of the recording microelectrode 
f 

o 



• 

• 

1)4 

. 
near the bipolar ganglion cells could modify spontaneous 

firing rate wi tho,ut clea!' evidence of in jury • The 

stability of normal cell firing in many cases of high 

discharge rates ,argues against this. The distribution 

of meà~, ratès is in substantial~g:eement with' the 
• -.!J" 

~ report by Evans (1972) on guinea'pig cochlear nerve 

fibres.~ 
The asymmetric shape and exponential tail of 

the TIH also seems to be characteristic of prtma!,y 

audit,ory units. In contrast ta the vestibular system, 

where both symmetric and asymmetric TIR are found 

(Walsh et al., 1972), a~l normal gangli~n cells which 

were investigated .showed the aSyMmetric shape of'TIH. 

In the vestibular nerve, it has been suggested that 

asymmetric TIH are possibly a property of single fibre~ 
. . 

, hair cell connections whereas symmetric histqgrams might 

arise from multi~e innervation of hair cells. Since, in 

the cochlea, some 90% of afferent fibres innervate single 

inner'hair cells (Spoendlin. 1972) ft might be ~xpected 

'i 
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that one would tend to ,f'ind only ,one basic shape of TIH. (1 
f 

If symmetric histograms had been found wlth stable firing 

pat~erns, it might have been possible to' assign these units 
1 

to outer hair cells, which are innerva~ed in multiple 

f'ashion by the remaining 10% of afferent neu~ones. In 
; 

agreement with othe~uthors there was no evidence for 

separating units into two hair cell groups on the basis 

of mean rates of spon~aneous ~ctivity or auditory sensi-

tivity. Only abnormally insensitive units showed any , , 

cdrre1ation between threshold,and spontaneous rate. Thus 

i t is possible either that the sm'al~ population of outer 

hair cell neurones is be ing missed by: our microelectrode 

sampling techniques, or that they do not differ from the 

major inner hai~ cell population on any of the criteria 
A 

that have' been used. . ' It might be that the use of anaes-
-~ - - - 1 

thetics obscures AOTI!l~ differences between these two 

populations. 

\ 

The actuâl source of spontaneous activity in the 

auditory nerV"e is not known. Séveral modela have been 

~ 

,. , 

• • 
f 

~ 
r 
l 
, 
J . 
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published which mimic fairly -weIl the shape-s-and char-
o 

actetistics of TIH shown here. For the models with a v 
1 . " 

/ 
( 

structural basts, two, locations have been chosen as the/ 

sQurce of random excitation of the auditory neurones. 
- '~ . 

In the model of Weiss (1966)-, Gaussian fluctuations in 

the membrane poteptial of the dendritic membrane itself 

coupled wi th appropriate thresholè, spiking and resetti[lg 

systems~ give- a realistic result for noise spectra with 

an upper limit greater than 2kHz. The ability of' such 

nois~ to prod'uce firings (~.e. exceed threshold) ia -

~upposed ta d~pend on fibre size (Verveen, 1963, Verveen 

, and Derksen, -1968) •. Thue •. for nerve endinga -as .smalt as 

those within the organ of Cortr, small differences in 

fibre size migpt explain the wide range of spontaneous 
1 J -

'(l 1 \,_ 

rates observed without nécessarily producing differences . . 

in threshold to acaustic stimulation. 

A second model which also yields realistic results , 

(Lummis, 1968)' used random (Poisson)' re1ease of e~citat~ry 
~ -

, 
transmitter packets from the hair cell as the source of 

• 

- . 

. , 
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spontanebu~ activity. This scheme~as a reasonab1e 

'" '~'ànatomica1 a!ld physio1ogifca1 basi~ (Fatt and Katz, 1952. 

F19ck ,e"t al ~, 1973.- Katz, 196-6). Differences in Mean 

rate might resu1~ from differences in synaptic geometry 

----~ 

(Kuno et al., 1971) or sorne other unknown synaptic pro~ 
o 

property. 
'i.l 

In such a mode1. the Mean ~te of packet 
... 'l ~ ~ 

re1ease is assumed to depend on the hair ce11 membrane 

potentia1. It la known that a~large standing current 
, , 

exista frpm scala media to scala tympani, through the 
, Ti\.p 

hair cella {Honri)bia et al., 1971. Johnstone e1 'al., 

1966):' and changes in this standing current might be 

exped'ted t 0 lnodulate th~ ~ ~f transmitter release. 

This is the basis of the current1y he1d theory of ex-
: Jj, 

citation of the aUditory nerve fibres by sound (Davis, (f 

/>4 
1954', 1958,",1965. Honrubia et ai., 1971. Honrubia and 

} 

.. 
Ward, -1970. JQhnstone -et al., 1966). Dur.ing transient 

anoxia, the t'all in +EP and accompanylng drop in the 
<~ f __ 

-SP are consistent with a re~uction of hair cell stand-
p' ---

1 , ' 

ing 1eakage current • -1 This would be expeoted ,to decrease 

.' 

J 
-\; 

" \' ' ./ ~ 
1 ' V J 

,\ 

e 

" 
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the mean rate ôf transmit~er release by the above model, 

and hence cause a reduction in spontaneous activity. •. ~ 
1 

This is in f.act observéd (Fig. 8). Such a scheme 

-
receives sorne support from scala media polari~at·ion 

, 
experiments (Konishi et al., 1970), whe~e it has been 

shown that spontaneous activities of cochlear nerve 

-:.fibres l,can be increased or decreased by passing currents 

between scala tympani and s Of course 

such data ia not conclusive, 

izing cur~ents could equ~lly weIl affect the sensitivity 

and membrane properties of-the afferent dendrites in the 

o 
organ of Corti, independently of effects on hafr cell. 

1 • 

transmitter releasé.· Further, support cornes from the 

observat+on (Kiang, 1965) ~hat the firing of single 

cochlear nerve fibres in response to a click, is reduced 
'J. 

below spontaneous rate durinJ the direction of basilar 

membrane movement corresponding to a decrease io the 
.' , \ 

hair cell, standing current,..- A tentè,t'ive. sqhsme for 

\ 

spontaneous activit~~generatiop Is shown ~n F~g. 9. Two 

, I.l 

1 
1". 

'> 

- ~~\ .. ~ .... 
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Fig, 9. A schematic representation obtained from 

, D 

light and electronmicroscopy of the cochlear ganglion 

cell -- hair cell complex. 2 sites of generation of ~ 

1 

rrbrmal sponto. are indicated within the organ of 

rI> ., 
Cort!, and the si te of in jury , probably wi thin th~l < 

ganglion itself. Thick black areas on the c~l cenote 
1 

1 

myelination. The cell soma ls myelinated. 
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P9ssible sites for the source of , spontaneous activity 
, 

are shown, a') ~andom transmitt-er release from the hai~ 

cell influenced by hair cell leakage currents, and b) 
-

mémbrane noise in the dendrite itself. It may. be that 
1 

both these factors operate. together. As shown in the 

figure~ the source of normal spontaneous activity.pro-

bably lies sorne 300-400 microns from the recording site 

in the ganglion itself. The site of generation of in-

~ury discharges by mechanical damage by the el~otrodè, 
l 

, 

or KCl outpou'ring onto the cell, is thus probably 
o ~,-' ' 

different'from th~ normal lo~ation of the spontaneous 

activity source. Evidence exists that the myelinated 

ganglion cel1 soma is of high threshold compared to the 
, ' 

nodes of Ranvier a short .... distance on either stdr' 

(Robertson, in prepar~tion). ~t lB 'probable that the 

symmetric TIH produced by injur,y iB the result of 
- ( 

repetitive firing of these nodes in,response to eupra­
'\ 

thres~~ld depolarization. ' 
l' . 

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 ls 

apparently not possible to show a clear reduction in 

spontaneous activity in the majority of pochlear nerve 

fibres, by stimulat~~n of the crossed olivo-coch1ear 

bundle in the medu~lta (Wiederho1d and, Kiang, 1970). 

Th/is efferent system does however cause a marked re-

duction in sound-evoked activity and presumab1y acts by 

shunting of hair cell leakage current away from the 

excitatory synapse, or by stabilizing the afferent 

-
dendrite membrane (Desm~dt and Monaco, 1961, Desmedt and 

1 _ 

Robertson, in press, Fex, 1967). 'The lae-k of effect on 

spontaneous activity la thus surpr~sing( and ra~ses-the 

qüestion as to wnether spontaneous ':fj.ring May bel generated 

at 'sorne_point more central than within the organ of Corti, 
.. 

The amall lengths of bare afferent nerve fibre withi~ the 

_.F , 

habenula perforata May be sufficiently distant from the 

efferent endings t'o' escape their stabilizing effect,_ 

#JI Such ideas are -however in conflict wi th the evidence 

-, 
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discu~ed above that the spontaneous activity can be 

modulated by the changes in hair cel1 leakage current. 

There are thus Many questions to be answer~d. and sorne . 
interesting data might be obtained by studying thè,' 

fi . 

'effects of localized current applications using the 

spiral ganglion preparation. 0 
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Summary 

1,' 
1. Spontaneous actïvity of single nel,)rones in the 

guinea Eig spiral ganglio:i. 'was ~tudi;e& by measurernent 

/ 
of Mean rates and computation of interspike interval 

histograms (TIN). 

&2. The shapes of TIH and the s:tabili ty "~f .firing 

patterns allowed cells to be classified a~:on,Ç!rmal or", 
:' . 
~ .. ' 

'. 

i:njured. The properties ,of spontaneous a&tivi ty of 

normal cells agree with those of cochlear nerve fibres 

" 
~ 

,~t .. 
~ ~ -~tn---e 

.. 

3. Altera-tions in . . ~ the neurones.by _p~ri­

lymph removal' or rupture of the m~ ea,r' ossicular ' 
" \ t \ 

chain l did. not affect "rates of spontaneo\!s fi~4.ng. -

4. Except for animaIs with very-insensltive cella, there 
\ 

\, 

W?-,s no ',opvious relation b~itween ~mean spontaneo~ates 

and thresholds to tone aiimulL ?) 
" 5. The simul t,ane~ua effects of :respiÎ:a.tory impairmel1t 

on cell thresholds" spontaneous 'activi tY:, and on cochlear 
\ ~-

o 

potentials are reported'. 

r 
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6. The results are discussed in relation to the site 

of generat ion of apontaneous activi ty in the yrimary 

auditory neurones." 
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The Relation Between Structure and--Spike' Shapes 

1 
of Neural Elements in Guinea Fig Cochlear Ganglion • 

\ 
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SUNIMARY 0!.'4'" 

j 
". 

A two-c"omponent posit'ive single unit ospike could 

be r"ecorde; fro~ neural elements in the acoustic gang-
4 ' 

lion of th~guipea pig cochlea. -6ver 80% of units re-

l , 

corded with meta~ or glass electrodes had predominantly 
\>'" -1 

positive spikes. Light and electron microscopy showed 

# 

that the bipolar afferent neurones and their process~s 

are myelinated except at nodes of Ranvier positioned , 
6 

on ei't;.her sfde of t:'he cell body,' about 40 microns .,from 

, " 

the point of emergence of the myelinated processes • ., , ' 

This _,ev idence suggests that. the soma' of these pipolar 
" .' 

neurones is not excited d~ring the passage of an action 
, 

potential, ~nd the properties of the two~component . , 
L 

spike /suggest that i t arises from successive~, aétivat.ion 
" - . 

of 'the nodes of Ranvier" on either side of the (celi body. 
q 

- The advan~ag, of such a conduction system ia discussed • 

, 

• 

. ~ " 
l, 1 .• 
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INTRODUCTION 

The acoustic, or spiral ganglion in the verte-

b~COChlea contains mainly the bipol~r cell bodies 

of the pr~mary afferen~ auditory neurones. These 

cel1s.send one process periphera11y, where they re-

ceive excitation frÇlm the hair cells of the organ of 
, 

Corti, and the other to the internaI aUd~tory meatus 

and thence the cochlear nucleus.' ~he u1trastructure 

of these cella has been intenaively studied in several 
\ 

!pecies (9, 14,_ 15. 17, 21). Both proce\sses of the ' 

. ~el18 are myelinated' and the somas of approximate!y_ . ___ . 

l' --- p 

90% of th~ cells in the gangliol'J._are also covered in 
\ . 

mye!~n. / The ~al processes do not· lqse their myelin 

unti1 the point-of entry into the organ ,of Corti, sorne 
.J 

400 microns from the ganglion. Little attention has - L ~-- -
- .--been paid to the location of nodes of Ranvier on the 1 

bipolar ganglion cells. One study of the acoustiç . 
4. 

ganglion of th~ gOldfisl\ (15), comments 'o~ the presenc:e < 

'of nodes of Ranvier, about 20 'microns from the ceil' -

IJ 

) 
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bodies, In ~his paper, the location of nodes on the 
y 

bipolar ganglion cells of the guinea pig spiral gang-
~ 

lion are exarnined, as weIl as the distribution of myelin "'0 

on the cell bodies and proe,esses. The shapes of extra-
o 

cellularly recorded spikes from $ingle nerve "cells in 

" 

the ganglion are also reported ~nd the relation ~etween ' 

- L--the cell anatorny and the extracellularly recorded wave-
o 

, ' 

forms is discussed. , 

"l1 
" , 

... 
~J " 

o ' 
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a) Electrophysio~o~, ------
1 

The surgical exposure used and the technique of~ 

, \ 
.. ,recording from single units in the.T'ral gangli'On'in 

~ " ""~ 1 

gu~nea pigs, have been àescribed previously (13-). Thé 

L/ J 

"experimental, animaIs were pigmented guinea pigs-(150 '-

400 g). They were anaesthetized with 35mg!kg of pfonto-

barbital, relaxed with Quelecin (Roche) and artificial-

ly vent il~teci • S,ingle unit 

~~r~·obtainêd mainly with.m 

'/ 
(3)-~ The diameter of t 

J ' 

of these electrodes wa~ 
,/ 

extracellular r~cordings ' 

ta~ - fi'1jled g+as,imic ropi Pt: s 
~ ~ 

:td~plat~num pall on ~the tip 
\.-

microns. Similar electrodes 
., .; 

have recently been uèed in an analysis of extracell~lar 

spike shapes in frog olfactory epitheli~m (6). The 
'" - .. l', > 

, j 

) 

1 

electrodes were connec'ted to a Grass Pl5, AC pl'eamplifier 
'~ l 

wi th bandpass 10-3'09° Hi, and . ecords 'were ~hotogra~~d . , 
D • 

from ~n 'loscil'los7ope ècreen w' th" P01a~id film. 1 The .. , 
frequency response of this sy'stem ta a square wave at 

,,' 
,-

the electrode tip; is shawn in)~, 2D. -:~fi~uentlY • 

r, ' 

, , 

. . 

( 
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DC recordings' were obtained with JM KCl glass micro-

pipets connected to a WPI high imp~dance p~obe. The 
'.-.-J 

initial DC resistances of these electrodes was 10-20 

megohms in 0,9% saline. Movements of the microe1ec-

trode were effeeted by a remote hydraulic microdrive l ,-_-1-___ ---' 

calibrated in microns. No intracel1u1ar recordings • 
t 1 

were made. The spatial relationship~etween the spiral 

ganglion, Organ of Corti and recording \mi~roelectrode 

is shown in F\g. 1. 

b) Histo~ogYI 

~. Cochleas were fixed acc~orclirlg tq the' method re-

ported by Ross (15) and portions. of the gang1ia ~ere 
1 

j" 

1 • 

" .. 
di.sseo;t~d out and embédded in Sp~~ plast.ü: (18), 

, ~ 

2 
.. 

mi~rbn' seriaI sections ·for aight microsçbpy were eut 
... ". '>- --
iF • 

with glase knives and stained for ~ minute with l~ 

toluidine blue~~ U1trathin si~ver-gold sections were 

, 0 eut from the slarne blocks ,and mourited on 200,- mesl1 éopper 
~ ; ! o • 

,1 , 

grids or on Formvàr-coated slotted grids • They were 

• 1 .- , 

1 

.- ." , . ~ 
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si tuation. The arrows show the direction of, 
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stained wi th lead' citrate: and examined ill a Zeiss EM-9 
o 

. 
electronmicroscope, at magnifications from l,7QO to 

18,,000. 

RESULTS 

a) Spike waveforms. 

Reliable recordings with a gQod signal ~b -noise 

ratio were obtained, from 1"90 uni ts in 50 guinea pigs. l' 

Except where noted,' ~ll activlty reported here is 
. , 1 

spontaneous in 'nature (10, ,13). The vast majority 

(over 80%) of s~ngle_ unitfspik~ shapes recorded with 

both metal and 'KC1-:filled electrodes showed a predomin-

antly PI~ve p~ase.· A certain, amoùnt of l~ter nega­

tivity was seen in AC-coupled recordings, due to the 
- " ~ 

band pass of the recording system (Fig. 2D), The lar-

gest spikes r~corded wi~n metal electrodes were 350 
• I ..... ! __ 

m1crovolts peak-to-peak. With ~CI-fiIled.pipets'how-

ever, the spikes could sbmetimes reach 4mV ,in Bize 
1 1 • • " 

\ 

(Fig. 2C). The mpst -complex spiJ{e shape was found Most 

frequently with metal electrodes and consisted of a .two-

.. 
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, 
Fig. 2, Oscilloscope tracings of singIe,un~t spontaneous 

activi"'ty • -Positive deflections ar.e upwards in' 

this and aIl othér figures. A, spike shapes 

of fOU~its in different animaIs. Tme first 

.,component i8 indicated by a dotted line, 'B, 

successive tracings of one uni~, showing two 

component shape, and the occasion~l dropping 
" 

out of one eompon~nt (dotted_line), C, large, 

posl tive sp,wces ri th no first c omponent. The 
, ("-

trace ia a DC ~ecord, obtained "wi th KCl-filled, 

electrode. ~, r~sponse of aystem ta a 2ms 

square pul~e applied ta the electrode- tipi 
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component posltivity (Fig. ?A, B). Of,the 114 units, 

reco~d with mjtal e1ectrod~s~ 38% could definitely 

. ," 
be classifie.d as having such a two-component waveform,. 

. 
With glass micropipets, the percentage was·somewhat 

, .(). 

1 

l 

sfllaller (2'0% of 76 uni ts) ~ In a single unit, theve 
)- ' u , ~l'---

" . 
were small variations in the delay between the first . 

and second components (Fig~ 3E). Between different 

units there was also a variatio~ in the position and 

magnitude of the initial ~ase relative to the second 

(Fig. 2A). In sorne cells the initial phase was quite . . 
small and a1most ,lost in the baseline noise; whereas 

othe~ units, often recorded in the eame pass of the èlec-

trode, showed very large positive double peaks (Fig. 2B). 

f ' 1 

That the rtwo components derive from different units is 

tlnlilselY,.. because of the consistency of" 'the waveform 

and i ts persistence for long period-s of time (up to 

l 1/2 hrs. of recording). 

In ~ig. 3 •. spike shape~ from 4 different units 

in 4 animaIs are shown. 
, 

Succe,ssiv~ sweeps of the' 

. . 
} 
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// 
Frg. J: ~ A-D, superimposed sweeps of spontaneous 

activi ty,· in four different unite, triggered 
v 

as described in the texte Where the differ-

- -
entiation of the first compon~nt is not c~ear, 

ift is indicated by a dotted line. Et hist.o­
v . 

grarns of the,delay between the first and , 

second components for tWQ different units 

hot the sarna as in A-D. \.. 
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oscilloscQpe were triggered on the largest'~gbitive 

component of the spikes. It can be clearly seen that 
, , 

the delay observed'be~ween the two positive spike com-
, , 

, 

ptments depends on the interspike. int'erval. Those 
~ ,., 

spikes
o 

which occ~r soon after the triggeriDg spike show 

a wide separation (up to O.5msecs) betwe~n the ~~o çom-

ponents, whereas those spikes occurring l~tert show less 
,-

separation. In Fig. 3D, the spikes occurring at long 

interspike intervals show a s~mple, unimodal shape 

apparently derived from a fusion of the cornpohents whioh 
1. ./ 

-are clearly visible at the shoFter---i'nt'ervals. Phose, 

~nit~ whi~h show~~_a very distinct differentiation be-
. 

tween the two ~omponents (Fig.2B) still exhibited this 

ba~ic sha~e at the longest interspike intervals. In 

suoh cases, ,the se~~_~~mpo~~nt could ~ccasi~~ally fail 

to appe~r-,-Joe~ a spi shape similar ~n ~size and time 
;. -- . . 

- . . 
course to the first,component alone (Fig. 2B). 

v • • 

\ A _,ecand .sp1ke waveform a1so encountered showe~, 
Ô · J a mon phasic', pOSl tive shape which never showed ,a two-

,\ 
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comp6neni wav~form (Fig. 2C). These spiRes comprised 

.,74% of' 'the ~ni:13' ~~,corded w1t~ KC1-filled 'pipets and 43% 
" 0 

~ , 

. of those recorded wi th metal electrodes. They were 
1 • 

easily lost, either ~pontan~ously or by advances of the 
o . 

electrode mior.odrive of less than 10 micra. In contrast, 

. ' 
the ~wo-component spikes were u~ually only l~st by 

o 

deliberate .m~vements of the micrcoelectrode through 50 
o 

o 

rrric ra, or more. 
. '-

o 

The third spike shape'was tound least often (19% 

with meta~ electrodes.and 6% with glass), and showeè a 

predomïnantlY'negative waveform with very lit~le poai-

o • 

tivity •. The~e. unit spikes rarely exceeded 50 microvolts 
9 , 

~ size and w~re éasily lost • 
o 

There was no suggestio~ that the different spike 

shapes corresponded to units with differeht physiol~gi-
~, ' 

cal pr<?perties.,· AlI thru types of unit showed responses 

to tone sti~uli within the normal range (l3). Frequent-

ly 2 uni ts of different waveform o'ould be recoroed simul- >J' 

taneously wi th the sam~' efedtrode (Fig. 4>' wi th no) s.ig-

. ,( 
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!o'ig. 4. Pas-;-stimulus histograms '~af, a losi''tive and 

negative unit recorded simultaneously with 

the'sam~ electrade. Tt can be seen that tRe 

'- . 
thresholds of bath units ta atone burst are Q 

practically identical. The spontan~ous 

activities of bath units had mean rates of 

70/sec. ( 
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nificant differences in their pure Jtone thresho~ds. 
<~ 

Spontaneous activities varied grea~ly between units, 
• 0 

but no one type of spike shape showed a tendency to 
\ 

. ..", 

exhibi t particularly high or low mean rates. 

b) Histology 1 ,. 

Examination uf 2 m[cron serial sections in the 
\) 

light microscope revealed the presence of a nodé of 
r 

Ranvier on the central and peripheral processes of th~ 

myelinated, ganglion cells. The nodes we,re consistèn1ily 

" ~ si tua~,ed about l cell body l.eng,t~ from th'e point' of 

emergence of the proce'sse$ from the cel1 soma (Fig. 5A). 

In toluidin~ blue-stained sections f the region ofaxon 

on the- side of the node. furthest from the cell body 

showed' a darke/.staining of" the myelin sheath than on 
, ~ 

the cell body or th~ emerging >J)J;ocesses. 

Examination of the aboye structures in the' e1ec-

1 
tron microscope,confirmed the genera~ picture obtained 

with light microscopy. Nodes showed a typical unfold-
J 

ing of the axonal myelln, exposing the u~derlying axonal 
) .. 

, 
; 
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• " 

fig. 5. A, .light._micr_og.r:aph of a toluidine blue stained 

ganglion, cell. Arrow indicates the location 

of a.nêde of Ranvier. Calibration line is 

ID., microns. B,' shows bath 'compact axonal 
, 

myelin (at top of fig'ure), running adjacent 

to,1005e myelin on à cell ~ (lawer part). • 
'\ i': .. . ,~-~~ 

C, 1005e myelin on the emerg1ng axon of a 

cell. D,_ a noo.al region, with bare axonal 
~ 

membrane and typical unfolding of myelLn. 
, 

" 
Cal.ibration mark for aIl electron micrographs 

i5 1 micron • 
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6.SChém~~C representation of the typical 
, 

bipolâ.r a:fferent ganglién cell in the guinea~ 
1 

, \ 

plg c~hlea • 
~ 

Only the nodal regions are . 
~ 

active;, the cell ;-g.ema..-aru:lJi ts irnmediate pro-, ~ 

,- , 
cesses hàve thinner myelin than on the axons 

beyond the nodeEh 
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membrane (Fig. 5D). The myelin sheaths on the ce11 

body and its emerging processes contained on1y 7112 

lamellae. whereas, beyond the nodes, myelin on the 
~ . . .,. 

axons was much .more compact, and contained over 20 

lamellae (Fl~g. SB, C). A schematic represéntati6n of 

·a single cell and its processes is shown in Fig. 6. 

This general arrangement .,was found in every myelinated 

ganglion cell investigat~d, though.variations i~ the 

po~i tion of the hodes was frequent t. The longes:t di's-, . , 

tan~between cell soma and node was 40 micra and 

the shortest was 25 roiera • 

• DISCUSSION 

It is generally held that the rnyelin sheath, by 

reduoing cel! capacitanee.and increasing transmembrane 

. -
resistance, acts to reduce 1the loss of a~tion potential 

. . 
1 current through the 'cel1 rnernbrane~ Areas of nerve cells 

covered wi th rnyeliil have rnuch higher thresholds to\ ex­

ternally applied ourrent than the unmyelinated nodal 

regions (18). On this basis, the only lactive regions 

1 

1 
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of the myelinated "spiral gangliQn cells might be ex­
\ 

pected to'be at the nOdes,of Ranvier on either side of 

the cell soma. POf;:litive e,xtracellular potentials have 

been interpreted as evidence ~hat the regipn in ~he 

vicinity of the eleëtrode is acting as a source of 

current (8, 5, l, 4). In addition-the absence of a 

large negaiive phase imp~ ~hat the area recorded ftom 
. " 

js inexcitable, at least by action potential c~rrents 

(4 ... 5). The fact that in nearly"all cases, spikes re-

- c orded wi th both metal and glass electroqes in the coch-

lear ganglion are positive and lack a large nega~ive 
____ I ___ ~--

component, is ~onsistènt wi th the myelination of both 

the cell bodies and their processes in the'ganglion. 

The two positive components of the complex spikes could 
), , 

therefore be explained is the suocessive firing of firet 

~the peripheral, and then the ceritral"no~e, 'on either 

side of the inac.t4:ve cell soma. À blniodal time course 

, 

of positive current has been reported in the internodal 
, \ _. \' 

. '" 
regions of single myelinated peripher~l nerve fiber~ (19)~ 

r 



• 165 

These observations are therefore consistent wi th the 

hypothesis that the soma of the spiral ganglion cell- ( 
lt. '. .' 

Jbèhaves like an internodal reglon. Presumably, the 
r . 1 
1 

p!J2lç'ement -of nodes on ei ther side of the c.ell body" 

1 

together with myelination of the soma, reduces the risF--

of conduction block by the cell body" as i t w~uld rep-
.' 

resent,an area of lowered action current density, di-

rectly in the conduction pathway,. "~.!. has beez: repor.ted 

in -an unmyelinated invertebrate sensàry neuron th"at the 

bipolar cell body can cause conduction block" -and hence 

considerable modification of impulse patterns in the 
, 

-- sensoI-y pathway (ll~ Though the mye~in sheath on the-----

soma of the spiral ganglion neurons Is not ,as cQmpact 

'. f" 
as true 'internodal ~yelin (Fig. 5), there 18 evidenpe 

, . 
from avian ciliary ganglta ~hat such 100se myelin' can 

, . 
provide a quite effective insulation (7). On the basis 

of the above scheme.- the-variations in the relative': eizes 
, , 

of the two positive components in different units. c~n 

perhaps De explained as' differences in the electrode .'L 
• /T>. 

. ..... /1---
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posi tion re'lat,ive to the inc oming and outgoing nodes • 
.• 

The variations in delay between components seen in,a 

single uni t (Fig. JE), could be the resu1 t of the , 
\ , 

\0 stochastic behaviour of the nodal membranes (2, 21, 18). 

f Rand om fluctuations in nodal exci tabili ~y wou1d resul t 

in~variati ons in the time of' ini t1iation of the seeond 

noele action' p,otential in response to action current from 

the firing of the fir.st node. As shown in Fig. J, part 

of the variations in nodal excitabilLty - May be as-., . 
-

c~ibed to the effects of previous firing. The effect 

seen in Fig. 2B·where a single c'omponent alone sometimes 

appears, suggests that in sorne cases, mYelinatio~ of 
1 

the .cell, s orna and the sfratègic ~acement of nodes i~ 

still insufficient to' prevent" oocasionaf block of excita... "1 

( . 
tion of the second node by current le~kage through the 

... 
cel1 body.' ~ In suc~ cases, the presence of the recording"' / 

microelectrode may in s'orne way be alterlng 'the normal // 

excita~ility of the ~pike ~~it~ation.~e~; This i~ 
supported by the observation (Fig. 7) that the incomlng , 

" 

"/ 

/ 
/ 

1 

/ 
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, 
Fig. 7. The effect of movement of- the electrode on 

the response to a eonst~nt intensity tone 

burst stimulus. A, 'initial respo~se. B. 

response after 20 microns advaneement of the 

electrode. C-, after 40 mterons, a complete 

eeS'éation of response. D, aftel' withdrawal 

0' of the electrode to the original l'oeation.· 

l , The traeings are of 4 superimpose? sweeps. , , 
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response to a tohe burst s,timulus can be, ~reversibly· .. ~ 

\1 
blocked by advance of the microelec~rode. 

!t ~emains to explain the large monopHasic posi-
-

tive spikes frequently encountered 'with KCl-filled 

pipets. These spikes never separate"into two eomponents, 

and their duration i~ shorter than that of the two-
1 

, 
~omponent spikes. The properties of these spikesl the 

fact that they are easily lost, and that they are best 

r~corded with high resistancè ~lectrodes, are similar 

. , to those reported for single rnyelinated nerve fibres in 
, 0 

peripheral nerve trunks (9). They are therefore proba-

b1r recorded in,close proximity ta the compactly mye~ ... , 

linated axonal processes.. The rarely seen spike wave-

, ..------- .. - ._~ 
forro having a major negative component, ls also easily-- , 

\ "'. 1 

lost by electrode movement. -They are perhaps recorded 

from th~ sm~ll areas of excitabtâ nodal membr.ane, 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 (1~) of unmye-. ' 

.. 

, 
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linated cel'l bodies in the ganglion. These lare now be­
d, 

lieved to be c()nnected to oute'r hair cells (17). As 

~ . 
stated, however, there was no ev.idence that these nega-

tive",.uni ~s had different PhYSiOlOgica?ope~ties. 

Tne use of' only exttacellular recordings in 
1 

this study does not permit the pOf:1i tive identification 

of structures rec orded :tro m. However the!, presence of 
r-

a clearly two-component spike èo~relates weIl with the 

anatomical findings on th&- acoustic ganglion cel1s •. ' 
- ' 

As has been pointed out, the bipolar spiral ganglion 

cell appears to be an example where·the atrategic place-

I---~------,.-------mment. of---nodes and myelLnatj on of the c~l.l. bo'Ù'- reduces 
.' ~ 

the risk of conduction block in a pathway which must 

reliably transmit l~rge amQunts of information. 
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FINAL DISCUSSION 

\ 
1 

In this section the critical evidenbe from the 

- . 
present studies and t'rom the resül,ts of other workers are 

discussed. The ideas contained in manuscripts 1 and II 

1 1 
are,reconsidered, sinee these papers were writ~en and 

, r'} 1) 

\ ~ , 
pub1ished some time before the ~ompletion of this thesis. 

i 
, . 

In particu1ar, ,the emphasis of: these papers on the mecnan.,. 

ical nonlinearit~ of Rhode will be reassessed in ~he 

,light of discussions- wi th workers i-n the field a:t the 
, - . 

. .-/ 
University of "Western Australia' in November and December ., 
of 1974. , 

\ 

1 .' c 

, \ 
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The -role of inner and outer hair celle will not 

-
be· discussed at length here. Though' data on tuning curves,,, 

seneitivity, spontaneoua act~yity\rates and &pike shapes 
< Q 

were obtained from over ~OO gangliop cella in' the ~resent 

study, there was nq indication that the"cells cou~e 
, " , 

9ivided"into two populations on th: basls 'of any of these 
. , 

1 

criteria. '/ariations in sensi tivi ty were small between . ~ 

cells in the sarne animal, and the tuning curifes of suc­

cessive cells withi~the ganglion could often be super-

irnposed., Spontaneou~ activities showèd no clear correlation 
, 

with sensitivity in normal animaIs. \ 

~his conflicts some-

what with -other auth9rs, who have shown that there ls a 
" 

, , 
_ tendency for unita in the cochlear nerve with higher 

• spoptaneous rates~ to be more sensitive (Geisler èt al., 
) 

1974; Kiang_et al" 1970). As this trend appeared con-
... t\ -, • 

tinuo~s, neither o~ these authors attempted' to assign 

these uni ta to inner and outer halr cells. Orle of the 
<J .' " • l '-

dr~wbaoks of the ganglion preparation ~B the small number 
, 

of units obtained per animal in contrast to recordings 

. . 
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from the axons of the ganglion cells in the cochlear 

nerve trunk.-
, 0 

It has been suggested -that, the neurones attached 

to the <Juter hair cells should be more sensitive than , 

inner hair cell radial neurones (Dallos, 19~Jb). The 
, . 

.. " 

posl tion of, the oater hair cella on ~he more flexible part 
J ' 

, -
"" , of the basilar membrane, and the fact that their neurones 

probably receive summated inputs from several hair cells 
~; 

makes this a plausible hypothesis. -However, the ~ack of 

single uni t~ evidence /for this concept has meant· that most ,r 

of the supporting evidencJ ia derived ind~rec~lY from 
, 

studies. Ion the recept~r potentials. The pi tfal1s "of 

such studies (éspecially those employing ototortc drugs) 

h~ a1ready been mentionéd in the thesia introdu.ction. 

, ~ ~.. . , 
____ ~~ther Jluggsstion is that the outer hair cell 

fibres sho~la tune more broadly, sinee the~.innervate a 
), 

"" ~ ... ' 

g~eater length of basilar membrane (Billone 
~ ~ 1 , t. • 

1 / 

1 • and RaYl'\or. 
I--~ - .. 

197;')" !gain", th~ has· not been verified. 
, " 

One would 

, 
also expect the outer hair cell p.eurones to' be most 

, 
l : --~ 

,Q 

. -
~ , 

r 

. , 

\ ' 
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• 
sensitive to higher J'requencies than the inner h,air cells 

'rad.ial fibres, sinee the outer spiral fibres travel 
~ l _ 

basalwards along the basi1ar membrane before making 
) 

synaptic contact. T.be gang,lion prep.aration offers a 

unique opportunity to test this, but once again no evid-

ence was found. 
1 

, : 
* 
\ 

No, ce1113 were found at any gangl~on 

l~ation with best frequencies different f~om ~her cella 
~ "'.! ---

\ 
at that spot. It may' be that the very small number of 

. '" outer ha~~ cell neurones' means that they are simply not 
J , 

, 
detected by our miaroélectrode techniques. Alternàtively, 

the right ql1estions are: not bein~ asked. 
.. .. 

, At this point', let, us suggest another role f the 
J', 

outèr hair cel1s. It may be possible that the large 
1 

o of outer hair celle can exert a significant shunting of 

. 
the exci tatory current availabl.e to inner hair cells. ' 

This might have the ~tfect of extendine; the dynamic range 

of the' inner hair ee11 radial afferents. 
n • 

Though, this dy-
1 J 

, 0 ,1 
namic range is only 20~4odB (Sach~ and 4bbas, 1974) there 

, : .. 0 

is evidence that, in 

• 
sorne 'situat~ons it might beoeven less. 

, 

/ .H 

l' 
."J 

. , 

- ' .3 

1 

~ 

" 

1 
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In the cochlear nerve of some'species of reptiles with 

very f~w hair cells and nothing like the mainmalian 

"arrangement, the dynamic .~ange of neurones ia si~fi-

cantly less than 20dB (Manléy, personal communication),' 

This evidence la certainly suggest'ive but this tentative 

hypoth~sis will not be discusaed further. 

The findings in 't.he first three manusc which 

are to the problem of neur~ frequenc selectiv-
<:0 

ity can ummarized as follows. \ 
frequencies of cells in the \ ganglion 

are consistent with the location of disPlacemen1 maxim~, 

whiCh-have been reported on the basilar membran~. 
~ 

2. The normal sharpness of tuning eurves\ of gang-

lion cells is.l~bile. As the sensitivity at the cf. falls, 
, \ , 

the QIOdB' drops until eventually both high and l~w fre-
, 

. quency slopes r~semble the- rt;lported mechanicsl da;ta for 
, 

, ~ , 

the basilar membrane~ This lability, which resul~~ in a 
, - ... , . 1 

strong correlation.between the QIOdB and the sena1t~vity 

. at the cf. can be investigated in the sarne cell cv"deli-
" ~., 

- } 

_" /1 

,1 

'1 
-. 1 

1 



• 
"------ -----

• 

\ 
6 

\ 179 
\ 

\ 
\ 

~ 
berate respiratory impairment , but sorne unknown physio1-

·o~ical variables also contribute to differences.in sharp-, 
• 0 • , 

ness of"~ning from one animal. to another •. 

)a jRemova1 of perilymph bathing the basilar mem-
. 

brarre results in 'thre~ changes in the b-ehaviour of initial-, • 1"', 1 

r 
ly sharply tuned ganglion cella. a) A IPat' of sensitivity 

. 
of about 20dB at the cf.~ b) a dramatic broadening of the 

tuning curve, c) a total 10ss of two-tone inhibition. AlI c, 
CI 

-( three effects are reversible and ar~ accomplish"ed without 

significant changes in mean rate of spontaneous activity. 

4~ 
, - '" -

Cells which are initially broadly tuned be-

cause of sorne unknown ~athologica! condition of the animal 

show dnly weak or no two-tone inhibition. Damage to intra-' 
\ 

coch1ear structures. such as cracking of the spiral lamIna • 

. causes broadening off tuning and a,lloss of t'Wo-tone inhib-
. ---------, 

. . ' ition. 

/ 

As is pointed out in the papers the interpretation 

of these findings requires a decision ta b~ made~wee~ 

two possible mechanisms of ~eural f~equency seleètivity 

1 • ----

, . 

". . 
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in the cochlea. The first e~planation ie that basilar 

",' ~ 
membrane tuning at thresholQ sound intens!ties is as 

I\~J., , 

, ~ 

sharp as the neural tun~ng curves, ,these are simRlY a 
" - , 

. 
fai thful; reflection of the basilar membrane displacement 

'" ---- -- \ 

p?ttern. The found~tion of this view is the basilar mem-

, 1 • 

brane data of Rhode. HieS non~inear basilar membrane 

be~aviour could also conceivably explain the occurrenCe 

of two-tone inhibition and the generation of distortion 
li 

, products ~ such as 2f l - f'2' The second hypothesis whicK~-
" c' 

stems in large measuré from 'the f~ur~ of other ,.~orkers ,', 

to conffrrn Rhode's ~indings, is tha~he basilar,membranef 
, t 

vibration "is broadly tun,e'l at~_all intensi:ttes',. vlbrates--

linearly and is not directly r~sponsJble for the genera-

~ion of t~o-tone inhibition and, ?fl : - f 2 in the neural out:' /' 

put of the cochlea. 
• c • 

~nstead'. tha-' sharp portions of neural 

tùning.curves are postulated tO.'deriv,e from a' second, 
. . 

sharp filter at the h~ir cell ·lev~l. which is-also élosely 
6 g 

linked to the gener~tion of neural '~istortion productà. 
" 

Sorne of'the argUments for and ag~ins~ these mechanisms 

-, 
) 

, . 
.> ... J 

. -
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i, , 
have been already presented.· Le~ here try to make 
-- -_d __ 

a final 'assess~~nt~the-~vaila~le evid~nce. 

• 'rhe effecta o~ perilymph removal cast som: dO~bt 
, " 

on sorne of' tl1e ba~iiar membrane. measurements which rel 

p~rt linear Î:lehavioure_ Thus' ... it- is surmised that Rhode's 
o \ Ü #'{ 

'effect ia not round by others because of technical limita-

tions. However,' in personal discussion, J .R. Johnstone - \ 

" ' 

-and myself came to the final conclusion that the amount 

of f.luid that has to be removed to produc'e -the effect on 

neura~ tuning curves reported in paper II is,prbbably 
~ / 

~~ / \\ 

gre~ter ~han ~as required f~ the oapacitlve probe measure-

~ents of -Wilson' ~;lJOh~stone ;1972, 197-3). Johnstone ls 

thérefo~e firm1Y,of the opinion that his basilar membrane 

measurements are ~u~te'valid and that the effect of peri-

lymph removal Is cau~ed py an increase i~ th~ scala 

tympani- resistance and' an effect on eurrent· sh~ting of 
, 

sorne sort or a~other.~long the basilar me~brane. That is, 

an Ceff~ct on the op'e~ation of ~ seoond filter. The dif-
'< 

\" , 
,.-:fileul ty of fi tting thé spontaneous act\vi ty fil)dj.ngs 

, . -
o 

-u 

. ., 

v' 

;; 
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into thi8 theory have been noted in papers II and III, 

though we lrn<?W;8,o li ttle about the generation of spontan­

eous ac~ivity (paper IV) that this 'may not be damning 
, 

evidence. On the basis of the Wilson and Johnâtone ~ 
( \ 

hypothes.is. the _ effects of f1uid removal on two-tone 

inhibition are explained by_ the second filter being also 

intimately linked to \ the generatiod of two-tone inhibi ti'on. 

However, 1 feel it would be incautious to mini~ize 

the possibly adverse effects of surgiea1 irttervention on 

basilar membrane mechanics. p Rhode (1971) has noted iha~ 
\ ~~ .1 , 

the nonlinearity he observed was fragile and was absent 

in qochl~as in which minor damage had occurred to sup­
."" 

- porting ti~ssues near the basilar membrane. The exposure 

cf the basilar ~embrane in the guinea pig certainly re-

quire,s a larger opening of the scala tympani than in the 

squirrel monkey (B.M. Johnstone, personal commuriication, 

Rhode, 1973). The basilar membrane resu1ts in the guiriea 

-1 
pig which sh~w the highest .reported slope values (.John-

,.,-

stone and Yates,. 1973), were apparently abtained ttsing 

L' 

1 

.1 

1 
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a minimal opetli,ng of the scala tympani simflar to that 

-

for the spiral ganglion preparation (Yates, personal 

cornrnunicationl.. .. . ~ 

Ta "ng ~ averall view of the 110"guinea ~ used 
'\ 

in the present s udies, i t is remarkable how many "bad" 

animals can Ath broad insensitive tuning curves, 

and yet which otherwis~ appear normal. ThQugh this was 

\ . 
not systemat~call inv'estigatè,d, the _subj;ectl~e: impression 

gained ~as smaller the sca1a 'tympani opening, ,. . 

ttle better f obtaining sharp tuni'ng burves 
\ , 

from the spiral ganglion cells. If'excessive b~eeding 

. 
~ 'oocurred from the edges of the scala tympani opening, 

1 

resul ting in blood clots in the scala tyI1lP1mr, broad 
~ - ~ 

insensitive tuning curves were usually obtained. 

Wilson ~nst'one (1972) used the click-evoked 

Nl response to monitor the viability of their preparation, 

, 

and they report th,at this was not Et,ignificantly affected 

by opening and draining of the basal turn scala tympani. 

"-
This is probably a poor measure of basal turn activity 

: 

,':; 
.,,.( 

, 
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alone (particularly when measured wi th 

on the bulla). It should be noted that NI' doe~~ __ 

sensi tivi ty wi th time after extensIve --opel1in 

scala tympani (J .R. JOhnstone, perso u::I-Io~ 

- Wilson and Johnstone, 1972), and i t ls 'not clear whether 

-
teats of lineari ty were obtained by these authors before " • 

, -
significant decreases in .Nl had 'occurred. 

-

l feel tnat the spir?l ganglion preparation offers 
" 0 ., 

, ,. 
~ unique opportunity to critically investigate this prob-

J 

v-o . 

lem. With this preparation simultaneous basilar membrane 

and single ganglion cell t'uning curves could b-e obtalned. 

If lir;t!3ari ty is tested, i't can be determined wi th cer-
I 

~ 

~ tain~y whether 'broad-basilar memb~ane tunin~ does tru~ 

~ occur t~ether with sharp neural tunlng, in the sarne 
\, r ... 1 (J ~-t 

J . 
anima~, fro(h the 'Barne location, at the sarne time and . 

subject to th~-s~e surgical Invas~d~: Though ·the tech-

niques are ~ow av~lable, aS,fa! a~ l am aware, this Most 

critical control e»periment -has not been °done, • .. 
At flrst sight, the .eeffects of anoxia are consis-

. . .. 
~I " r-
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,Fig. 1., 'The' èffect of' anoxia on the tuning curve of a 

" \ 

," single· g-anglion cerll obtained 'as d~scribed in Paper I. 
~ if • 

(, - , 
) 'The solid lin.e is ,th"e initial tuning curve, the dotted 

l~SI.. 9uring respiratory ,impaiment. Note particul~rly 

p. 

" 

,'" 
,j,o t\" h ' 

that the sensi t'ivi ty of the ,cell on, 'Cne low frequency 
~ ~ - ~ 

t,ail 18 f10t appreei"ably aff~ct~d • 
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.. .---~ ...... _ ... _ ..... ,., 
tent wi th the basilar membrane behaviour described by 

Rhode. However, there is a problem. In sorne cases, 

though (the tuning curves are broader, there is no signifi-
-

cant 1095 of sensitivi ty" at points ·remaved from the char-

( 
acteris1;ic frequency (see ,Fig. 7a ~f :paper l and },ig~ l 

" . 
of this discu'ssion). Ce:rtainly, t"he model o based on Rhode' s 

dat"a would ,predict that for a loss of sensitivity.in the 
< 

hair cell or the ~eur~ne. more sound.pre~suré.has ta oe' 

.} put in at .the p.et~,:f the tuning 'curve 'to regain thre.shold 

tl}an on the portïdh~ of the curve where behaviour is l'!i.near. __ 

But how can there-te up to" 40clB lost at the cf. and yet 1 : 

", in sorne cases, no 108S at aIl when th'e taïl of the tunïng 
• c 

.c~rve ~r"t~e very last high fre~uenGY points are examined? 
" . 
, How, cari a, simple effect of, oxia -such. as wc have postu-

, . 
lateç., -toge.ther wi th nonlin ar basilar membrane' vlQration 

. explain a f.r~r~:.n~y se' 
• 1 ~ 

ive senâitivity change 'cS! tÎ1is 
. ~.... ~p."" 

i . , . 
magnitude? "It eer~ainly looks as- 'if a physiologically 

s " "-~ 
~vU:lnerable t'il tering ·mechanism responsible for 'lthe shafp, 

fi' • 

~ ~~ 

neural tuning or1'ly in th e reg! on !,f 'the cf. lB b 'è i~g ~e­
ê 

o • ~ 

" 

, 
'" 

, . <> , 

. \ 

, 
- , 

,. 

j 
. 'If 

\ 
\. . 

8 

'r 

, ... àe8 
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'dttced in"i ts effe.ctlveness b? tl1e anoxia. A ·similar 

difficulty applies when one considers the e~fects of COCB 

.. 
stimulation "on the shapes of t~ning cu5:ves of single' 

c ochlear nerve fibres (KiaY'/-g e.t -al., 1970 J Wiederhold, 

1970). Once againOthere is hardly any change in. the ,," t ' ,- ,'" 
sensi tivity at frequenc.ies far removed from the cf. and 

«. 

• 
~ ~ 0, .. 1 ". 

Thëre ooes not Beern rtô- b..e any way for ~uch a coarse and 

- 0 

d iffuse syst~m as the COCB to produce this frequency 

selective eff-ect ~nJ,.ess it ia acting 
, 

eecond filter on .a 
l', . , -

<IF . ; 
op e'rat,ing in the snarp ~egion of' the curve • It wQuld . , . ' 
see~ that a simplistic- application of non-linear basila; 

Il J- l' 

~ - , . 
m~mbran~' mechanics a.s found lfy Rhode -Ca,ru:lot explain these 

q 

results. • The ,absence of two-t'ône inhibi ti'iQ'n in ini tÎ'ally , 

- . 
br9ad tun'ing curves and. i ta, disappear&llce in fluid-drained 
, .,. 1 : il 

'il' . 
c eC.hleas v.:ou1d suggest that thi.s fil t~r ls also· lin~ed to 

" 

. I~, ) 

'two-t<?ne ir~!lifPi:tion. . On the ~redi t sid~1 o:f th.e nop-·lin'ea.: ( 

) " . 
- mec~at1~cal hypothesis i t 'should be noted that- a Rhoflle-like _1 

-
'0 non-linear b~s.i~a:t .rnè~brane c~ apparrn~~;Y 0 produce two-tone 

. ';. ~, \ ' ,\,) , ,i 'p. ~':, " -

Q 

, " 

. , 
J, • 0 

'" .. 
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,inhibiti.on (Kim~t al., 1973) ". 
fl\~_ 

What is the evidence that ~ Rhode-type non-• 
( _. ,..q" 

l ineari ty i8 reflected in tjle behayiour of norma11y opera-,' 
. 

t ~ng c o~hlear nerve fibres,? On this 'pb'int there ..is ~ain 

c o!,!side;-able (if;3~greem~nt ~ /Pfeiffer et aJ:,) (1973) have 

recently docJ~ntêd non~inear -behaviour of cochle~r ne;r-v-e/' 
( ~ "'>. '. . l' 

Îibres in the cat which they believe tp be- consis.tent. ' 
. _ ,-i .. ---; -" - ...;._- -.~. -·-= .. l·-·-~~~- ... 

with nonlinear basilar·membrane.meehanics. 

\ 

1-

They aIso' . . 
1 . 
],-1 . 

report that at intënsi ties$lose' to thrEshold. these' . ' 

f ~. • 

fibres show a smooth transiti'Qn-4'lto line.ar beh.ayiour i'n 
\ , 

'aécordànce ,}'Ii th :the .re~ul ts of varioue modele of 'nodi.'" 

linear hasilar membrane motion (Kim ~; al~. 1973, .tie-
t 00 _ 0 

f.ield et al" 1973 J Hall J ·,1974). > The~e' autll.ors are . . , 
\ " " l 

strong proponents' for a ba'silar 'membrane rnechanical expian-. . 

1 • 

.'ation for allJlost all primar,u auditory n~u:rone pr~perties. 

\> 

Sorne findings,on the slopes of rate versus int~nsity 
4· ' . 

1 functi~ns .Of cochl~ar !le~e' ~i7s als'o sug;~es: ~h"at .the 
f, _ ~~ 

!5ort of saturating nonlinearity fo~d ,bY' Rhode la in pa~ .' 
• jo. j Ij.'" ~ ' ... 

re f..J.eçted ~n: ~he output -?f neurones. Sâchs" and ~bb~S' <:1914) . 
1 
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-" 
2. Solid circles âna, dott'ed ;Line show the' tuning' 

. 
_____ ~ _______ -c~a-.of a singl.e-gang1 j on ceill. The open circles and 

'ô , 

, . 

.. 

o 

1 

broken line are the sl:0P~s of l' the rate versus intensd:ttY 
<) 

fU1'tion~ at each'indicated frequency. 
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and Pfeiffer et al. (1973) report thatthe slopes of 

rate'versus intensity functions decrease systematically ," ~ 

. ' 
. 

across the sharp portion of the. ·tuning curves, êspeci-
!l.' • 

al.ly on the. high' .freqUè-ncy slape. In Paper l of' this 

'< 
thesis it was" stated that thesè":functions are paral1el 

a l 

. at '~11 .frequenci-ef3. ~. This must now be amended, sinee 
1 

this statement v}as based on eurves generated wfth in-

Il ...." l 
suffie ient data points -and at only a smail number o~ ~ 

• , • '1 

f'reque~cies. In :fact the effect- reported bY"" these 

otner authors can be .seen Fig. 1 of A.ppen~rix ~II':- ~fr 

this thesis ànd Fig~ ,2" of' the present, discussion. 1 Th~ 
t!.. \. ,# \ ... "! 

.' .. 
slopes qf the rate f'unctions vary almpst e,~actly" as' 

J 

·deecribed.:hy'"Sachs and Abbas (19'64). As they diseuse,,} 

this is c'onsist~nt with the flattening of the ,input-. .. 
output curves of "the .basi:.~ar' membrane in the reglon' of ",. , .. .. - , . . . , .' ~ 

tl'].~ cf.' as t'eported by Rhode (see Fig. 6 Of" ,tl;le. thesis 
1 ~ ~ ~ 

l ! .:..;.... 

ihtrodùction). T~is do~s not ho~ver,. ~e~eSSarilY~ im-

. ~ . 
produce a_ suffiOient: 

, "'.11 
,xpla!n the tuning CUf'Ves and-the 

. ,\ 
1 

-:~ , 
, , 

.sha.r.p~ning t'"o .,. ne~a.! 
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~ 
argumen~s discussed previously must be borne in mind. 

-
It might be as easily ,stated by the proponent~ of 

linear basilar membrane meèhanics that Buch slope 
\ 

, ~ "'J ~ 

.chapges must· '.be 
'"\ 

a propet-ty' of the addi tional fil ter~ng 

~l 

/ ! 
i 

mechanism whiph 
t , 1 

they, çonsider to be necessary. The 

f data on the non1inean,.behaviour of cochlear ',nervê fibres 

(Pf~iffer et al" "1973) i~ in part co~tradicte;-~--~--~ 
, " .: J 

-other worke:rs who claim that the 'foi 1 ter properties 
" o • 

themse1ves, as menured in c,ochlear nerve fibljés, az:e 
'\. ~ 

A 
inçependent of input'level (de Boe~. 1969. Evans'a 

'. ' .. . ' .', 
Wilson, 19731 Geishl; r "al., ~974). Th~ gratin 

, tecnni,que used by lNan 'and Wilson appears ta b 
\ 

, 
tieularly inaensitive ta nonli,near phen9mena sinee . , 

/ 
t'hey failed to find twa-tone' inhibition using th.e..ir 

(1 , ,. 

technique. However, "as shawn by Gei~le;r'et al. ~1974). 
- '/ . 

iso-rate contours for cochlear nerve fibres 'in the 

squirrel monkey do not ~ppear,~ éhang~ ve~ ~~eh ~n 

~rarpness\as st~~UlUB level is raised. 'l'he a~parent 
" . ' - ~ ~ ~ 

" bro~dening oi lso-1il:tfJnsity contotir~ as 'itltenslty le . . . . .. . ' { : . , 

.~ 

'''r'' ... - . , .' 
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raised (Rose et al., 1971) has beel) pointed .. out 'by , 

hl Evans ~973) to be a resu1t of the saturation of the 
, 

input-output, curve of the neurones at about 20 - 30-dB 

above threshold. The. actua1 intensi ty r~e which çan 

be investigat-e,d in such stud~es ls smal1 (20 
. ~ 

.... ,-_, "owing to th,e rap~d saturpion of ,the output: of coch1ear 

'\> nerve fibres. . Since th.e basilar membrane modal, of Kim 

et al ~ Ç197J) shows a transition into l'ineari ty close " 
'~ . 

-to threshold, thié m~ be a factor, i'n the failure dt 

sorne a~thors to detect 'dertaln nonlinearitiés. 

The question,of the co~blnation tone 2f1 - f 2 
, > 

, ~ 

, ~as been discussed in the" thesis introduction wh~re -i t 
~ \ 

\ .. ~. -

{) , 

'( 

,has been pointed out' th;t th~~e.a~e sev.r~ .di~~Cie. 
between the psychophysical findings and, cochl~ar micro- .~ 

o « l, 

,~ , 

" Phoni,c~l on th,e ,on~ hand and coC~lèa~ ~icroPhon~cs anQ . 

basi1ar~embrane find;ngs on .the other. There are sorne 
, • 1 

res~~ations about 1hiS 'l~~k' or oorrespondence WhiCh.' 
• --. ,,' . \ J ., • " 

.1'" . 
should b.e erttlted l1ere. ,F~rstly, the presence, of non-. . .. .. ~ .. , \ 

, , 
\ 

lin~arities.in the neura.l output has 011ly been investi-... • 
0 r· . 

~. ~" 
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gated in man, cat and squirrel monkey, while CM data on 
, ..1 ,. ~ 

. " . . 
'" this question are t'rom guinea pig, SJmilar~y, though 

,J 0 

'l'the ..absence of 2f 1 - f 2 on. the basilar memb~ane ,cornes 
,1 ... . 

from the'wo~k.on gu~nea pig (Wilàon ~nd Johnstone, 1~7J) • 
. \ 

, " . ! there.ls RO "neura:}.. data on ',the pre~en~ or ,com1?inatiôn 
\.. 

tone :r:esponseà in the output of the c ochlea: in - s 
'--"~~ __ \(J ~ 

animal., km-Even' if these species differencea are no 
,. \ :1 .... .. 

~ ~ .. CI 

yortant, the~e\is still another difficulty.· Pre U~blY, 
. \', -' 

the neural and ~sychoaéoustical' data ~eflect' th " output 
, 

D 1 ~ // r· 

of the ~~n~r·hair. cell,radial'nerve fibres, as thes~ 
\ ..., ~-""'~"'- j ... 

\', ... J 

,g~ftry p~~dominate i~:th~ Icochle~ 
. \ '-' . 

v 'microRhonic measurements probably 'reflect mainly the 
JO s> f ~ j 0 " ~ 

Yet the cochlear 

output of the outer hair'cells. rhus, dis9repancies 

bexweéh'CM,and psychophysfcal ~ata on neural o~tput may 
, . 

, n~~ impo~'ant sinee we' do not 1000W ~he braviour of 

the inrer haïr, ce1"1 mi-crop~onic.· '\ 

... 

.... 

. 

'\ 
• 1 

.,' f" c>...., 

'Sueh d 1ff leul t,h~' as~d e :\1:he mo~t. e,ri tieal plece ' 

of evidence is that,all ~he psych~a~ou~tical and s~~le . 
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the sarne place on the basilar membrane where a pure 

tone o'f the sarne -frequé'n9Y, would ~e located. 

1 

Yet coch-, , 
lear microphonic rn~asurement,s of/this distortion -pI'oduct 

i 

, 

show thâ.t i t peaks 'at th~ 1oca~on of the primaries a?d _____ ~ : . - - . . ~. ' 

beha~es in other r~:pects ve~y \i~fere~~lY. f~~m the 

neural 'distortion product·. Wilson and 'Jolmstone (1973) . , 
take this as evidence that the~eural distorti.Q.n prc:xiuct is 

, . 
1 " , , 

generated'~y.interàctioQ~of receptbr currents within 

, ) 

,~ 

the hair ce11. Thus, it is not seen in the microphonics ..,' 

to. any l~:f.g-e-~xtent, "h~t i;s present in the' neura~ output.' . 

To exp~ain the "fact, that on product is fre-
) 

quency ana1yse.d in~ the sarne w~y as)? re tones th~y 

postu1ate tnat a sharp a~di~io~al .f~~t~r ra also·pre~~nt . . 
-\'Id thin the hair cell and orly a11ows_ the 'ge,nerated" dis.-... -­

torhon prod~ct to excit~/t~e ~erve ffbr~s, a~ _t/1~- app~o­
priate place on the ba~iL.a'r membrane. _ T~iS !.fpothesi,S - -

ois aIsQ strongly ad.VQ0_~d by Evans àrrd WilsOn (1973):. 

Th~ esse~tials of this hypothesié could be summarized'as 
, ! '" • 

, \. - ~- . ' 

'follows l " " ' 

~ "-"\~ 
, . ' 
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a) rhe basilar mernèrane result.s of Wilson and 

"J 
SO too are those Johnstone (1972, 1973) are correct. 

~ , 
, 1 

< 

of' other authbrs ~ho, f\nd broatl tuning and li-nearity 
~ 

, t /" on the membrane. Even if a p..onlinearity does exi'st 
,0 

• 0 

(Rhoae, 1971) , it is no~ important si1Q.de it cannot . . . 
ex.plain the puzzl'e o( ~he combination tones._ 

, b) l'he non.J.in~arity 'responsible for combinatiOt; 

l 

. , tone generatioJl is. subsequent to both thé basilar\ me'm ... . . , - , \. . 
brane and the mechano-electriea1 transductlon of CM. 

• , \ 1 

'. 
c) °0 Li-nk~d to ... the no~lin~arity iê a second l'ilter ' .' 

/ 
centred aba.ut the peak of" the basilar membrane tuning , •• 

1 -

c",u~e ..< sinee t'he basi1ar membrane max~ and ~est ~eural 

f'requenc'ies show the sarne basilar membrane Iocation~). 

This filter la responsibie for the sharp portion .of' 1;he 
• • V. J • '- , 

o 

neural tuning -curve. and als6 c-onf'"ers, 'on" the .c ombir'latl on-
.. ..t" J 9/ ,,1 

C 

tonès the property t~at tl1ey: are" analys'ed :at their~ 
ç , ---;- , 

\ 

-
appropriate place. 0 

,,',~ 

In view of the. reservati?n_s expl'ained ·~bOve., this 
,,' 0, ~ 

'PàYtlcular pypothesis êaimot be" unequ~voca~ly suppprt~d' 
J. 

. . 1 .,' / , 
r 

~, . 
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at the moment. On balance however, 'the results in this 

thesis and thEj ?~ta from ot.her w6r~ers seem t 0 s'Uggest 

that a '~nifi1è explan~tion' of ~eura~ ,behaviour in the 

~, 
cochlea based on'nonlinear ba~ilar memorane mechanics 

alone, Will' not SUffÏ!ce} The Orgap of Corti -ls a com~ 
plex me~hanfcal structure and there is scape' f~fine 

, \ 
meéhanical motions which may ~timulate ha~r ce~ wi tp-

, . 

out be }ng refl~ct~dd'il'l e ither the 'CM .or the' basilar ~ 
e ' Ôl 

~ , r '\" tf,. 

membrane motion. ~1odelting can" only gi ve a ,hazy idea 
. " / 

1 •• 

of the possibili ties, as ',ouL'knowledge Qf the· meqhanical } 
" 

'pr-operties of structuras such as the" pi+'lar cells r 
, , , ' 

~ . -
. stereocilia '?lnd 'tect,oria). membfane i6 'limi ted. 

<1. 

Unknown J 

~~ '. 
t~o is,th~ raIe of the outer h~ir Cèlls~7whose . .. 

,sp~rS'e " .. 
,:> p • 

afferent innerv~tion and dense ç(ferént syna~ses ~r~ in , .... ... .... 
ft' r ~ .. 

such" shalSp C ontrast ta the inner- hair, cells ... T~e _ possi-. 
"\ " 'i" ,1) . 

bility. of interaction bet\ilef!n these tvtO sets of, receptor', 
, 

cella 
. ' . '.. ) 

by e!ectrical means-,should no~ be discoun"ted' •.. 
• '1 " 
.. ,.1' . ' ,~ i' 1$-

Thua, ough the seco}1d fi,Uer hypo~hesiè d.eserves 

" , 

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

• 1 • " 

con~ideration, the structural' a~~ physiololical-
• l D '.:.. : 

~ D ... i .," 

~ g " y 
, Q ) -7/" " .' ...,... 

• , , 
. ; " , , 

-J' , 
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entities which ~mig~t Qomprise such an additional mech-

anism are at present mysterious. 
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Appendix l 

r , • 

Sound. stimuli used in these experiments were 

ton,e burs~s produced by' a General Radi<;>-1900A and a 

Hewlett, f'ackalj'd.'200 osclllator, and g&t'ed by commer-
,~ ~ O. 
r., •. 

c'ially available timers anp electronic swi tches (Grason 

. 
Stadler). The rise-fall tim~ and the duration of the 

tone bursts could be varied and their intensity l'egu-
1 

lated in l dB or 5 dB steps. The 'stimuli were .amplified 
~ 

by a Sony 200 F preamplifier and a Marantz -power, ampli-

fier. As onl~ the high-frequency basal turn of the 

cochlea was being investigated, a high frequency driver 

was used. This was a twe~ter removed from an AR-J 16u~-
1 r 

~, 

speaker unit. " 

'l'he tweeter was c onnected by l cm Iength of 

Plexiglass tubing to a metal sound deliv.ery system which 

incorporated a l mm diaine~er. probe and,rmicrophohe ",.for sound 

calibration during an experiment. The output of the 
; 

microphon~ wasrmeasured wi~ Gen~ral,Radio 1900A , 
( 

tracking wave anal~ser wbich also supplied la 81n~soidal . 
~- .( 

input to the speaker. The tympanic membrane was exter-

J" 

/ ) 

; . 

J 

1 

, ,1 
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iorized to eliminate res'tmances in the outer ear canal 

(Manle~ anQ Johnstone, 1974). A transparent Plexiglass 

o , 

tip to the 'sound-delivery sys~em allowed the tipr of the, . -r probe tube and" the tympanic membrane to be easily 

\ visualized so that the system could be sealed over the 
./ ... 1 

• tympanic ring of the bulla wi,th reproducible placement 

of' the probe tube in relation to the\ tympanic me'mbrane. 

Tre tip of the probe was posftioned 1 mm from the 'umbo 

bf the manubrium of the'malleus. 

~ ·Calipration of-.:..the probe t'ube wa,,13 effected by 

'f 
<' 

\ 
placing the same deli very 'system wi th probe" tube over a 

tympanic ring, dissected ~rom an experimental animal. 

The tympanic membrane was re,placed by a t inch pondensor 

micrOPh~d;rI its place and in the s~e 'position 

relativ,e to the tip of the probe tube. This ensured 

, tha'\ the volume of the small cavi ty at the end of the ~ " , '\ 
delivery ~ystem. was practicatl:Y identical in the ex-

perimental animal and th~ calibrating coupler. l'he dB , 
j 

_ d1ffere'nces b-etween the readi~gs o,f the t'inch and probe 
f 
~ ,1 

,.( 

" 

w J, .• H, .' 
----.'.~. 
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"tube microphones thus served as a calibration to con-

'" during an experiment into 
1 

vert probe tube-reaàings 

sound pressure levelslat the lympanic membrane. Owing. 

to the limitatio~s of the tweeter~/only frequencies 

between 4 ~d 25 kHz wer~~ormallY used. This meant 

that the hook region of the ganglion, contain_ing cells 

... w,i. th b'est 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 kHz. In Fig. 1, the frequency response of the 'system, 

obtained by using the. coupler calibration, is shown. , 
." 

Méan values and standard deviations are from i3 animaIs 

in which great care was taken to keep all factors con­
) 

stant. The standard d'ev,iations of the readings become 

~ 
appreciably larger for frequencies above about 16 kHz. 

This agrees weIl with the finding'by Johnstonè and 

Taylor (1969), that prob~ tube readings become in­
) 

creasingly sensitive to small variations in probe 

position above 15 kHz. Tt has also been pointed out 
~ 

\ 1 

l' 



) 

" 

o 

. , 

Fig. 1. 
. 

Calibration c'uhe obtained from 1) animais 

using c' the probe tube microphone and the probe tube 

calibration described in the ~text of ~he Appendix. 
'1 

The points are the mean values for 13 animaIs, and the 

heights of the vertical bars indicate ! one standard 

deviat ion. 
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" 

(ra).los " 1973b) that the use of a high. impedance con-

.. , , . 
denser microphone in place of the tympanic membranè can 

• 
f !1' ~ 

lead te differences in sound pressure generated in the-

h-------;-- .-.---
coupler and in the real animal. Since the tweeter used 

did not have a t'lat 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 

its inherent inaccuracies ia an uq.,av<?Jdable complica.tion. 

An absolute calibration of the output of both condenser 

microphotleS was obtained Iilsing a General Radio 156-2 ". 

sound-level-~alibrator. 

/ 
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, ,'Appendix II . ~., 

Single cell threshold estimations 

The thresholds of si~gJ.e ganglion cells were 

estimat~d by the method described by Kiang (1965) and 

Evans (1972). 50 ms tone burs1;s wi th .5 ms rise-.'fall 

time were presented 'to the anima~ at a rate of 4/sec. 

le unit activity was monitored visually on an 

cilloscope and Wê\.S also playâd through headphones 

worn by the experimenteF. The intensity of the tone , 
~ 

bursts was the; raised in l or 5 dB steps and threshold 

was designated when an inorease in spike rate above 

spontaneous, firing cO'l,lld be first detected by audio-

visual methods, reliably ~ocked to the tone bursts. 
1 • 

-With, practice this procedure became quite easy ev en for 

ce~ls with very high rates of spontaneous acti~ity. It 
~ , 'l. ,... 

has been shown that for ëq9~lear nerve fibres with low 

cf. this estimate Jof threshold is sus~ect, since' fibres 

show phase l'ocking to the stiniulUl'~ at sound pressure' 

levels up té:>, 2() dB below those at whJch an lncrease in 

-~---'----=-'---"- ~- -----_. 
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overall f'iring :rate loccurs (Rose et al •• 1971). l"or 

basal turn ganglion cells however, this' is not a pro-

blem sinee phase locking, does nO,t ocwr abov-e about 

4 kHz (Rose et al" 1967). A more ob jective est imate of 
" ; ... -, 

'" threshold might be obt~ined by designating),B. certain 
l , 

per cent increàse of firing above the background rate. ), 

Though this wou~d be more rigorous there is no reason 

for it [to b~ more ~eanin&ful than the criterion used 

. " here. An inc~ease in firing rate of say 20% for a cell 

with"a spontaneous rate of 100/ sec. would represent an 

avèrage of one additional spike/SO ;ns tone burst, but 
\' ' 

:or a cell with a spontaneous activity of la! sec., it , 

would mean one extra ~p~ke/ t~Of. tone burats. As thé 
• ,il' ~'--

~ . 
,audiovisual crit~rion is rapid and easy a!ld is used by 

other ,workers i t was r~garde~. as sufficient for the 

present work. 

In an attempt~ to assess just what the audio- , 
~ ~J ___ 

visual cri te~ion oorresp,ond~d to in quantitative terms, 

,input-output curves at different frequencles were' com-

\ IJ, .... 

',' 
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J 0 

, , 
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Fig. 2. Rat~verS4S intensity functions for 4 sensitive 
·1-----

" l 

- . 
s iraI ganglion cells, with differént m~an rates of 

> 

activity. The dotted lines are the mean 

eous rates. Broken lines represent an increase 1 

'. 
in rate of 1 ,spike per 50 ms tone burst. Arrows if,ldi-' 

cate the t~eshofds estimated at eac~ frequency by 

audrovisual criter~a. Numbers on each graph indicate 

t~e frequency of stimulation in kHz. In Fig. 2 C, 

" s-timulus intensi'ty is plotted as qB attenuation, to 
," .....1.,. '., 

. 
obtain a cleayer separation of the' 4 curves. 
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puted with the PLP8 computer for numerous cells • 
• , i 

~iring rates were obtaihed by counting the number of . . 
,spikes occurrin~ in 20 :r;epeatecT 50 ms ton~ bursts. rh , 

\, , -
tige 11:t "can be seen that the' thresholds est-imated 

. by audio visual criteria show a 'certain ~egre9' of vari-
' .. (- '" .. '" 

.. 

'\ 

• 

.' 
• 

.. 
, . . ... . . , ........ 

; ...... ~ . ~ 

). 

, . 

r;ltion compared to the se rate functions. Relative to a' 

...rate 'corre sponding .to one. addi tional spike/tone bUFst, 

thresholds are, very accurate for cells wi th mean spon-

-

taneous rates lower than about 60/'sec. (Fig. lB, D).· , 

At higher rates of sp.ontaneous activity, the threshold • ,"""'\ 1 

, ,,' 'J " . . 
estimations vary by about- 3 dB above and below this line. 

-\ 
Since. errors in the estimation of sound pressur~ level 

" . 
at the ea~drum are pr,obably greater than this (~PPfondix 

.. , , . 
I) the aud i 0 visual "cri terion can be rega~ded ~s a good r 

• 1 

wprking .mpthôd or~threshold est imat i9n • t. 
) .' 

• 
'" 

,/ .. \... . 

, 

. ' 
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