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I. GENERAL INTROD1JCTION 

This investigation was prompted by clinical reports of 

changes in hear.ing sensitivity in patients having recently undergone 

parathyroidectonw. It was thought that this might be associated wi th 

changes in the blood. calcium concentration (Ga.nnon, 196:;). 

A searah of the literature did not disclose any investi­

gations into the role of calcium in cochlear function. Furthermore, 

only one report of the determination of calcium concentration in the 

coohlea has been published ta date (Citron and Exley, 1957). In normal 

guinea-pigs the concentration of calcium was found to be the aame 

(:;.o mEq./L~) in perilymph, endolymph and cerebrospinal fluid. 

There are marked.chemical differences between cochlear 

endolymph and perilymph, the most striking being the differences in 

sodium and potassium ion concentrations (Smith, Lowry and Wu, 1954). 

The affects of changing the concentrations of these ions on the elec­

trical potentials of the cochlea have been extensively investigated 

(Tasaki and Fern8:ndez, 1952; Tasaki, Davis and E1dredge, 1954). There­

fore, as a primar,y objective, it was decided to describe the affects, 

if any, of calcium concentration changes on the electrical responses 

of the cochlea to sound stimulation which, hitherto, had not been done. 

The electrical phenomena of the cochlea constitute four sapa­

rate and characteristioally different potentials (Davis, 1957) which 

originate in four different cell populations. While the action poten-
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tial originating in the eighth nerve fibref! within the modiolus of the 

cochlea (Davis, Tasaki and Goldstein, 1952) is explained by the ionie 

mechanism of the nerve impulse (Hodgkin and Huxley, 1952) opinions re­

garà.ing the mechanism o:t: production of the other potentials are still 

controversial. Whether or not the. production of the cochlear microphonic 

and BUilllllating potential inval vea ionie membrane ourrents of sodium and 

potassium is not known. 

The role of calcium in bi~lectrio phenomena has been exten­

sively studied with respect to ionie mechanisms in myelinated an nonmyeli­

nated nerve fibres, synaptic transmission, and neurohumor production and 

release~ The considerable recent evidence that acetylcholine JDt.il3: par­

tioipate in the efferent control of the cochlea via the oli vo-cochlear 

bundle, and the well documented relation of calcitim to acetylcholine 

release suggesta at least one baais for a possible interaction between 

calcium dynamica and cochlear function. 

Furthermore, control of membrane permeabili ty to ions appears 

to be a property of the calcium content of the excitable membranes 

(Koketau, Nishi and Soeda, 1963) which operate in the mannar of an ion 

exchange mechanism and according to the law of maas action ( Carvalho, 

Sanui and Pace, 1963). It is therefore possible that, baaed on the nature 

of interaction between calcium concentration changea wi th each of the 

cochlear potentiels, some inferences could be drawn as to the possible 

mechanisms involved in the production of theae potentiels. 

However, the meaning of 'positive' resulta is not alweys clear. 

In the case of the cochlear potentials the recorded voltage .lllBY be altered 
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through affects upon structures not directly responsible for the gene­

ration of the response, or upon metabolic processes (Wing, 1959 ). On 

the other hand, before 'negative' resulta can be interpreted as showing 

absence of interaction between calcium and the mechanism of generation 

of a given potential it must first be demonstrated that adequate amounts 

of the cation actually arrive where the supposed mechanism is operating. 

Unfortunately, there is no known wa:y of obtaining dependable 

quantitative information concerning actual concentrations of a substance 

at its sites of action within the cochlea. Nevertheless, a close approxi­

mation would be realized by completely perfusing the area with a solution 

of the substance under investigation in known concentration. The fluid 

spaces within the organ of Corti are not directly accessible. However, 

the ionie barrier-structures as located by Tasaki (Tasaki and FernB.na.ez, 

1952; Tasaki, Davis and Eldredge, 1954) do not include the basilar mem­

brane, which they have found to be highly permeable to solutions of 

electrolytes, as opposed ta Reissner's membrane and the tectorial mem­

brane which do appear ta constitute ionie barriers. 

It seemed plausible that total replacement of the perilymph 

in scala tympani of the cochlea by perfusion wi th solutions of various 

known concentrations of calcium should be effective in changing the cal­

cium concentration of the fluids bathing the organ of Corti in a quali­

tatively predictable manner, even if not quantitatively known. 

In view of the ab ove considerations, three stages of the 

problem were formulated as the objectives of the present investigation: 
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1. to develop a technique for perfusing scala tympani 

of the guinea-pig cochlea with solutions of different 

concentrations of calcium while recording simultaneously 

the sound-evoked cochlear potentials, 

2. to describe the changes in the sound-evoked potentials 

of the cochlea as a result of changes in calcium con­

centration in scala tympani, and 

3. to correlate the affects of calcium concentration 

changes on cochlear potentials with the possible 

mechanisms believed to be involved in their production. 



II • LITERATU11E REVIEW 

A) Morphology of the guinea-pig cochlea 

1~~ Gross anatomy 

a) The scalae 
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The guj.nea-pig cochlea is conta.:i.ned in a snail-shaped shell 

of thin bone situated within the air filled auditory bulla and is there­

fore freely accessible over a considerable part of its surface (Fig. 1). 

Internally the cochlea consista of a membranous canal spirally coiled 

around a central axis or modiolus for about four and a ha1f turns. It 

is divided longitudinally into three parts: scala vestibuli, scala media 

and scala tympani. 

Figuxe 2 shows a cross section of the second turn of the 

oochlea in greater detail. The endolymphatic space is delineated by the 

following tissues: the epithelial leyer above the limbus, the i:nner 

leyer of Reissner1 s membrane, the stria vascularis and the cella of 

Claudius and of Hensen. Op:;nion differa as to whether the boundary is 

completed by the reticular lamina and the cella of the inner sulcus 

(Tasaki, Davis and Eldredge, 1954) or by the tectorial membrane (Tonndorf, 

Duvall and Reneau, 1962). The remaining spaces are filled with perilymph. 

b) The organ of Corti 

The mamrnaJj an coohlea (Fig. 2) is provided with two kinds 

of hair cells; these cells are regarded as true sensor,y elements of the 

greatest importance in the transformation of sound waves into eleotrical 
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Fi g . 1. GROSS MTAT ONY OF TIJE COCHLEA I H THE GUUJEA- PIG 

Section of the gui ne a-p i g bulla showing a mid-modi olar 
section of t he coch l ea. note the air-f illed space vritlün the bull a 
and the thin wall of the coch l ea (Hagnification, l2X). 
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' Fi g . 2. 

·BONE 

SCALA VESTIBULI 
(PEAILYMPH) 

STRIA 
VASCULAR IS 

SCALA MEDIA 
{ENOOLYNPH) 

SCALA TYMPAN! 
(PEAILVMPH) 

CROSS SECTION OF TBE coc:ILEAJ. PARTI TI ON OF TI-IE GUHŒA-PI G 
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Di agran of the structures of t he cochlear partition, inc ludin~ 

the organ of Corti , based on f ixed and s t ained sections of t he second 
turn of the guinea-pig cochlea. Details of t he tectorial membrane are 
based on descriptions of t he microdissections of fresh specimens (Davis 
and Associates , 1953 ). 



energy and nerve potentials. The external and internal hair cella are 
1 

bath provided wi th sensory hairs on their upper surface where they are 

surrounded by a ring of phalanges of the Dei ter:' a cella ara- are embedded 

in the reticular Jamina; they have a rich neural end-apparatus in a hollow 

of the Deiter's cella. But, they show at the same time pP:;>onounced dif-

ferences in their structure, probab1Y related to their bio-electric ac-

tivity (Engstrom, 1960a). 

2. The labyrinthine fluide 

The electrolyte distribution within the endolymph and perilymph 

is known to plé\V an important role in the genesis of the cochlear potentia.l.s 

(Tasaki and Fer.néndez, 1952; Tasaki, Davis and Eldredge, 1954; Vosteen, 

1961). Theref~re, the composition of the fluide bathing the hair cella 

and the nerve endings of the cochlear nerve has been investigated by many 

workers. 

The most important contribut:i:on has been made by Smith, Lowry 

and Wu (1954) who first used modern microchemical techniques to analyze 

the electrOlYte content of guinea-pig labyrinthine fluids. Further re-

finements and the development of ultramioroanalytical methods were later 

used by Citron, E:xley and Hallpike (1956) on guinea-pig and cat fluids, 

confirming the re sul ta of previous investigators~ The most important 

data on the composition of the guinea-pig fluids is given in Table I in 

abbreviated fo:rm, based on the compilations of Vosteen (1961) and Smith 

(196la). Citron and E:xley (1957) appear to be the only a.uthors who have 

determined the calcium concentration in the fluide of the guinea-pig ear. 
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Table I. COMPOSITION OF TEE COCRLE.AR FLUIDS IN 

GUINEA-PIG 

Blood 
Substance Serum CSF PeriJ.ymph Endol.ymph Reference -
Sodium mEq/L. 152 150 16 ~~~ 140 150 148 26 

Potassium tl 4.2 4.8 144 ~~~ 4.5 4.0 5~0 142 

Calcium tf 3 3 3 (c) 

!1a.g:ne sium tf 2 2 0~9 (c) 

Chloride tf 122 121.5 107 ~~~ 122 120 llO 

Prote in mg/100 ml 21 50 15 ~~~ 20 75 25 

Non...Protein 
Nitrogen " 21 20 21.5 (b) 

(a) Smith, Lowry and Wu (1954) 

(b) Citron, Exley and Hallpike (1956) 

(c) Citron and Exley (1957) 



a) PeriJ,ymph 

The protein 1eve1 in peril;ymph is higher than tha.t of other 

fluids and mey be three times that of endoJ,ymph and CSF, possibly due to 

stagnation (Citron, E:x:ley and Hallpike, 1956). In other respects the 

composition of perilymph is comparable to that of cerebrospinal f1uid 

(Smith, Lowry and ~u, 1954; Citron and E:x:ley, 1957). The proportions of 

sodium, potassium, calcium and magnesium are the same, as it also that 

of the chlorides, and indicates that perilymph is derived mainly from 

cerebrospinal fluid~ Hughes and Chou (1963), by following the passage 

of radioactive phosphoru.s (P
32

) from CSF into the periJ,ymph and endolymph, 

showed conc1uaively that the perilymph is majnJy composed of CSF which 

has flowed from the subarachnoid space through the cochlear aqueduct into 

scala tympani. 

b) Endolymph 

Endolymph has a high potassium concentration and a low sodium 

concentration oompared to perilymph or CSF: The protein level is the same 

as that in CSF. The only determinations of calcium (Citron and E:x:ley, 1957) 

indicate a similar concentration in endolymph, perilymph and cerebrospinal 

fluid, equal to 3.0 mEq./L. ~le the high potassium and low sodium content 

of endolymph is characteristic of intracellular fluid, the magnesium content 

is not, being in fact 1ower than that of e:x:tracellular :fl.uid (Citron and 

E:x:ley, 1957)~ 

Engstrôm, Sjostrand and Spoendlin (1955), Smith (1957), Chou 

(1961),' and Chao and Tabowitz (1964) have indicated considerable evidence 

to support the be1ief that the stria vascularis is involved in the forma­

tion of coch1ear endolymph. 
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c) Organ of Cort:i.. fluid 

In view of the h:i..gh potassium and low sodium concentration 

of &ndolymph, Tasaki, Davis and Eldredge (1954), Citron, E:x:l.ey and 

Hallpike (1956), and Davis (1961) postulated that the tunnel of Cort:i.. 

could not contain e~olymph because the no~elinated f:i..bers of the 

cochJ.ear nerve travers:i..ng this space c ould not fu.nction in a high p otas-

sium environment. These authors therefore concluded that the tunnel and 

adjacent space of Nuel and outer tunnel might contain perilymph (Fig. 3). 

E:ngstrôm (1960b) oould find no morphological evidence of 

direct communication between the perilymph of the scala tympani and the 
. -

tunnel spaces in the embryonio or adult ear. He therefore described the 

fluide found in the tunnel of Corti, the space of Nuel, the outer tunnel 

and the space around the hair cella as a separate en ti ty - "Cortilymphu. 

However, soma evidence has accumulated during the past decade 

which suggests the contrary. The resulta of Tasaki, Davis and Eldredge 

(1954) and Tasaki and Fernéndez (1952) have suggested to these authors 

that· the basilar membrane must be permeable to ions (Davis, 1961), since 

K+ ions injected into the scala tympani in higher than normal concentration 

were able to abolish the CM, presumably by entering the fluide of the organ 

of Corti. 

Rauch (1960) was able by me ans of several methode to demonstrate 

that the composition of the fluid in the tunnel and in Nuel's spaces is 

the same as that of perilymph. 

Schuk:neoht, Churchill and Doran (1959), in their experimenta 



Fig. 3. TEE FLUID SPACES OF THE ORGAN OF CORri 

The areas in black are those fluid comp,artments wi thin the 
organ of Oorti wbich direct~ bathe the hair cella, the nerve fiber 
endings a:o.d the peripheral axons of the neurons. These spaces are 
(from left to rigbt): tunnel of Oorti, Nuel1s space, spaces around 
the hair cella, and outer tunnel (Engstrom, 1960b). 

-12-



-17-

on the distribution of aaety1oholinesterase within the cochlea, found 

evidence of communicating channels through the 1ower shelf of the osseous 

spiral lamina into scala tympani, which Schukneclit and Seifi (1963) be­

lieve oan provide a route where by perizymph oan reach the interior of the 

organ of Corti (see Fig. 4). 

These findings, based on physiological, biochemical and ana­

tomical approaches, support the basic assumption of the present work, that 

ionie substances injected into scala tympani can rapidly diffuse into the 

fluids surrounding the hair ce1ls and their associated neural synapses. 

It remains to be shawn, however, what effects will be manifest as a con­

sequence of specifie ionie concentration changes. 

3. Neural innervation of the cochlea 

Anatomical and physiological evidence has revealed that the 

cochlea is provided wi th bath an afferent and an efferent innervation. 

The electron mioroscopy studies of the neurosensory area of the normal 

cochlea (Engstrom and Wersa.J.l, 1953; Wersâll, 1956) have disclosed two 

or more different kinds of nerve endings around the hair cells, which 

have been descr.ibed in great detail in the guinea-pig (Smith and Sjostrand, 

1961; Smith, 196lb). The anatomical pattern of fiber distribution within 

the oochlea has been described by FernSndez (1951). No autonomie inner­

vation has yet been demonstrated (Davis, 1962)~ 

a) Afferent innervation 

The cell bodies of the primary auditor,y neurons oonsti tute 

the spiral ganglion (Fig. 2). Their peripheral prooesses are no~elinated 
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,Fig. 4. PEin:LYMPHATIC CHANNEIS OF THE OOSEOUS SPIRAL LAMINA 

Artist1 s impression of the location and distribution of the 
perilymphatic channels of the osseous spiral lamina, as reconstructed 
from serial sections of cat cochleas. The system begins at small pores 
in the inferior shelf of the osseous spiral lamina and passes by a sys­
tem of interconnected channels among the nerve fibers ta reach the 
habenula perforata (Schuknecht and Seifi, 1963). 
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beyond the habenul.a perforata (Smith, 1955) and follow three alter.nate 

routes to the hair cella (FernBndez, 1951). Afferent fibers which inner­

vate the inner hair cella terminate as elangated endings with few vesioles 

and ascend the sidas of the hair cells (Smith, 1961b). The afferent nerve 

endings at the e:x.ternal hair cella _are now presumed to be the small, non­

vesiculated type (Kimura and 'WersaJ..l, 1962; Spoendlin and Gacek, 1963) 

which were described by Engstrom (1958) and Smith and Sjostrand (1961). 

b) Efferent innervation 

A general description of the central and peripheral connections 

of the efferent innervation of the oochlea can now be formulated, based on 

the light and electron microscope and histochemical studies summarized by 

Rossi and Cortesina (1962) and by Smith and Rasmussen (1963 ). 

A contralateral component originating in the accessory superior 

olivary nucleus (Rasmussen, 1946, 1953), and a homo1ateral component ori­

ginating in the main superior lateral oli vary nucleus (Rasmussen, 1960) 

together form the efferent olivo-cochlear bundle which enters the cochlea 

as the intraganglionic spiral bundle. Like the afferent, they give rise 

to unmyelinated fibers within the organ of Corti (Smith, 1955). 

Fibers destined for the inner hair cells proceed apicallY or 

bâsallY as part of the inner spiral bundle (Fer.né.ndez, 1951), turn toward 

the hair cells and mak:e extensive synaptic contact with the short, radial 

cochlear afferents (Smith, 196lb; Smith and Rasmussen, 1963)~ Other fibers 

travel wi th the inner tunnel bundle or traverse the middle of the tunnel 

of Corti (Spoendlin and Gacek, 1963) to the e:x.ternal spiral bundle wi th 
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which they make contact (Smith and Rasmussen, 1963) and terminate as the 

large, vesiculated endings on the exter.nal hair cella (Iurato, 1962; 

Kimura and Wersëll, 1962; Spoendlin and Gacek, 1963). 

c) Transmitter involvemant 

The olivo-cochlear bundle appears ta be part of an efferent 

system that regulates the au.ditory responses in the central nervous system 

(Smith and Rasmussen, 1963). The demonstrations of the W:lolinergic nature 

of the olivo-cochlear bundle (Schuknecht, Churchill and Doran, 1959), of 

the intraganglionic spiral bundle (Rossi, 1960), and of the large vesiculated 

nerve endings on the hair cells (Hilding and Wersàll, 1962) provide con­

siderable evidence that this system may utilize acetyl~choline as its 

chemicel mediator. 

B) Pbysiology of the guj.nea-pi~ oochlea 

1. Electrioal activity of the cochlea 

The physiology of the oochlea has been studied extensively by 

recoroing electric potentiels wi th electrodes placed in or ne ar the oochlea. 

Using various combinations of electrodes (Fig~ 5), four classes of potentials 

have been identified and assooiated with particular sources or generators 

(Davis, 1957). These potentiels are: (a) the direct current resting 

potentials, intracellular and endocochlear; (b) the cochlear microphonic, 

or CM, the elternating current response to acoustic stimulation generated 

in the hair cells; (c) the summating potentiels, or SP, either positive or 

negative, which are direct current resp anses of the hair cella; and (d) the 



POTENTIALS IN FIRST TURN OF GUINEA PIG'S COCHLEA 
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Di.agram of the electrode placements and ori.entati.on of the 
cochlear potenti.als i.n the fi.rst turn of the guinea-pig cochlea (Davis, 
1956). 
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action potentials, or AP, of the nerve fibers of the auditor,y nerve, 

which carr,y 'information' about the acoustic stimulus into the central 

nervous system. The last th:ree are evoked in :response to acoustic 

stimulation and it is theae sound-evoked potentials with which the present 

work is pri.marily concerned. 

2. Characteristics of the oochlear potentials 

a) Endocochlear potential 

The endooochlear potential (ErP), a positive de :resting poten­

tial of the endolymph relative to the perilymph, was discovered by Békésy 

(1951, 1952a). It is appro:ld..mately +80 mV but variœwith position along 

the cochlear partition and m.a;y be as high as llO to 120 mV (Nisraby et al., 

1958b). Three independant studies have verified the source of the FlP as 

the stria vascularis (Davis et al., 1958b; Misraby et al., 1958a; Tasaki 

and Spyropoulos, 1959). The dependance of the EP on an adequate oxygen 

supply has been established (Békésy, 1952a; Davis et al., 1955; Konishi, 

Butler and Fernândez, 1961). 

b) Cochlear microphonic 

The ooohlear m:i.orophonic (m<I) is an alternating current elec­

trioal potential that is proportional, up to a 1imi t, to the displacement 

of the coohlear partition, and thus indireotly, to the instantaneous 

aooustio pressure. Vosteen (1961) has summarized the evidence upon whioh 

the hair cella are known to be the gene rat ors of the CM. Békésy (l952b) 

and Tasaki (Tasaki, Davis and Eldredge, 1954) have localized the generators 

of the CH at the level of the reticular lamina. where the hairs are looated. 
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.!)avi.s (1960) believes that the pri.ma.r;y generators of the CM are the ex-

ternal hair cells 1 wbile the internal hair cells are the prima.ry genera­

tors of the SP ( v:i.da infra). The CM is continuously graded, showi:ng no 

true threshold (Dav:Ls, 1957; Waver, Rahm. and Strother, 1959 ), or refractory 

period (Davis, 1957). It is greatly reduced by axygen deprivation (Butler 

et al~, 1962) and by alterations in the ionie concentration of cations in 

the scala media and scala tympani (Tasaki and Fernândez, 1952; Tasaki, 

Davis, and Eldredge 1 1954)~ The amplitude of the CM can also be influenced 
. 

by direct current applied between scala media and scala tympani (Tasaki and 

Fernândez, 1952): 

c) Summati:ng potential 

The summati:ng potential (SP), first described by Davis, Fer­

mimiez and McA.uliffe (1950) 1 appears as a shift in the baseline on wbich 

the CM is superimposed~ Pestalozza and Davis (1956) established the SP 

as an independant electric response of the cochlea with no detectable la-

tenay relative to the CM. 

Davis et al~ (1958a) investigated the SP in more detail and 

described most of the characteristics of this response in the guinea-pig. 

The SP differed markedly from the CM in its resistance to anoxia and was 

actually increased by anox:La, mild injury1 and changes in the chemical 

composition of the endolymph. 

The mechanism of SP generation was linked to specifie mechanical 

movements of the cochlea (Békésy, 1951; Davis et al. 1 1958a) 1 and probably 

results from a constant shift of the tectorial membrane relative to the 

hair cells in the longitudinal direction of the cochlea (Davis, 1958). 
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. Dav:i..s et al~ (l958b), on the basie of drug to:xicity etudies, shawed that 

the inner hair cella are the most probable source of the negative SP~ 

Konishi and Yasuno (1963) located the SP generators at the reticular la-

mina when their micropipette recordings showed that the SP changed in 

phase at this point. 

d) Action p otential 

The au.di tory nerve action potential (AP) can. be separated 

from the CM and SP wi th tvo intraoochJ.ea:r electrodes and differential 

amplification (Tasaki, Dav:i..s and Legou:ix, 1952). B.ecorded in this man.ner, 

the AP response to a higb. frequency tone pip consista of a series of 

tvo or three monophasic, negative waves, referred to as N1 , N2, and N
3 

(when present). The total wavefom. representa an. algebraic summation 

of the t all-or-none' action potential spikes in the axons of the primary 

au.ditory neurone (Dav:Ls, 1957; Teas, Eldredge and Dav:i..s, 1962). This 

summation oocurs as the impulses pass through the modiolus (Dav:Ls, Tasaki 

and Goldstein, 1952). The amplitude of the N1 component of the AP is 

indicative of the number and synchron;y of primary audi tory neurone stim-

ulated (Tasaki, 1954)~ The AP is higb.ly sensitive to an.o:xia (Ferné.ndez, 

1955; Konishi, Butler and Ferruindez, 1961) and is ~so depressed by stimu­

lation mf the olivo-cochlear bundle (Galambos, 1956). 

3. Effects of cations in the oochlea: sodium and potassium 

a) Alteration of perilymph composition 

Tasaki and Fernandez (1952) showed that if the concentration 

of KCl in perilymph was increased, the CM and AP were reversibly depressed 
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· to an extent deter.mined by the K+ concentration and that these potentials 

could be restored by complete replacement of the perilymph by mamaJ ian 

Ringer solution which, by itsel:f, produced no effect on the cochlear po­

tentials. KCl acted more readily when applied to scala tympani than when 

injected into scala vestibuli. 

These observations were confirmad and extended by Tasaki, Davis 

and Eldredge (1954) who noted that the EP was not altered by increasing the 

KCl concentration in scala tympani. Davis (1959) reported that the SP 

was al.so depressed during these same experimenta, only more slowly than the 

CM and JP. 

Butler (1964) has reported that a negative de potential of -80 

to -90 mV measured with a micropipette electrode in the organ of Corti, 

was reduced by addition of KCl into scala tympani. 

b) Alteration of endolymph composition 

Injections into scala media of isotonie KCl (Tasaki, Davis and 

Eldredge, 1954) or Tyrode solution having Na+ and K+ concentrations compa­

rable to those in endolymph (Davis et al., 1955) did not affect the CM or 

AP. Injections of Ringer solution (Tasaki, Davis and Eldredge, 1954) or 

artificial perilymph (high Na+, low K+), (Davis, et al. , 195 5) seve rely 

depressed the CM, JP and EP. 

c) Implications 

i. The electrolyte distribùtion wi thin perilymph and endolymph 

pleys an important role in the genesis of the cochlear potentials (Tasaki 

and Fernéndez, 1952; Tasaki, Davis and Eldredge, 1954; Vosteen, 1961). 



ii. The basilar membrane is at least permeable to sodium and 

potassium ions (Tasaki an.d Fern~dez, 1952; Tasaki, Davis and Eldredge, 

1954; Tasaki, 1957; Davis, 1957)(1). 

C) Theories of cochlear potential generation 

A number of theories have been proposed to e:x:plain the 

generation of the sound-evOked cochlear potentiels. Although no one 

the ory is wi thout cri ticism, the mechan.o-electric the ory proposed by 

Davis (1957), with its modifications, has been most influential in au-

di tory physiology. An outline of several prominent theories found in 

the ourrent literature follows; the order of the theories is based on 

the amount of oorroborative evidence. 

1. Mechan.o-electric theory: Davis 

The essence of Davis' theory (Davis, 1957) is that the 

original acoustic energy serves to regulate the release of biochemical 

energy from a pre-existin.g "pool11 or reservoir. The EP and the intra-
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cellular polarization of the hair cells make up this pool of immediately 

available energy, arran.ged such that these two potentiels produce a total 

de polarization of about 140 mV across the reticular lamina. 

Davis (1961) postulated that, as a result of mechanical de-

formation, a variable resistan.ce across the cell membran.e at the base 

of the hairs altera its conductance to sodium or potassium ions, thus 

(1) Several years later, Schuknecht, Churchill and Doran. (1959) found 
histochemical evidence of channels linking scala tym;pan.i wi th the 
fluid spaces of the organ of Corti. 
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, changing the leakage current through the hair cell (Fig. 6). He regards 

the CM and SP as the receptor potentials(1) of the ear which are generated 

by the alternating leakage current. While providing for eitber 8 ephatic 11 

or "synaptic" excitation of the afferent nerve fibers by the CM and the SP, 

Davis (1962, 1964) has reoently expressed the view that excitation is more 

likely to be mediated by a chemical transmitter. 

2. Cri tical anodal polarization theor,y: Tasaki and Spyropoulos 

Tasaki and Spyropoulos have recently formulated a theor,y to 

ex.plain mechanoreceptor action (Tasaki, 1960). The hair-bearlng ends of 

the hair cells are known to be immersed in a medium containing a high 

potassium concentration and are ex.posed to a large anodal polarization 

by virtue of the endocochlear potential. Under similar conditions of 

high external potassium and crltical polarlzation, nerve membranes become 

extremely unstable, shifting suddenly between two stable potential states 

spontaneously, in response ta weak electrical stimuli, hydrostatic changes, 

and especially mechanical stimuli. 

Tasaki (1960) proposed that this mechanism operates in the 

cochlea. The CN is supposed to result from the large number of cells under­

going large (but not all-or-none) potential variations giving rise to a 

smooth function. The SP can be interpreted as a shift in the ratio of the 

number of hair cells at the two potential states. 

( 1) "The receptor potential is the graded electric response of a sensor,y 
neuron or receptor cell to an external stimulus. It is defined from 
the point of view. of the incident energy of the stimulus. It is the 
first electric potential to arise in the causal sequence that leads 
to the nerve impulsen (Davis, 1961). 
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l 
:SCALA VESTBUL.I 

Fig. 6~ THE BECEPTOR ACTION OF THE ORGAN OF CORri: DAVIS 

Diagram of the proposed receptor action of the organ of Corti1 
showing the location of sources of polarization, variable resistance, 
current path during production of the CM, and two possible modes of 
nerve ending excitation (Davis, 1961). 



3. · Cytochemical the ory: Vinnikov and Ti tova 

Vinnikov and Titova (1964) proposed the theory that convection 

currents caused by the vibrations of the organ of Corti are responsible for 

the initial transport of the acetylcholine in the endolymph to the appropriate 

hair cella, causing depolarization of the hairs during which the Ach is 

hydrolized by acetylcholinesterase. However, they deny the mediation of the 

ionie currents associated with nerve membrane excitation in the generation 

of the CM and SP. 

They claim that the change in ionie equilibrium and the development 

of electrical potentials are the result of the action of a mediator which, 

by its energy, sets in motion a series of metabolic changes, initially in 

the hairs and la ter in the body of the hair cell. In this latter, during 

excitation, a complex cycle of metabolic processes takes place. These 

metabolic processes serve two functions: i) they provide the energy for the 

release of Ach to excite the afferent fibers, and ii) are accompanied by 

modifications of the electrolyte composition of the protein substrate of the 

cell leading to a change in ionie equilibrium and the development of elec­

trical potentials, ie., the CM and SP( 1). 

4. Potassium displacement-potential theory: Dohlman 

By autoradiography, using s35 , Dohlman (1959) demonstrated the 

presence of a protein-bound potassium-muco-polysaccharide complex within 

the fluids of the tectorial membrane and the cupulae. Because of the highly 

( 1) These authors do not specifically differentiate the AP from the CM 
and SP. 
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pharged negative pole of these molecules, Dohlman suggested that they 

would be firmly bound by their negative ends to the walls lining the 

canaliculi of the tectorial membrane, into which the hairs of the hair 

cella are fi tted ( 1), and to the surface of the hairs as well. Movements 

of the tectorial membrane relative to the hair cella cause the hairs to 

project more or leas into the canaliculi, with a consequent flow or 

"displacement" of the positive pole of the potassium-muee-polysaccharide 

comple:x: molecule. The surface membranes of the bai.rs, being impermeable 

to ions, would act as a dielectric, causing the cell to act as a condenser. 

Displacement potentials of the fluid outaide the hairs caused by the flow 

of K+ ions could thereby produce potentials of opposite phase inside the 

hair cell by a condenser. action. 

Dohlman' s the ory attempta to e:x:pla.in how the fluid oscil-

lations with deformations of the tectorial membrane induced by endolymph 

movements give rise to the alternating electrical potentials of the cochlea 

by a mechanism not requiring a concomitant membrane ion flow, and consequently 

not requiring an added source of energy (Dohlman, 1960). 

5. Bent hyaluronate molecule theory: Christiansen 

Christiansen (1963) has proposed a model for the generation 

of the cochlear potentials in which the function of a variable conductance 

is fulfilled by molecular switches, or hyaluronate molecules. He pictures 

( 1) Dohlma.n' s v:i.ew that the hairs enter the tectorial membrane is at 
variance wi th the more recent v:Lew emphatica.lly expressed by Engstrom, 
Ades and Hawkins (1962), that the hairs of the outer hair cells do not 
enter the tectorial membrane and those of the inner ha.ir cella maw not 
even touch the tectorial membrane when at rest. 



-27-

;the hairs of the hair cella as being covered by a brush-like arrangement 

of hya.luronate molecules, fixed to the hair membrane and projecting per­

pendicularly into the fluid or gel-like space arou:nd the hairs. Bendi:ng 

of the hya.luronate molecules with vibration of the basilar membrane gives 

rise to a displacement potentia.l within the cylindrical molecule which can 

drive ions along its core, either into or out of the cell, via the proto­

plasmic continuity between the cell and the hairs. Christiansen suggests 

that the ionie ourrent is carried by hydroxonium ions (H
3
o+) which are 

driven into the cell through the free end of the hya.luronate molecule by 

the de polarization (140 mV) across the hair cell membrane. 

D) . The effeots of calcium Gn the inner ear 

Shimamoto (1954), atte:mpting to find a chemioal basis for 

Méni~re's disease, perfused the endolymphatic sac of guinea-pigs with 

various solutions of drugs and sa.lts incluâi:ng calcium chloriâe. · He re­

ported tha.t potassium chloride solutions evoked spontaneous nystagmus 

whereas groups of animaJs given larger injections of calcium chloride, 

magnesium chloride, atropine, adrenaline, glucose, and streptoiDiYcin had 

no vestibular reaction. 

Although Shimamoto reported that magnesium and calcium ions 

do not exert their effects on labyrinthine ac ti vi ty, Koide and his as­

socia tes believed that there was no clear-cut evidence available which 

would not implicate these ions in the chain of events by which cations 

exert their effects on the labyrinth, since larger injections and complete 

perfusion of the scala media are complicated by probable mechanical injury. 
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~hese authors therefore took up the investigation using different techniques. 

Koide (1958) demonstrated that intratympanic injections of iso­

tonie and hypertonie calcium chloride solutions in rabbits produced vestibular 

reactions indicative of hypofunction of the test side and concluded that the 

reaction was àue to a true toxic effect of the cation. 

Using polarographic methods, Koide, Seki and Morimoto (1959) 

showed that immediately following intratympanic injections of calcium 

chloride solutions there occurred a drop in ozygen tension in the perilymph 

in the basal turn of the cochlea, and a maximum fall within 15 minutes. 

These authors interpreted this "calcium affect" as due primarily to the in­

hibition of metabolism of the labyrinthine tissues, possibly related to 

steps in the phosphate transfer system which;~ sensitive to calcium ion 

concentration (Brink, 1954), and the drop in oxygen tension being, therefore, 

of secondary origin~ However, neither did they measure cochlear function 

nor ascribe a possible role for calcium in the bioelectric activity of the 

cochlea. 

E. Role of calcium in neural processes 

1. Eleotrical phenomena of nerve membranes 

The role of calcium in neural processes has been e.xtensively 

discussed by Brink (1954). One of the facts established in his review is 

that increasing the external calcium concentration raises the threshold, 

increases membrane resistance and accelerates accommodation. 

Frankenhaeuser and Hodgkin (1957) and Frankenhaeuser (1957), 

working with squid fiber and ~elinated frog nerve respectively, have 



-e 

-29-

~emonstrated the importance of calcium for the maintenance of membrane 

potential and for the development of the action potential~ They showed 

that increasing the external calcium concentration is equivalent to in­

creasing the membrane polarization in reducing the membrane permeability. 

Increasing the external Ca++ concentration prevented the 

prolongation of the action potential in toad's spinal ganglion cells bathed 

in TEA or barium rich solutions (Koketsu, Ni~hi and Soeda, 1963) and in 

single nodes of toad nerve fiber bathed in hypertonie ~JaCl plus NiCl solu­

tions (Spyropoulos, 1961). Increasing the internal concentration of Ca++ 

also abolished the conduction of nerve impulse in squid axon (Tasaki, 

Teorell and Spyropoulos, 1961)~ Calcium concentration increase probably 

affects both nor:un;yelinated (squid) and myelinated (frog) axons in like 

manner (Ulbricht, 1964). 

2. Membrane stability 

According to the present view, the nerve membrane is capable 

of maintaining two different states (Tasaki, 1963; Koketsu, Nishi and 

Soeda, 1963), either the resting state in which the permeability ratio 

PNs(PK is small, or the acting state in which this ratio is large. The 

princip1e of the cation-exchange membrane has been applied to explain the 

reduction of monovalent ion (K+ and Na+) flux resulting from addition of 

divalent ions (ca++) (Tasaki, Teorell and Spyropoulos, 1961). 

A considerable portion of the negative sites of' the membrane 

are occupied by Ca++ in the resting state (Spyropoulos, 1961). Removal 

of' this calcium through external influence resulte in stirm.tlation by allowing 
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a rapid flow of Na+ or K+ to the sites thus exposed. However, this dis-

sociation of membrane calcium will be impeded when the concentration of 

ca* in the external solution is high (Wright and Ooyama, 1962; Koketsu, 

Nishi and Soeda, 1963)~ 

3. Neurohumor release and synaptic transmission 

++ Synaptic transmission can be al tered by such factors as Ca 

concentration influencing transmitter release. A dependence of neurohumoral 

release upon the presence of calcium ion in the bathing medium has been 

demonstrated in the superior cervical ganglion (Harvey and Macintosh, 1940; 

Hutter and Kostial, 1954), in the ad.renal medulla (Douglas and Rubin, 1961), 

and at the neuromuscular junction (Katz and Hiledi, 1964). 

Hutter and Kostial (1954) demonstrated that perfusion of 

sympathetic ganglia with media containing elevated concentrations of calcium 

ions resulted in an inorease in the amount of Aoh liberated by preganglionic 

stimulation. Acetylcholine release from the small intestine in guinea-pig 

was increased fourfold when incubated in a solution containing four times 

the usual concentration of calcium (Gerhards, Rottcher and Straub, 1964)~ 

Takeshige and Volle (1964) suggested, on the basis of their 

own and other evidence, that calcium ions delivered rapidly and in large 

amount, can penetrate nerve terminals to effect the release of acetylcholine. 



-31-

III. METHODS AND M.ATERIAIB 

A) Teohnig,ues 

1. Selection of experimental animals 

Experimental a.nimals were healtby adult guinea-pigs weighing 

between 300 and 400 g. with normal Preyer reflexes and free of any 

signs of middle ear infection. 

2. Operative preparation 

Animals were anaesthetised with Dial in Urethane (Ciba) 0.5 oc/kg. 

body weight intraperitonealJ.y. 'With supplementa:cy doses of 0.02 cc. 

animals oou.ld be maintained adequately for up to eight hours wi thout 

artificiel respiration~ Tracheoto~ was done only when necessar,y. 

Using a Zeiss binocular operating microscope the right cochlea 

was exposed by a ventral approach to the bulla through a skin incision 

along the mandible. 'With a needle sharpened to a three-sided point, 

25p hales were drilled by hand into scala vestibuli and scala tympani 

respectively in the first turn of the cochlea. Next, a hole was drilled 

into scala tympani, at a point between the first hole and the round 

window, for insertion of a glass pipette. The pipette, ha.nd drawn from 

1 mm. Pyrex glass tubing1 was appro:ximately 8 mm. long and had a tip 

diameter of 9qp. The pipette was inserted snugly and cemented to the 

edge of the bulla with zinc silicate dental cement. As soon as the 

pipette was inserted perilymph .flowed into it, the level rising noticeably 

wi th each contraction of the middle ear muscles. This indicated a patent 

cannulation~ A hole was made later at the apex of the cochlea to provide 

an outlet during perfusion if the preparation proved satisfaotory for use. 
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The recording electrodes were 1 mil (25p. dia.m. ) insulated 

nichrome-steel wire, from whioh the enamel had been scra;>ed for approxi­

mately lOOp. at the tip, supported by a cotton thread~ The bare tips of 

the wires were inserted into the holes and the electrodes cemented to 

the edge of the bulla. A t:tny, spindle-shaped be ad of cement limi ted 

the depth of the electrodes (see Fig. 5)~ Figure 7 illustrates the 

location of the pipette and the electrodes in the cochle~ 

An otological speculum was sewn into the guinea-pig' s ear 

bef ore cementing the pipette and electrodes in place. The anj maJ was 

tra:nsferred to the sound proof room a:nd the quali ty of the preparation 

checked~- The a.nimaJ..I s body temperature was maintained at 37°0 wi th a 

hot water bottle~ 

3~ Technique of perfusing the coohlea 

The technique developed for perfusing the cochlea while re­

oording the cochlear potentials per.mitted repeated changes of test solu­

tions and added negligible dead spaoe to the perfusion route. Solutions 

were introduced into the cochlea with a 1 cc~ tuberculin syringe con­

nected by a 23 gauge hypodermic needle to a 25 c~ length of PE 50 

polyethylene tubing. Several sets of syringes and needles were used 

to avoid conta.m:l.nation of solutions~ The glass pipettes were drawn to 

an internal dia.meter which received the PE 50 tubing with a snug, sliding 

fit~ The tips of the polyethylene tubes were also tapered so that they 

entered the pipette as deeply as possible. 

A syringe was filled wi th the test solution ( carefully e:x:­

cluding air bubbles) and, with the needle and tubing attaohed, warmed 
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Fi g . 7. POSI TI ON OF DI FFERElJT I AL ELECTRODES MID P I PETTE DT TI-IE COCHLEA 

Dravri ng of the cochl ea as seen through the operati ng microscope . 
The eut edge of the bul la i s sti pp l ed . The l mil -vri r e el ectrodes sup ­
ported by thread are i nserted i nt o ho l es drilled i n the s ca l a tympani 
( left ) and scal a vest i buli (right) of the f i rst tur n and are shovm bei ng 
support ed against the edge of the bulla . A Pi rex gl ass pi pette i s i n­
serted i nto a l OOp hol e i n s cala tympani closer t o the rotmd window. 
Dental cement , ~tlhich is us.ed to fasten the el ect rodes and pi pette t o the 
edge of tile bulla , is not s1o~~ i n thi s dravdng for the sake of clarit y . 
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. to body temperature~ One half ca~ of the solution was ejected through 

the tubing and the pllmger adjusted to a convenient mark~ The tip of 

the tubing, filled wi th wa.:t:m solution, was aareful.ly inserted into the 

glass pipette, thereby displacing the peri.lym;ph in the pipette without 

introducing air bubbles~ Continuity between the tubing and the cochlea 

was thus established with a minimum of dead spaoe~ With the tubing held 

se cure ]y' in the pipette, the plunger of the syri.nge was slow ]y' advanced 

so that exaotly 0.05 ac~ of the test solution was injected in appraxima­

tely 30 seconds to prevent large or sudden pressure changes wi. thin the 

cochlea which could adversely affect its :function~ The fluid thus passed 

through the whole scala tympani from the round window to the helicotrema, 

where the apex had been opened for the effluent~ 

The tubing was then careful]Jr wi thdrawn from the pipette while 

an amount of the solution, just su:fficient to fill the space left vacant 

by the retreating tip of the tubing, was injected in order to prevent a 

sucking action from being transmitted to the cochlea and drawing air into 

the latter~ This step also insured that the pipette remained filled with 

fluid for the next perfusion. 

The quantity of fluid injected was determined in the following 

wrq ~ Using the ab ove technique, a solution stained wi th India ink was 

injected under microscopie observation. Ink partiales appeared in the 

effluent at the apex when 0~02 40• had been injected~ Two and one-half 

times this volume (0.05 cc.) wa& oonsidered adequate to insure complete 

change of fiuid in the scala tympani~ Greater volumes would have required 

longer perfusion times. 
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4~ Acoustic stimulation 

~he aoouatic stimuli were 7, 000 eps tone bursts, at 75 per 

min~,· generated by gating the output of an audio oscillator (Hewlett­

Paokard )~ After amplification (Macintosh, 75 watt), the re sul ting signal 

was fed to a University 50 watt loudspeaker driver coupled by a rubber 

hose to the speculum sewn into the animal.' s ea.r~ The same intensity of 

stimulus (80 db SPL) was used in all experimenta~ 

5~ Electr:i.cal recording 

The scala vestibuli and scala tympani electrodes and a refe­

rence electrode, clipped to the neck of the animal, were connected through 

cathode followers to a special bal.ancing network (Tasaki, Davis and 

Legouix, 1952), the outputs of which were amplified differentially (Grass, 

madel P6), displ~ed on two oscilloscopes (Hewlett-Packard, madel 122) 

and photographed at 10 frames per minute with an oscilloscope camera (Grass, 

madel 04)~ This arrangement produced two traces, one conta:fnjng the AP 

response, the other containing the CM and SP responses (Davis et al, 1958a)~ 

Typical normal responses are shown in Pigure 8~ Precision attenuators 

(Daven), inserted ahead of the oscilloscope, were used to adjust the 

amplitude of the control responses to a oonvenient size~ The same setting 

was used throughout a gi ven exper:i.ment~ 

B) Co!J?OSition of perfusion media 

1; Prelimina.ry experimenta 

A series of preliminary trials was ca.rr:i.ed out using va.rious 
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Fig. 8. COCHLEAR POTENTIAL RESPONSES TO TONE BURSTS 
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l 
CM 

Cochlea r microphonic and summating potential (above) and action.. 
potential (below) f rom the first turn of the guinea-pig in r esponse to a 
7000 eps tone burst. The CM is superimposed on a negative (downward) SP, 
drawn as a black line through the middle o f the CM r es ponse. The AP trace 
s hows three s uccessive volle ys of synchronized ne rve impuls es (N1,N2 and N3) 
f ollowing the onse t of the mi crophonic . The amplitudes of 
the CM, SP, BB and AP are indicated. 
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# phys:i..o~ogj.cal so~utions w1 th calcium concentrations oi' 3 and 20 mEg/L~ 

Fourty-i'our perfusions were done in 24 experimental a:nimals to evaluate 

the se so~utions as sui tab~e perfusion media.. The so~utions used and the 

number oi' trials each is gj.ven in Tab~e II. 

2~ Elliott.•.s so~ution 

Elliott' s so~ution was used in a series of perfusions in which 
. -

the affects of graded concentrations of calcium were studied~ Normal 

Elliott,' s so~ution had the i'o~l?wing com:posi tion ( 
1
.) f NaCl, 150 :aM; 

KC~, 4 IIM; cae~2 , ~.:;6 mM; MgSO 
4

, 1~2 mM. Calcium concentrations of 2~7, 

~o, 20, 40, 601 and 80 mEg/L were prepared by adding the appropriate 

vo~ume of CaC12 so~ution~ The pH was adjusted to 7~4 with NaOH~ Oac~2 
stock ao~ution was made on the da;r of the e:x;periment~ Twenty ml~ of 

test so~ution w1 th the required calcium concentration was prepared im­

mediate]Jr before each perfusion~ 

C) Anal;yais of data 

Each perfusion y:i..elded 60 to 200 frames of film which were 

numbered conaecutively from the start of the perfusion~ The amplitudes 

of the CM, AP and the distance from the base~e to the bottam of the 

CM (referred to as BB) were recorded in • together with the correapond:Lng· 

(2) ( )" frame number · w1 th the aid of a film reader Recordak • In the prelimin.a.ry 

(1) The ·use of Elliott_t s solution was suggested by Dr~ S~ Lowden~- The 
composition given bere differa from that originally described (Elliott 
and Henderson, 1948)~ 

(2) Each frame represented 1/10 minute~- The frame number therefore in­
dicated the time in tenths of a minute since the beginning of the 
perfusion. Negative numbers were used for contro~ frames~ 
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Solution No. of Trials 

Mammalian Ringer Solution * 7 

(Bicarbonate buffer) 

Ma:mmaJ jan !linger Solution 14 

(TRIS buffer) ** 

Kxebs Ringer Solution *** 9 

(Bicarbonate or Phosphate buffer) 

Krebs Ringer Solution 5 

(Bicarbonate buffer plus pooled CSF) 

Elliott' s Solution, pH 7. 4 **** 9 

(not buffe red) 

Total no~ of trials 44 

A.nima.l.s perfused: 24 

* 
** 

*** 

(Tasaki and Feméndez, 1952) 

(Gomori, 1946) 

(Krebs, 1950) 

~odified fromEl1iott and Henderson (1948) 
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9xperiments (Table II), the SP was com;puted from the relation SP = i CM - BB 

and the amplitudes of the potentials (CM, SP and AP) were plotted versus 

time for each perfusion; 

The resulta of 69 pertusions with Elliott's solution were ~zed 
-

usin.g a high speed electronic computer~ The frame number, CM, BB and AP 

amplitudes were pun.ched onto IBM data cards together with the guinea-pig 

number, pertusion number and the concentration of calcium injected. A 

programme written in Fortran for the IBM 7040 computer performed the following 

operations: i) com;puted the SP; ii) computed the mean of the control period; 

iii) plotted a graph of the CM, SP and AP amplitudes versus time for each 

perfusion; iv) computed a set of average curves (CM, SP and AP) for each 

of the six concentrations of calcium used~ The control means were automa-

ticaJJ.y assign.ed a value of lOO and all amplitudes were expressed relative 

to the control; v) plotted the data as curves showing the average recovery 

time course of the cochlear potentials following injection of each of the 

six concentrations of calciun4 
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IV. RESUTII!S AND DISCUSSION 

The present work is divided into two sections. The first 

section includes the preliminary experimenta in which the techniques 

were developed and several types of solutions were tested. The second 

section includes the major series of experimenta on the effects of 

calcium on the cochlear potentiels. The resulta of these two sections 

will be presented and discussed separate1y. 

A) Resulta of pre1imip~ry experimenta 

1. Effects of normal mammaJian Ringer solution 

Six cochlear perfusion were completed us:i.ng bicarbonate buf­

fered Ringer solution (Tasaki and FernSndez, 1952) containing 3 mEq/L. 

ca++. The transie~t effects on the cochlear potentials were a result 

of the sm.a.ll pressure fluctuations during the perfusion (Davis et al. , 

1958a) and manipulations while dr.ying the bulla. These effects were: 

i) reduction of the CM amplitude lasting 30 to 40 sec. with complete re­

covery to control value within 60 sec.; ii) reduction of the negative SP 

amplitude, sometimes associated with a reversal of the SP polarity, 

lasting 30 to 60 sec.; iii) immediate abolition of the Jœ response, with 

graduel recovery within 1.5 min. and complete recovery in lees tha.n 2 min. 

These effects on the CM and AP were similar to those reported by Tasaki 

and Fernandez (1952). 
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2. Effects of elevated calcium concentrations 

a) Bicarbonate and phosphate buffered solutions 

Solutions containing calcium concentrations of 3 and 20 mEq/L. 

were used~ In some cases, folloWing perfusion wi th the high Ca* concen­

trations, depression of the AP persisted for several minutes althougl1 this 

effect was not obtained consistently. Precipitation of calcium in the 

solution and in the pipette was noted in several instances. 

b) TRIS-Ringer solution 

Ringer solution buffered with 0.05 M and 0.03 M TRIS( 1) buffer 

(Gomori, 1946) containing 3 and 20 mEq/L~ ca* was used in 14 perfusions. 

Prolonged depression of the AP was noted following normal and high Ca++ 

concentrations. Consistent differentiation between low and high Ca++ 

levels could not be demonstrated; 

c) Elliottts solution 

Initial experimenta with Elliott'.s solution containing 2.6 mEq/L. 

Ca++ produced re sul ts similar to those obtained using Tasaki.' s marru:naJ ian 

Ringer solution. Only transi tory depression of the œ-1 and AP were noted. 

These potentials recovered fully in less thau 2 min. The SP was variably 

affected. 

Figure 9 illustrates the results of an experiment on one guinea­

pig in which Elliott's solution containing Ca++ concentrations of 2.6, 20, 

and 20 mEq/L. plus pooled hum.an CSF were perfused through the cochlea. 

( 1) Tris-(bydro:x:ymethyl) amL11omethane-HCl (Sigma) 
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-Fig. 9. COCHLEAR PERFUSIONS WITH ELLIŒT'S SOLUTION: PRELIMINARY RESULTS 

c 

.D 

Results of perfusing scala tympani of the cochlea in the guinea-pig 
with Elliott's solution. Abscissa: time in minutes relative to beginning of 
perfusion; ordinate: amplitude in mm. of the cochlear potential response on 
oscilloscope (see Fig. 8). Horizontal lines are zero reference for the CM, 
SP and AP. Solid horizontal bar beginning at time zero indicates the duration 
of perfusion. Individual measurements are plotted in a, b and c. 

a) Ca~ 2.6 mEq/L; note rapid recovery of CM and AP. 
b) Ca= 20 mEq/L; APis depressed for 8.5 min., CM augmented for 5 min. 

SP and AP recover simultaneously. 
c) Ca~ 20 mEq/L plus CSF; pattern of effects is very similar to c) 

except that overall time course appears shortened. 
c) Comparison of a, b and c (results from one animal). 
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Follow:i.ng perfusion w:i.th 2.6 mEq/L. ca* (as in Fig. 9A), the 

CM and SP are depressed for 1 min. and the AP for 1.5 min. Comparison 

with Figure 9B shows the striking difference of increasing the ca++ con­

centration to 20 mEq/L. The CM recovers rapidl.y and is augmented for 

4 mL'l. while the AP is reversibl.y depressed for s. 5 min. The SP is af­

fected in a more complex w~. 

The same solution perfused a second time produced identical 

re sul ts in the same animal (not shown in Fig. 9). 

As is se en in :Figure 9C, CSF has the effect of shortenin.g the 

duration of action of the high Ca++ solution by a factor of almost 2. 

A more direct comparison of the resul ts is seen in Figure 9D. 

B) Discussion of Erelitpinarl re sul ts 

1. Feasibility of perfusing the cochlea 
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The preliminary experimenta indicated that scala tympani of the 

guinea-pig cochlea could be per:fu.sed with an artificial perilymph solution 

simultaneousl.y with recording the sound-evoked cochlear potentials. Tasaki 

and Fernànd.ez (1952) and Tasaki, Davis am Eldredge (1954) have shown that, 

following the perfusion of scala tympani with mammaJian Ringer solutions 

the AP and CH are not adversel.y affected following the termination of pres­

sure. These observations have been repeated and confirmed in the present 

investigation. In addition, the actual recovery of the AP has been plotted. 

The effects of increasing the pressure in scala tympani during 

perfusion resulted in depression of the CM, SP and AP, and reversal of SP 

polarity. The same effects have been illustrated by Davis et al. (1958a). 
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2. Effects of elevated calcium concentrations 

The differential effeo-ës of higb. oalciu.nl concerltrations on 

the cochlear potentiels, depression of the AP with augmentation of the 

CM, were not a consistent find.ing when bicarbonate or phosphate bu.ffers 

were used in the perfusing fluids~ However, Elliott' s solution wi th 

20 mEq/L. Ca++ did produce consistent effects on the AP and furthermore, 

these effects were attenuated by inoorporating CSF into the perfusing 

medium. 

Elliott's solution differed from ordinary Ringer solutions 

in that it did not oontain bicarbonate or phosphate buffers which tend 

to limit the concentration of calcium in the ionie form. Also, CSF, 

be caUse of i ts prote in content, undoubtedly bound the available calcium 

when added to the high Ca++ concentration solution, thereby lowering the 

ionie calcium level. The observations of a reduced or abolished effect 

of high calcium concentrations under circumstances which lower ionie 

calcium levels, indicated that the effects of Ca on the AP were related 

to the level of ionie calcium (Ca*) in the solutions. 

3. Artificiel perilymph substi tutes 

A suitable artificiel substitute for perilymph in the present 

investigation had to be one which was com;patible wi th high ionie calcium 

concentrations. Two approaches to this problem were investigated: TRIS­

buffered Ringer solution and unbu.ffered Elliott1 s solution. 

a) TRIS-Ringer solution 

TRIS-Ringer solution was unsuitable for perfusing the cochlea, 
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although the ca* rema.ined stable in solution (Gomori, 1946). The Jœ was 

generally depressed for longer periods following perfusion w1 th TRIS-Ringer 

as compared to bicarbonate buffered solutions and occasionally bath normal 

and high ca* concentrations resulted in similarly prolonged AP depression. 

b) Elliott's solution 

Elliott's solution, an unbuffered salt solution with pH adjusted 

to 7 ~ 4 by the addi tian of NaOH, waa found to be the most sui table medium 

for perfusing the cochlea with both normal and high concentrations of Ca++. 

Complete recover,y of the cochlear potentials following perfusion with 

2. 6 mEq/L. Ca++ waa alweys wi thin 1. 5 to 2 min. This solution was therefore 

adequate in view of the fact that Tasaki and Fern&tdez (1952) reported that 

the AP required 2 min. to recover following cochlear injections in their 

experimenta using bicarbonate buffe red Ringer solution. Furthermore, 

preliminar,y experimenta indicated that the perfusion of O. 05 cc. volumes 

of the solution could be repeated several times without causing obvious 

deterioration of the cochlear potential responses. Elliott's solution 

therefore seem.ed to be a suitable medium for studying the effects of graded 

increases in the Ca++ concentration of scala tympani. 

a) Effects of graded concentrations of ca++ on the sound-evOked cochlear 

potentials: restilts 

++ Sixty-eight successful perfusions were completed using Ca 

concentrations of 2.7, 10, 20, 40, 60 and 80 mEq/L. in Elliott's solution. 

The results of these perfusions are presented in Figure 10. The corresponding 

ca* concentrations have been identified at points along the curves where 
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liME IMIIIUHSl AFTER INJEtTION 

Fig. 10. EFFECIS OF CALCIUM ON THE COCHLEAR POTENTIALS' 

Computer•averaged curves of 67 perf~sions in the guinea-pig 
cochlea. Results are shown for ca concentrations of 2.7, 10, 20, 40 and 
80 mEq/L. One perfusion with 60 mEq/L. is not included. The averaged 
results plotted by the computer as individual points were converted 
manually into line curves and superimposed. The original graphs contained 
35 minutes of data but only the first 11 minutes following perfusion are 
of special interest. See text for discussion. 

Number of perfusions in each group: 2.7 (25); 10 (8); 20 (18); 
40 (12); 80 (4). 
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• individual variations are evident. One perfusion using 60 mEq/L. ca* 

has been omitted :t'rom the composite graph. The curves :t'or that experiment 

~IT· i+ were similar to the ones drawn :t'or 80 mEYf..u• Ca • 

The most striking result seen in this graph is a graded effect 

i+ of Ca concentration on the depression of the AP. The AP is depressed 

for 2 min. following perfusion of 2~7 and 10 mEq/L. ca* but is normal for 

several minutes thereai'ter. The AP responses following 20, 40 and 80 

mEq/L. are depressed for periods qualitatively related to the Ca++ con-

centration of the perfusate. 

i+ By con~rast, the CM and SP responses are augmented by Ca con-

centrations of 20 mEq/L. or lower. All SP and CH curves ( e:x:cept 80) are 

at normal levels within 45 seconds af'ter the beginning of the perfusion. 

The CM.curve for 80 mEq/L. ca++ is based on only four perfusions and IDalf 

therefore be influenced by artifacts. Augmentation of the CH responses 

is noted following perfusion of' 2. 7, 10 and 20 mEq/L. ca++. 

The SP effects all follow the same pattern. The ampli tude of 

the negative SP is actually increased, this effect being most prominent 

following 10 and 20 mEq/L. ca++. 

D) Discussion 

The effects of perfusing scala tympani of the cochlea in the 

guinea-pig with Elliott's solution containing graded concentrations of 

ca* between 2. 7 and 80. mEq/L~ were noted as a differentiai action of ca* 

on the sound-evoked cochlear potentials. The CM and SP recovered quickly 

and were augmented in amplitude by moderate increases in Ca++ concentration 
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· while the AP was depressed to an extent qualitative 1y related to the Ca++ 

concentration of the perfusate. Preliminary experimenta related these 

effects to the concentration of ionie calcium in the perfusing fluid while 

further experimenta have more clearly demonstrated a complex action of Ca++ 

on the cochlear potentials, involving both the neural and receptor potential 

responses. These effects can be explained by a direct action of Ca++ on 

the neural oomponent and an indirect action on the receptor potential 

components~ 

1. Direct effects of calcium on the AP 

Tasald. and Fernàndez (1952) and Tasaki, Davis and Eldredge (1954) 

presented evidence that Na+ and K+ io~ can enter the organ of Corti from 

the scala tympani. Schulmecht, Churchill and Doran (1959) later showed 

evidence of communicating channels connecting scala tympani with the organ 

of Corti (see Fig. 4). On the basis of this evidence, the present author 

suggested that Ca++ ions can also diffuse from scala tympani to the organ 

of Corti. 

In the preliminary experimenta i t was established that the method 

developed for perfusing the guinea-pig cochlea with normal mammaJian Ringer 

solutions did not adversely affect the cochlear potentials and using Elliott's 

solution, high concentrations of··ca ++ (in ionie state) could be produced 

throughout scala tympani. The AP depression seen in the experimenta can 

be explained, on the basis of the known effects of Ca++ in blocking nerve 

excitation and conduction (Brink, 1954; Tasaki, Teorell and Spyropoulos, 

1961), by the entry of Ca++ into the organ of Corti or into the habenula 

perforata. If the Ca++ entered via the route illustrated by Schuknecht 
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,and Seifi (1963), then nerve conduction was blooked in the IDiYelinated 

section of the nerve fibers between the spiral ganglion and the organ 

of Corti (see Fige. 2 and 4). Immediate depression of the AP responses 

could result as soon as the calcium entered the osseous spiral lamina.· 

2~ Imitation of olivo-oochlear bundle activation 

Besides the direct effeot of Ca++ on the IDiYelinated nerve 

fi bers wi thin the osseous spiral lamina, Ca++ appears to have affected 

the hair cella, as evidenced by the augmentation of the CM and SP. 

Electrical stimulation of the olivo-cochlear bundle has been show~ to 

reduce the action potential (Galambos, 1956; Fex, 1959; Desmedt and 

Monaco, 1961) and to augment the cochlear microphonio (Fex, 1959; Desmedt, 

1962). These same effects were also seen following perfusion with 

10 mEq/L. Ca++~ In other words, a moderately elevated Ca++ concentration 

in the oochlea appears to have mimiced the effects of olivo-cochlear 

bundle stimulation. An explanation of this effect is warranted, in view 

of the current concepts of the efferent mechanism of the oochlea. 

Considerable evidence exista to support the present view that 

acetylcholine is the chemical mediator of the olivo-cochlear bundle 

(Schuknecht, Churchill and Doran, 1959; Rossi, 1960; Hilding and WersSJ.l, 

1962; Smith and Rasmussen, 1963)~ Desmedt and Monaco (1961) proposed 

that the efferent neurons (of the olivo-cochlear bundle) produce a post­

synaptic inhibition at the endings of the afferent neurone by liberating 

an inhibitory transmitter. They also proposed that a certain am.ount of 

this substance would diffuse onto the membrane of the hair cell whose 

resting potential would thereby be increased, consequently resulting in 

an increase in the "receptor potential" (CM) amplitude~ 
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Gisselsson has demonstrated that iontoelectrophoretic injection 

of a.c:etylcholine into scala media close to the hair cella brings about an 

increase in the ampli tude of the CM: His observation seems to indicate 

that the a~ augmentation noted on stimulation of the olivo-cochlear bundle 

is a consequence of the release of acetylcholine by the efferent neurone. 

3: Indirect action of c e.l oi um. . · · . on the hair cells 

It has been shown that the liberation of acetylcholine may be 

potentiated or even effected by increases in Ca++ concentration (Hutter 

and Kostial, 1954; Gerhards, Rottcher and Staub, 1964; Takeshige and Valle, 

1964)~ 

While it is not known for certain whether the olivo-cochlear 

fibers carry tonie activity or are specifically activated during acoustical 

stimulation, the release of acetylcholine from the terminale of these 

neurone may be produced by ca++ even in the absence of impulse activity 

(Takeshige and Valle, 1964)~ On the basis of the action of calcium ions 

enumerated above, it is possible to e:x:plain the ca* induced augmentation 

o:f the illi and SP by postulating an indirect action o:f the ion through the 

liberation of acetylcholine from the olivo-cochlear terminale at the base 

of the hair cella~ 

The SP is believed to be generated by the same energy-trans­

duoing mechanism as the CM (Davis, 1961)~ The potentiating effect of 

the ca++ on bath the CM and the SP1 if brougbt about indirectly through 

the liberation of acetylcholine, suggests that the SP should increase 

:following olivo-cochlear bundle stimulation: This e:f:fect on the SP has 
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·not been described, in the investigations in which tone bursts were used 

as stimuli (Desmedt and Monaco, 1961). 

4: Factors a.f'fecting recovery 

In the guinea-pig, oerebrospinal fluid entera the scala tympani 

via the cochlea.r a.queduot (Hughes and Chou, 1963) and by the perineural 

and perivascu1ar spaces in the internal auditory meatus; especially when 

an artificial opening is made into the cochlea (Davis," 1957). This was 

born out in the present experimenta by the consistent observation of 

perilymph f1owing into the pipette as soon as it was inserted into the 

cochlea, and that the pipette refilled with fluid in a few minutes each 

time i t was dried out for a:ny reas on~ The fluid perfused into scala 

tympani was therefore replaced and diluted by CSF whose high protein content 

would uJ.timately bind a.l.moat a.ll ava.ilab1e ionie calcium..' 

The tim.e taken for the gra.d.uaJ. reoavery of the A2 responses 

was quanti tati vely re1ated to the original. Ca* concentration~ In a 

preJiminary e:x:perim.ent CSF, when added to the perfusing medium, reduced 

the depressing effect of 20 mEg/L. Ca* on the AP~ Recovery of the AP was 

therefore governed by the rate at which Ca++ was bound and/or di1uted, 

which in turn,' was limi ted by the rate at which natural perily:rnph replaced 

the perfusate in scaJ.a tympani. 

In view of the very high protein concentration of perilymph 

(Citron; Exley and Ha.llpike, 1957) the amount of ionie calcium is very 
measured by 

small com:pared to the total caJ.cium concentration of 3 mEg/L." Citron and 

Exley (1957)~ It therefore follows that perfusion of scala tympani with 
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;Elliott,r a solution containing 2~7 mEq/L. Ca++ can also produce a tempora.ry 

elevation of' the ion:ic calcium. concentration in the scal~ 

5~ Relation to other receptors 

The normal ei'i'ects of' calcium on mechanoreceptors ia to reduce 

their sensitivity~ Paintal (1957) i'ound that cae1
2 

reduced the peak i'requency 

of' discharge in normal pulmonar,r and atrial stretch receptors~ The resulta 

of the present investigation on the action potential of' the auditor,y nerve 

suggest a similar efi'ect of calcium on the mamma1ian cochlea. 

E) III!plications on theories of cochlear action 

1. Role of calcium in the cochlea 

The present investigation of the effects of' increasing the 

concentration of ca* in scala tympani has demonstrated a depression of 

the AP response which is a.dequately accounted for by a diffusion of ca* 

into the osseous spiral lamina via the route suggested by Schuknecht and 

Seifi (1963). However, the concomitent augmentation of the CM can beat 

be explained by comparison with the similar ei'fect associated with olivo­

cochlear bundle stimulation' (Fex, 1959; Desmedt, 1962). 

In view of Gisselsso~'s (1960) observation that acetylcholine 

injected into the hair cell region a.ugmented the CM, and the abili ty of 

ca* to effect acetylcholine release (Takeshige and Volle, 1964), the 

effects of ca* noted on the CM support the assumption that injected ca* 

reached the organ of Corti and ul timately gave rise to an increased con­

centration of ca* in the neighbourhood of the hair cells~ 
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2~ Mechanism of generation of the cochlear receptor potentials 

Although no direct proof of the above assu.mption can be shown 

in the present investigation, it does, however, suggest that inc:reasing 

the ca++ concentration at the hair cell membrane does not directly interfere 

with the receptor potential generating mechanism. 

Fourtes (1959) has suggested that the generator potentials of 

the limulus eye (and possibly of the crustacian stretch receptor) arise 

as a consequence of a change in ion permeability of the sensor,y cell1 s 

membrane~ Davis (1961) tentatively suggested that, by analogy, the re-

ceptor potentials of the cochlear hair cella ~ also depend on permeability 

+ + changes to Na or K • However, an important difference between these :re-

ceptors must be taken into account~ The generator potential of the visual 

cell in the limulus eye and of the crustacian stretch receptor are dendritic 

responses (Fourtes, 1959) whereas the cochlear receptor potentials arise 

in cella other than the pri:mary neuron or any of its parts, ie., in the 

hair cell (Davis, 1957). 

Loewenstein, Terzuolo and Washizu (1963) have shawn that the 

spike and generator potentiel process are independent events in the 

crustacian stretch receptor and the mammaJjan Paccinian corpuscle~ The 

spike was selectively blocked by tetrodotoxin Without affecting the 

generator potentiel~ These authors suggested that the spike potentiel 

(action potentiel) and generator potentiel (dendritic response) of sensor,y 

receptors depend on different mechanisms. The receptor potentiels of the 

cochlear hair cells (CM and SP) ma;y be generated by yet a thil:ù mechanism 

different from the other two. This point of view is reflected in the 
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• theories proposed by Dohlman (1959, 1960), Christiansen (1963) and to 

some extent, by Vinnikov and Titova (1964). 

The resu1ts of the present investigation can be interpreted 

as suggesting that the mechanism underlying the generation of the CM and 

SP does not depend on increased permeability of the hair cel1 membrane • 
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v~ s Uivit'.iARY 

The present investigation was carried out for the purpose 

of studying the effects of changing the concentration of calcium in the 

cochlea on the sound-evok.ed cochlear potentiels~ As a preliminary step 

a method was developed for perfusing scala tympani in the guinea-:pig 

cochlea with solutions of graded concentrations of calcium while recording 

the electrical responses generated within the cochlea. 

The most sui table perfusing medium was f ound to be Elliott.• s 

solution, an unbuffered salt solution which was adjusted to pH 7~4 by the 

addition of NaOH~ 

Whèn the cochlea was perfused wi th normal levels of calcium 

in this solution, disruption of the electrical activity lasted no more than 

2 min~, and was due mainly to mechanioal factors. 

Preliminary experimente indicated that elevated concentrations 

of calcium prolonged the depression of the auditory nerve action potentiel 

but augmented the cochlear microphonic and summating potentiel responses. 

It was also shawn that the effect was related ta the concentration of calcium 

ions in the perfusing solution~ 

Â series of perfusions were carried out with graded concentrations 

of Ca++ ra.nging from 2~7 ta 80 mEq/L~ The resulta of 68 perfusions were 

averaged in 6 groups corresponding to ca* concentrations of 2~7, 10, 20, 40, 

60 . and 80 mEq/L.' 

The average effect on the AP was a prolonged depression of this 

response in accord with increasing the level of ca* bathing nerve tissues~ 
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However, the CM and SP responses :were a:ugmented by ca* concentrations up 

to 20 mEq/L; 

This effect of Ca++, described as mimicing olivo-cochlear 

bundle stiimllation, was e:xplained on the basis of a potentiated or stinru.lated 

release of acetylcholine from the efferent neuron endings by the elevated 

Ca++ concentrations. 

The above interpretation of the resulta implied that the Ca++ 

concentration increased in the vicinity of the hair cell membrane but did 

not adversely affect the receptor generator mechanism. This finding is op­

posite ta what would be expected on the basis of Davis' theor,y that the 

generation of the receptor potentials of the cochlea derive from an increase 

in Na+ or K+ permeabili ty of a part of the hair oeil membrane. 

In view of this disparity, it was therefore suggested by the 

author tbat the receptor potential mechanism mey not be ion flux dependent.· 
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