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Abstract--The effect of sound stimulation on phosphoinositide turnover was investigated in the inner ear 
of the guinea pig. The perilymphatic spaces of the cochlea were perfused with [~2P]orthophosphate (32P i) 
and labeled lipids analyzed in the tissues of the lateral wall of the cochlea (stria vascularis and spiral 
ligament) and the basilar membrane (organ of Corti). Consistent with previous results, polyphosphoino- 
sitides rapidly incorporated ~2p~ comprising 70-80% of labeled lipids in all tissues analyzed: phosphatidyl- 
inositol 4,5-bisphosphate (PtdlnsP z) was 66% of total [~zP]phospholipids in the lateral wall tissues and 45 % 
in the organ of Corti; phosphatidylinositol 4-phosphate (PtdlnsP) was 28% in the lateral wall and 24% 
in the organ of Corti. After 90 min of labeling the hydrolysis of lipids was measured by replacing the 
radioactive P~ with 1 mM Nail  2 PO 4 in the perfusate for the 30 min "'chase". Exposure of the ear to sound 
(100 dB white noise) during the chase significantly augmented the hydrolysis of [32P]PtdlnsP2 in the organ 
of Corti by 20% (P = 0.01) but not in the lateral wall tissues. Since the organ of Corti contains the auditory 
sensory cells, the results suggest that the observed increased hydrolysis of PtdlnsP, is associated with 
auditory processing in the inner ear. 

Auditory processing in the mammalian cochlea 
involves two distinct populations of  sensory cells, the 
inner and the outer hair cells. The inner hair cells are 
thought to be the primary transducers of  acoustic 
information while the outer hair cells may modulate 
the micromechanical response of  the cochlea by an 
active motile process in response to efferent activation 
(Kim, 1984). Contractile movements  have indeed 
been observed in isolated outer hair cells in vitro in 
response to electrical and chemical stimuli (Brownell, 
1984; Zenner et al., 1985). 

We have previously investigated phospholipids in 
auditory receptors. Sound increased 32p~-incorpor- 
ation into phosphoinositides in the ear of  the noctuid 
moth,  an effect associated with the action potential 
(Kilian and Schacht, 1980) while the guinea pig 
cochlea did not reveal changes in the synthesis of  
32p-lipids in response to acoustic stimuli (Schacht, 
1984). A dynamic role of  phospholipids in receptor- 
mediated cellular responses was first proposed about  
30 years ago (Hokin and Hokin, 1953) but only 
recently have details of  this signal transduction 
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process been elucidated. PtdlnsP2 is hydrolyzed to 
diacylglycerol and inositol trisphosphate, as the 
initiation of  a cascade controlling a variety of  cellular 
processes (Nishizuka, 1984; Berridge and Irvine, 
1984; Berridge, 1984) including sensory transduction 
in photoreceptors (Brown et al., 1984; Fein et al., 
1984). 

The present study was prompted by the recent 
suggestions of  phosphoinositide involvement in the 
function of  outer hair cells based on the observation 
that inositol trisphosphate induced motility in these 
cells in vitro (Schacht and Zenner, 1987). We examine 
here the effect of  sound stimulation on the hydrolysis 
of  PtdlnsP2 in the guinea pig cochlea in order to 
determine whether acoustic processing alters phospho- 
inositide turnover in auditory sensory tissues. 

EXPERIMENTAL PROCEDURES 

Pigmented guinea pigs received an intraperitoneal 
injection of pentobarbital (20 mg/kg) and an intramuscular 
injection of innovar (0.5 ml/kg). The trachea was cannulated 
for artificial respiration, the left bulla was opened by a 
conventional ventral approach and perilymphatic perfusions 
performed as described previously (Nutall et al., 1977; 
Takada and Schacht, 1982). In brief, a hole was drilled into 
the scalae tympani and vestibuli of the basal turn of the 
cochlea. Glass capillaries connected to PE-60 tubing were 

327 



328 "IosHIYUK[ ONO and JO('HEN SCHACHT 

cemented into the holes, and the peritymphatic spaces were 
perfused with artificial perilymph containing 130 mM NaCI, 
5 mM KC1, 1 mM CaCI:, 2 mM Mg('l, 0.1 mM NaH~ P O  4, 

10raM NaHCO 3, 5raM glucose and 10raM HEPES, final 
pH7.4. A constant flow rate of approx. 301~l/min was 
obtained by adjusting the heights of inlet and outlet tubing. 
White noise was delivered through an earphone to the ear 
canal and the cochlear microphonic potential (CM) was 
recorded from a stainless steel wire in the inlet capillary. A 
15-min perfusion allowed the system to stabilize. 

For lipid labeling a perfusate additionally containing 
1001~Ci [32p]orthophosphate (32Pi)/ml was applied to the 
cochlea for 30 rain. Thereafter, the flow was stopped and the 
perfusate allowed to remain in the cochlea for various 
lengths of time. Throughout these procedures, sound of 
specified intensity was delivered through the ear phone. At 
the end of the experiment, the perilymphatic space was per- 
fused with 10% neutralized formaldehyde and the temporal 
bone was fixed in the same solution. This procedure provides 
for efficient preservation and recovery of cochlear phospho- 
inositides (Orsulakova et al., 1976). 

To study the hydrolysis of phosphoinositides, the cochlea 
was perfused with 32p, for 30 min and incubated for an addi- 
tional 60 min as described above while white noise (70dB) 
was delivered. After these 90 min, a "chase" perfusion with 
artificial perilymph containing l mM N a H : P Q  and no 
radioactivity was initiated. At the same time, the sound was 
changed from 70 dB to either "'silence" (sound off) or intense 
noise ("100dB"). The experiment was terminated as 
specified above. 

Microdissection of inner ear tissues was performed in 10% 
neutralized formaldehyde. The lateral wall of the cochlear 
duct (stria vascularis, spiral ligament, spiral prominence) 
and the organ of Corti (hair cells, supporting cells, nerve 
fibers) were dissected from all turns. Lipids were extracted 
and identified essentially as described before (Orsulakova 
et al., 1976; Schacht, 1981). Tissues were homogenized three 
times in 0.5 ml of chloroform methanol ( 1 : 2, v/v) and 0.5 ml 
of a guinea pig brain homogenate (20% w/v) was added as 
a source of unlabeled carrier lipids. After the addition of 
1.0 ml of chloroform and 0.5 ml 2.4 N HC1, mixing and 
centrifugation, the lower phase was collected and the upper 
phase was re-extracted with 1.0 ml of chloroform. The com- 
bined lower phases were washed with 2.0 ml of methanol 
0.5 N HCI (2:3, v/v) and the upper phase counted for total 
radioactivity. A portion of the lower phase (0.2 ml) was 
removed for the determination of total lipid radioactivity, 
the rest was dried under N 2. For separation, the lipids were 
taken up in 50 ~1 of chloroform and applied to a TLC plate 
(Merck Silica 60). Lipids were separated in chloroform:meth- 
anol: 14 N ammonia:water (45:45:3.5:11) and located by 
radioautography and ninhydrin reaction. They were identi- 
fied by their R,. and cochromatography with known stan- 
dards (Sigma, St Louis, Mo., U.S.A.). Radioactive lipids 
were scraped off the TLC plate and their radioactivity 
determined in a scintillation counter. 

RESULTS 

Prior to testing the effect of  sound on phosphol ip id  
hydrolysis, the time course of labeling of  cochlear 
phosphoinosi t ides  by 3eP i was established (Fig. 1). 
PtdlnsP2 and P tdInsP  were rapidly labeled in bo th  
tissue preparat ions ,  reaching maximal  incorpora t ion  

at 60 rain in the organ of  Corti and at 90 min in the 
lateral wall. Phospha t ida te  (Ptd) and phosphat idyl-  
inositol (Ptdlns)  were detectable at all times but incor- 
pora ted  ~2p at a slower rate. After 90 min the relative 
dis t r ibut ion of  ~2P-label in the phosphol ipids  ot" the 
organ of  Corti  was, PtdlnsP2 45%, P td lnsP  24%, 
Ptd lns  16% and Ptd 8% of total label. In the lateral 
wall tissues, the dis t r ibut ion was PtdlnsP,  60%, 
P td lnsP  24%, Ptd lns  11% and Ptd 5%. Phosphat idyl  
e thanolamine  (PtdEth)  and phosphat idyl  choline 
(PtdCho)  achieved a significant 3:p-content only at 
later times (Table 1). Dur ing the incubat ion,  the CM 
in response to a sound exposure of  moderate  intensity 
(70 dB) was stable at about  300 / iV indicat ing that  the 
procedure did not  damage the audi tory structures. 

The effect of sound on the hydrolysis of the labeled 
lipids was investigated by cont inuing the perfusion 
after 90 min with a phosphate  "chase" .  Concomi-  
tantly, the sound exposure was changed to intense 
noise or quiet: at 100dB the CM increased to about  
480/~V and  then gradually decreased; in the absence 
of sound the CM fell to about  45/~V. To reduce the 
int ra-animal  variabili ty in the results of  these in v i t ro  

perfusion experiments,  the relative dis t r ibut ion of  ~:P 
in the lipids was adopted  as a measure of hydrolysis. 
Sound exposure significantly affected the 3ZP-content 
of polyphosphoinosi t ides  in the organ of Corti.  
After the chase these lipids const i tuted abou t  35% 
(PtdlnsP2) and 17% (PtdlnsP) ,  respectively, of  total  
label in the absence of  sound (Table 1). In the pres- 

ence of sound of  100 dB the relative PtdlnsP2 content  
was reduced to 28% (P = 0.01). Other  lipids showed 
only non-significant shifts in their  distr ibution.  The 
effect was confirmed by a second measure, the ratio of  
PtdInsP2 to non-inosi t ide lipids. This ratio, calculated 
within each experiment,  also showed a significant 
difference (P  < 0.001) between the quiet and noise- 
exposed ( " 1 0 0 d B " )  groups in the organ of  Corti 
(Table 1). Sound did not  alter the lipid dis t r ibut ion in 

the lateral wall tissues. 

DISCUSSION 

The results indicate that  sound stimulation increases 
the hydrolysis of PtdlnsP2 in the organ of  Corti  of 
the inner ear. The effect was specific for this lipid and 
selective for the cochlear s tructure conta ining the 
sensory cells and was not  seen in the tissues of  the 
adjacent  lateral wall which conta ins  non-sensory ele- 
ments.  This implies tha t  the observed effect is related 
to the processing of  sensory in format ion  and  that  it 
represents the involvement  of  the phosphoinosi t ide  
second messenger system in audi tory t ransduct ion.  
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Fig. 1. Time-course of labeling of cochlear phosphoinositides 
by 32p,. Guinea pigs received a perilymphatic perfusion with 
100/~Ci 32Pi/ml as. described in Experimental Procedures. 
The isotope was introduced into the cochlea for 30 min after 
which the first time point was taken. The 32P i then remained 
in the cochlea for up to a total of 150 min from the start 
of the perfusion. Numbers are means from 3 or 2 animals. 
Organ of Corti includes the hair cells, supporting cells and 
nerve fibers; lateral wall includes stria vascularis, spiral 

ligament and spiral prominence. 

The pa t te rn  of  incorpora t ion  of  32p into inner  ear 
lipids, namely a high radioactivi ty in polyphospho-  
inositides, is consistent  with previous studies of  
cochlear  lipids using somewhat  different techniques 
(Orsulakova et al., 1976). Such a pa t tern  is commonly  
observed in nervous or secretory tissue, for example, 
bra in  (Sheltawy and  Dawson,  1969; Soukup et al., 
1978), peripheral  nerve (Bell et al., 1982), kidney 
(Schibeci and  Schacht,  1977) and  retina (Abdel -Lat i f  
et al., 1985) as well as erythrocytes (Marche  et al., 
1983). It reflects the rapid metabol ic  tu rnover  ra ther  

Table I. Effect of sound 

than  the chemical  concent ra t ion  of  these trace lipids 

(Michell,  1986). 
The organ of  Corti  p repara t ion  analyzed conta ins  

bo th  inner  and  outer  hair  cells and  their  correspond-  
ing innervat ion.  Thus,  two possible sites for the effect 

can be discussed: afferent stimulus processing at the 
level of  the inner  hair  cells and  efferent modula t ion  at 
the outer  hair  cells. The inner  hair  cells possess 95% 
of  the afferent nerve fiber connect ions  and little or no 
efferent innervat ion.  They are the pr imary  receptors 
that  respond to acoustic stimulation by depolarization 
and  release of  t ransmi t te r  leading to act ion potent ials  
in the audi tory nerve. Localizat ion of  the observed 
effect to these structures would correspond to our  
previous results in the ear of  the Noctu id  mo th  where 
a "phosphoinos i t ide  effect" correlated with the 
sound-induced act ion potent ial  (Kilian and  Schacht,  
1980). On the other  hand,  outer  hair  cells are a 
potent ia l  al ternat ive or addi t ional  site of  the increased 
phosphoinosi t ide  breakdown.  Outer  hair  cells receive 
rich efferent innervat ion  suggested to modula te  the 
t ransduct ion  process by eliciting motile responses in 
these cells. The pr imary effector should be the efferent 
t ransmit ter ,  presumed to be acetylcholine which may 
be coupled to the phosphoinosi t ides  as second mes- 
sengers. Suppor t ing  this assumpt ion  is the fact tha t  
calcium as well as inositol t r i sphosphate  can elicit 
cont rac t ions  in permeabil ized outer  hair  cells in vitro 
(Zenner  et al., 1985; Schacht  and  Zenner ,  1987). Pre- 
l iminary experiments (Ono and Schacht,  1987) also 
suggest tha t  the cholinergic agonist  carbamylchol ine  
may enhance  the hydrolysis of  cochlear phosphoino-  
sitides. Fur ther  detailed biochemical  and  pharmaco-  
logical analyses will be needed to resolve the quest ion 
whether  afferent or efferent audi tory processing 
or bo th  engage the phosphoinosi t ides  as a second 
messenger system. 
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on hydrolysis of 32p-lipids 

PtdlnsP2t 

non-inositol 
Tissue Condition PtdlnsP 2 PtdlnsP Ptdlns Ptd PtdEth PtdCho lipids 

(% of total 32P-Lipids) 
Organ of Corti Silence 34.8+3.1 17.6 + 3.9 25.3+2.3 7.3+3.2 8 .2_+4 .6  7 .5_+3 .0  1.6_+0.3 
Organ of Corti 100dB 27.7_+4.8* 16.3_+1.5 27.9+3.2 7 .1_+2.9  11.7_+4.1 9 .7_+3 .3  1.0-+0.2"* 
Lateral wall Silence 52 .4-+3.6  16.4-+3.6 17.1 _+3.6 5.7_+3.0 3.1 _+ 1.7 5.3_+ 1.7 3.9_+ 1.0 
Lateral wall 100dB 47.3_+5.3 16.5+2.2 19.9-+2.9  4.5-+2.8 4 .7_+1 .8  7.2-+2.4 3.0-+0.8 

The perilymphatic spaces of the cochlea received 32p~ for 90 min (perfusion for 30 rain and incubation for 60 min); subsequently, a 60 min 
"'chase" perfusion without radioactivity was performed in the presence or the absence of sound as described in Experimental Procedures. 
Numbers are means + SD; n = 8 for organ of Corti, n = 9 for lateral wall tissues. 

,+The last column represents the ratio of radioactivity in PtdlnsP 2 to that in (Ptd + PtdCho + PtdEth); individual ratios were first calculated 
within each experiment, then averaged and expressed as the means_+ SD (see "Results"). 

Significance by Mann-Whitney test: *P < 0.01; **P < 0.001. Other comparisons not significantly different (P > 0.05). 
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